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provided the most stable preparations (10 per- 
cent gum arabic and olive oil, 2:1 by volume). 
Similar results were obtained with sodium 
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type, this second nonbirefringent phase is here 
called simply "viscous isotropic" to distinguish 
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ited optical textures of a neat soap or "acid- 
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tropic phase of the monoolein-water system 
consists of spherical water droplets in a cubic 
face centered lattice surrounded by a hydro- 
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suggests a similar molecular structure for the 
viscous isotropic phase during fat digestion. 

17. E. S. Lutton, J. Am. Oil Chem. Soc. 42, 1068 
(1965). 

18. B. Lundberg, Chem. Phys. Lipids 11, 219 
(1973). 
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22. To our knowledge no careful physicochemical 
work has been carried out on calcium soaps or 
acid soaps prepared from C,8 unsaturated fatty 
acid systems. The influence of monovalent and 
divalent (for example, calcium) inorganic salts 
[G. Benzonana and P. Desnuelle, Biochim. 
Biophys. Acta 165, 47 (1968)] and bile salts in 
micellar concentrations [W. Shankland, J. Col- 
loid Interface Sci. 34, 9 (1970)] on the aqueous 
potentiometric titration curves of oleic acid in- 
dicate that the apparent pK values of the fatty 
acid (which are concentration and temperature 
dependent) can be decreased significantly from 
pH 8 to 10 in the absence of additives topH's as 
low as 5 to 6.5 in the presence of excess calcium 
and bile salts. Thus in our experiments, pro- 
tonated oleic acid molecules and oleate anions 
could form strongly bound 1:1 complexes called 
acid soaps or, if the pK's are < 6.5, would ac- 
tually form divalent soaps in which the fatty 
acids are capable of ionization but are com- 
plexed with calcium. The potassium and sodium 
salts of acid soaps have been extensively studied 
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A kinetic theory of vehicular traffic 
has been developed over the past 20 
years to attempt to describe the charac- 
teristics of traffic on multilane highways 
(1-3). In this theory we have examined 
the evolution of the speed distribution 
function in terms of a number of impor- 
tant processes: the relaxation or speed- 
ing up process, which expresses the at- 
tempts of drivers to achieve their own 
desired speeds; the interaction or slow- 
ing down process, which arises in the 
conflict between a faster driver and a 
slower driver; and the adjustment pro- 
cess, which reduces the variance around 
the local mean speed. We have tried to 
avoid examining many specific details- 
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for example, the details of all the vehi- 
cles in queues and the details of passing 
maneuvers. In addition, since the begin- 
ning of this work, we have been search- 
ing for an extension of the theory that 
would describe in a similar overall fash- 
ion the traffic in towns-that is, traffic in 
an extended network. 

Traffic Observations 

In order to obtain some feeling for 
such a complex problem we have made a 
number of observations. Recently, we 
analyzed a large amount of data in the 
form of speed-time histories of vehicles 
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reported by Johnson et al. (4) for many 
cities in the United States. The data were 
generated by following vehicles in each 
area studied, and they consist of speed- 
time histories and usage patterns of ran- 
domly selected vehicles operated under 
different traffic conditions as well as on 
various roadways. Using these data, we 
have investigated the possibility of eval- 
uating relative traffic quality and finding 
ways to characterize traffic on different 
roadway types with various flow levels 
in nine metropolitan areas (5). We have 
examined traffic attributes such as aver- 
age speed, stopped time, speed distribu- 
tion function, and acceleration and speed 
noise (defined as the standard deviation 
of acceleration or speed), as well as the 
ratio of speed noise to average speed (the 
coefficient of variation of speed), in or- 
der to measure quantitatively the effects 
of road type, traffic conditions, and driv- 
er behavior on traffic phenomena. 

