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FOREWORD 

Contribution t o  the  Metropolitan Study: 1 0  

The p r o j e c t  " N e s t e d  D y n a m i c s  o f  M e t r o p o l i t a n  P r o c e s s e s  
and  P o l i c i e s "  s t a r t e d  a s  a  c o l l a b o r a t i v e  s t u d y  i n  1 9 8 3 .  The 
S e r i e s  o f  c o n t r i b u t i o n s  i s  a  means o f  c o n v e y i n g  i n f o r m a t i o n  
b e t w e e n  t h e  c o l l a b o r a t o r s  i n  t h e  n e t w o r k  o f  t h e  p r o j e c t .  

T h f s  p a p e r  d e v e l o p s  a  s k e l e t o n  f o r  a n a l y z i n g  how t h e  
e v o l u t i o n  o f  t r a n s p o r t  s y s t e m s  i s  i n f l u e n c e d  b y  t h e  d y n a m i -  
c a l l y  c h a n g i n g  l o c a t i o n s  o f  r e g i o n a l  a c t i v i t i e s .  A t t e m p t s  
t o  a s s e s s  d y n a m i c  i m p a c t s  o f  t h i s  k i n d  a r e  o f  s p e c i a l  
i n t e r e s t  i n  t h e  M e t r o p o l i t a n  S t u d y  i n  t h e  s t u d i e s  on  t h e  
e f f e c t  o f  a c t i v i t y  c h a n g e s  o n  t h e  much s l o w  p r o c e s s  o f  
change i n  t r a n s p o r t  n e t w o r k s .  

Ake E .  A n d e r s s o n  
L e a d e r  
R e g i o n a l  I s s u e s  P r o j e c t  

S e p t e m b e r  1984  





SUMMARY 

Methods of  dynamical ana l ys i s  developed i n  l oca t i on  theory 

a r e  app l ied  t o  t h e  problem of t h e  evo lu t i on  of t r a n s p o r t  systems. 

I t  i s  shown t h a t  t he  in f luence of t r a n s p o r t  va r i ab l es  on urban 

s t r u c t u r e  can be modelled; he re ,  t h e  reve rse  i s  attempted. The 

ana l ys i s  proves t o  be d i f f i c u l t  because of t h e  combinator ia l  

problems assoc ia ted  wi th  l a rge  networks and a suggest ion is  

explored f o r  making progress us ing t h e  concept of  ' s p i d e r '  ne t -  

works. 
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1. Introduct ion : developments i n  locat ion  theory and t h e i r  imPlioations 

f o r  t ransport  modell ing 

The f i r s t  f l ush  o f  urban modelling i n  the 1960s and ear l y  1970s was concerned 

with population a c t i v i t y  and only t o  a l esse r  extent  with economic a c t i v i t y  and 

the supply of houses, serv ices  and s o  on. This research leaned heavi ly  on e a r l i e r  

developments i n  t ranspor t  modelling, mainly again concerned with demand ra the r  than 

supply. Since t he  l a t e  1970s, the re  have been usefu l  developments i n  modelling 

the  supply subsystems o f  a comprehensive urban model and it is now appropr iate t o  

tu rn  the  wheel f u l l  c i r c l e  and t o  consider the impl icat ions o f  the  methodology 

underpinning these developments f o r  modelling the supply of t ranspor t  i n f ras t ruc tu re .  

The new developments i n  urban modelling t o  be described here stem from the  work 

of Harr is and Wilson (1978) appl ied t o  r e t a i l i n g  systems (but re levant  t o  a va r ie ty  

of s imi lar ly-st ructured serv ice  systems). The developments a re  repor ted i n  more 

d e t a i l  i n  Wilson (1981). It has l a t e r  been shorn t ha t  t he  ideas can be 

extended t o  r es i den t i a l  locat ion  and housing supply and even i n d u s t r i a l  l oca t ion  

and agr i cu l tu ra l  l oca t ion  - see Wilson (1983) f o r  a review. As we w i l l  see,  

t ransport - re lated va r iab les  play an important r o l e  a s  exogenous va r iab les  i n  all 
. . 

t hese  models and t h e  problem t o  be posed i s ,  i n  e f f ec t ,  how t o  make them endogenous. 

There is, of course, a subs tan t ia l  l i t e r a t u r e  i n  the t ranspor t  journals which 

i s  re levant  t o  t h e  top ic  i n  hand. Key references a re  t he  spec ia l  i ssues  o f  

Transportation Research, B on Transportat ion network design ( ~ o y c e ,  1979) and on 

Transportation supply models ( ~ l o r i a n  and Caudry, 1980). The f i r s t  has a d i r e c t  

relevance t o  t he  modelling o f  network evolution - through seeking optimum add i t iona l  

l i n ks ,  and so on; t he  second has a broader relevance, pa r t i cu l a r l y  i n  t he  

spec i f ica t ion  of supply-cost funct ions,  the  importance of which we w i l l  see l a t e r .  

There i s  also a useful  general  paper on t ransport  supply by Manheim (1980) and a 

l a t e r  extension of t h e i r  own framework by Flor ian and Gaudry (1983). 

The object ive of t h i s  paper i s  t o  tack le  some of  the  problems which a r e  common 

t o  t h i s  l i t e r a t u r e  with a method which is t rans la ted  from loca t iona l  ana lys is .  A t  

t h i s  s tage,  it i s  poss ib le  t o  develop t he  skeleton o f  the  idea only, and at  a l a t e r  

s tage it i s  hoped t h a t  some more e f f ec t i ve  in tegra t ion  w i l l  be poss ib le .  

I n  sect ion  2 below, we sketch i n  bares t  ou t l i ne  t he  essence o f  recent  

research t o  date. It t u rns  out  t h a t  supply-side developmentsturn on t h e  d i f fe rence 

between costs and revenue (o r  b e n e f i t s ) .  I n  sect ion 3, there fore ,  we s e t  up t h e  - 
appropr iate va r iab le  f o r  descr ib ing t ranspor t  system supply with p a r t i c u l a r  reference 

t o  t he  nature o f  cos ts  and bene f i t s .  The model developed i s  summarised formally 

i n  sect ion  4. We then consider t he  fundamental problem of t h e  evo lu t ion  of network 



structures (and other supply-side variables) in section 5. This allows us to 

tackle the problem of transport-land-use interaction and we make some concluding 

comments in section 6. 

2. Urban spatial structure and evolution as a function of transport system 

variables 

A typical urban model which represents both supply-side and demand side 

behaviour can be put together in a general way as follows (from Wilson, 1983). 

