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T h e  a n a l y t i c a l  c o m p l e x i t y  of m o s t  a u t o -  
m o b i l e  t r a f f i c  i n t e r s e c t i o n s  s t r o n g l y  d i r e c t s  
the  r e s e a r c h e r  to s i m u l a t i o n  a s  h i s  t oo l  of  
a n a l y s i s .  T h i s  too l ,  t h r o u g h  the  G e n e r a l  
P u r p o s e  S y s t e m s  S i m u l a t i o n  l a n g u a g e  (GPSS) ,  
w a s  u s e d  in a r e c e n t  i n v e s t i g a t i o n  of two  d i f -  
f e r e n t  s t o p  s i g n  c o n t r o l l e d  i n t e r s e c t i o n s .  On 
the  b a s i s  of a c o m p r e h e n s i v e  l i t e r a t u r e  s e a r c h ,  
the  a u t h o r s  f e e l  t h a t  the  s i m u l a t i o n  m o d e l s  r e -  
f l e c t ,  a s  n e a r l y  a s  is  p r e s e n t l y  p o s s i b l e ,  the  
" r e a l - l i f e "  s i t u a t i o n s .  T h i s  p a p e r ,  an  ou t -  
g r o w t h  of t h a t  i n v e s t i g a t i o n ,  i n c l u d e s  d i s -  
c u s s i o n s  of: 

(i) basic assumptions of the models, 
(Z) empirical probability distributions 

employed, 
(3) comparisons- for a selected objective 

function, 

(4) comparisons of the models with 
existing literature, and 

(5) conclusions and recommendations 
for further research. 

Introduction 

A u t o m o b i l e  t r a f f i c  c o n t r o l  is  one  of the  
m o s t  r a p i d l y  g r o w i n g  p r o b l e m s  in o u r  i n c r e a s -  
i n g l y  u r b a n i z e d  s o c i e t y .  T h e  f o l l o w i n g  p r e s e n t s  
a d i s c u s s i o n  of a r e c e n t  s t u d y  of s t o p  s i g n  c o n -  
t r o l  at traffic intersections. At the present 

time, the complexity of all but the simplest 
traffic intersections makes both analytical and 
empirical methods of analysis difficult. In 

order to avoid these difficulties, the authors 
have turned to simulation as a tool suitable for 

such an investigation. The primary advantages 

of this approach are that simulation is fast, 
comparatively inexpensive, and the circum- 
stances and results associated with a simulated 

study are reproducible. Since the circumstances 
of the traffic situation are reproducible, the 

researchers may vary any one of the parameters 

affecting an i n t e r s e c t i o n  while keeping all others 
constant and, thereby, gain information and in- 
sight into the effect of that parameter. 

T h e  p r i m a r y  too l  of t h i s  i n v e s t i g a t i o n  is the  
G e n e r a l  P u r p o s e  S i m u l a t i o n  S y s t e m  l a n g u a g e  
(GPSS) .  G P S S  w a s  c h o s e n  b e c a u s e  of i t s  f l e x i -  
b i l i t y  a n d  p o w e r  w h e n  a p p l i e d  to  a q u e u i n g  
s i t u a t i o n  s u c h  a s  t h a t  p r e s e n t e d  b y  a t r a f f i c  
i n t e r s e c t i o n .  A s e c o n d a r y  r e a s o n  w a s  the  a u t o -  
m a t i c  s t a t i s t i c s  g a t h e r i n g  c a p a b i l i t i e s  of  GPSS .  

F i g u r e s  1 (a) a n d  1 (b) p r e s e n t  s c h e m a t i c  
r e p r e s e n t a t i o n s  of the  t w o  i n t e r s e c t i o n s  w h i c h  
h a v e  b e e n  i n v e s t i g a t e d .  T h e y  a r e :  (a) the  f o u r -  
w a y  s t o p  i n t e r s e c t i o n ,  a n d  (b) the  t w o - w a y  s t o p  
i n t e r s e c t i o n .  T h e  f o u r - w a y  s t o p  i n t e r s e c t i o n  
c o n s i s t s  of two,  t w o - l a n e  o r t h o g o n a l  s t r e e t s  
w i t h  e v e r y  a p p r o a c h  c o n t r o l l e d  b y  a s t o p  s i g n .  
T h e  t w o - w a y  s t o p  i n t e r s e c t i o n  h a s  the  s a m e  
c o n f i g u r a t i o n  w i t h  on ly  one s t r e e t  o r  two  a p -  
p r o a c h e s  c o n t r o l l e d  b y  s t o p  s i g n s .  T h e  o t h e r  
s t r e e t  is u n c o n s t r a i n e d  e x c e p t  fo r  p o s s i b l e  c o n -  
f l i c t s  p r o v i d e d  by  v e h i c l e s  s t o p p e d  in or  m o v i n g  

t h r o u g h  the  i n t e r s e c t i o n .  