We have found that although the traf- 
fic in various areas is different, similar 
relations appear to exist between a num- 
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ber of traffic variables and the average 
speed. For example, the acceleration 
noise and the ratio of speed noise to av- 
erage speed are correlated with average 
speed, and the stop time is linearly re- 
lated to trip time, the reciprocal of aver- 
age speed. These relations are surpris- 
ingly simple and global in character. For 
this reason we have pursued an examina- 
tion of the relation between trip time and 
stop time to see whether a theoretical 
basis could be developed for such seem- 

(10). In addition, we analyzed data for 
London reported by Roth in 1959 (11), as 
well as more recent data for Melbourne 
reported by Johnston et al. (12). Results 
of these analyses as well as the analysis 
by Chang and Herman (5) of speed-time 
histories from nine U.S. cities are sum- 
marized in Table 1. The information pre- 
sented in Table 1 includes the regression 
coefficients for the linear fit as well as the 
coefficients of correlation. The general 
consistency of the regression coeffi- 

Summary. A two-fluid model of town traffic has been developed by extending ideas 
formulated in an earlier kinetic theory of multilane traffic. The two fluids are taken to 
consist of moving cars and cars stopped as a result of traffic conditions. The average 
speed of the moving vehicles is assumed to be proportional to the fraction of the 
vehicles that are moving raised to a power that reflects the "goodness" of the traffic. It 
is then found that the trip time per unit distance is essentially linearly related to the 
stop time per unit distance, in general accord with data obtained in many cities. Rela- 
tions are developed on this basis for flow, among other variables, versus average 
speed. These relations contain a new parameter that is identified with the quality of 
the traffic network system. 

ingly general relations between some of 
the pertinent traffic variables. We note 
that Smeed (6) has also examined town 
traffic in a similar spirit of trying to de- 
velop simplifying overall relations. 

The trip time on the links of a trans- 
portation network is a significant and 
useful variable for many facets of trans- 
portation engineering and planning. 
Travel time studies are often carried out 
to measure the effectiveness of a trans- 
portation system in terms of traffic engi- 
neering improvements and cost-benefit 
analyses. Trip time is perhaps the major 
factor in determining a driver's route 
choice and appears to be the most re- 
liable single variable in the traffic assign- 
ment process. 

Herman and Lam (7) found that when 
the stop time was compared to the run- 
ning time of the same trip in the Detroit 
suburban area, the stop time, for all 
practical purposes, varied linearly with 
the running time as well as with the total 
trip time. Similar results were obtained 
with two sets of previously reported 
data, one collected on a specific route in 
Berkeley, California (8), and the other 
collected on all the major arterial streets 
in Fresno, California (9). The slopes and 
intercepts obtained from linear fits of the 
data for stop time versus running time 
were reasonably consistent for the dif- 
ferent data sets from different city areas. 

More recently, we obtained additional 
trip time versus stop time data. In partic- 
ular, in connection with studies of urban 
traffic and fuel consumption, we accu- 
mulated data for a subcompact car circu- 
lating in the Detroit metropolitan area 
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cients combined with the high values of 
the coefficients of correlation provides 
evidence for the general nature of the 
trip time versus stop time relation. It 
should be noted that for the two routes to 
work studied in the Detroit suburban 
area (7), the average values of the regres- 
sion coefficients A and B (see Table 1) 
are 1.73 and 2.14 minutes per mile, re- 
spectively, and for the Berkeley route (8) 
they are 3.21 and 1.73 minutes per mile. 
These values compare favorably with 
those given in Table 1. 

Figure 1 shows trip time as a function 
of stop time. Linear trends are plotted 
for most of the data mentioned above. 
Although there is a considerable amount 
of scatter in the data and the lines vary in 
slope and intercept, they do fall in a 
fairly consistent overall trend. The 
dashed curve in Fig. 1 represents data 
derived from results reported by Ward- 
rop (13) for traffic in London. These data 
also lie well inside the general trend. 

The existence of a general trend in the 
data for trip time versus stop time sug- 
gested that there might be some under- 
lying theoretical basis for such a result. 
This led us to consider a two-fluid model 
for traffic in towns. 