Consider m-type organisations(or people) in zone i demanding goods or services of 

type g from organisationsof type n in zone j. Then the interaction array - 
the intersection of supply and demand - can be taken as 

where x . ~ ~  is demand by m for g at i, w.'png is the attractiveness of (n,j ,g) 
1 1 J  

supply for (m,i ,g) demand and cg is the cost of travel from i to j for g. This ij 
would be a model of consumers' behaviour and it can take a variety of explicit f o m .  

Let h? be a vector of characteristics measuring supply of g by n at j and 
-J 

a? a set of corresponding parameters. Then, formally, clntracting wiYg to P g ,  
-J J 

W ng = W ng (hng ang) 
j j -J 9 - j  

(2)  

If is measured in money units, then 

is the total revenue attracted to the (n,jYg) combination. 

Let z:~ be the amount of g produced by n at j. Then at least one of the 
J 

elements of h?g will be a function of z?. Let q?g be the Z th input needed to 
-J J J t  

produce zng and let be the unit price of that input. Then the cost of 
j 

production is 

with 

and 

to allow for economies or diseconomies of scale. Then a typical assumption 

about supply-side dynamics is 



with possible equilibrium states as the solutions of 

There are enormous complexities beneath the apparent simplicity of this formal 

presentation. When all the appropriate substitutions have been made the systems 

(7) or (8) - for disequilibrium or equilibrium modelling respectively - are 

coupled non-linear simultaneous equations in the supply-side variables (2").  
J 

Solutions can disappear or change their nature at critical values of parameters 

and the system can jump between alternative equilibi-ium states as a result of 

pertubations. 'Historical accidentsf could have a crucial impact on the form of 

system development. 

There has been much exploration of the kinds of system state which can arise, 

and the nature of transformations between states, mainly using numerical 

experiments in relation to idealised systems. Examples of possible states for 

retail supply as a function of two parameters (a associated with attractiveness, 

0 with ease of travel - the larger a, the more important are consumer scale 

economies; the larger B, the more difficult in general travel is) are shown in 

Figure 1 which is taken from Clarke and Wilson (1983). 

The transport system has an obvious influence on these models through the 

arrays {cij). Indeed, in Figure 2, we show modifications to the pivotal case 

of Figure 1 (a = 1.3, B = 3.5) obtained by factoring city centre costs by 0.95, 0.85 

and 0.75 respectively. The scale and nature of the influence is obvious. However, 

these c .-variables are exogenous. The next step in the argument is to make them 
i~ 

endogenous, first by relating interaction to congest'ion; and secondly, by making 

assumptions about the development of transport .supply. We define variables and 

tackle the first (and most traditional) of these issues in the next section. Firs;, 

however, we make a remark which generalises the fonnal model presented in equations 

(1)-(8) above. 

Equations (1) and (2) contain a hypothesis about consumers behaviour, (3)-(6) 

represent the 'production functionf and the way it is perceived, while (7) and (8) 

are alternative hypotheses about supply-side behaviour. The remark is this: 

any of these components can be modified without changing the essence of the main 

idea - interdependence and non-linearities will produce bifurcations. In 

particular, the supply-side equations could be modified in a public sector case to 

maximise benefits subject to a budget constraint. 

3. Making transport-system supply variables explicit 

Each element of the (cij) array which appears in the models above should, 



i dea l l y ,  though it i s  not always pract icable,  be taken as a 'general ised' cost .  

Suppose we d is t ingu ish mode by a superscr ipt ,  k.  Then take,  f o r  example 

where rn i s  t h e  out-of-pocket money cost of the journey, i j the  t rave l l i ng  t ime, t i j  
( I l k  e;f forms of  'excesst time - such as wait ing time f o r  public t ranspor t ,  and p l  

AJ 

and the  terminal costs a t  i and j respect ively. For a car  dr iver ,  m . k l w i l l  
1 1 j 

be marginal cos ts ,  such a s  pe t ro l  and p(;2)k w i l l  be a combination of parking charges 
J 

a t  j and any time (appropr iate ly weighted) spent walking from car  park t o  f i n a l  

dest inat ion.  For t he  publ ic t ransport  t rave l le r ,  m w i l l  represent  fa res ,  e 
k 

i j  i j 
t he  time spent wait ing - and so w i l l  be inversely re la ted  t o  frequency of  serv ice,  

(2) k ('Ik w i l l  be time spent between home and the publ ic t ransport  f a c i l i t y  and p. Pi 1 

t he  time t o  reach the  f i n a l  dest inat ion (and each of these may include all the  
k 

cos ts  of  journeys by subsid iary modes). The coef f ic ients  a l  and a: represent 

d i f f e ren t  values of time. Corresponding def in i t ions could be produced f o r  f re igh t  

t ranspor t  cos ts ,  say cgk f o r  type of goods g by mode k, though i n  t he  r e s t  of t he  
ki 

discussion below we r e s t r i c t  ourselves t o  person t r i p s  f o r  convenience. 

This representat ion is  of t he  averaae consumerrs perception of d i f fe ren t  

components of d i s u t i l i t y .  This w i l l  suf f ice  f o r  present  purposes, and c lear l y  

begins t o  make t he  t ranspor t  supply variables e x p l i c i t .  We can summarise the  

pos i t ion  reached i n  t h i s  respect  as follows: 

( i) charac te r i s t i cs  of t h e  l i nks  of the road network w i l l  determine ca r  (and 

o ther  road veh ic le)  t r a v e l  t imes - say t i f  we take k = 1 t o  be the  car  mode - i j  
through a ra ther  complicated procedure which we descr ibe shor t l y ;  

( i i )  a combination of network provision and veh ic le  provis ion and operat ing 
2 procedures w i l l  determine publ ic  t ransport  t r ave l  t imes, t i j ; 

(iii) pe t ro l  costs  and taxes (say)  w i l l  determine m 
i j  ' 

( i v )  fa res  pol icy w i l l  determine m 2-  
i j  ' 

(v)  frequency of serv ice decisions w i l l  determine e 2 -  
i j  ' 

( v i )  network design i n  t he  form of spacing of  t h e  routes i n  r e l a t i on  t o  

housing (and t he  design of any subsidiary modes) w i l l  determine !'I2 and p (1)2 .  
j ' 

( v i i )  t he  provision of parking spaces and the  pol icy f o r  charging f o r  it w i l l  
(211 determine p . 
j 