In an  a t t e m p t  t e  d e s c r i b e ,  a s  n e a r l y  a s  
p o s s i b l e ,  the  " r e a l - l i f e "  s i t u a t i o n  a t  a t r a f f i c  
i n t e r s e c t i o n ,  t he  s i m u l a t i o n  m o d e l s  h a v e  b e e n  
c o n s t r u c t e d  f r o m  a d e t a i l e d  m i c r o s c o p i c  v i e w -  
po in t .  T h i s  a p p r o a c h  a l l o w s  an  a u t o m o b i l e ' s  
e l e m e n t a l  i n t e r s e c t i o n  c r o s s i n g  m o v e m e n t s  to  
be  c o n s i d e r e d  a n d ,  t h u s ,  g r e a t e r  f l e x i b i l i t y  a n d  
a c c u r a c y  m a y  be  a c h i e v e d .  

Basic A s s u m p t i o n s  

Certain basic assumptions are common to 

both the simulation models created in this 
investigation. They are the following: 

(a) A l l  d r i v e r s  a r e  c a u t i o u s  a n d  l a w - a b i d i n g .  
(b) N o r m a l  d a y l i g h t  d r i v i n g  c o n d i t i o n s  

p r e v a i l .  
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(c) Low p r o b a b i l i t y  e v e n t s  s u c h  a s  
a c c i d e n t s  a r e  i g n o r e d .  

(d) Owing  to  the  d i s c r e t e  n a t u r e  of a 
d i g i t a l  c o m p u t e r ,  the b a s i c  un i t  of 
t i m e  e m p l o y e d  is . 01 s e c o n d .  

(e) P e d e s t r i a n s  a r e  no t  c o n s i d e r e d  in the 
m o d e l s .  

(f) T h e  d i s t r i b u t i o n  of m o v e m e n t s  t h r o u g h  
the  i n t e r s e c t i o n  in bo th  of the  m o d e l s  
is 80 p e r c e n t  g o i n g  s t r a i g h t ,  10 p e r -  
c e n t  t u r n i n g  l e f t ,  a n d  10 p e r c e n t  
t u r n i n g  r i g h t .  

(g) F r e e - m o v i n g  v e h i c l e s  t r a v e l  a t  30 m i l e s  
p e r  h o u r  o r  44 f e e t  p e r  s e c o n d .  

(h) A l l  v e h i c l e s  a r e  c o n s i d e r e d  to be the  
same size. 

(i) A vehicle has no effect on vehicular 

behavior in the intersection once it 

has exited the intersection. 

(j) No passing in the intersection may take 

place on a two-lane, bi-directional 

street. 

P r o b a b i l i t y  D i s t r i b u t i o n s  U s e d  in the  M o d e l s  

A l i t e r a t u r e  s e a r c h  r e v e a l e d  t h a t  p r e v i o u s  
i n v e s t i g a t o r s  h a d  o b t a i n e d ,  t h r o u g h  e m p i r i c a l  
m e t h o d s ,  m o s t  of the  p r o b a b i l i t y  d i s t r i b u t i o n s  
n e c e s s a r y  to  s i m u l a t e  the  s e l e c t e d  i n t e r s e c t i o n s .  

In order to simulate any traffic situation, 

some method must be employed to generate the 

arrival of vehicles. The probability distribution 

used for generating vehicles in both models is 

Schuhl's composite exponential distribution (16) 

as modified by Kell (7), (8). 

The cumulative distribution of the composite 

exponential distribution is given by 

- t  -;v - t  - r  1 T 1 - k  T 2 -T 
P(h~t) = i - (i - 0e) e + ~ e 

where 

P(h< t) = the  p r o b a b i l i t y  of a h e a d w a y ,  h 
( the  d i s t a n c e  b e t w e e n  two  c a r s ) ,  
b e i n g  l e s s  t h a n  or  e q u a l  to  t 
s e c o n d s .  

= proportion of restrained vehicles 

in the traffic stream. 

(i - ~) = proportion of unrestrained 

vehicles in the traffic stream. 

T 1 = a v e r a g e  h e a d w a y  of  u n r e s t r a i n e d  
v e h i c l e s .  

T g = a v e r a g e  h e a d w a y  of r e s t r a i n e d  
v e h i c l e s .  

I = minimum headway of unrestrained 

vehicles. 

r : minimum headway of restrained 

vehicles. 

The primary reasons for its use in the 

models are that it has achieved wide acceptance 

among other researchers (12), (14), (15), (17) 

and Kell has evaluated the parameters of the 

distribution so that it can be used for any 

volume approach rate.. Both models generate 

vehicles for each approach independently of the 

other three approaches. Thus, any approach 

rate configuration to the intersection is possible. 

A common problem drivers face at an inter- 

section is that of deciding to cross the traffic 

flow or to enter it when a space in the traffic 

becomes available. In the two-way stop model, 

four "gap acceptance" situations must be con- 

sidered. In the terminology of the traffic engi- 

neer, a gap is the time in seconds between two 

vehicles in a traffic stream. A lag is defined 

as the part of a gap that remains for observation 

when a vehicle arrives at the intersection, i.e. , 

the time in seconds that separates a car from 

the entry point of an intersection. Blssell (2) 

has shown that gaps and lags are equivalent for 

the purpose of deciding whether to enter an 

intersection. 

