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Transportation, Automation and the 

Quality of Urban Living 

Horst Strobe1 

1. Motivation 

In the past, new technologies such as the wheel, the 

sail, the steam engine, the electric motor, the internal 

combustion engine, the jet engine and others (cf. Figure 1) 

have created breakthroughs to entirely new modes of trans- 

portation, resulting in well-known changes in the structure 

of cities and the quality of urban living. Where formerly 

cities grew up along waterways, railroads and streetcar lines, 

they now grow up along highways or around airports [31. 

It seems reasonable to ask whether the fundamental new 

technology of our age -- modern automation and computer 
technology -- could contribute to a new breakthrough in 
urban transportation (cf. Figure 1). 

This question is the subject of the present paper. 

Special attention is paid to the new possibilities provided 

by quite recently developed LSI (large scale integrated) 

electronic systems for control, computation and communi- 

cation, especially by so-called mini-computers and micro- 

processors. These are characterized by high computation 

speed and capacity, small dimensions, great reliability, 

the capability of being operated in a rough environment, 

and low and ever decreasing costs (cf. [lo, 13, 411 and 

Figure 1) . 
There obviously exists a strong motivation to consider 

carefully all possibilities for fundamental changes in the 

present urban transportation systems, since increasing 

misuse of a special transportation technology, that of 

automobiles and highway systems, has already caused tre- 

mendous difficulties in several countries [ 2 ,  5, 8, 11, 15, 



,-------------- ----- '--' 
2 2 2 1 2 S A F E ,  POLLUTIOEI-FREE AND I 

AUTOMATED DEMAND-CONTROLLFD? 

I 3CSOURCE-COIJSERVING URBAII I 
> 

MORE 'LEWI- COmIER- 
CARS AND TATION C I A L  

S U P E R  
HIGHNAYS 

.- 
TANKERS 

* 
, JETS A I R  T R A F F I C  POLLUTION 

CONTROL 
AUTOMATIC T R A I N  
CONTROL 

I I C ONTAINERI  ZED F R E I G H T  

L I G H T S  
C014PUTER CONTROL O F  T R A F F I C  

S E A T  
BELTS 

1 
. 

FREEWAY 
and 

HIGHWAY 
SYSTEMS 

BUSES 

JET* 
ENGINE 

- . ... 

H E L I -  
COPTERS 

PLANES 

STREET-  T R A F F I C  L I G H T S  
CARS 

1 9  0  

C . ,  

I 

TRUCKS 

AUTO- 
MOBILE 

Ic 
DIGITAL CQMPUTER 

D I V I D E D  

HIGHWAY 

- 

: f NTERNAL COMBUSTION ENGINE EARLY 
I R. R .  

I RON 
HULLS 

DISPATCB 
T R A I N S  BALLOONS 

FT,ECTRIC MOTOR 
5s5 I 

1800 STEAM ENGINE 

MM3. 
c a ~ p ~ s  

BREAKTHROUGH 

v 

0 

TECHNOLOGIES 

OMNIBUS 

SPOKED 
WHEELS 

GUIDEWAY AND VEHICULAR TECHNOLOGY 

CANALS 
GALLEYS ROADS 

looO 
B . C .  

LUGS CRUDE 
: Wl@E+ 

WATER ROADS TRACKS 

"SYSTEMS TECHNOLOGY" 
A 

F I G .  1 :  N e w  t e c h n o l o g i e s  t h a t  h a v e  o r  p r o b a b l y  w i l l  c r e a t e  
b r e a k t h r o u g h s  t o  new modes o f  t r a n s p o r t a t i o n  resulting l n  
e s s e n t i a l  c h a n g e s  i n  u r b a n  s t r u c t u r e  and  t h e  q u a l l t y  o f  u r b a n  
l i v i n g  ( c f .  [ 3 1 ) .  

A I R  

- 
SYSTE!JIS 
OP . 

SAFETY ENVIRON 
MENT 



17, 18, 20, 29, 46, 1131 and will cause similar ones in 

other industrialized countries in the near future [6]. 

Compared with railroads or streetcar lines, the high- 

way seemed to provide the essential advantage that it can 

go anywhere if the city wants it. For several decades it 

was believed -- especially in the U.S.A. -- that the more 
highways one builds, the better life would be [ 3 1 .  During 

the last few years the truth began to dawn, that such ran- 

dom growth can lead to undesirable results of various kinds: 

bad urban form getting worse rapidly; congestion, accidents 

and fatalities; air and noise pollution; ineffective use of 

limited resources in terms of energy and land. This has 

already led in some places to a real degradation in the 

quality of urban living, which can be traced directly to a 

misuse of technology, the highway transportation system [ 3 ] .  

But what could be the role of automation in this 

scenario? This new technology offers the first possibility 

to change from an extensive development of transportation 

systems to an intensive one. What does that mean? Any 

past development of transportation systems has been achieved 

by brute force -- more and bigger traffic areas using more 
concrete, stronger engines, more and more vehicles -- at 
higher cost. Obviously it is in principle impossible to 

continue in this manner in more and more cities. The digi- 

tal computer and the related automation technology provide 

a promising alternative. The extensive use of automation in 

urban transportation systems can lead to an entirely new 

level of transportation service, an increase in capacity and 

a decrease in operating costs (including a decreased impact 

on energy reserves and environment), as well as to new stan- 

dards for safety. 

It is reasonable to assume that this new systems tech- 

nology could give an impulse to better urban transportation 

similar to that given by the magnetic compass to the exten- 

sion of the sea transport from the local to the global arena, 



or by the telegraph and telephone to the development of 

nationwide railway dispatching systems (cf. Figure 1). 

This assumption will be considered in more detail in the 

following. A brief summary of the fundamental concepts 

proposed for the solution of urban traffic problems is 

presented first. 

2. Concepts for the Reduction of Urban Traffic Problems 

The Problems 

The social, economic and other effects of urban traffic 

that are particularly important to cities of IIASA's NMO 

countries may be divided into those influencing safety, 

mobility, resources and environment (.cf. Figure 2 and [2, 

5, 6, 11, 17, 18, 20, 461). 

(i) Traffic safety (accidents and fatalities): 

Figure 3 illustrates that there exists a correlation between 

the number of human beings killed in accidents and the num- 

ber of private cars. In 1970, about 56,000 fatalities 

occurred in the U.S.A. and 19,000 in the Federal Republic 

of Germany (FRG) [8, 18, 191. The economic losses caused 

by street accidents in the FRG have been estimated to be 

about $1 billion per annum. In other countries, especially 

in the Eastern European ones including the Soviet Union, such 

a serious situation is at present non-existent. However, as one 

can see from the curve in Figure 3 for Berlin, the number 

of motor cars in cities is rapidly increasing also in these 

countries, and -- with a certain delay -- similar difficul- 
ties can be expected if future development is not analyzed 

and controlled carefully. Joint activities concerning the 

increase of traffic safety have therefore been started 

recently [ 61 . 
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(ii) M o b i l i t y :  T r a f f i c  c o n g e s t i o n  i s  a n o t h e r  s e r i o u s  

problem c a u s e d  by i n c r e a s i n g  u s e  o f  moto r  c a r s  i n  c i t i e s .  

I t  h a s  been  e s t i m a t e d  t h a t  t h e  t i m e  l o s s e s  c a u s e d  by con- 

g e s t i o n  i n  P a r i s  a r e  a p p r o x i m a t e l y  e q u a l  t o  t h e  d a i l y  work- 

i n g  t i m e  o f  a  c i t y  w i t h  100 ,000  i n h a b i t a n t s .  The Road Re- 

s e a r c h  L a b o r a t o r y  [ 4 8 ]  h a s  found t h a t  i n  B r i t a i n  t h e  l o s s  t o  

t h e  community f rom d e l a y s  i n  a  c i t y  w i t h  a b o u t  100  i n t e r s e c -  

t i o n s  i s  i n  t h e  o r d e r  o f  S 4  m i l l i o n  p e r  y e a r .  T h i s  v a l u e  

d o e s  n o t  t a k e  i n t o  a c c o u n t  t h e  f a c t  t h a t  t r a f f i c  c o n g e s t i o n  

a l s o  r e s u l t s  i n  a  r e m a r k a b l e  i n c r e a s e  i n  a i r  p o l l u t i o n  and  

n o i s e  l e v e l s .  F o r  Tokyo it h a s  b e e n  e s t i m a t e d  t h a t  t h e  

o v e r a l l  l o s s e s  c a u s e d  by i n e f f i c i e n t  t r a f f i c  f l o w s  t h r o u g h  

t h e  main 268 i n t e r s e c t i o n s  amount t o  57 b i l l i o n  y e n ,  i . e .  

a b o u t  $200 m i l l i o n ,  a n n u a l l y  [ 5 8 ] .  

(iii) E n d a n g e r i n g  o f  t h e  u r b a n  e n v i r o n m e n t :  I n c r e a s -  

i n g  l e v e l s  o f  a i r  p o l l u t i o n ,  n o i s e  and v i b r a t i o n  o f  b u i l d -  

i n g s ,  as w e l l  as  t h e  s e v e r a n c e  o f  t h e  u r b a n  a r e a  by raore 

and  b i g g e r  f r e e w a y s  and  a r t e r i a l  s t reets ,  i s  t h e  t h i r d  

n e g a t i v e  f a c t o r  i n  t h e  i n c r e a s e d  u s e  o f  t h e  a u t o m o b i l e  [ 8 ,  

201. Approx ima te ly  50% o f  a l l  manmade a i r  p o l l u t i o n  i n  U.S. 

c i t i e s  i s  p roduced  by moto r  c a r s .  These  e n v i r o n m e n t a l  p ro -  

blems m o t i v a t e  t h e  m i g r a t i o n  o f  p e o p l e  f rom c i t i e s  t o  sub- 

u r b a n  a r e a s ,  t h u s  c r e a t i n g  more t r a f f i c .  