The next s tage i n  the argument i s  t o  show how the  t r a v e l  time element of  

general ised cost  r e l a t e s  t o  network provision. Consider f i r s t  ca r  t r a v e l  t imes, 

ti: . Consider a s ing le  (m,n,g) category i n  equation (1 )  f o r  convenience and 

rewr i te  t h i s  a s  



- 
Y i j  - Y i j  (ti:, other var iab les)  (10: 

f o r  c a r  t r i p s .  The d i f f i cu l t y  i s  t h a t  while Y is  obviously a h n c t i o n  of 
1 

i j  
i s  equal ly obviously a funct ion of congestion leve ls  which a re  determined ti j, t i j  

by the Y . . s .  The next s tep,  there fore ,  i s  t o  assign the flows, calculated on a 
1 J  

guessed s e t  of t ' I S ,  t o  t he  network. ~ , t  (r,s) be a l i n k  of the  network and i j 
l e t  xrs be a measure of i t s  ' s i z e ' ;  l e t  QrS be t he  flow on l i n k  ( r ,s) .  L e t  

R?" be t he  s e t  of l i n ks  which make up t he  bes t  route from i t o  j (measured in  
1 J  

terms of general ised c o s t ) .  Then 

IJ 
where y l is t he  t r ave l  time f o r  c a r  on l i n k  (r,s) and rs 

and, t o  complete the c i r c l e ,  

where V min 
rs  is  t he  s e t  of t r i p  interchanges ( i , j )  f o r  which l i n k  (r ,s) i s  on the  

bes t  route .  

The key exogenously given t ranspor t  supply var iab le  i s  now x . Given t h i s ,  rs 
I t he  equations (10)-(13) can be solved i t e r a t i v e l y :  guess t i j  , f i n d  Yi j  from ( l o ) ,  

f i nd  Qrs from (13) ,  f ind  yr: from (12) and then ti: from (11) .  Recalculate Y 
1 

i j  
from (10) with new tij, and repeat  u n t i l  convergence i s  achieved. Equation (12) 

1' is  t he  key equation connecting t h e  x -variables t o  t h i s  system: it i s  a time-(or 
r s 

sometimes presented a s  speed-) f low re la t ionsh ip  which obviously depends on the  

physical  nature of the  l i n k  as  represented by x . An example of the  use of the  .rs 
U.S.  speed-flow re la t ionsh ip  i n  t h e  network design problem i s  provided by Dantzig, 

Harvey, Landsdowne, Robinson and Maier (1979) . 
A corresponding analys is  can be ca r r i ed  through f o r  public t ranspor t .  In  the 

case of a r a i l  network, the  congestion e f f ec t s  i n  t he  form above can be neglected 

and routes  and t imetables can be planned d i r ec t l y .  This is  a l s o  t r u e  t o  some 

extent  f o r  bus networks, but  i n  const ruc t ing  t imetables it w i l l  be necessary t o  

take account of the impact of ca r - t r a f f i c  congestion i n  i t s  i n t e rac t i on  with the 

buses. There i s  a complication a r i s i n g  from the  f a c t  t h a t  t he  publ ic  t ranspor t  

agency p lans routes.  Suppose t h e  agency operates a s e t  of rou tes  R = 1,2,  .... 
Then we need t o  define s e t s  analogous t o  R~!" and vmin, say R ( 2)min 

1 J  rs 
('Imin and Vrs 
i j  9 

an t i c i pa t i ng  a l a t e r  development i n  notat ion.  It might a l so  be usefu l  t o  def ine,  - - 
say,  (3'') a s  the s e t  of routes t o  be used i n  ge t t i ng  from i t o  j and Iik2)as the 

i j  
s e t  of ( i , j )  pa i rs  which use route  R a t  some s tage.  A f u r the r  complication, o f  

course, i s  t h a t  a passengers1 route  (PR) from i t o  j may involve more than one 



agency route (AR).  The assignment problem i s  then analogous t o  t h a t  f o r  

ca r  users  : t r a v e l l e r s  should be a l l oca ted  t o  the  most advantageous route i n  

general ised cos t  terms. Then, not only  can the  t r a v e l  time be ca lcu la ted i n  

a re la t i onsh ip  analogous t o  (11) (though t h i s  should now include any in te r -  

rou te  t r ans fe r  t imes) ,  bu t  a l s o  t he  appropr iate fa re  ca lcu la t i on  can be made. 

I n  the d iscussion of assignment above, it has been assumed t h a t  t r a v e l l e r s  

take  t h e  l e a s t  (general ised)  cos t  rou te  i n  each case. In  p rac t i ce ,  t he re  is  

more l i k e l y  t o  be some d ispers ion with second-best, th i rd-best ,  and so on, 

rou tes  being used t o  an ex tent  determined by t he  general ised cos t  d i f ferences 

between them. For t he  purposes of t h i s  paper, we simply note t h a t  such procedures 

can be incorporated without undue d i f f i c u l t y  and would not be expected t o  change 

our  r e s u l t s  here i n  any s i gn i f i can t  way. 

We can now summarise t he  d iscuss ion so  f a r  by not ing t h a t  t he  techn ica l  supply- 

s i de  var iab les  t o  be spec i f i ed  a r e  {xrS, e ig, p11)2, pj2)2}.  The pr ic ing  

va r iab les  t o  be determined a r e  {m 1 ( the  pe t r o l  tax p a r t ) ,  mi: ( f a r e s ) ,  and p (2.11- 
i~ j 

parking charges). The p r i c ing  va r iab les  a r e  obviously r e l a t ed  t o  t h e  techn ica l  

ones and w i l l  depend on broader aspects  of pol icy, such a s  t h e  requirement of  t h e  

publ ic  t ranspor t  agency t o  break even o r  not. Then, bear ing t h i s  summary i n  mind, 

we can proceed t o  a d iscussion of  t h e  costs:of supply. 

A t  l e a s t  th ree  time sca les  can be i den t i f i ed  over which it i s  re levant  t o  

consider  cos ts  : t he  very long- last ing c a p i t a l  investment i n  networks; the  shor ter-  

term c a p i t a l  investment i n ,  f o r  example, publ ic t ranspor t  veh ic les ;  and t he  

recu r ren t  running cos ts  of  p a r t i c u l a r  systems. Decisions on these  d i f fe ren t  

s ca l es  a r e  o f ten  r e l a t i ve l y  independent. We need, there fore ,  t h e  c a p i t a l  cos ts  f c r  
k 

bu i ld ing  ( o r  extending) a l i n k  ( r , s )  f o r  mode k a t  ' s i ze '  x say Frs (xrS).  Le: rs ' 
( x  ) be t he  recurrent  cos t s  of maintaining and running such a l i n k .  I n  the  'rs rs 

pub l ic  t ranspor t  case, we have a l ready seen the  s ign i f i cance of  supply routes and 

it w i l l  be b e t t e r  t o  r e l a t e  shorter-term c a p i t a l  cos ts  and non-network running Costs 

t o  these.  Let these be gR (yR) and gR(yR) respect ive ly  f o r  providing 'capaci ty '  

yR on the  Rth route  (though note t h a t  these w i l l  be dependent on network supply 

a l s o )  . We pursue the  ana lys is  f u r t he r  i n  t h e  next subsect ion with more e x p l i c i t  

assumptions about the  form of these  cos t  funct ions.  