B i s s e l l  (2), W a g n e r  (18), a n d  G e r l o u g h  (5) 
h a v e  f o u n d  t h a t  d r i v e r s  f a c e d  w i t h  a gap  a c c e p -  
t a n c e  s i t u a t i o n  a c c e p t  o r  r e j e c t  the  g a p s  in the  
a s s o c i a t e d  t r a f f i c  f low a c c o r d i n g  to  a log  n o r -  
r e a l  d i s t r i b u t i o n .  T h e  c u m u l a t i v e  d i s t r i b u t i o n s  
u s e d  f o r  gap  a c c e p t a n c e  in the  t w o - w a y  s t o p  
m o d e l  a r e  s h o w n  in F i g u r e  2. 

Another distribution required by the simula- 

tion models is that governing starting times from 

stop signs. Thomasson and Wright (17) con- 

ducted an extensive field study for the purpose 

of discovering the probability distribution as- 

sociated with the time it takes a car to enter the 

intersection from a stop sign after the decision 

to move has been made. This starting time dis- 

tribution was found to be a truncated normal 
distribution with a mean of i. 75 seconds, a 

standard deviation of i. 15 seconds and having 

approximately a 7 percent probability of a 

starting time of 0 second. This distribution 

has been incorporated directly into both of the 

models. 
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T h e  i n t e r s e c t i o n  t r a n s i t  t i m e  d i s t r i b u t i o n s  
u s e d  in t h e  m o d e l s  a r e  a l s o  t a k e n  f r o m  

T h o m a s s o n  a n d  W r i g h t  (17).  T h e y  p e r f o r m e d  
a r e g r e s s i o n  f i t  to  e m p i r i c a l  d a t a  w h i c h  i n d i -  
c a t e d  t h a t  i n t e r s e c t i o n  t r a n s i t  t i m e s  a r e  n o r -  
m a l l y  d i s t r i b u t e d  f o r  c a r s  s t a r t i n g  f r o m  s t o p  
s i g n s .  E a c h  p o s s i b l e  m o v e m e n t  f r o m  a s t o p  
s i g n  h a s  i t s  own d i s t r i b u t i o n  w i t h  a l l  t h r e e  
s h a r i n g  t h e  s a m e  s t a n d a r d  d e v i a t i o n  of one  
s e c o n d .  T h e  m e a n s  of t he  d i s t r i b u t i o n s  w e r e  
f o u n d  to  be 3. 15, 2 . 3 0 ,  a n d  Z. 85 s e c o n d s  f o r  
the  s t r a i g h t ,  r i g h t  a n d  l e f t  m o v e m e n t s ,  
r e s p e c t i v e l y .  

P e r m i s s i b l e  M o v e m e n t s  in t he  I n t e r s e c t i o n  

A n o t h e r  m a j o r  c o n s i d e r a t i o n  in s i m u l a t i n g  
a n y  i n t e r s e c t i o n  is d e c i d i n g  w h a t  m o v e m e n t s  
m a y  be m a d e  t h r o u g h  the  i n t e r s e c t i o n .  O b -  
v i o u s l y ,  s i m u l t a n e o u s  m o v e m e n t s  m a y  p r o d u c e  
a c o n f l i c t  a n d  s o m e  s y s t e m  of p r i o r i t y  m u s t  be  
s e t  up  t h r o u g h  the  m o d e l  l o g i c  to a c c o u n t  f o r  
t h i s  c o n t i n g e n c y .  

Only IZ possible single-vehicle movements 

exist at an intersection of two, two-lane ortho- 

gonal streets. If the consideration of direction 

is removed, the number of unique movements 

is reduced to three. Figure 3 illustrates these 

three movements with their associated "con- 
flict" movements. The dashed lines show the 

basic movements, and the solid lines show the 
movements which conflict with them. Thus, 
six other movements conflict with any vehicle 

moving straight through the intersection. In a 

like manner, two conflict with a car turning right 

and six conflict with a car turning left. 

F r o m  a n o t h e r  v i e w p o i n t ,  one  m a y  o b s e r v e  
the  p o s s i b l e  s i m u l t a n e o u s  m o v e m e n t s  t h a t  c a n  
be  m a d e  t h r o u g h  t he  i n t e r s e c t i o n  a n d  s e l e c t  
w h i c h  the  m o d e l  l o g i c  w i l l  a l l o w .  F o u r  p o s -  
s i b i l i t i e s  a r e  to  be c o n s i d e r e d  a t  e a c h  a p p r o a c h ;  
n o  c a r ,  a c a r  d e s i r i n g  to  go  s t r a i g h t ,  a c a r  

d e s i r i n g  to  t u r n  r i g h t ,  o r  a c a r  d e s i r i n g  to  t u r n  
l e f t .  T h e r e f o r e ,  c o n s i d e r i n g  the  i n t e r s e c t i o n  
a s  a w h o l e ,  t h e r e  a r e  44 or  256 p o s s i b l e  s i m u l -  
tane ous movements, 

If the consideration of direction is removed, 

many of these combinations become identical. 