( i v )  R e s o u r c e s :  The f o u r t h  main p rob lem c o n c e r n s  i n -  

e f f e c t i v e  consumpt ion  o f  r e s o u r c e s ,  i . e .  e n e r g y  and  l a n d  [8, 

201. Of a l l  e n e r g y  consumed i n  t h e  U.S.A., a b o u t  1 3 %  i s  

u s e d  f o r  moto r  c a r s ,  i . e .  a p p r o x i m a t e l y  26% o f  a l l  p e t r o l e m .  

Twen ty -e igh t  p e r c e n t  o f  t h e  a r e a s  i n  t h e  U . S .  c i t i e s  i s  de-  

v o t e d  t o  v e h i c l e s .  I n  A t l a n t a ,  5 4 %  o f  t h e  downtown a r e a  i s  

r e s e r v e d  f o r  p a r k i n g  and  d r i v i n g ,  which  i s  s t i l l  i n s u f f i c i e n t .  

2 . 2  The C o n c e p t s  

Now l e t  u s  t u r n  t o  t h e  q u e s t i o n :  What s o l u t i o n s  c a n  b e  

o f f e r e d  f o r  t h e s e  p r o b l e m s  which v a s t l y  i n f l u e n c e  t h e  q u a l i t y  



of urban living? The general aim must be to reorganize 

existing traffic systems and to design new ones in such a 

way that (cf. Figure 2) : 

- the urban environment is protected; 
- the resources, in terms of energy and land, are 
conserved as much as possible; 

- the safety is increased; 
- the mobility is increased. 
The gap between automobile transportation demand and 

supply can be reduced only by means of a complex policy to 

control (cf. Figure 4 and [ 5 8 ] ) :  

- the transportation demand changing in time 
and space; 

- the transportation supply characterized by the 
capacity of roads, parking lots, and other 
transport facilities. 

In developing such control policies the time span between 

their formulation and the realization benefits from them 

must be considered carefully; that is, a distinction be- 

tween short-term and long-term policies is necessary. 

2.2.1 Control of Demand (cf. Figure 4) 

(i) Long-term strategies: Automobile transportation 

demands arise and are concentrated as a result of the con- 

figuration of urban land use and activities. The first 

level of policy to control demand, therefore, is to imple- 

ment controls on the s p a t i a l  d i s t r i b u t i o n  of origin-des- 

tination demands generated in the city. These would include 

measures such as urban redevelopment, new town construction, 

factory and market relocation and reorganization of other 

urban facilities. These measures are long-range and require 

sustained expenditures over long spans of time to implement. 

(ii) Medium-term strategies: The second level of 

policy to control demand is to implement controls on demand 

voZumes which, given the existing configuration of urban 

land use and activities, aim to reduce use and ownership of 
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the automobile. Such controls could take the form of 

increased automobile taxes, stricter requirements for 

automobile ownership, curbs on driving into the central 

business district, increased gasoline taxes, etc. In 

addition to these steps to discourage driving, measures 

could be taken to encourage people to use the telephone 

instead of travelling and to use public transportation. 

Unfortunately existing public transportation systems can- 

not, in many cases, provide an acceptable alternative to 

private cars. This is due to their lower attractivity and 

the fact that busses and streetcars often operate in the 

same traffic areas as the private cars, so that their 

travelling speeds decrease as do those of private cars. 

A sociological study carried out by INFAS (cf. Figure 

5 and [134]) illustrated that the following three criteria 

are the most significant in the choice of transportation 

mode : 

(1) travel time, 

(2) convenience, 

(3) independence with respect to departure time 
and destination. 

Most drivers prefer using a private car, even though it is 

more expensive and less safe than public transportation (cf. 

Figure 5). 

(iii) Short-term strategies: The third level of 

policy to control demand is to institute measures aimed at 

controlling the time distrib2tion of transport demands in 

the city -- for example, those generated by commuting to 
work and school. In general, traffic congestion is caused 

merely by excessive concentration of demand. By controlling 

the time distribution of demand, therefore, a better balance 

between supply and demand can be achieved. Included in this 

catagory are measures such as staggering work and school 

hours. 
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2.2.2 Control of Supply (cf. Figure 4) 

(i) Long-term strategies: The first and most basic 

level of policy to control the supply of transportation 

concerns the structure of the system, e.g. road networks, 

subway lines, etc. By constructing new roads, bypasses, 

overpasses and parking lots and by abolishing old roads, it 

is possible, for example, to change the overall structure 

of the road network and thereby the flow of traffic over it. 

On the other hand the increased construction of more and 

bigger highways alone will not present an acceptable solu- 

tion: more highways produce additional traffic, land con- 

sumption and endangering of the urban environment will con- 

tinue, and in principle it will be impossible to build 

traffic areas sufficient by large for the increasing number 

of cars in cities. This is especially true for most of the 

European cities which have grown up historically. Moreover, 

as mlntioned under 2.2.1 (cf. Figure 5), changing the struc- 

ture of existing modes of public transportation will probably 

not lead to reduced automobile traffic demand. Therefore one 

basic long-term policy consists in the development of entire- 

ly new (automated, demand-oriented) public transportation 

systems (cf. Section 5) . 
(ii) Medium-term strategies: The second level of 

policy to control the supply of automobile transportation 

concerns the physical capacity of the system to link origin 

and destination points. Included in this category are mea- 

sures which alter the capacity of the road network, such as 

widening roads and enlarging parking facilities. 

(iii) Short-term strategies: The third level of policy 

to control supply concerns the operation of the different 

parts of the transportation system as well as of the whole 

system. Included in this category are measures which re- 

strict or limit the use of a link or its connection with 

other links, e.g. establishing one-way roads, speed limits, 



etc. Moreover, the optimization of system operation by auto- 

mation and computer control belongs to this level. Policies 

of this kind focus on short time units of weeks, months or 

even a few years. 

2.3 Towards Computerized Traffic Control 

It is quite obvious that the feasibility of the supply 

and demand control policies summarized here depends on con- 

ditions differing from country to country. For example, 

measures of the first (long-term) levels mentioned above 

aim at fundamentally restructuring transportation supply 

and demand by changing the configuration of urban land use 

and activities, and thus will require many years to formu- 

late, implement and realize. It is equally difficult to 

restructure transportation demand, since demand is close- 

ly related to the pattern of land use, the location of urban 

functions, and social customs and practices. While working 

toward long-term policies, therefore, it is important to im- 

plement measures which will help to close the gap between 

supply and demand by short-term strategies, i.e. improving 

operation of existing systems and changing the time distri- 

bution of demand. One promising measure consists in chang- 

ing operation of the urban highway system in such a manner 

that the capacity of the road network as far as possible is 

automatically adapted to the automobile transportation de- 

mand changing in time and space. 

A possibility for dynamically changing the capacity of 

road network has now been created by traffic-responsive com- 

puter control of the traffic flow. This application area of 

modern autoination and computer technology, which is fast 

developing, is the subject of Section 3.' The possibilities 

for improving existing public transportation by automation 

and computer control are considered in Section 4. In those 

sections we try to find answers to the question: What ben- 

efits can a city expect concerning the improvement of 



existing transportation systems by the implementation of 

computerized trafflc control systems? Finally, Section 5 

examines the role modern automation technology will pliv 

in the creation of new modes of transportatlon character- 

ized by high adaptability of their supply to changing 

demand. Here the following question is of primary inter- 

est (cf. Figure 1): Will it be technologically possible 

to create dur~ng the next ten years or so entirely new 

highly automated urban transportation systems characterized 

by demand-oriented, safe, pollutidn-free and resource-con- 

serv~ng operation? 

It is obvlous that this paper cannot go in depth into 

all details of these topics. Its aim is rather to identify 

promising areas of future research work by presenting a 

survey of the following: 

- the c o n c e p t s  developed for automation and computer 
control of urban transportation systems; 

- the methc,d:  used, proposed or needed for implemen- 
tation and optimal operatlor, of these systems; 

- the r e s u l t s  obtained in real applications or ex- 
pected from simulation studies, theoretical 
investigations, etc. 

3. Computer Control of Urban Street and Freeway Traffic 

In large urban areas one must distinguish the follow- 

ing control problems: 

- surveillance and control of traffic on freeways, 
main roads, tunnels, etc. (freeway and road traific 
control, cf. 1 1 1 - 3 7 1 ) ;  

- surveillance and control of vehicular traffic in 
urban street networks (area traffic control, cf. 
[ 3 8 - 7 6 1  1 ; 

- integration of freeway and area control systems 
into a traffic corridor control system [ 2 9 ,  46, 57, 
581.  

3.1 Freeway and Road Traffic Control 

If the traffic variables volume, density, and mean speed 

exceed certain critical values, then the danger of congestion 



and accidents increases rapidly, and implementation of an 

automated surveillance and control system for the freeway 

becomes necessary. These critical values are given by the 

following relations [29]: 

Volume - > 3,000 vehicles per hour per two lanes 

Density - > 50 vehicles per km per two lanes 

Speed - < 60 km/hour. 