Two-Fluid Model 

The concept of a two-fluid model ap- 
peared in our kinetic theory of multilane 
highway traffic when the transition to the 
so-called collective flow regime was 
achieved at sufficiently high vehicular 
concentrations. In this case we found 

that the average speed depends on the 
fraction of the cars that are immobilized. 
Since the two-fluid model discussed here 
stems from this earlier result, we will 
briefly sketch the background concepts. 
According to equation 4.39 in (1), we can 
write for the average speed, v, in terms 
of the average concentration, k 

- 
- 

kT(l - P) 
(1) 

We emphasize that throughout this ar- 
ticle all the quantities discussed are 
meant to be averages taken over the en- 
tire system. This result is strongly mech- 
anism-dependent, since the probability 
of passing, P, depends on concentration 
as well as on quantities such as lane con- 
figuration and driver behavior. The re- 
laxation time to traffic perturbations, T, 
also depends on these quantities. Simi- 
larly, the fraction of stopped cars, j,, is a 
complicated function of concentration. 
However, there is a remarkably simple 
relation between I - f and the average 
velocity that follows from equations 4.39 
and 4.40 in (1), namely 

v = u o(l 
- f) = "ofr (2) 

where ft = 1 - f is the fraction of mov- 
ing cars and u0 is a characteristic quanti- 
ty depending on the "desired speed" dis- 
tribution function (the speeds which the 
drivers desire to achieve). As noted 
above, fr and f are the fractions of vehi- 
cles that are moving or stopped 
(fr + .f = 1). The two-fluid model is the 
basic concept we wish to take over in 
considering traffic in town networks. We 
will show that this concept leads in a 
straightforward manner to a quantitative 
interpretation of the trip time versus stop 
time relation. 

Application to Town Traffic 

We now proceed to develop a relation 
between the trip time and the stop time 
according to the ideas previously in- 
dicated. At the collective transition in 
the case of highway traffic, the velocity 
distribution for cars splits into two 
parts-one corresponding to moving ve- 
hicles and the other to vehicles that are 
stopped because of local conditions such 
as traffic jams (1). Likewise, the traffic in 
a network in a city may be considered to 
consist of two traffic fluids-one com- 
posed of moving cars and the other of 
cars that are stopped as a consequence 
of congestion, traffic signals, stop signs, 
and so on, but not in the parked condi- 
tion. Parked cars are ignored as not 
being a component of the traffic; they 
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Table 1. Summary of regression results for T = A + BTs for various urban areas, where T is the 
trip time (minutes per mile) and Ts is the stop time (minutes per mile). 

A (min/mile) B (min/mile) Stand- Corre- 
Number ard l 

Data base of data Stand- Stand- error aon 

points mate ard t ard of re- coeffi- 
error error sidual cient 

Various U.S. 30 2.168 0.085 2.157 0.0956 0.333 0.974 
metropolitan 
areas* 

Detroit metro- 92 1.932 0.068 2.576 0.162 0.523 0.859 
politan areat 

London metro- 39 2.741 0.176 1.988 0.108 0.775 0.950 
politan areat 

Melbourne? 22 1.953 0.082 1.547 0.053 0.287 0.988 

*Chicago, Detroit, Los Angeles, New York City-Newark, Phoenix, Saint Louis, San Francisco, Salt Lake 
City, and Washington, D.C. (5). tData from (10). tData from (11). ?Data from (12). 

tem over the same time period. If the 
overall concentration varies widely- 
that is, fluctuates rapidly during the time 
of the trip-this condition may not be 
satisfied. The concentration must vary 
slowly over the time scale during which 
Ts/T and f, are measured. 

From Eq. 3 we can write 

1 V = T- (1 -.fs)" 
Tm 

Since by definition 

V = Vr .fr 

then 

v T = TM (1 -) r 

(7) 

(8) 

form part of the street configuration. Ex- 
tending the ideas in our kinetic theory of 
traffic, we assume that the average speed 
of the moving cars, v,., depends on the 
fraction of cars that are moving. We 
might expect a relation of the form 

V. = Vm(1 - f)1 (3) 

where Vm is the average maximum run- 
ning speed. Obviously, the boundary 
conditions are satisfied for S = 0 and 1. 

The designation two-fluid model is 
used in analogy with the Bose-Einstein 
condensation, which at sufficiently low 
temperatures leads to splitting of the mo- 
lecular distribution function into two 
parts-one representing molecules in the 
ground state and the other molecules in 
excited states (14). In the case of the 
Bose-Einstein condensation 

-o 2)3 0 I 
-(l -p) (4) 

where 0 and 0, are the temperature and 
the critical temperature and po/p repre- 
sents the fraction of condensed mole- 
cules. Thus, the thermal energy of the 

excited molecules is proportional to a 
power of the fraction of excited mole- 
cules. Likewise, the speed of the moving 
vehicles depends on the fraction of the 
vehicles that are moving. It is in this 
sense that the word analogy has been 
used. 