Figure 4 illustrates the 18 different permissible 

simultaneous movements which the model logic 

allows. It is recognized that some of the simul- 

taneous movements illustrated in Figure 4 may 

be prohibited by certain physical conditions at a 

particular intersection. If this is the case at 

some intersection of interest, the programming 

logic of the model may be altered to meet such 
a contingency. 
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Information Provided by the Models 

T h e  f o u r - w a y  s t o p  s i g n  m o d e l  p r o v i d e s  m a n y  
u s e f u l  a n d  i n t e r e s t i n g  s t a t i s t i c s .  I n c l u d e d  in t he  
n o r m a l  G P S S  t e r m i n a l  o u t p u t  a r e  q u e u e  s t a t i s t i c s  
f o r  e a c h  of the  f o u r  d i r e c t i o n s .  T h e  q u e u e  s t a -  
t i s t i c s  i n c l u d e  the  a v e r a g e  c o n t e n t s ,  t he  m a x i -  
m u m  c o n t e n t s  a n d  the  a v e r a g e  t i m e  e a c h  c a r  
s p e n t  in the  q u e u e .  In a d d i t i o n ,  c e r t a i n  d a t a  on 
d e l a y  in e n t e r i n g  the  i n t e r s e c t i o n  a r e  a l s o  c o l -  
l e c t e d .  T h e s e  d a t a  a r e  p r e s e n t e d  in t he  f o r m  of 
G P S S  t a b l e s  a n d  i n c l u d e  t he  f o l l o w i n g  i n f o r m a -  
t i on :  m e a n  d e l a y  w i t h  the  a s s o c i a t e d  s t a n d a r d  
d e v i a t i o n ,  s u m  of the  d e l a y s ,  the  n u m b e r  of  
c a r s  c o n t r i b u t i n g  to  the  s u m ,  a n d  a h i s t o g r a m  
s h o w i n g  t he  n u m b e r  of  c a r s  w h o s e  d e l a y  f e l l  in 
e a c h  of a s e l e c t e d  n u m b e r  of  e q u a l  i n t e r v a l s  of 
a c h o s e n  l e n g t h .  T h i s  i n f o r m a t i o n  is  p r o v i d e d  
f o r  the  i n t e r s e c t i o n  a v e r a g e ,  f o r  e a c h  d i r e c -  
t i o n a l  a v e r a g e ,  a n d  f o r  e a c h  of t he  t h r e e  m o v e -  
m e n t s  f r o m  the  f o u r  d i r e c t i o n s .  

Further, statistics on the time spent from 

arrival tO exit of the intersection are displayed 
in GPSS tables for the intersection average and 

the four direction averages. 

T h e  s t a t i s t i c s  p r o v i d e d  by  t he  t w o - w a y  s t o p  
m o d e l  a r e  s i m i l a r  to t h o s e  of t he  f o u r - w a y  s t o p  
m o d e l .  T h e  q u e u e  s t a t i s t i c s  a n d  d e l a y  s t a t i s t i c s  
p r i o r  to i n t e r s e c t i o n  e n t r y  a r e  p r o v i d e d  in e x -  
a c t l y  the  s a m e  w a y  a s  in t h e  f o u r - w a y  s t o p  
m o d e l .  In a d d i t i o n ,  G P S S  t a b l e s  a r e  p r o v i d e d  
f o r  m a i n  s t r e e t  a n d  s i d e  s t r e e t  a v e r a g e s  on 
d e l a y  p r i o r  to  i n t e r s e c t i o n  e n t r y  a n d  on t o t a l  
t i m e  f r o m  a r r i v a l  to e x i t  of  t he  i n t e r s e c t i o n .  

The information provided automatically by 

the models in their present form is only a small 

subset of the complete set of information that 

can be obtained. 

R e s o u r c e  R e q u i r e m e n t s  

T h e  G P S S  p r o g r a m s  h a v e  p u r p o s e l y  b e e n  
k e p t  c o m p a t i b l e  w i t h  the  G PSS  III c o m p i l e r  s o  
t h a t  t h e y  m a y  be u s e d  on s m a l l e r  c o m p u t e r s  
w h i c h  do no t  h a v e  the  c a p a c i t y  f o r  t he  G P S S /  
360 v e r s i o n .  A l t h o u g h  the  p r o g r a m s  h a v e  r u n  
s u c c e s s f u l l y  on a n  I B M  7040 c o m p u t e r ,  t h e  r u n s  
f o r  t h i s  i n v e s t i g a t i o n  w e r e  m a d e  on the  I B M  
360/50 computer at the University of Arkansas. 

The computer time necessary for a successful 

simulation varies directly but not proportionally 

with the total vehicle approach rate to the inter- 

section. In this study, the range of simulated 

time to real time ratios varied from 250 to 1 

to Z0 to i. (Real time in this context includes 

compilation, execution, and I/O time.) The two- 
way stop model required more time for the same 

approach rate configuration. 