It is interesting to note that existing control con- 

cepts can be regarded as levels of an integrated hierarchi- 

cally structured control systems (cf. Figure 6). These 

levels are: 

(1) optimal guidance of main traffic streams through 
a network of freeways and surface streets [21, 
23, 24, 27, 29, 33, 351; 

(2) optimal control of traffic flow on freeways and 
at access points [24, 25, 26, 27, 28, 28a, 29, 
30, 32, 33, 34, 371; 

(3) optimal control of movement of individual vehicles. 

3.1.1 Optimal Guidance of Vehicular Traffic Streams (cf. 

Figure 6, Level 1) 

(i) The concept: The computing system will assist 

the driver in finding the (in some sense) best route lead- 

ing from a certain origin (0) to a desired destination {D), 

taking account of changing traffic conditions in different 

parts of the network caused e.g. by accidents, weather, 

maintenance operations (cf. Figure 6, Level 1). The com- 

puter is provided with information by traffic detectors, 

evaluates the traffic situation by certain estimation tech- 

niques, and determines the optimal routes in real time 

operation. These routes are shown to the drivers by 

changeable computer-controlled road signs located at free- 

way off-ramps and essential intersections of the arterial 

street network [21, 24, 27, 33, 351. Several concepts 

propose the additional use of displays within the cars, 

so that drivers need not pay too much attention to the road 
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signs (cf. Section 3.3 and [24, 25a, 34b, 57, 58, 751). 

(ii) Results: Some systems using changeable road 

signs have been implemented with extraordinary success, in 

France during the last five years [21, 271. Comparative 

before-and-after studies, carried out for the project 

"Ponte du Languedoc" in the area of Lyon and Nimes during 

the summer of 1970 and 1971 respectively, resulted in the 

following conclusions: 

(1) traffic congestion expressed by queue length (in 
km) multiplied by waiting time (in hours) could 
be reduced by 40-70%; 

(2) before starting the first experiment, it was 
assumed that 30% of the drivers would follow 
the changeable road signs; in actuality, 50 to 
80% accepted the advice given to them. 

This experience suggests that a sophisticated and success- 

fully implemented route guidance system could result: 

- in a remarkable reduction of travelling times; 
- in the avoidance or at least reduction of traffic 
congestion and a decrease in the number of accidents 
by more equable utilization of the available traffic 
areas, and in an enlargement of network capacity; 

- as a consequence, in a decrease in the level of 
noise and air pollution. 

(iii) Methodology: The methodology used in the French 

system is relatively simple. As a control criterion, the 

requirement for nearly equal travelling times through dif- 

ferent alternative routes is considered useful. The control 

algorithm contains two essential parts: 

(1) estimation of travelling times in different links 
of the network using detector data; 

(2) prediction of traffic conditions during the next 
time interval, i.e. traffic forecasting for a 
time period of about 5 to 10 minutes. This has 
been done by a macroscopic traffic flow simulation 
model [21]. 

It seems that these problems are a fruitful field for the 

application of modern methods of parameter and state 



e s t i m a t i o n ,  e .g .  of  Kalman f i l t e r s  [31,  361. 

3.1.2 Freeway T r a f f i c  Flow Con t ro l  

Ramp me te r ing  ( c f .  F igu re  6  - Level  

(i) The concep t :  The aim of t h i s  c o n t r o l  system 

c o n s i s t s  i n  ma in t a in ing  t r a f f i c  demand a long  a l l  p a r t s  of  

t h e  freeway below t h e  c r i t i c a l  l e v e l  by r e s t r i c t i n g  f r e e -  

way a c c e s s  u s ing  s i g n a l  l i g h t s  a t  t h e  e n t r a n c e  ramps o r  

t h e  ne ighbor ing  s u r f a c e  s t r e e t s .  Most s u c c e s s f u l l y  imple- 

mented sys tems u s e  a  bang-bang c o n t r o l  p o l i c y ,  i . e .  t h e  

ramp i s  c l o s e d  i f  t h e r e  i s  conges t i on  i n  t h e  f low d i r e c t i o n  

[ 2 4 ,  26, 301. A c o n t r o l  sys tem which c o n t i n u a l l y  changes 

t h e  i n f l ow  r a t e s  depending on t r a f f i c  f low by changing t h e  

g r een  t i m e s  of  t h e  t r a f f i c  l i g h t  a t  t h e  on-ramps i s  be ing  

developed.  

(ii) Methodology: The number o f  c a r s  u, , u 2 t  u3 
e n t e r i n g  ramps 1 ,  2 ,  3 . . .  of  t h e  freeway p e r  t i m e  i n t e r v a l  

may be i n t roduced  a s  c o n t r o l  v a r i a b l e s  ( c f .  F i g u r e  6 ) .  

The s t a t e  of  t h e  freeway i s  c h a r a c t e r i z e d  by mean speeds  

x l ,  x3 . . .  o f  t h e  t r a f f i c  f low i n  t h e s e  s e c t i o n s  and t h e  

cor responding  t r a f f i c  d e n s i t i e s ,  x 2 ,  x 4 . . . ,  i . e .  t h e  number 

o f  c a r s  i n  them ( c f .  F i g u r e  6 ,  Level  2 . 1 ) .  

Two d i f f e r e n t  c o n t r o l  problems can  b e  d i s t i n g u i s h e d :  

- t ime o f  day (open loop)  c o n t r o l ,  i n  which s i g n a l  
t i m e  p l a n s  a r e  computed f o r  t h e  t r a f f i c  l i g h t s  a t  
e n t r a n c e  ramps u s ing  g iven  t r a f f i c  demand p a t t e r n s  
o b t a i n e d  from h i s t o r i c a l  d a t a .  One o b t a i n s  nominal 
v a l u e s  of t h e  c o n t r o l  v a r i a b l e s  ui and t h e  s t a t e  

v a r i a b l e s  x i ,  speed and d e n s i t y ,  which w i l l  e n s u r e  

a  maximum of t r a f f i c  th roughput .  T h i s  i s ,  o f  c o u r s e ,  
no l o n g e r  t r u e  i f  d i s t u r b a n c e s ,  e . g .  an a c c i d e n t  
occu r .  For t h i s  s i t u a t i o n ,  it has  been proposed t o  
u s e  

- a feedback c o n t r o l  sys tem which minimizes d e v i a t i o n s  
between t h e  nominal and a c t u a l  v a l u e s ;  i . e .  t h e s e  
d e v i a t i o n s  a r e  now cons ide red  a s  c o n t r o l  and s t a t e  
v a r i a b l e s  and d e s c r i b e d  by ui and xi r e s p e c t i v e l y  i n  
F i g u r e  6 ,  Level  2 . 1 .  



This has the advantage that a linear state equation 

= (A) 5 + (B) u - - 

can be used. Here - x represents the state vector 

which describes the deviations of the nominal values of 

the mean traffic speeds and densities in the freeway sections 

i = l(l)n/2, and - u characterizes the control vector 

which describes the deviations of the nominal traffic volumes 

entering the freeway via the entrance ramps k = 1 ( 1 ) 4 2 .  The 
n matrices (A) (n x n) and (B) (n x I )  are constant if one as- 

sumes stationary conditions (cf. [28, 28al for more details) . 
If one accepts, as an optimality criterion, the minimization 

of the quadratic cost functional 

i.e. the minimization of the integral over the deviations 

from the nominal values weighted by the positive, definite 

and semi-definite cost matrices (R) and (Q) respectively, 

then the optimal control vector - u*(t) can be obtained in 

feedback form by 

where (P) is the unique symmetric positive-definite solution 



of  t h e  m a t r i x  R i c c a t i  e q u a t i o n  

The r e g u l a t o r  m a t r i x  

pe rmi t s  d e t e r m i n a t i o n  of  t h e  c o n t r o l  v a r i a b l e s  u  by means 
i 

o f  t h e  s t a t e  v a r i a b l e s  xi ( c f .  e q u a t i o n  ( 5 ) ) .  Unfor tuna te -  

l y ,  it i s  n o t  p o s s i b l e  t o  t a k e  measurements f o r  t h e  s t a t e  

v a r i a b l e s ,  namely f o r :  

- t h e  d e n s i t y  d e v i a t i o n s  ( i n  v e h i c l e s  p e r  m i l e )  and 

- t h e  mean speed  d e v i a t i o n s  ( i n  m i l e s  p e r  hour  p e r  
l e n g t h  of  t h e  freeway s e c t i o n )  d i r e c t l y .  

By means of  t r a f f i c  d e t e c t o r s ,  one can measure o n l y  a t  

s i n g l e  p o i n t s ,  i .e .  a t  t h e  beg inn ing  and t h e  end of  a  

freeway s e c t i o n  ( c f .  F i g u r e  6 ,  Level  2 . 1 ) :  

- t h e  t r a f f i c  volume ( i n  v e h i c l e s  p e r  hour )  

- t h e  mean speeds  ( i n  m i l e s  p e r  h o u r ) .  

The re fo r e ,  one  h a s  t o  d e a l  w i t h  a  s t a t e  e s t i m a t i o n  

problem, i . e .  ap1)lying a  s u i t a b l e  e s t i m a t i o n  p rocedure  t o  

de t e rmine  t h e  s t a t e  v a r i a b l e s  w i t h  s u f f i c i e n t  a ccu racy  

u s i n g  s t o c h a s t i c a l l y  d i s t u r b e d  measurements o f  t h e  volumes 

and speeds .  Only a  few a u t h o r s  have t r i e d  t o  app ly  modern 

e s t i m a t i o n  t e c h n i q u e s  such  a s  t h e  ex tended  Kalman f i l t e r  t o  

t h i s  problem ( c f .  Nahi [ 3 1 ] ,  and S z e t o  and Gaz i s  [ 3 6 1 ) .  