F ina l ly ,  we need t o  def ine ,  a t  l e a s t  formally, measures of  bene f i t  associated 

wi th a pa r t i cu l a r  system s t a t e .  For p r i va te  car  users ,  t he  usual  measure i s  

consumers surp lus (though it could be something simpler,  l i k e  genera l ised cos t  

sav ings) .  For a recent survey o f  t h e  problems of  bene f i t  measurement, pa r t i cu la r l y  

bu i l d ing  on t he  concept of  consumers surp lus,  see Jara-Diaz and Fr iesz  (1982). 

This can a l so  be appl ied t o  pub l ic  t ranspor t  users ,  o r  a l t e rna t i ve l y  i n  t h i s  case,  



some market mechanism can be used i f  t h i s  i s  r e f l ec ted  i n  the  operat ing pol icy 
k 

of t he  publ ic  t ranspor t  agency. For the  present ,  we can l e t  B ( (xrs}, (y 1 , 
1 2 R 

(mijl, (mij 1, ( p ! 2 )2~ )  be the  bene f i t  t o  users of mode k a r i s i ng  from supply-side 
J 

decis ions and po l i c ies  and we w i l l  pursue the consequences of more exp l i c i t  

spec i f i ca t ions  i n  sec t ion  5 below. 

4. Summarv of a formal model 

The d iscussion i n  sect ion 3 has been informal wi th t he  main ideas of each 

re levant  submodel being explained i n  tu rn .  It i s  now usefu l  t o  draw these ideas 

together  more formally, t o  extend t he  notat ion and t o  make it more consistent  

where appropr iate.  A s  a f i r s t  s t e p  we show the  main submodels and t h e i r  

re la t i onsh ips  i n  Figure 3 .  This i s ,  i n  e f f ec t ,  a diagram f o r  a comprehensive 

urban model re-arranged from i t s  usual  form t o  accentuate the  re la t ionsh ips  which 

a r e  re levant  t o  the  t ranspor t  subsystem. m e r e  a r e  so  many obvious feedback 

loops i n  the  system t h a t  there  i s  no c l ea r  cycle of causat ion.  One of the  

i n t e r e s t i n g  issues i n  t he  d iscussion below i s  how t o  t ack l e  t h i s  quest ion. The 

main output var iab les  from each s tage a re  shown on t h e  diagram and any amendments t o  

nota t ion  w i l l  be explained i n  t h e  summary below. 

mg i n  equation C 1 )  needs t o  be broken i n t o  Cm,nYg) The in te rac t ion  var iab le  Yi j  

ca tegor ies  f o r  the  purposes of modelling urban s t r uc tu re .  From a t ranspor t  view- 

po in t ,  however, we a r e  more i n t e res ted  i n  s p l i t  by mode, k and we would aggregate 

over t he  o the r  indices provided. the flows can a l l  be t r ans l a ted  i n t o  appropr iate 

u n i t s  - say passenger ca r  u n i t s  (p .c .u . ' s ) .  Here, and i n  subsequent equations, 

we use an a s t e r i s k  t o  denote summation and a l so ,  where necessary, a conversion t o  

appropr ia te  un i t s .  We assume, there fore ,  t h a t  equat ion ( 1 )  can be wr i t t en  

g (where we now replace c i j  by ci;). 

As a shorthand, we can then make W mg a funct ion of prov is ion at  j , zng and i j  j 
t r a v e l  cos t s ,  c so  t h a t  the  urban s t r uc tu re  submodel can be w r i t t en  

i j '  

(making another approximation f o r  s impl ic i ty ,  tak ing cos t s  as  propor t iona l  t o  sca le  

of prov is ion,  and eimg i s  t he  expenditure per t r i p  by ( i sm)  organ isa t ions  o r  people 

f o r  g )  I f  we then concentrate on equi l ibr ium s t a t e s  f o r  i l l u s t r a t i v e  purposes, we 



can say t h a t  zng i s  the  so lu t ion  of 
j 

and t h i s  i s  a s e t  of l inked nonl inear simultaneous equations when a l l  the  

subs t i tu t ions  a re  made from (14)-(17)  i n t o  (18). 

The next s t ep  i s  t r i p  assignment t o  t ranspor t  networks. Generalised cost  

can be taken as  i n  ( l o ) ,  which i s  repeated here fo r  convenience: 

***k 
This makes Y k i n  (14)  dependent on tij. We then proceed with a common 

i j  
nota t ion  f o r  each of the  two main modes, but  l a t e r  adapt t h i s  t o  recognise t h a t  

it i s  feas ib le  f o r  publ ic t ranspor t  agencies t o  p lan routes but  t h a t  t h i s  i s  not 

t he  case f o r  road planners. We a l s o  have t o  confront the  problem t h a t  buses use 

t he  highway network and usua l ly  share congestion with ca rs .  

Let Ri;in(k) be the s e t  of l i n k s  (r ,s) which form the l e a s t  general ised cost  

route  from i t o  j f o r  mode k. I n  t he  publ ic t ranspor t  case,  t he  algorithm w i l l  

have t o  be so  designed t h a t  the  successive l i n k s  a re  on agency routes ,  R ,  and t h a t  

any t r ans fe r s  a r e  feas ib le .  Let Vmin(k) be t he  s e t  of interchanges (i , j  ) f o r  r s 
which ( r , s )  i s  on the bes t  route .  Then equations (11)-(13) can be rewr i t ten  : 

We have subdivided t he  ca r  and publ ic  t ranspor t  l i n k  t r a v e l  time equation (21) t o  

show a conventional speed-flow re la t ionsh ip  f o r  k = 1 (but  inc luding t o t a l  publ ic 

t ranspor t  useage as  exogenous where t h i s  i s  loaded on t o  buses sharing t h e  l i n k )  

and t o  show publ ic t ranspor t  times depending on load and route planning (with 

formally present f o r  t h e  congestion l i n k ) ,  though we a l so  show yr: t o  be a Qrs 
funct ion of x the  re levant  l i n k  capaci ty .  r s  ' 

The next appropriate s t e p  i s  t o  recap on costs  and bene f i t s .  Link cap i t a l  

cos ts  a r e  
I 

with recurrent  costs 



I n  theory ,  it would be poss ib le  t o  combine these i n t o ,  say, annual c o s t s  by 

t h e  use of  an appropr ia te  d iscount ing  r a t e ,  but  network l i n k s  t y p i c a l l y  have 

such a l ong  l i f e  t h a t  it seems b e s t  t o  keep these separate.  It i s  considered 

t h a t  a l l  o the r  c a r  opera t ing  c o s t s  a r e  borne by t h e  user ;  and t h a t  pub l ic  

t r a n s p o r t  route-running c o s t s  can, i n  t h i s  case,  be combined i n t o  a simple 

r e c u r r e n t  f i g u r e  

where y i s  t h e  l e v e l  of a c t i v i t y  on rou te  R.  We assume t h a t  wa i t ing  t ime is  
R 

a l s o  a func t ion  of t h e  y R t s :  

Another t a s k  which we neglect  f o r  t h e  t ime being, bu t  which can e a s i l y  be 

re in t roduced,  i s  t h e  f i x i n g  o f  t h e  a r r a y  of  publ ic  t ranspor t  f a r e s  [mi:}. 