Only  a r u d i m e n t a r y  k n o w l e d g e  of GPSS is 
r e q u i r e d  to  u s e  the  m o d e l s  in t h e i r  p r e s e n t  
f o r m .  H o w e v e r ,  a s o m e w h a t  m o r e  s o p h i s t i c a t e d  
u n d e r s t a n d i n g  w o u l d  be n e e d e d  f o r  m o d i f i c a t i o n s  
of the  p r o g r a m s  to  f u l f i l l  s p e c i a l  n e e d s .  G i v e n  
t h i s  i n c r e a s e d  u n d e r s t a n d i n g ,  it is qu i t e  e a s y  to 
add capabilities such as additional lanes and 

left-turn lanes to the models. 

S e l e c t e d  R e s u l t s  

The  p r e s e n t  d i s c u s s i o n  w i l l  be  l i m i t e d  to  an  
a n a l y s i s  of d e l a y  i n c u r r e d  b y  v e h i c l e s  a s  t h e y  
a p p r o a c h ,  a r r i v e  a t ,  a n d  p a s s  t h r o u g h  the  i n t e r -  
s e c t i o n .  In the  m o d e l s ,  d e l a y  is  d e f i n e d  in one 
of two  w a y s .  D e l a y  a t  an  a p p r o a c h  c o n t r o l l e d  
by  a s t o p  s i g n  is t h a t  t i m e  p e r i o d  f r o m  w h e n  the  
v e h i c l e  e n t e r s  the s t o p  s i g n  q u e u e  u n t i l  it d e -  
p a r t s  the  q u e u e  a n d  b e g i n s  c r o s s i n g  the  i n t e r -  
s e c t i o n .  D e l a y  on the  " m a i n "  s t r e e t  in the t w o -  
w a y  s t o p  m o d e l  is i n c u r r e d  w h e n e v e r  a v e h i c l e  
m u s t  s l o w  or  s t o p  d u r i n g  i ts  t r a n s i t  of the  
i n t e r s e c t i o n .  

It would appear that the primary objective of 

traffic intersection control is to minimize vehic- 

ular delay at the intersection consistent with 

vehicle safety and proper traffic control. In that 

context, we will say that the method of control 

which yields the lesser average delay per vehicle 

is the superior method. The authors are aware 

of certain extreme cases where inordinate in- 

dividual delay at some approach outweighs the 

stated objective. This situation can be dealt 

with by computing a measure of effectiveness 

which is a function of both the mean delay and 

the standard deviation. This was done for the 
cases presented herein, but no difference in 

results was obtained. 

Thirteen simulation "runs" with ten hours of 

simulated time in each run were made for each 

model. The only thing that was varied in the se- 

lected simulation runs was the approach rate 

configuration to the four directional approaches. 

With respect to the approach rate configuration, 

three sets of simulation runs were performed. 

The  f i r s t  s e t  of s i m u l a t i o n  r u n s  w a s  c o n -  
c e r n e d  w i t h  s y m m e t r i c  a p p r o a c h  r a t e s ,  i . e .  , 
e a c h  d i r e c t i o n  h a v i n g  the  s a m e  a p p r o a c h  r a t e .  
T h e  v o l u m e  of v e h i c l e s  a p p r o a c h i n g  the  i n t e r -  
s e c t i o n  in v e h i c l e s  p e r  h o u r  f o r  t h i s  s e t  w a s  
i n c r e m e n t e d  in s t e p s  of 50 f r o m  an  i n i t i a l  v a l u e  
of 50 to a f i n a l  v a l u e  of 300 v e h i c l e s  p e r  h o u r .  
T h u s ,  s i x  r u n s  of  s y m m e t r i c  a p p r o a c h  r a t e  
c o n d i t i o n s  w e r e  m a d e  f o r  b o t h  m o d e l s .  

T h e  s e c o n d  s e t  of s i m u l a t i o n  r u n s  d e a l t  w i t h  
n o n s y m m e t r i c  a p p r o a c h  r a t e  c o n d i t i o n s  w h e r e  

the  m a i n  s t r e e t  had  t w i c e  the  v o l u m e  of the  s i d e  
s t r e e t .  The  m a i n  s t r e e t ,  go ing  e a s t  a n d  w e s t ,  
h a d  v o l u m e s  of 100, ZOO, 300, a n d  4¢0 v e h i c l e s  
p e r  h o u r .  

In the  t h i r d  s e t  of s i m u l a t i o n  r u n s ,  the  m a i n  
s t r e e t  had  t h r e e  t i m e s  the  v o l u m e  of the s i d e  
s t r e e t  w i t h  s e l e c t e d  v o l u m e s  of 150, 300, a n d  
450 v e h i c l e s  p e r  h o u r .  