(iii) R e s u l t s :  There  a r e  s e v e r a l  sys tems i n  o p e r a t i o n  

which u s e  f i x e d  t i m e  me t e r i ng  o r  even bang-bang c o n t r o l ,  

where t h e  e n t r a n c e  ramp i s  c l o s e d  f o r  a  c e r t a i n  p e r i o d  of  

t i m e  [24,  26, 301. S p e c i a l l y  de s igned  r o a d  s i g n s  s u g g e s t  

t h a t  d r i v e r s  u s e  a n o t h e r  e n t r a n c e  ramp [24] .  The develop- 

ment of  feedback c o n t r o l  sys tems i s  s t i l l  a  s u b j e c t  of  funda- 

menta l  r e s e a r c h .  R e s u l t s  o b t a i n e d  i n  s i m u l a t i o n  s t u d i e s  



carried out by Isaksen and Payne [28al suggest that such a 

system can lead to remarkable results in avoiding congestion 

caused by certain incidents, e.g. an accident. For example, 

in a study for the Los Angeles Freeway they assumed that a 

stalled vehicle was blocking one lane in section 12 for 

about 30 minutes (cf. Figure 6, Level 2.1), causing conges- 

tion in the previous (upstream) sections after a certain 

delay. Now it is interesting to note that in Section 4, for 

example, for the fixed time control system, the speed de- 

creased to about 5 mph in 50 minutes after the incident hap- 

pened, and after 60 minutes remained for some time at 20 mph 

below the initial speed (compare curve 2 in Figure 6). On 

the other hand, the feedback control system can obviously 

avoid such serious disturbance by optimal limiting of up- 

stream freeway access to the point where the incident has 

happened (compare curve 1 in Figure 6) . 
There is an unusual phenomenon of freeway ramp control 

that is not widely understood. Ramp control improves the 

traffic flow not only on the freeway itself, but also on 

the adjacent surface streets. At first glance, this seems 

impossible, since reducing input rates at freeway ramps must 

divert some vehicles from the freeway, which one would assume 

could only produce congestion on the surface streets. How- 

ever, as can be shown, ramp control improves the efficiency 

of the freeway itself, actually enabling it to carry more 

vehicles and resulting in a net benefit to the whole freeway 

corridor (cf. Ross [67a] ) . 

3.1.2.2 Freeway traffic flow control by speed limitations 

and other measures 

Other possibilities of controlling traffic flow on 

a freeway consist in using changeable remote-control road 

signs 

- to limit the speed of traffic flow if large traffic 
volumes exceed certain values or if weather conditions 
are bad, 



- t o  f o r b i d  takeover  maneuvers, 

- t o  inform d r i v e r s  about  emergency s i t u a t i o n s ,  e .g .  
a c c i d e n t s  i n  t h e  f low d i r e c t i o n .  

Seve ra l  systems of t h a t  k ind  have been s u c c e s s f u l l y  imple- 

mented [24, 26, 29, 30, 32, 33, 371. 

3.1.3 Merging Con t ro l  ( c f .  Figure  6 ,  Level  2.2) 

The aim of t h i s  c o n t r o l  system i s  t o  a s s i s t  d r i v e r s  

t o  merge wi th  a  h igh-dens i ty  t r a f f i c  s t ream and t h u s  t o  in -  

, c r e a s e  t h e  ramp c a p a c i t y  and t r a f f i c  s a f e t y .  The fol lowing 

concept  i s  app l i ed .  I f  a  d r i v e r  e n t e r s  a  freeway, he must 

s t o p  h i s  c a r  a t  t h e  r ed  t r a f f i c  l i g h t  a t  t h e  en t r ance  ramp 

u n t i l  a ccep tab le  gap va lues  and t h e  gap speed i n  t h e  t r a f f i c  

s t ream a r e  i d e n t i f i e d  by t h e  c o n t r o l  computer. The computer 

i s  provided wi th  in format ion  by gap d e t e c t o r s .  I f  t h e  t r a f -  

f i c  l i g h t  changes t o  g reen  than  t h e  d r i v e r  a c c e l e r a t e s  and 

meets t h e  t r a f f i c  s t ream a t  t h e  p r e d i c t e d  gap,  assuming he 

uses  an average  va lue  f o r  t h e  a c c e l e r a t i o n  of h i s  c a r .  To 

reduce t h e  d i f f i c u l t i e s  which could be caused by wrong ac- 

c e l e r a t i o n  v a l u e s ,  s e v e r a l  systems use  a  band of  green lamps 

moving wi th  t h e  r e q u i r e d  speed.  I f  t h e  d r i v e r  keeps t h e  

p o s i t i o n  of h i s  c a r  w i t h i n  t h e  l i m i t s  g iven  by t h e  green 

band, he w i l l  r each  t h e  p r e d i c t e d  gap i n  t h e  t r a f f i c  s t ream 

s a f e l y  [24, 291 . 
Experimental  i n s t a l l a t i o n s  have a l r e a d y  demonstrated 

t h a t  t h e  system h e l p s  reduce conges t ion  and i n c r e a s e s  capa- 

c i t y .  By a  system of t h a t  k ind,  which was o p e r a t i n g  on Gulf 
Freeway i n  Houston, t h e  number of a c c i d e n t s  dropped by 30%, 

freeway speeds  r o s e  by 30%, and c a p a c i t y  improved by 1 0 %  [24] .  

3.1.4 Optimal Con t ro l  of t h e  Movement of Individ-ual  Vehic les  

( c f .  F igu re  6, Level  3) 

The problems of Level  3  of  t h e  c o n t r o l  h i e r a rchy  

concern: 

- d i s t a n c e  r e g u l a t i o n  i n  a  s t r i n g  o f  moving v e h i c l e s  
( c f .  F igu re  6,  Level 3 . 1 ) ,  



- speed and a c c e l e r a t i o n  c o n t r o l  o f  i n d i v i d u a l  v e h i c l e s ,  
i n c l u d i n g  c o l l i s i o n  p r even t i on  sys tems u s i n g  r a d a r  
d i s t a n c e  measuring d e v i c e s  i n s i d e  t h e  c a r  ( c f .  F i g u r e  
6,  Level  3 . 2 ) .  

The main aim i n  developing t h e s e  sys tems i s  t o  i n c r e a s e  

t r a f f i c  s a f e t y  ( c o l l i s i o n  p r even t i on )  and e n l a r g e  freeway 

c a p a c i t y .  The c a p a c i t y  C of  a  freeway,  i n  v e h i c l e s  p e r  hou r ,  

depends,  a cco rd ing  t o  t h e  well-known formula 

on speed v ,  average  c a r  l e n g t h  L, and t h e  two paramete r s  c l  

and c2 .  Here c 2  i s  i n v e r s e  p r o p o r t i o n a l  t o  t h e  maximum r a t e  

r o f  d e c e l e r a t i o n  and c l  i s  e q u a l  t o  p e r c e p t i o n  p l u s  r e a c t i o n  

t i m e  of  t h e  d r i v e r ,  which can be  assumed t o  be abou t  1 second.  

The maximum of t h e  c a p a c i t y  curve  ( c f .  F i g u r e  6 ,  Level  3 .1)  

depends on c l  and c 2 .  I f  it w e r e  p o s s i b l e  t o  reduce  pa ra -  

m e t e r  c l  from 1 .0  t o  0.1 seconds ,  s t reet  c a p a c i t y  cou ld  be 

i n c r e a s e d  by 150% o r  more i n  c e r t a i n  speed i n t e r v a l ;  i . e .  

50% more motor c a r s  cou ld  d r i v e  on t h e  s t reet  a t  t h e  same 

speed.  The q u e s t i o n  i s  how t o  reduce  pa ramete r  c l .  T h i s  

c an  be done by au toma t i c  c o n t r o l  of t h e  d i s t a n c e s  between 

i n d i v i d u a l  c a r s .  Such a  system i s  g e n e r a l l y  c o n s i d e r e d  a  

f i r s t  s t e p  i n  an automated highway system which w e  must con- 

s i d e r  a s  a  t o t a l - s y s t e m s  i nnova t i on  ( c f .  S e c t i o n  5 ) .  A t  

p r e s e n t  r e s e a r c h  i s  underway t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  

of a  semi-automatic c o n t r o l  system i n  which t h e  d r i v e r  i s  

an a c t i v e  sys tems e lement ;  t h e  aim of t h e  sys tem i s  t o  

a s s i s t  t h e  d r i v e r  i n  f i n d i n g  an op t ima l  ( i n  some s ense )  way 

of smooth and s a f e  d r i v i n g  i n  a  s t r i n g  of v e h i c l e s .  

Such a  system needs  a  s o p h i s t i c a t e d  e l e c t r o n i c  sys tem 

on board  f o r  au toma t i c  d i s t a n c e  measurement by r a d a r ,  au to -  

ma t i c  computa t ion  o f  an  o p t i m a l  d r i v i n g  regime,  and c o n t r o l  

of d r i v e r  d i s p l a y s .  The p r o g r e s s  made i n  t h e  development of  

LSI e l e c t r o n i c  c i r c u i t s  d u r i n g  t h e  p a s t  few y e a r s  w i l l  



probab ly  a l l o w  c o n s t r u c t i o n  of an  e l e c t r o n i c  d e v i c e  t h a t  i s  

s u f f i c i e n t l y  s m a l l ,  r e l i a b l e  and cheap 110, 2 5 a l .  A more 

s e r i o u s  problem i s  t h e  development of c o n t r o l  a l g o r i t h m s  

e n s u r i n g  s t a b l e  and s a f e  t r a f f i c  f low o f  t h e  whole v e h i c l e  

s t r i n g  [36a]  and t h e  o p t i m a l  d e s i g n  of t h e  man-machine 

(d r ive r -ca r -env i ronment )  sys tem,  e s p e c i a l l y  of  t h e  d r i v e r  

d i s p l a y s  C34aI. These problems a r e  s t i l l  open f o r  fundamen- 

t a l  r e s e a r c h  work [ l o ,  34a,  3 6 a l .  