For s i m p l i c i t y ,  we neglect  p e t r o l  t axes  and a l l  or ig in  cos ts ,  and assume t h a t  

park ing  charges, , a r e  po l i cy  v a r i a b l e s .  The var iab les  t o  be determined i n  

t h e  t r a n s p o r t  supply model, y e t  t o  be spec i f i ed ,  a r e  then 

A The s p e c i f i c a t i o n  of t h i s  model w i l l  be  t h e  main t a s k  of  s e c t i o n  5. 

5 .  The evo lu t ion  of urban s p a t i a l  s t r u c t u r e ,  including t r a n s p o r t  systems 

We have a l ready seen,  i n  F igure 2 i n  r e l a t i o n  t o  Figure 1, t h a t  t r a n s p o r t  

systems have a major impact on urban s t r u c t u r e .  It i s  poss ib le ,  and i n t e r e s t i n g ,  

t o  exp lo re  such impacts more sys temat i ca l l y .  ' In Figure 2, we explored,  i n  e f f e c t ,  

t h e  impact o f  a l t e r n a t i v e  under ly ing networks involving d i f f e r e n t  degrees o f  

c e n t r a l  o r i e n t a t i o n .  Formally, t h i s  could be considered t o  come about from xrs 

changes which generate t h e  kinds of c i j  change which were inves t iga ted .  I n  t h a t  

k ind  o f  s i n g l e  mode s i t u a t i o n ,  we could a l s o  consider t h e  impacts on s t r u c t u r e  of 

o t h e r  network conf igurat ions combined wi th  a l t e r n a t i v e  p o l i c i e s  on park ing charges. 

It would be more i n t e r e s t i n g ,  o f  course,  t o  develop a two-mode model and t o  explore 

t h e  e f f e c t s  of a l t e r n a t i v e  p o l i c i e s  f o r  t h e  publ ic  t ranspor t  mode, bo th  i n  terms of 

networks and p r i c ing .  These exp lo ra t i ons  could be c a r r i e d  out  f o r  a s t r u c t u r e  i n  

a s i n g l e  system - such a s  a r e t a i l  system, a s  used f o r  Figures 1 and 2, o r  f o r  a 

more comprehensive base,  such as a modif ied Lowry model. This a n a l y s i s  could 

be sharpened f u r t h e r  by t h e  sea rch  f o r  c r i t i c a l  values of  t r a n s p o r t  system 

parameters which demarcate d i f f e r e n t  forms of  urban s t r u c t u r e .  These - 

exp lo ra t i ons  w i l l  a l l  be repor ted  i n  a l a t e r  paper. For p resent  purposes,  it i s  

more important t o  t u r n  t o  new t h e o r e t i c a l  quest ions and f i r s t  look at  t h e  quest ion 

i n  reve rse  - how do t ranspor t  systems evolve? - and then t o  look at  t h e  j o i n t  



evo lu t ion  of  urban s t r u c t u r e  and t ranspor t  systems. 

To make progress,  t he  model given i n  sec t ion  4 has t o  be extended by t h e  

d e t a i l e d  s p e c i f i c a t i o n  of cos t  and b e n e f i t  funct ions together  wi th  a model- 

generat ing hypothesis  about how t h e  t ranspor t  supply agency works. To f i x  

i d e a s ,  consider  t h e  s i n g l e  ( c a r )  mode case and suppose t h a t  recur ren t  cos ts  

can be neglected. It a l s o  makes sense t o  assume t h a t  l i n k s  a r e  being added t o  

t h e  network incrementa l ly  from a given s i t u a t i o n .  

We have t o  imagine t h e  ex is tence of  a c o s t  func t ion  f &xrs) f o r  each 

poss ib le  l i n k  ( r , s ) .  This w i l l  vary most obviously with s i z e ,  xrs, bu t  a l s o  

wi th  l o c a l  topography and land use. It w i l l  be lower i n  f l a t t e r  rural country ,  

avoid ing t h e  need f o r  br idges,  avoiding demol i t ion of bu i ld ings and s o  on. The 

s e t  o f  l' ' s  represents  a d e t a i l e d  statement of  network bu i ld ing  p o s s i b i l i t i e s  f o r  
r s  

a n  a r e a ,  and of course it i s  con t i nua l l y  changing as t h e  a rea  develops. To make 

t h i s  e x p l i c i t ,  l e t  us use t h e  l a b e l  t t o  represent  a t ime per iod,  say t t o  t + 1, 
t 

and l e t  rr; (xrS) be t h e  cos t  o f  bu i l d ing  a l i n k  xrz i n  t h a t  per iod.  L e t  
4. 

be t h e  s e t  o f  l i n k s  a l ready e x i s t i n g  up t o  t h a t  per iod and C~ a representa t ion  

of t h e  s e t  o f  l a n d  uses.  Then, formal ly ,  could be wr i t t en  rr; ( X  N~ L ~ )  
l'r s rs' - 3 - 

t o  show i t s  dependence on these q u a n t i t i e s .  

The aggregate b e n e f i t  funct ion,  B ~ ,  w i l l  be t h e  b e n e f i t s  der iv ing  from t h e  
t bu i l d ing  of a s e t  of l i n k s  {xrS1 i n  t ime per iod t and t h i s  w i l l  a l s o  depend on 

t h e  e x i s t i n g  conf igurat ion:  t t t t  
B ( {xrS1,.N , t , {Y i j l ) .  We a l s o  show it as 

dependent on t h e  f lows, {Y; ; 1. This could be measured, f o r  example, as t h e  
A d  

a d d i t i o n a l  consumers surp lus accru ing  t o  t r a v e l l e r s  from t h e  bu i ld ing  of {xrz}. 

We now need t o  spec i fy  an app rop r ia te  po l i cy  f o r  t h e  network bu i l d ing  agency. 