T h e  r e s u l t s  of t h e s e  s i m u l a t i o n  r u n s  g ive  
the  c l e a r  i n d i c a t i o n  t h a t  a t w o - w a y  s t o p  i n t e r -  
s e c t i o n  y i e l d s  l e s s  a v e r a g e  d e l a y  t h a n  a f o u r -  
w a y  s t o p  i n t e r s e c t i o n  w h e n  the  i n t e r s e c t i o n  is  
c o n s i d e r e d  a s  a w h o l e .  T h i s  s t a t e m e n t  is  s u p -  
p o r t e d  by  the g r a p h i c a l  p r e s e n t a t i o n  of s e l e c t e d  
s y m m e t r i c  a p p r o a c h  r a t e  r e s u l t s  g i v e n  in 
F i g u r e  5. T h e  u p p e r  g r a p h  s h o w s  the  a v e r a g e  
d e l a y  p e r  c a r  w i t h o u t  r e g a r d  to d i r e c t i o n  or  
t u r n i n g  m o v e m e n t .  S i m i l a r l y ,  the  two  l o w e r  
g r a p h s  s h o w  the a v e r a g e  d e l a y  w h e n  on ly  c a r s  
g o i n g  w e s t  o r  s o u t h ,  r e s p e c t i v e l y ,  a r e  c o n s i d e r e d .  
D e l a y  f o r  w e s t b o u n d  v e h i c l e s  is m u c h  l e s s  f o r  
the  t w o - w a y  s t o p  i n t e r s e c t i o n  than  the  f o u r - w a y  
s t o p  i n t e r s e c t i o n .  C l e a r l y ,  t h i s  s h o u l d  be the 
c a s e .  T h e  w e s t b o u n d  v e h i c l e s  in the  t w o - w a y  
s t o p  m o d e l  a r e  u n c o n s t r a i n e d  e x c e p t  by  i n t e r -  
f e r e n c e  in the i n t e r s e c t i o n ;  t h o s e  in the  f o u r - w a y  
s t o p  m o d e l  m u s t  s t o p  a t  the  s t o p  s i g n s .  

T h e  s o u t h b o u n d  v e h i c l e s ,  w h i c h  m u s t  s t o p  in 
e i t h e r  m o d e l ,  e x h i b i t  a n e a r l y  o p p o s i t e  t e n d e n c y .  
In a l l  but  the  e x t r e m e  c a s e  of 300 v e h i c l e s  p e r  
h o u r ,  t he  f o u r - w a y  s t o p  m o d e l  y i e l d s  the  l e s s e r  
d e l a y .  The  a d d i t i o n a l  d e l a y  e x p e r i e n c e d  by  t w o -  
w a y  s t o p  v e h i c l e s  is p r o b a b l y  due  to the  gap  a c -  
c e p t a n c e  s i t u a t i o n  t h e y  c o n f r o n t .  H o w e v e r ,  t he  
i n c r e a s e  of d e l a y  on the  n o r t h - s o u t h  s i d e  s t r e e t  
is o u t w e i g h e d  by the  d e c r e a s e  of d e l a y  on the  
e a s t - w e s t  m a i n  s t r e e t .  T h e r e f o r e ,  the  a v e r a g e  
delay for the intersection as a whole is less for 

the two-way stop model. 

T h e  t h r e e  g r a p h s  in F i g u r e  5 a r e  r e p r e s e n -  
t a t i v e  of the  r e s u l t s  w h i c h  w e r e  o b t a i n e d  f r o m  
the  m o d e l s .  S i m i l a r  g r a p h s  w e r e  p r e p a r e d  f o r  
e a c h  a p p r o a c h  a n d  f o r  e a c h  of  the  t h r e e  t u r n i n g  
m o v e m e n t s  a t  e a c h  a p p r o a c h .  O p p o s i t e  a p -  
p r o a c h e s  h a d  the  s a m e  v e h i c l e  a p p r o a c h  r a t e  and  
y i e l d e d  v e r y  s i m i l a r  g r a p h s .  F u r t h e r ,  the  g r a p h s  
of average delay for the turning movements at 

each approach were very similar to those for the 

approach average. Only one significant difference 

was noted: The left turning vehicles on the main 

street of the two-way stop model experienced a 
noticeable but small amount of additional delay 
when compared to those cars going straight or 

turning right. The graph of westbound vehicles 

turning left is pictured in Figure 6. 
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F i g u r e s  7 a n d  8 p r e s e n t  the  r e s u l t s  o b t a i n e d  
f r o m  the  s e c o n d  a n d  t h i r d  s e t  of s i m u l a t i o n  r u n s .  
T h e  v a l u e s  g i v e n  on the  h o r i z o n t a l  a x e s  of the  s i x  
g r a p h s  r e f e r  to the  v e h i c l e  a p p r o a c h  r a t e  a s s o -  
c i a t e d  w i t h  the  m a i n  s t r e e t .  It s h o u l d  be n o t e d  
t h a t  t h e y  p o i n t  to  the  s a m e  c o n c l u s i o n s  t h a t  a r e  
i n d i c a t e d  by  the  g r a p h  o b t a i n e d  f r o m  the  s y m -  
m e t r i c  a p p r o a c h  r a t e  c o n d i t i o n s .  F u r t h e r ,  t he  
r e m a r k s  c o n t a i n e d  in the  p r e v i o u s  p a r a g r a p h  
a p p l y  e q u a l l y  w e l l  to  t h e  n o n - s y m m e t r i c  a p p r o a c h  
r a t e  c o n d i t i o n s .  