3.2 T r a f f i c  C o n t r o l  i n  Urban S t r e e t  Networks 

The c o n c e p t s  proposed f o r  computer c o n t r o l  of  v e h i c u l a r  

t r a f f i c  i n  a n  u rban  street network may b e  c o n s i d e r e d  -- a s  i n  

S e c t i o n  3 . 1  of t h i s  p a p e r  -- a t  d i f f e r e n t  l e v e l s  of  a  h i e r -  

a r c h i c a l l y  s t r u c t u r e d  c o n t r o l  sys tem ( c f .  F i g u r e  7 ) :  

(i) o p t i m a l  t r a f f i c  g u i d a n c e ,  

(ii) o p t i m a l  c o o r d i n a t i o n  o f  t r a f f i c  l i g h t s :  

(ii.1) a r e a  t r a f f i c  c o n t r o l ,  

( i i . 2 )  t r a f f i c  c o n t r o l  i n  a r t e r i a l  s t reets ,  

( i i . 3 )  t r a f f i c  c o n t r o l  a t  s i n g l e  i n t e r s e c t i o n s .  

3 .2 .1  Optimal  Guidance of  t h e  Main T r a f f i c  St reams Through 

a n  Urban S t r e e t  Network ( c f .  F i g u r e  7 ,  L e v e l  1) 

(i) The concep t :  T h i s  problem i s  o b v i o u s l y  q u i t e  

s i m i l a r  t o  t h a t  a l r e a d y  d i s c u s s e d  f o r  f reeway t r a f f i c  c o n t r o l  

( c f .  F i g u r e  6 ,  Leve l  1);  t h a t  i s ,  t h e  computing sys tem has  t o  

i d e n t i f y  t h e  ( i n  some s e n s e )  o p t i m a l  r o u t e  between c e r t a i n  

o r i g i n  and d e s t i n a t i o n  p o i n t s  ( e . g .  between A and B i n  F i g u r e  

71,  t a k i n g  i n t o  a c c o u n t  t h e  r e a l  t r a f f i c  s i t u a t i o n  i n  d i f f e r -  

e n t  p a r t s  o f  t h e  network.  On t h e  o t h e r  hand,  it i s  much more 

compl ica ted  because  o f  t h e  more complex network s t r u c t u r e  and 

o r i g i n - d e s t i n a t i o n  r e l a t i o n s .  

(ii) Methodoloqy: The methodology i n  u s e  i s  concerned 

w i t h  t h e  s o - c a l l e d  static a s s i g n m e n t  problem wide ly  used f o r  

p l a n n i n g  p u r p o s e s  [ 6 1 ] .  These methods can o b v i o u s l y  b e  used 
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for a time-of-day open-loop control system, i.e. for pre- 

computation of optimal routes and changing road signs in 

dependence on time. Little work has been done so far for 

developing traffic-responsive feedback control systems 

permitting adaptive routing in the arterial network of a 

large city [39]. 

(iii) Expected results: So far a route guidance sys- 

tem for a complex urban street network has not been imple- 

mented. But during the last few years there has been grow- 

ing interest in such systems [42, 57, 58, 71, 751, from 

which the following results are expected: 

- keeping the traffic in a certain equilibrium state 
even in the case of incidents, such as accidents, 
maintenance operations, stalled vehicles, etc., 
in certain parts of the network; 

- more equitable utilization of the available traffic 
areas; 

- decreasing levels of air pollution in endangered 
areas. (Work on this topic is under way in Japan 
as part of the general "Environmental Pollution 
Control Project" [ll, 50, 54, 62, 681). 

Route guidance represents one of the main routes toward the 

integration of freeway and urban street network controls in- 

to a comprehensive automobile control system (cf. Section 3.3, 

and [57, 58, 751). 

3.2.2 Coordination of Traffic Lights (cf. Figure 7, Level 2) 

The largest number of traffic computers are in opera- 

tion for problems of traffic light coordination, i.e. for 

area traffic control, traffic light coordination in an arter- 

ial street, and traffic light control at single (complex) 

intersections (cf. [38, 40-49, 51-53, 55, 56, 60, 63-67, 

69-73] ) . 
(i The concept: Traffic control deals with the 

coordination of traffic lights in a street network using a 

control computer or system of computers. Traffic detectors 

installed in the roadbed or at the roadside provide information 



on the real traffic situation, i.e. traffic volume, speed, 

etc. By means of a stored control strategy, the computer 

selects or generates optimal signal light programs for the 

traffic lights -- the length of the red-yellow-green cycles, 
the proportion of red to green and the offset between the be- 

ginning of the green lights at neighboring intersections. 

The first control system of this kind was sucessfully 

implemented in Toronto in the early sixties; and by now a 

large number of cities all over the world have computerized 

traffic control systems [38, 45, 46, 47, 49, 51, 69, 72, 731. 

The most advanced area traffic control system has been in- 

stalled in the Tokyo metropolitan area [51]. A hierarchi- 

cally structured computing system has been coupled with 

several thousand signalized intersections (8,000 in the 

final stage) . 
(ii) Methodology: The traffic control methods in use 

in different countries can be classified under the following 

headings : 

- precomputation of optimal signal programs for time-of- 
day open-loop control using heuristic methods or 
methods of mathematical programming, e.g. dynamic 
programming; 

- traffic-responsive signal program selection, i.e. 
adaptive open-loop control; 

- traffic-responsive signal program modification and 
generation, i.e. feedback control 

(cf. [46, 48, 64, 67, 69, 701 and Figure 7, Level 2). 

For adaptive open-loop control the signal programs are stored 

in the computer as fixed-time programs, from which, on the 

basis of traffic detector information, a program is selected 

which corresponds to the existing traffic situation. The 

number of fixed-time programs stored depends on the expected 

number of traffic-flow fluctuations in the course of the day; 

the usual number lies between 10 and 20. The signal programs 

change at certain intervals which depend on the extent and 

frequency of the traffic-flow fluctuations. However, in order 

to avoid frequent switching over of programs, i.e. instability 



of the system, the measuring values have to be smoothed. 

Another control system promising the greatest adapt- 

ability for changing traffic situations is signal program 

generation or modification, i.e. feedback control. Here 

only the given restrictions are stored in the computer 

while the actual signal programs ere continuously calculated 

on the basis of detector informatfon. This feedback control 

concept is used only in advanced systeins [ 4 3 ,  44, 51, 52, 60,  

671. 

Traffic conditions change i.n time and space in an un- 

predictable manner; in complicated situations, one must thus 

handle the traffic control problem by a multicriterion ap- 

proach. This has been done for the Tokyo system, which uses 

a multicriterion control strategy with feedback features . 
One optimal control criterion 1s flrst selectea from a num- 

ber of criteria, and then the system is optimized. The 

following criteria are used [51, 52, 601 (cf. Figure 7 )  : 

- stoppage mode for light traffic, 
- delay mode for medium traffic, 
- capacity mode for saturated intersectionsi 
- queue mode for very dense traffic, 
- jam mode for congested conditions. 

In most existing area traffic control systeins one of 

the first three criteria is used together with adaptive open- 

loop control, i.e. signal program selection. On the other 

hand, a feedback zontrol structure will always be necessary 

for heavy traffic conditions, e.g. for the jam or queue 

mode criteria. This is the point at which methods of modern 

control theory become useful and necessary, as illustrated 

in Appendix A by an example for the so-called jam-mode cri- 

terion (control of a congested or oversaturated network; cf. 

[74, 6 3 1 ) .  It may be said that, although a number of traffic 

control computers have been successfully installed, the po- 

tential advantages of their programmable flexibility remain 



largely unexplored by most of the traffic engineers. 

(iii) Results: We will now consider what results can 

be obtained with systems already in operation. For the 

Tokyo system, a comparison of the operational experiences 

with the old (non-computerized) system (1969) and the new 

computerized one (1970) revealed that, despite a 15% increase 

in traffic volume during one year, delays decreased by 13 to 

31% and traffic accidents by 30% [51]. The travelling speed 

during rush hours increased 8 mph to 16 mph. 

The installation of traffic signal control systems is 

easier and involves less investment than any alternative 

measures such as, for example, building new roads or com- 

pletely replanning the city center. Cost/benefit analysis 

performed in various cities that have installed area traffic 

control systems (Glasgow, West London, Madrid, Turin) in- 

dicates that the actual cost of initial installation is bal- 

anced by the benefits accumulated in the first six months of 

operation [46]. This result does not take into account the 

decrease in the number of accidents. Such a favorable ratio 

exceeds the most optimistic expectation of any cost/benefit 

analysis in public works or business enterprises by at least 

one order of magnitude. From the methodological point of 

view it is important to emphasize that the cost/benefit re- 

lation is highly dependent on the efficiency of the methodology 

used, i.e. the control strategy. 