Suppose it wishes t o  maximise b e n e f i t s ,  s u i t a b l y  discounted, over a s e r i e s  o f  

per iods  sub jec t  t o  a t o t a l  budget c o n s t r a i n t  opera t ing  i n  each per iod.  This can 

be represented as 

I t  Max B = C  B ( { x r z ~ , g , L t  {yi:}) / ( 1 + ~ ) ~  

{X 
t = O  

r s 

sub jec t  t o  

C t t rrs (xrs)  5 
r s t  

t where R is  a s u i t a b l e  discount r a t e  and K i s  t h e  t o t a l  budget f o r  per iod  t. 
t Since t h e  b e n e f i t  funct ion would involve a knowledge o f  a l l  t h e  f lows, Y i j ,  then 

t h e  problem represented by (28)  and (29)  i m p l i c i t l y  involves t h e  f u l l  network- 



constrained t ranspor t  model a s  a s e t  o f  cons t ra in t s .  

It i s  i n t e r e s t i n g  t o  compare t h i s  formulation wi th  t h a t  f o r  t h e  ca l cu la t i on  

of {z?} descr ibed i n  s e c t i o n  2. I n  t h e  l a t t e r ,  we focus on zng f o r  each zone 
J j 

j ,  and t h e  number of poss ib le  conf igura t ions ,  al though very g r e a t ,  a r e  much l e s s  

than involved i n  t h e  network problem as formulated above. I n  p r i nc ip le ,  t h e r e  

i s  a very l a r g e  number of  x combinations. I n  t h e  problem a s  formulated i n  an 
rs 

incremental model, x can be taken a s  varying continuously o r  d i sc re te l y .  A s  
rs 

we noted e a r l i e r ,  bo th  approaches a r e  used i n  t h e  l i t e r a t u r e .  I n  t h e  o the r  

problem t h e  s i z e  a t  a l o c a t i o n  can more e a s i l y  be t r e a t e d  as a continuous v a r i a b l e  

over t ime. There a r e  a l s o ,  of course ,  fewer va r iab les .  It is  i n t e r e s t i n g  t o  

at tempt t o  redef ine  t h e  network problem t o  make it more l i k e  t h e  f a c i l i t y - c e n t r e  

problem, and then a l t e r n a t i v e  modell ing formulations could be used t o  rep lace  

(28) and (29) which may be  more amenable t o  ana lys i s .  This involves seeking 

new ways of  making approximat ions. 

One p o s s i b i l i t y  is  t o  f i x  t h e  main nodes of  t h e  network (perhaps t h e  

cent ro ids  of o r i g i n  and d e s t i n a t i o n s ) ,  t o  connect each node t o  a number o f  near  

neighbours and thus  t o  de f ine  what used t o  be c a l l e d  a ' sp ider  network' i n  t h e  

ea r l y  days of t ranspor t  planning when it was d i f f i c u l t  t o  handle l a r g e  networks. 

An example i s  shown i n  Figure 4 .  The r ' s  and s ' s ,  then become i t s  and j ' s  and 
m i  n t .  

Ri j 
i s  t h e  s e t  o f  i I s  and j l ' s  which form t h e  b e s t  rou te  between i and j ,  and 

so on. I n  Figure 4 ,  min 
R1 ,14 might be  (1,2,7,8,9,14) f o r  example. We could a l s o  

l e t  S be t h e  s e t  of ( i , j )  p a i r s  f o r  which not ional  sp ider  l i n k s  have been def ined 

The problem could then become one of  determining t h e  capac i ty  o f  each such l i n k ,  

x - Sear ing i n  mind t h a t  it could,  o f  course, be  zero. We could then use a i j 
d i f fe rence equat ion formulat ion (choosing t h i s  r a t h e r  than a d c f f e r e n t i a l  

equat ion because it seems more s e n s i b l e  t o  work i n  terms of  annual, say, b e n e f i t s  

and c o s t s ) :  

where Ax t i s  t h e  increment i n  capac i t y  over t h e  per iod t t o  t+l, A B ~ ~  t h e  ga in  
i j 

i n  b e n e f i t s  from t h i s  increment and r its c o s t ,  R is a su i tab le  discount i j 
r a t e .  I f  t h e  t o t a l  budget was exceeded, t h e  problem could be re run  w i th  R s e t  

higher.  The equi l ibr ium cond i t ion  would be  

t o  be solved f o r  Axij a f t e r  a l l  t h e  re levan t  s u b s t i t u t i o n s  have been made. 



Let us c a l l  t h e  models we have developed so f a r  SML (supply  model 1) 

and SM2 respec t ive ly .  I n  t h e  f i r s t  case,  probably the  only reasonable way 

t o  proceed i s  t o  de f i ne  a pool o f  poss ib le  p ro jec ts ,  (x . But even then,  r s 
t h e r e  w i l l  be a l a r g e  number of  poss ib le  combinations of t h e s e  which w i l l  

complicate t h e  c a l c u l a t i o n  of  t h e  b e n e f i t  funct ion i n  each case.  I n  t h e  

second case, it i s  important t o  no te  t h a t  a h ie ra rch i ca l  a n a l y s i s  i s  impl ied. 

The increment Axij, o f  capac i ty  t o  be  added t o  a no t iona l  l i n k  between i and 

j has,  at  a lower and subsequent s tage ,  t o  be transformed i n t o  ' sens ib le '  

add i t ions  t o  t h e  a c t u a l  network. This i n  tu rn  impl ies a feedback between 

t h e  two l e v e l s  on c o s t s :  r e a l  c o s t s  a t  t h e  lower, network, s c a l e ,  have t o  be 

t r a n s l a t e d  i n t o  ( approximate) func t ions  at t h e  higher ( i - j )  s c a l e .  

Numerical experiments would be  poss ib le  with e i t h e r  SMl o r  SM2. However, 

a  b e t t e r  chance of a n a l y t i c a l  i n s i g h t s  seem t o  be o f fe red  by SM2 and so  we 

proceed with t h a t .  We s p e l l  ou t  t h e  sec t ion  4 model f o r  t h e  single-mode 

assumptions we have been working w i th  and explore t h e  consequences. We 

s impl i fy  f u r the r  by assuming a given demand sec tor  which is propor t iona l  t o  t h e  

populat ion d i s t r i b u t i o n  P i  and a s i n g l e  serv ice sec to r  (W.1 which is  determined 
J 

wi th in  t h e  model. This  can b e  seen as t h e  f i r s t  s t e p  towards t h e  a n a l y s i s  of  

t h e  j o i n t  evolut ion of t r a n s p o r t  systems and urban s t r u c t u r e .  