T h e  r e s u l t s  f r o m  the  u p p e r  g r a p h s  of F i g -  
u r e s  5, 7, a n d  8 m a y  be  v i e w e d  in a s l i g h t l y  
d i f f e r e n t  w a y .  F i g u r e  9 p r e s e n t s  the  c i t e d  r e -  
s u l t s  w i t h  the  a v e r a g e  d e l a y  p l o t t e d  a g a i n s t  the  
t o t a l  i n t e r s e c t i o n  a p p r o a c h  r a t e ,  i . e . ,  t h e  s u m  
of the  a p p r o a c h  r a t e s  a t  t h e  f o u r  a p p r o a c h e s .  
V i e w i n g  t he  r e s u l t s  in t h i s  w a y  p e r m i t s  a n o t h e r  
t e n d e n c y  to  be  o b s e r v e d .  A p p a r e n t l y ,  a v e r a g e  
d e l a y  d e c r e a s e s  a s  the  a p p r o a c h  r a t e  b e c o m e s  
i n c r e a s i n g l y  a s y m m e t r i c .  One  c o n t r i b u t i n g  
f a c t o r  to  t h i s  p h e n o m e n o n  m a y  be  i n t e r f e r e n c e  
in the  i n t e r s e c t i o n  w h i c h  is  m a x i m i z e d  by  
s y m m e t r i c  c o n d i t i o n s .  

To t he  b e s t  of  the  a u t h o r s '  k n o w l e d g e ,  no  
p u b l i s h e d  w o r k  c o n c e r n i n g  s i m u l a t i o n  of the  f o u r -  
w a y  s t o p  s i g n  i n t e r s e c t i o n  h a s  b e e n  a t t e m p t e d  in 
t h e  p a s t .  H o w e v e r ,  L e e  a n d  V o d r a z k a  (11) p e r -  
f o r m e d  a n  e m p i r i c a l  s t u d y  b o t h  of t h e  f o u r - w a y  
s t o p  s i g n  i n t e r s e c t i o n  a n d  the  t w o - w a y  s t o p  i n t e r -  
s e c t i o n .  B e c a u s e  of v a r i o u s  d i f f e r e n c e s  in i n t e r -  
s e c t i o n  c o n f i g u r a t i o n  a n d  i n t e r s e c t i o n  p a r a m e t e r s  
no  d i r e c t  c o m p a r i s o n  of r e s u l t s  w a s  a t t e m p t e d .  
H o w e v e r ,  the  s a m e  m a j o r  c o n c l u s i o n s  t h a t  (a) 
the  t w o - w a y  s t o p  s i g n  i n t e r s e c t i o n  y i e l d s  l e s s e r  
d e l a y  f o r  the  i n t e r s e c t i o n  a s  a w h o l e ,  a n d  (b) the  
a v e r a g e  d e l a y  of s i d e  s t r e e t  v e h i c l e s  i s  l e s s  f o r  
the  f o u r - w a y  s t o p  s i g n  i n t e r s e c t i o n  w e r e  r e a c h e d .  

One minor difference was noted. The pre- 

sent results show a much more dramatic in- 

crease in average delay at higher vehicle ap- 

proach rates for both types of intersections. 

This probably was due to Lee and Vodrazka's 

inability to collect data based on higher vehicle 

approach rates. Thus, their estimates of delay 

at higher approach rates were based on extra- 

polations from data gathered at lower approach 
rates. 

D i r e c t  c o m p a r i s o n s  w i t h  p u b l i s h e d  r e s u l t s  
c o n c e r n i n g  the  s i m u l a t i o n  of t w o - w a y  s t o p  s i g n  

i n t e r s e c t i o n s  (9), (1Z), (17) w a s  n o t  p o s s i b l e  
f o r  a n u m b e r  of  r e a s o n s .  P r i m a r i l y ,  t h e s e  
e a r l i e r  m o d e l s  do  no t  a s  f u l l y  d e s c r i b e  the  
p h y s i c a l  s i t u a t i o n  a s  t he  p r e s e n t  m o d e l .  

T h o m a s s o n  a n d  W r i g h t  (17) n e i t h e r  c o n s i d e r -  
ed  d e l a y  to  m a i n  s t r e e t  v e h i c l e s  n o r  l e f t  t u r n i n g  
m o v e m e n t s  f r o m  the  tw o  s t o p  s i g n  c o n t r o l l e d  
a p p r o a c h e s .  T h e y  d id ,  h o w e v e r ,  p e r f o r m  m e a n -  
i n g f u l  f i e l d  s t u d i e s ,  s o m e  of w h i c h  a r e  i n c o r -  
p o r a t e d  in to  t he  p r e s e n t  m o d e l s .  