In spite of these successes, several problems remain un- 

solved and new problems are still occurring -- problems con- 
cerning risk evaluation (in the case of destroying a control 

center coupled with thousands of intersections) [51], reli- 

ability and centralization or decentralization of computing 

power, e.g. using mini-computers or even micro-processes 

[41, 441. 

3.3 Intearated Urban Automobile Traffic Control Systems 

One can observe a recent trend to integrate area traffic 



and freeway t r a f f i c  c o n t r o l  systems i n t o  a  comprehensive 

urban au tomobi le  t r a f f i c  c o n t r o l  and i n fo rma t ion  sys tem 

[57,  58, 75, 761. 

(i) The concept :  One main concern  o f  such  a  sys tem 

i s  t o  hand l e  t h e  whole urban au tomobi le  t r a f f i c  i n  a  co- 

o r d i n a t e d  manner. An e s s e n t i a l  f e a t u r e  i s  t h e  improvement 

of communication l i n k s  between t h e  d r i v e r s  and t h e  c o n t r o l  

c e n t e r .  The fo l l owing  a r e  b a s i c  f u n c t i o n s  of  c o n t r o l  and 

i n fo rma t ion  sys tems [581 . 
- Route gu idance :  t h e  most impor t an t  t a s k  i s  t o  i n t e -  

g r a t e  t h e  freeway and urban street network gu idance  
sys tems d e s c r i b e d  i n  S e c t i o n s  3 .1 .1  and 3 . 2 . 1  re- 
s p e c t i v e l y ,  by means of a  comprehensive i n fo rma t ion  
exchange between t h e  c o n t r o l  c e n t e r  and t h e  i n d i v i -  
d u a l  au tomobi les .  The fo l l owing  concep t  h a s  been 
proposed [58] ( c f .  F i g u r e  9 )  : 

A t  t h e  s t a r t  of  a  t r i p ,  t h e  d r i v e r  p u t s  t h e  code 
number o f  h i s  d e s t i n a t i o n  p icked  from a  map i n t o  a  
keyboard mounted i n  t h e  v e h i c l e .  T h i s  number i s  
t r a n s m i t t e d  by a  v e h i c l e  an tenna  and an i n d u c t i v e  
l oop  embedded i n t o  t h e  s t ree t  s u r f a c e  t o  a  r o a d s i d e  
u n i t ,  p robab ly  a  mic ro-processor ,  which i s  connected  
w i t h  t h e  c e n t r a l  computa t ion  system. The micro-pro- 
c e s s o r  i s  informed by t h e  c e n t r a l  sys tem about  t h e  
op t ima l  r o u t e  and t r a n s m i t s  t h a t  r o u t e ,  v i a  t h e  l oop  
an t enna ,  t o  t h e  v e h i c l e  where it i s  shown on a  d r i v e r  
d i s p l a y .  The d r i v e r  t h u s  r e c e i v e s  t h e  i n s t r u c t i o n s  
t o  t u r n  r i g h t ,  t u r n  l e f t  o r  proceed s t r a i g h t  ( c f .  
F i g u r e  9 ) .  By r e a c t i n g  a p p r o p r i a t e l y ,  he  avo id s  
a r e a s  o f  t r a f f i c  conges t i on  and r e a c h e s  h i s  d e s i r e d  
d e s t i n a t i o n  by a  ( i n  a  c e r t a i n  s e n s e )  optimum r o u t e  
( c f .  a l s o  S e c t i o n s  3 .1 .1  and 3 . 2 . 1 ) .  

- Driv ing  i n f o r m a t i o n :  advance i n f o r m a t i o n  on speed  
l i m i t s ,  s t o p  s i g n s ,  and o t h e r  road  r e g u l a t i o n s  i s  
t r a n s m i t t e d  from t h e  r o a d s i d e  u n i t s  and v i s u a l l y  
d i s p l a y e d  t o  d r i v e r s .  Moreover, t h e  sys tem mon i to r s  
i n d i v i d u a l  v e h i c l e s  and i s s u e s  a  warning t o  t h e  d r i v e r  
i f  a  b r each  o f  d r i v i n g  r e g u l a t i o n s  o c c u r s .  I n  t h i s  
way t h e  sys tem h e l p s  t o  p r e v e n t  a c c i d e n t s  due t o  
d r i v e r  c a r e l e s s n e s s .  

- P u b l i c - s e r v i c e  v e h i c l e  p r i o r i t y :  t r a f f i c  s i g n a l s  a t  
major  i n t e r s e c t i o n s  a r e  c o n t r o l l e d  such a s  t o  g i v e  
p o l i c e  c a r s ,  ambulances, bus se s  and o t h e r  p u b l i c -  
s e r v i c e  v e h i c l e s  p r i o r i t y  t o  p a s s  th rough  t h e  i n t e r -  
s e c t i o n .  One e s s e n t i a l  f e a t u r e  i s  t h e r e f o r e  coord ina-  
t i o n  w i t h  p u b l i c  t r a n s p o r t a t i o n  sys tems ( c f .  S e c t i o n  4 ) .  
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- Emergency i n f o r m a t i o n :  i n f o r m a t i o n  on f i r e s ,  a c c i d e n t s ,  
e a r t h q u a k e s  and o t h e r  emergency s i t u a t i o n s  which a f f e c t  
d r i v i n g  s a f e t y  i s  d i r e c t l y  communicated by t h e  c o n t r o l  
c e n t e r  t o  d r i v e r s .  I t  i s  b r o a d c a s t  v i a  r o a d s i d e  u n i t s  
and p i c k e d  up immediately by t h e  v e h i c l e  r a d i o s  ( a u t o -  
m a t i c a l l y  a c t i v a t e d )  . The o b j e c t i v e  i s  t o  p r e v e n t  
t r a f f i c  c o n g e s t i o n  i n  emergency s i t u a t i o n s .  

- O t h e r  f e a t u r e s :  o t h e r  p o s s i b l e  f u n c t i o n s  a r e  concerned 
w i t h  gu idance  of  v e h i c l e s  t o  empty p a r k i n g  s p a c e s ,  
m o n i t o r i n g  t h e  l o c a t i o n  and d i r e c t i o n  of moving p o l i c e  
c a r s ,  and p r o v i d i n g  d r i v e r s  w i t h  i n f o r m a t i o n  on t r a v e l  
s e r v i c e s .  

The t echno logy  needed t o  implement such a  t r a f f i c  c o n t r o l  and 

i n f o r m a t i o n  sys tem c o n s i s t s  of  t h e  f o l l o w i n g  components: 

- The c o n t r o l  c e n t e r ,  c o n t a i n i n g  c e n t r a l  p r o c e s s i n g  u n i t s  
f o r  t r a f f i c  d a t a  p r o c e s s i n g ,  r o u t e  g u i d a n c e ,  communi- 
c a t i o n  c o n t r o l ,  e t c . ;  a  c e n t r a l  d i s p l a y  u n i t  which 
m o n i t o r s  and d i s p l a y s  o v e r a l l  o p e r a t i n g  c o n d i t i o n s ;  a  
currinrar~-ica t ion cun  irzo i i n n i  i t i i i r ~ s i i i i  i iil19 ar-15 i-cc;=i-~ing 
a l l  d a t a  between c e n t r a l  p r o c e s s i n g  u n i t  and r o a d s i d e  
u n i t s ;  a d d i t i o n a l  u n i t s  f o r  man-machine i n t e r a c t i o n  
and t r a f f i c  d a t a  p r o c e s s i n g .  

- The r o a d s i d e  u n i t s  ( c f .  F i g u r e  9 )  c o n s i s t i n g  o f  road- 
s i d e  communication and c o n t r o l  u n i t s ;  r o a d s i d e  broad-  
c a s t i n g  u n i t s ;  r o u t e  d i s p l a y  b o a r d s  (changeab le  r o a d  
s i g n s )  , and v e h i c l e  d e t e c t o r s .  

- The v e h i c l e  u n i t s  ( c f .  F i g u r e  9 ) ,  c o n t a i n i n g  a n  oper -  
a t i n g  keyboard;  a  two-way d i g i t a l  communication u n i t  
f o r  r e c e i v i n g  and t r a n s m i t t i n g  d a t a  t o  o r  from road- 
s i d e  u n i t s ;  a  d i s p l a y  p a n e l ,  and a  d e v i c e  which a u t o -  
m a t i c a l l y  a c t i v a t e s  t h e  c a r  r a d i o  t o  r e c e i v e  i n f o r -  
mat ion  t r a n s m i t t e d  from r o a d s i d e  b r o a d c a s t i n g  u n i t s .  

(ii) Expected  r e s u l t s :  Concepts  f o r  i n t e g r a t e d  t r a f f i c  

contx-oi  systeirts a r e  e s p e c i a l l y  h i g h l y  developed i n  Japan  [57 ,  

58, 75, 761. The "comprehensive au tomobi le  c o n t r o l  sys tem"  

( C A C ) ,  f o r  example,  i s  one o f  t h e  b e s t  s u p p o r t e d  r e s e a r c h  

p r o j e c t s  of  t h e  J a p a n e s e  M i n i s t r y  o f  I n t e r n a t i o n a l  Trade  and 

I n d u s t r y  [571*. I n  1977 a  p i l o t  p r o j e c t  i s  t o  b e  c a r r i e d  o u t  

i n  an  a r e a  o f  25 km2 i n  t h e  s o u t h w e s t e r n  s e c t i o n  of  Tokyo w i t h  

abou t  1 ,330  equipped v e h i c l e s .  The f o l l o w i n g  b e n e f i t s  from 

CAC t echno logy  a r e  a n t i c i p a t e d :  

* The d e s c r i p t i o n  p r e s e n t e d  h e r e  i s  c l o s e l y  r e l a t e d  t o  
t h i s  p r o j e c t  [57 ,  581. 