The demand f o r  t r a n s p o r t  i s  Y say ,  given by i j  ' 

e.  is t he  per  c a p i t a  demand f o r  se rv i ces  measured i n  u n i t s  o f  t r i p s  p e r  head o f  
1 

populat ion. We a l s o  assume t h a t  W: i s  t h e  s i z e  of  f a c i l i t i e s  at  j and t h a t  t h i s  
J 

can represent  a t t r a c t i v e n e s s .  Then revenue at  j is  given by 

where f  is  a constant  t r a n s l a t i n g  t r i p  u n i t s  i n t o  money u n i t s  and t h e  c o s t s  a r e  

f o r  s u i t a b l e  cons tan ts ,  
kj  

. W .  is  t h e  so lu t ion  of  t h e  equ i l ib r ium cond i t ion  
J 

c i n  these  equat ions is  taken as a genera l ised c o s t :  i j 

i j = i j + (?-I 
where a i s  t h e  va lue of  t ime.  It i s  determined through t h e  assignment model a s  



min fol lows: l e t  Ri j  be t h e  s e t  o f  spider-modes which form t h e  s h o r t e s t  path 
I t 

from i t o  j ;  l e t  VIf? be t h e  s e t  o f  (i , j  ) t r i p  bundles which use t h e  l i n k  
1 J  

i ,  . Let S be  t h e  s e t  o f  l i n k s  ( i , j )  . Let y be  t h e  t r a v e l  t ime on a 
i j 

l i n k .  Then 

Cap i ta l  c o s t s  a r e  given by 

- r i j  - r i j  (bx i j )  

The b e n e f i t  func t ion  i s  

The {Ax..) t o  be  chosen a r e  then t h e  so lu t i ons  o f  
1J 

Three func t ions  remain t o  be  spec i f i ed  t o  complete t h e  model: y i j  i n  
equat ion (39) , ri i n  ( 4 1 )  and dBij i n  (42 ) .  In  t h e  case o f  t h e  f i r s t  two, we 

can show what we would expect i n  g raph ica l  form, and t h i s  is done i n  Figure 5. 

I n  t h e  case o f  AB we can use a r e s u l t  f i r s t  der ived i n  t h e  contex t  o f  random 
i j '  

u t i l i t y  theory  t h a t  change i n  consumers surp lus  i s :  

( 1 )  .-Beij 
1 AB = - l o g  i j  

B 
( 0 )  .-Beij 

i j  

where t h e  s u p e r s c r i p t s  (0) and ( 1 )  on t h e  c o s t  terms denote 'be fore '  and ' a f t e r '  

r espec t i ve l y .  There i s  a d i f f i c u l t y t h a t  t h i s  r e l a t e s  t o  t h e  whole system. We 

would have t o  de f i ne  ABij a s  t h e  va lue of  AB r e s u l t i n g  from a change Axij wi th  

a l l  o the r  A i j f s  zero. This ,  as we w i l l  see l a t e r ,  exposes a ve rs ion  o f  t h e  

'backc lothf  problem - as i n  Wilson and Clarke (1979) .  Thus 

Let us now cyc le  through a number of  imaginary runs of  t h e  model. Suppose 

t h e  populat ion i s  growing and spreading and t h i s  i s  r e f l e c t e d  i n  {P.); l e t  
1 

{e i )  be  growing even more rap id l y  t o  s i g n i f y  a per iod o f  inc reas ing  c a r  ownership; 

suppose t h e  m a r e  f i xed ;  l e t  a be increas ing  and 6 decreasing;  assume f i xed  i j  



va lues  of  any o the r  cons tan ts  and known func t iona l  forms where appropr ia te .  

Assume an i n i t i a l  va lue f o r  t h e  t r a v e l  cos t  a r r a y  {c . The c r u c i a l  dec is ion  i j 
t o  t a k e  i s  then  how t o  'break i n t o '  t h e  model and t o  cyc le  through it 

( c f .  Figure 3 ) .  We adopt one i l l u s t r a t i o n  here bu t  recognise t h a t  t h e r e  i s  a 

d i f f i c u l t  research  ques t ion  involved. We i d e n t i f y  t h e  major s teps  i ns tu rn :  

(1) Solve equat ions (32)-(36) f o r  {Y. .) and {W.) , probably us ing  an incremental  
1J J 

procedure f o r  {W.) - meaning t h a t  it cannot decrease ( o r  can only  decrease by 
J 

a propor t ion)  from one t ime per iod  t o  t h e  next.  

(2)  Solve equat ions (37)- (40)  w i th  Axij = 0 i n i t i a l l y .  Ca lcu la te  Qij  from 

(401, y i j  from (39)  and ti j from (38 ) .  Then r e t u r n  t o  s t e p  ( 1 )  wi th  new c f ron  i j  
(37)  and recyc le  between ( 1 )  and ( 2 )  u n t i l  equi l ibr ium i s  achieved. 

( 3 )  Take a t r ia l  s e t  {Ax. . ) , r e r u n  s t e p s  ( 1 )  and (2 )  t o  ob ta in  a new {ci j  1, say 
1J 

{ c i i l ) ) .  Calcu late AB from ( 4 4 ) ,  and ca r r y  ou t  sepa ra te  runs t o  es t imate  AB i j  ' 
t h e  con t r i bu t i on  t o  AB from Ax  his could be done, approximately by running 

i j  ' 
t h e  model system f o r  t h e  Ax. change only wi th  a l l  o t h e r  Axilj, = 0 ) .  

1 j 
Use (43)  

t o  ob ta in  an R. from 
1 j 

and then s c a l e  Ax s o  t h a t  
i j 

new - Axi o l d  R 
- Axi j  

.a 

Recycle w i th  t h e s e  new Axij from s t e p  ( 2 ) .  This is  analogous t o  t h e  balanc ing 

procedure f o r  ca l cu la t i ng  {W.). 1 

We can now see  whether t h e  model would do what we expect it t o  do by assuming 

t h e  scenar io  sketched at  t h e  beginning of  t h i s  d iscuss ion.  Let us add t h a t  i n  

one p a r t i c u l a r  suburban zone t h e r e  i s  a s u b s t a n t i a l  add i t i ona l  i nc rease  i n  

populat ion.  Steps ( 1 )  and ( 2 )  o f  t h e  model would produce new c e n t r e s  and 

measures of congest ion. A p o s s i b l e  be fore  and a f t e r  s i t u a t i o n  is  sketched i n  

Figure 6. I n  s t e p  ( 3 ) ,  t h e  procedure should then  generate h igh r a t e s  o f  r e t u r n  

on l i n k s  which r e l i e v e  t h i s  congest ion.  So t h e  model should d e a l  c o r r e c t l y  w i th  

bas ic  development. 