L e w i s  a n d  M i c h a e l  (12) c o n s i d e r e d  a n  i n t e r -  
s e c t i o n  w h e r e  the  m a i n  s t r e e t  h a d  f o u r  l a n e s .  
A s t r i c t l y  d e t e r m i n i s t i c  m e t h o d  w a s  e m p l o y e d  
f o r  g a p  a c c e p t a n c e  a n d  m a n y  a n a l y t i c a l  f o r m u l a s  
g o v e r n i n g  v e h i c l e  b e h a v i o r  w e r e  i n c o r p o r a t e d  
i n to  the  m o d e l .  F u r t h e r ,  it w a s  a s s u m e d  t h a t  
s i d e  s t r e e t  v e h i c l e s  n e v e r  i n t e r f e r e  w i t h  the  
p r o g r e s s  of m a i n  s t r e e t  v e h i c l e s .  K e l l  (8),  (9) 
f o r m u l a t e d  a r a t h e r  c o m p l e t e  m o d e l  w i t h  the  i n -  
f o r m a t i o n  a v a i l a b l e  a t  t h a t  t i m e .  H o w e v e r ,  he  

w a s  no t  a b l e  to i n c l u d e  a s t a r t i n g  t i m e  d i s t r i b u -  
t i on  f r o m  the  s t o p  s i g n s  o r  t r a n s i t  t i m e  d i s t r i b u -  
t i o n s  f o r  t he  m o v e m e n t s  t h r o u g h  t he  i n t e r s e c t i o n .  

In a d d i t i o n ,  in (17) a n d  (1Z) a p e r i o d i c  s c a n  
w a s  u s e d  to  n o t e  e v e n t s  o c c u r r i n g  in the  s i m u l a -  
t i on .  In a p e r i o d i c  s c a n ,  the  s t a t e  of t he  m o d e l  
is  o b s e r v e d  o n l y  a t  s p e c i f i c  p r e d e t e r m i n e d  t i m e s  
w i t h  a c o n s t a n t  a m o u n t  of t i m e  s e p a r a t i n g  e a c h  
s c a n .  T h e  p r e s e n t  r e s e a r c h  e m p l o y s  the  G P S S  
s u p p l i e d  e v e n t  s c a n  w h e r e  the  s t a t e  of the  m o d e l  
is  o b s e r v e d  e a c h  t i m e  a n  i m p o r t a n t  or  " m o v i n g  
e v e n t "  o c c u r s  in the  s i m u l a t i o n .  U n w a r r a n t e d  
d e l a y  a n d  e r r o n e o u s  s t a t i s t i c s  c o u l d  be  i n t r o -  
d u c e d  if a p e r i o d i c  s c a n  d o e s  n o t  c o i n c i d e  w i t h  
t he  o c c u r r e n c e  of a m o v i n g  e v e n t .  T h i s  p o s -  
s i b i l i t y  is  a v o i d e d  t h r o u g h  the  u s e  of a n  e v e n t  
s c a n .  A l i m i t e d  e v e n t  s c a n  w a s  u s e d  in (9) w h e r e  
the  s c a n  w a s  t r i g g e r e d  b F *.he a r r i v a l  of a m a i n  
s t r e e t  v e h i c l e .  

Conclusions and Recommendations 

The primary conclusion that may be gained 

from this study is that two-way stop intersections 
yield less average delay than four-way stop inter- 

sections. A secondary conclusion is that GPSS 

is an excellent method for simulating traffic 

situations. 

In o r d e r  t h a t  t he  m o d e l s  m i g h t  r e p r e s e n t  the  
a c t u a l  s i t u a t i o n  e v e n  c l o s e r ,  f i e l d  s t u d i e s  n e e d  to 
be  p e r f o r m e d  to d e t e r m i n e  the  d i s t r i b u t i o n  g o v -  
e r n i n g  the  f o l l o w i n g  t h i n g s  a t  a n  i n t e r s e c t i o n :  

(a) 

(b) 

The distribution of the time to move fr (xn 

the second to the first position in a stop 
sign queue. 

The distribution of the time required for 

a driver to stop his car and recognize 
the intersection situation after having 

assumed the first position in a stop 
sign queue. 
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(c) The distribution of the difference in 5. 
intersection exit times of two cars 
making the same move in the inter- 
section when the first car has delayed 
the second. 6. 

This paper represents the first fruits of the 
efforts contained in (i) where five additional 
models of unique traffic intersections were for- 
mulated. Those readers interested in more 
detail are referred to reference (i) where list- 
ings of the programs and discussions of the 7. 
models' logics are given. It is hoped that a more 

detailed analysis of results from the models 
presented here and of similar results from the 
other models cited might be performed in the 
future. A number of additional things should 8. 
be done. First, more runs considering various 

turning movement percentages and approach 
rate configurations can be made with compara- 

tive ease. By doing this, curve fits to the ob- 
tained data should be possible. Work of this 9. 
type might be extended to an investigation of 
possible analytical relationships between the 
various intersection parameters. 

Certainly, other objective functions besides i0. 
average delay should be considered. Perhaps 
the best "measure of effectiveness" would re- 
sult from such an investigation. With these 
models and others that can be written, traffic 
networks could be formed using microscopic Ii. 
models as building blocks. In this way, an 
urban traffic network could be studied on a 
microscopic rather than a macroscopic level. 
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