- more efficient and rational r~anagement of automobile 
transport; 

- improvement of the flow of automobile traffic and re- 
duction of traffic congestion; 

- reduction of automobile fuel consumption by improving 
traffic flow; 

- reduction of local air pollution by reducing traffic 
congestion; 

- reduction of driver tensions and burdens; 
- reduction of accidents; 
- improvement of the social utility of police cars, bus- 
ses, ambulances and other public-service vehicles. 

It seems reasonable to expect the new technology to bring 

an essenklal improvement in existing and future traffic prob- 

lems. On the other hand, it should be emphasized that tech- 

nologies proposed for large cities such as Tokyo cannot 

simply be adapted to others, for example in Europe; the con- 

cept described here must first be carefully examined for its 

feasibility elsewhere, given the specific problems of differ- 

ent countries represented in IIASA. 

4. Automation and Computer Control in Public Transportation 

Systems 

Current activities in the field of computer control of 

public transportation systems are related to the application 

of computers in automatic bus and train monitoring and con- 

trol systems [99-2051 , and to automatic scheduling and con- 
trol of train operation for underground or other rapid rail 

transit systems [77-981. 

4.1 Urban Railway Systems Control 

For urban railway systems, one can distinguish the fol- 

lowing hierarchy of tasks [77-981: 

(i) optimal scheduling, seat reservation, etc. [79, 81, 
821 ; 

(ii) automatic fare collection and optimal real-time 
control of train operation [77-80, 83, 86-88, 
90-93, 97, 981; 

(iii) control of the movement of individual trains [79, 
84, 92, 93, 951. 



In level (ii), one must deal, for example, with the fol- 

lowing problem. The computing system is coupled via line 

section remote control or local interlocking plants to the 

railway lines. Aided by a special train movement tracing 

program, each train on every track section is then accounted 

for by the computer. The actual train positions obtaine6 are 

then compared with the nominal positions stored in the memory 

of the computer. Should the deviations exceed given limits, 

the computer starts an optimizing program for determining 

new crossings and turnout points within a preset disposition 

time interval so as to reduce existing delays and keep follow- 

up delay as small as possible. In other words, the computer 

has to set up an optimally modified timetable that permits 

reducing the existing deviations between the nominal and the 

actual situation, or, at the very least, keeping irrevocable 

delays within reasonable limits [86, 87, 91, 92, 931. 

In level (iii) the following optimal control problem, among 
others, occurs: The trains must cover the distances between 

given starting-points and a fixed target point both in the 

running times prescribed by the schedule, and with a minimum of 

traction energy consumption. The task is to find a closed- 

loop control algorithm, i.e. a computer program for the on- 

board control computer, which permits calculation in real 

time of the optimal driving regime by the measured state 

variables "target distance1', "running speed" and "running 

time still available". This problem could be solved by the 

application of modern optimal control theory, i.e. the max- 

imum principle of Pontryagin [92, 931. It can be shown that 

implementation of such a control system will result in an 

substantially improved adherence to time tables and savings 

in driving energy of about 15% (cf. [931) . 
Systems which are making extensive and successful use 

of at least some of the principles described here are 

- the COMTRAC (computer aided traffic control system) 



of the Japanese Shinkansen line [81, 82, 83, 86, 87, 
88, 91, 941; and 

- the computer control system for BART (Bay Area Rapid 
Transit) in the San Francisco area [78], though--as 
is well known--this system has met difficulties in 
reaching sufficiently safe and reliable operation. 

These and other railway systems [77-981 have demon- 

strated that extensive use of automation and computer control 

of urban railway systems will both increase their attractivity 

to the public (because of increased regularity, availability 

and quality of transportation service), and decrease personal 

and operating costs. 

4.2 Bus and Tram Traffic Monitoring and Control 

The increasing automobile traffic causes delays and 

other irregularities for public transportation systems 

operating in the same traffic areas as automobiles. This 

situation motivated the creation, during the last five years, 

of computer surveillance and control systems using the fol- 

lowing two concepts: 

(i) Computerized control centers have been established 

which permit automated identification of the bus positions, 

communication between drivers and dispatcher, and control of 

the transportation service if irregularities occur. Possible 

control strategies are advancing and retarding busses; use 

of recovery time; short turnaround times for busses; inter- 

changing busses; and plugging a gap by injecting a bus from 

a reserve pool, removing a bus from a bunch going in the 

opposite direction on the same service, or removing a bus 

from another bunch in another service (cf. [99] ) . 
The objectives of these control systems are to maintain 

adherence to schedule or headways between busses, to ensure 

that crews are relieved at scheduled times and places and 

can take their breaks at the correct time, and to deal with 

emergencies (breakdowns, traffic Slocks) as they arise (cf. 

[99, 102, 104, 1051 ) . 



So far no essential improvement of bus service has been 

achieved by such systems; but several countries are continuing 

their activities in developing more sophisticated concepts and 

methods for control and communication. 

(ii) A second concept of improving public transportation 

service by computer control consists in giving priority to 

busses and trains in traffic-light control systems [1031. This 

may be considered a first step toward integration of area traf- 

fic control and public transportation system control [641. 

5. New Modes of Urban Trans~ortation 

Now let us turn to the role automation and computer con- 

trol will play in the creation of new urban transportation 

systems. Two classes of innovations are considered: opera- 

tional innovations, using existing components, and total- 

systems innovations. 

5.1 Operational Innovations: DIAL-A-RIDE 

The basic aim of introducing operational innovations into 

existing public transportation systems is to provide a possi- 

bility for adapting supply to changing traffic demand. This 

led to so-called Dial-a-Ride, Dial-a-Bus, Bus-Taxi or Demand- 

Bus systems [106-1111 . The prospective passenger rings the 

control center either from his home telephone or by direct 

line free telephones at fixed stops, explaining his desired 

destination, the point of origin, and the number of people who 

want to make the journey. The dispatcher selects the appro- 

priate bus and informs the passenger of the approximate arrival 

time. The request is written onto the appropriate bus tour 

schedule and is passed to the driver, either by hand, if the 

bus starts its tour from the control center office, or by two- 

way radio. Such a concept obviously covers a wide variety of 

transport needs, broadly filling the gap between the conven- 

tional scheduled and routed bus service and the taxi or private 

car (cf. Figure 10) . It has the advantages that (1) more than 





one party may take the vehicle at any given time; (2) the 

routing is programmed. to yield a combination of high usage and 

reasonable waiting and trip times; and (3) the fares are sub- 

stantially below those for taxis. 

The simplest version of the demand-responsive bus system 

is the Many-to-One concept; here one important destination, 

e.g. the town center, a railway station, a bus station or a 

suburban shopping center, has to be connected with the sur- 

rounding service area. The Many-to-Few concept describes a 

Dial-a-Ride service which is focussed onto a small number of 

major nodes extending service between them and their tribu- 

tary areas. Such a Dial-a-Ride system could operate in a 

small town, providing trips to and from the town center, 

industrial districts and railway stations. Finally, the Many- 

to-Many concept provides transportation from any origin to 

any destination within a given service area (cf. Figures 10 

and 11). 

What role will modern computer technology play in such 

new systems? If only a few busses are operated in a Many-to- 

One system within a relatively small service area, dispatching 

can be done by a human controller 11081. This is obviously 

not possible for the other two concepts or if the number of 

busses is larger than about five to ten. In this case a 

sophisticated computing system must assist the dispatcher by 

real-time scheduling and routing of the trips. For this 

purpose a comprehensive algorithm, the Computer Aided Routing 

System (CARS) , has been developed by MIT 11071 . 
Several computerized Dial-a-Bus systems have been devel- 

oped 1109, 1101, but most of them are at the stage of a 

demonstration project only (cf. 1106-1111 for more details) . 

5.2 Total-Systems Innovations: Automated Demand-Responsive 

Urban Transportation 

The proposals for total-systems innovations can be divided 

into two groups. The first are proposals for automated demand- 

responsive guideway systems: "PRT (Personal Rapid Transit)", 
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FIG.11: PROSPECTIVE PASSENGER REQUIREMENTS AND RESULTING FEATURES 
OF THE NEW TRANSPORTATION SYSTEM (cf-[l34]) 



"people-mover", "Cabinentaxi", "CVS (Computer Controlled 

Vehicle Systems)" [112-118, 124, 126-129, 132, 1341. 

The second ones are those for the dual-mode systems [I19 - 

5.2.1 Automated Demand-Res~onsive Guideway Systems 

(i) Basic concept and expected results: A solution 

of the problems described in Section 2 requires that the new 

systems fulfill as far as possible the requirements for 

mobility, safety, resources, and the environment. 

Public acceptance of a new system requires that the 

system be attractive to prospective passengers: it must be 

convenient, independent concerning departure time and desti- 

nation, and fast. Since the system would be a public one, it 

must be very reliable in operation and offer the possibility 

of integration into existing systems. From the point of view 

of protection of the environment and saving of resources it 

should be characterized by no air pollution, and low noise 

pollution; high capacity in small traffic areas, (low land 

consumption); low energy consumption; and adaptability to 

existing city structures. 