Th is  sketch does l e a d  t o  some new not ions ,  however. F i r s t ,  t h e r e  should be z 

minimum a v a i l a b l e  t r a n s p o r t  capac i t y  t o  anywhere i n  t h e  reg ion ( rep resen t i ng  
1 

<U country l a n e s  o r  whatever) t o  a l low f o r  t h e  p o s s i b i l i t y  o f  new {W.) devel'opment. 
1 

Secondly, it i s  c l e a r  t h a t  a highway agency may be  o the r  than  simply responsive i n  

t h e  manner assumed he re .  P a r t i c u l a r  Axi j ls may be implemented t o  f a c i l i t a t e  

development, f o r  example; and t h i s  would have an appropr ia te  impact on W 's  
j 



through s t e p  (1) above. Thi rd ly ,  it i s  c l e a r  t h a t  i n  any r e a l  p a r t i c u l a r  case,  

much work would have t o  be  done on t h e  de ta i l ed  s p e c i f i c a t i o n  of  parameters and 

func t i ona l  forms. F ina l l y ,  it i s  c l e a r  t h a t  t h e  model, which is  al ready 

complicated through s t e p  ( 3 ) ,  w i l l  be immensely more complicated when r e a l i s t i c  

d e t a i l  i s  added back i n t o  i t .  

6. Concluding comments : an ongoing research programme 

I t  is  appropr ia te t o  conclude wi th  comments under t h r e e  main headings about 

t h e  ways i n  which these ideas  can b e  taken forward. F i r s t ,  we consider  t h e  

f u r t h e r  t h e o r e t i c a l  advances which a r e  necessary;  secondly,  we look a t  how t o  

make t h e  models more r e a l i s t i c ;  and t h i r d l y ,  we examine t h e  p o t e n t i a l  u t i l i t y  

of t h e s e  models. 

There a r e  two main aspec ts  t o  t h e  f i r s t  heading. F i r s t ,  it would be 

va luab le  i f  t h e  models could be made s u f f i c i e n t l y  e x p l i c i t  t h a t  it w a s  poss ib le  

t o  c a r r y  ou t  t h e  kind of ana lys i s  presented i n  Harr is  and Wilson (1978) f o r  

r e t a i l  systems. That i s ,  t o  explore a n a l y t i c a l l y  ' the na ture  of  ABij 
and r i j  as 

f unc t i ons  of Ax - and t h e  equ iva len t  of these i n  more complex formulat ions - a721 i j 
t o  use t h i s  as t h e  b a s i s  of  ga in ing i n s i g h t  i n t o  t h e  na ture  o f  t h e  t r a n s i t i o n s  fr-ln 

one k ind of  equi l ibr ium s t a t e  t o  another .  We can be c e r t a i n  t h a t  t h e  degree of  

interdependence and non- l inear i t ies  involved w i l l  l e a d  t o  jumps, f o r  example. 

Secondly, it w i l l  be necessary t o  be more e x p l i c i t  about t h e  l i n k i n g  o f  t h e  two 

l e v e l s  i n  t h e  h ierarchy - t h e  c a p a c i t i e s  on t h e  sp ide r  network a s  a more realistic 

network a t  a f i n e r  l e v e l  o f  reso lu t i on .  As usua l ,  it may w e l l  be t h a t  s i g n i f i c ~ t  

p rogress  would be poss ib le  through t h e  car ry ing  o u t  o f  numerical experiments on 

i d e a l i s e d  systems. 

The second main heading r e f e r r e d  t o  t h e  t a s k  o f  bu i l d ing  more r e a l i s t i c  mo6ds. 

The cen t re  of t h i s  i s  t h e  s p e c i f i c a t i o n  of  t h e  t h r e e  main func t ions  which w i l l  

determine much o f  t h e  outcome: on c o s t s ,  on bene f i t s  and on speed-flow r e l a t i o r r  

( o r ,  i n  t h e  l a s t  case,  t r a v e l  t ime - investment r e l a t i o n s ) .  A f u r t h e r  s t e p  

involves developing t h e  model i n  r e a l i s t i c  complexity - f o r  example, t o  handle 

multi-modal s i t u a t i o n s .  I n  t h i s  case,  it w i l l  be poss ib le  t o  formulate t h e  mo&l 

i n  such a way t h a t  t h e  focus can be on t h e  e f f e c t  o f  p a r t i c u l a r  v a r i a b l e s  - say 

pub l ic  t ranspor t  f a r e s  o r  park ing prov is ion and charging - and t h i s  would then 

connect more d i r e c t l y  t o  some of  t h e  previously c i t e d  l i t e r a t u r e  on t r a n s p o r t  s q ? l y .  

It may a l s o  b e  poss ib le  t o  develop t h e  cos t  funct ions i n  such a way t h a t  it i s  

poss ib le  t o  represent  l i n k s  of  road i n  d i f f e r e n t  l e v e l s  of  a h ie ra rchy .  



Th i rd ly ,  we need b r i e f l y  t o  review t h e  u t i l i t y  of t h e  approach. There 

a r e  two aspec ts  t o  t h i s .  F i r s t ,  it would be i n t e r e s t i n g  t o  look a t  t h e  long 

run h i s t o r y  of  t h e  evo lu t ion  of  network s t r u c t u r e s  i n  p a r t i c u l a r  p laces  and t o  

at tempt t o  i n t e r p r e t  t h i s  us ing t h e  models and concepts developed. Secondly, 

a s  with t h e  more t r a d i t i o n a l  l i t e r a t u r e  on t r a n s p o r t  supply,  it should be 

poss ib le  t o  f i n d  ways of us ing t h e  models i n  a  po l i cy  con tex t .  The f i r s t  o f  

t hese  t a s k s  may be i n  a  t h e o r e t i c a l  sense e a s i e r  t han  t h e  second, because 

fo recas t i ng ,  f o r  example, i s  d i f f i c u l t  because of t h e  in f luence of  per tu rba t ions  

and h i s t o r i c a l  acc idents .  But it should be p o s s i b l e  t o  seek ' bes t  add i t i ons '  

and a l s o  t o  i n v e s t i g a t e  t h e  s t a b i l i t y  of s t r u c t u r e s .  



FIGURE 1 : Retail Patterns for. various Alpha and Beta Values 



FIGURE 2 : Effect of Decreasing Travel Cost to City Center 
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FIGURE 3 : Elements of a general model, emphasising transport 



FIGURE b : A ' sp ider '  network 



FIGURE 5 : (a) Time-flow re la t ionsh ips  (b) cap i t a l  cos ts  vs 
sca le  of investment 
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FIGURE 6 : Sources of demand f o r  new t ranspor t  i n f r as t r uc tu re  
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