These requirements, especially those of prospective 

passengers, are leading to a concept for a new system which 

is characterized by the following features (cf. Figures 11 

and 12): 

- small but comfortable vehicles, containing seats only, 
which are available at any station and any time with 
little or no waiting time; closely spaced stations 
providing easy walking access, 

- direct origin-destination travel without the need for 
vehicle changing; off-line stations, 

- high travelling speed (about 30 km/h) , 
- guideway separated from streets and highways, 
- electrically driven vehicles (to reduce air and noise 
pollution and energy consumption), 

- totally automated system operation: no drivers (which 
is essential for decreasing operational costs). 
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A system of that kind could represent [112-118, 127, 

1281 the main public transportation system for medium-sized 

cities with a population of about several hundred thousand; 

an additional system for large cities, working in conjunction 

with existing rapid rail systems; the main system for new 

suburban areas, connecting them with railway stations; and 

a suitable system for area transportation service from, to, 

or within airports, large industrial regions, exhibition and 

fair areas, etc. Ptoreover, some systems are expected to 

provide not only passenger service but also the possibility 

of goods transportation [112, 1131. 

From the point of view of the traveller the system would 

be operated in the following way (cf. Figure 12). The pas- 

senger buys a ticket for his d-estination point from an auto- 

matic selling device. This ticket contains, e.g. a magnetic 

code which characterizes the destination point. He puts his 

ticket into a reading device, which transmits this informa- 

tion to a central control computing system, and then enters a 

car which was waiting for him or was sent to the station by the 

computer; and the car leaves electrically driven. Computer 

controlled, it moves through the network non-stop to its 

destination point. When the passenger has left it, the empty 

car is guided by computer to the station where cars are need-ed. 

In the cabin-taxi system [116-119, 1271 the cabins will be 

able to operate hanging below the guideway or on top of it. 

It has been proposed to design small-sized cars in such 

a manner that they can be operated. above or along streets, 

above a train or underground and in the interior of a building, 

e.g. a department store. 

(ii) Concepts and methodology for automation: The most 

significant feature of these new urban transportation concepts 

is obviously automation and computer control; without exten- 

sive use of this new technology they are not feasible. This 

becomes even more obvious if one considers the relation be- 

tween system capacity and its attractivity to passengers 



(Figure 13). The system capacity, in seats per lane per hour, 

should be of a similar order of magnitude as for a modern 

rapid rail system (for a subway, about 30,000 persons per lane 

per hour). To offer an attractivity comparable to that of the 

private automobile, the vehicles should be small (not more 

than four seats) and the service should be demand-oriented. 

The headways between vehicles must be extremely small, i.e. in 

the order of 0.5 to ten seconds, if the capacity of the system 

is to be much larger than for private automobile traffic (cf. 

Figure 13). Obviously, a system with such parameters can be 

operated only with a very complex and efficient control sys- 

tem; this is of vital importance and will essentially deter- 

mine the efficiency and the attractivity of the whole system. 

On the other hand, such service properties impose very high 

requirements concerning the reliability and safety of the 

control system. Therefore one distinguishes between PRT sys- 

tems of the first, second and third generation (cf. Figure 13). 

A representative of the first generation is the Morgan- 

town (West Viriginia) system [1141, now at the demonstration 

stage. That system is supposed to operate eight-seat vehicles 

with 15-second headways, achieving a capacity of about 1900 

seats per lane per hour (cf. Figure 13). 

For the second- and third-generation (high performance 

and high capacity) PRT systems, five concepts have been 

developed: 

(1) Cabtrack (UK) [1281, 

(2) Aerospace (USA) [1281, 

(3) Cabinentaxi (FRG) [116-118, 127, 134, 1351, 

(4) CVS (Computer Controlled Vehicle System) (Japan) 

[112, 1131, 

(5) Matra "Aramis" (France) [115]. 

The first two systems have been developed to the concep- 

tual stage, with hardware developed and tested for some 

components. The latter three systems have gone beyond, to 

the prototype fabrication and test stage; Table 1 summarizes 

some of the parameters of these three systems. 
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Table 1: Parameters of second and third generation PRT Systems. 

The demand-responsive operation of these high-capacity and 

high-performance PRT systems requires the implementation of an 

hierarchically structured multi-computer control systems. In 
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(i) Network level: The first level is concerned with 

supervision and control of traffic in the whole network by a 

central computer. This problem is very similar to that al- 

ready discussed for street traffic. The computer must ensure 

that a certain cabin is guided from its starting point to its 

destination with a minimum of travelling time, taking into 

account traffic densities in the different parts of the 
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network. In this connection, a new problem arises, that of 

optimal distribution of empty cars (cf. [15], pp. 553-564). 

(ii) Station and guideway level: In the second level we 

have to distinguish the following problems: (1) Merging two 

traffic streams into one. Here some similarities to highway 

merging control can be observed. (2) Headway regulations for 

the string of moving vehicles. This is obviously a problem 

quite similar to that one we have already discussed for a 

string of ordinary cars moving on freeways and it,seems that a 

practical solution of this problem is only possible for guide- 

ways and not for freeways. 

The proposed methodology uses the linear regulator theory 

with quadratic cost function. However, even a small group of 

about ten vehicles requires tremendous numbers of feedback 

loops, which will result in unacceptably costly communication 

links between the central control computer and each individ- 

ual car. On the other hand, if one considers only two vehicles 

and tries to control the distance between them by an uncoupled 

control system, then serious queue stability problems will 

occur if the leading car changes its speed [1291. Therefore, 

the so-called moving cell principle has been proposed: in a 

cable embedded in the guideway, an electrical signal of the 

form shown in Figure 14 (Level 2.2) is generated and picked 

up by sensors in the individual vehicles. This signal moves 

along the guideway at a speed prescribed by the computer. 

Now an on-board control system has the task of ensuring that 

the vehicle stays at the zero points of this curve and thus 

moves with the prescribed velocity [121]. This principle 

can be extended to the merging control problem [1291. 

There are further possibilities to achieve the same 

effect as the moving cell principle, all of them are based on 

the idea that each vehicle is assigned to an electronically 

generated point which it follows along the guideway [112, 1131. 
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5.2.2 The Dual-Mode Concept 

The second class of total-systems innovation in the 

dual-mode concept. Here a vehicle -- an automobile or bus 
-- would operate as an ordinary vehicle on city streets and 
then enter a station where it is switched onto a guideway 

and controlled in much the same way as described above. A 

potential economical advantage of the system is that the 

costly, low-density suburban collection and distribution 

functions could be performed by persons driving private cars 

or public busses to and from collection points just as they 

drive to and from freeways today. At the downtown end of 

the trip, the car would exit from the system and might then 

move along on the downtown streets or be dispatched auto- 

matically to some peripheral parking area. It seems that 

such a system could combine the advantages of a rail transit 

system with respect to high speed, capacity and safety, and 

also be pollution-free and quiet in operation with the flex- 

ibility and attractivity of the private motor car and the 

area transportation service of an ordinary or a demand bus 

(cf. [119-1221) . 

6. Conclusion 

The aim of this paper was to discuss the contribution to 

be expected from a comprehensive application of modern auto- 

mation and computer technology in the solution of the serious 

present and future urban traffic problems. 

It has been shown that computerized urban traffic control 

systems already play an important role in the improvement of 

existing transportation systems, especially of urban railway 

systems and freeway and street transportation systems. More- 

over, automation and computer control seem to provide the 

possibility of fundamental changes in existing urban trans- 

portation systems during the next ten years. This is indi- 

cated by several recently developed demonstration projects 

in different countries which are now used for experimental 



tests. Nevertheless, a number of problems and conflicting 

opinions (cf. e.g. [1311) still exist. Most of these prob- 

lems are concerned with: 

- the safety and reliability of totally automated systems, 
- cost-benefit analysis, 
- risk evaluation (e.g. deliberate or accidental destruc- 
tion of the control center), 

- public acceptance of automated modes of transportation, 
- prediction of the expected effects of introducing new 
modes of transportation on the quality of urban living 
and city development in general. 

At present one cannot be sure that the automated transporta- 

tion modes now being developed will really bring the needed 

breakthough to better urban transportation. This is especially 

true if one considers the essential differences in the economic 

and social structures of different countries. 

Nevertheless there is a strong motivation to proceed in 

the development of new automated demand-responsive urban 

transportation systems. Any fundamental change in transporta- 

tion will need a certain period of time for experimentation: 

this was certainly true for highly rationalized railway systems, 

whose development began with the invention of the steam engine. 

It will doubtless he true for the development from the inven- 

tion of the new "systems technologyn--the large-scale inte- 

grated digital computers and the related automation techniques-- 

to totally new urban transportation systems (cf. Figure 1). 

The complexity and interdisciplinarity of this subject needs 

international cooperation at a very early stage. 
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APPENDIX A 

Optimal Traffic Control in the Presence of Congestion 

Consider an over-saturated network; that is, at one or 

more intersections traffic demand exceeds capacity (Figure 

8a). As state variables x define the number of cars wait- i' 
ing at the different intersections; and as control variables 

u the length of the green times or the number of cars it 
leaving the link during the green light. Now one 'can form- 

ulate the following optimal control problem. The state 

vector 

of the system is to be changed from a given initial state 

x(0) characterizing over-saturation (congestion) to a final - 
state - x(N) corresponding to under-saturation (normal traf- 
fit conditions) in minimum time or at least with a minimum 

number N of green-yellow-red cycles. Now the corresponding 

optimal control vector can be calculated from the measured 

state variables xi(k) considering the constraints 

of the control variables. The !I. represents the minimal and 
1 

the Ui the maximal length of green times that are acceptable 

from a psychological point of view. If one assumes that the 

travelling time between two intersections is small compared 

to the waiting time, then it is possible to set up a system 

of state equations of the form 