Returning to the traffic problem, note 
that vm = 1/Tm, where Tm is the average 
minimum trip time per unit distance. The 
trip time can be written as 

T = T, + Ts (5) 

where T,. and Ts are the running time per 
unit distance and the stop time per unit 
distance, respectively. In addition, we 
may expect that 

fs = T (6) 

This statement can be considered as a 
type of ergodic condition relating en- 
semble averages to time averages. We 
have then the implication that the frac- 
tion of the time stopped for a vehicle cir- 
culating in the network is equal to the av- 
erage fraction of stopped cars in the sys- 

(9) T (1 - .)"+ 
Tm 

or 

T T = (1 -f)"+1 

Since f = TS/T, we have 

1 T Tmn 
T Tfinally 

and finally 

(10) 

(11) 

I n 

T, = T- Tm + Tn + l (12) 

An urban network might be character- 
ized by the (Tm, n) pair of values. In Fig. 
2 we show a plot of T versus Ts in units of 
minutes per mile. The quantity Tm is 
taken as 2 min/mile, corresponding to an 
average maximum speed of 30 miles per 
hour. Three curves are given for n = 1, 
2, and 3. The curvature is small in all cas- 
es, so that we essentially have a linear 
relation between the trip time and the 
stop time. Furthermore, the curve for 
n = 2 corresponds fairly well to the gen- 
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Fig. 1 (left). Trip time versus stop time. The straight lines are linear regressions fitted to observational data obtained in various studies (reference 
numbers are given in brackets). The dashed curve represents trip time-stop time values calculated from data in (13). Fig. 2 (right). Trip time 
versus stop time from Eq. 12 with Tm = 2 min/mile and n = 1, 2, and 3. 
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eral overall trend of the data given in Fig. 
1. We have not attempted to fine-tune 
the functional representation by adjust- 
ing Tm and n because we are seeking 
mainly the character of the overall trend. 

We have shown the reasonableness of 
the assumption that the average speed of 
the moving vehicles depends on the frac- 
tion of the vehicles that are moving. The 
question now arises whether we can go 
further in our attempt to describe traffic 
in towns. One important aspect of city 
traffic compared to highway traffic is that 
city traffic always involves stopped time 
arising from one cause or another. 

The fraction of the vehicles stopped in 
a network will depend on the number N 
of vehicles on lanes of length L, with av- 
erage concentration k given by 

k - (13) 
L 

Note that the concentrations of moving 
and stopped vehicles, k, and ks, are re- 
lated; that is 

4k + k, = k (14) 

and that by definition 

ks= k (15) 
k 

We also note that the fraction of vehicles 
stopped must depend on the "goodness" 
of the road facilities and traffic control 
system. In our search for a single inde- 
pendent variable to which traffic vari- 
ables such as T, Ts, k, v, and q (flow) 
might be related, we suggest that the 
fraction of the stopped vehicles, fs, be 
given in terms of concentration, k, as 

fs = (k)P (16) 

where km is an average maximum con- 
centration at which the traffic "jams." 
The parameter p must in some sense be a 
measure of the quality of the traffic net- 
work as it determines the fraction of 
stopped vehicles for a given fractional 
concentration k/km. 

Remembering from Eqs. 6 and 11 that 
I 

= 1 -( )n+1 (17) 

and combining Eq. 17 with the postulat- 
ed relation for fs in terms of k from Eq. 
16, we obtain the result 

k = 1 V-.( 
n 

(18) 
U m J 

The average flow q is then given by 

q=kv kmv 1 -( 
- 

)i 
P (19) 

All of the relations we have been dis- 
cussing are stated in terms of the averag- 
es of the traffic variables taken over the 
entire system. 

The curves in the family represented 
by the q, v relation in Eq. 19 have a max- 
imum q value at various values of v that 
depend on the values of the parameters 
n, p, and km. There is not only the regime 
in which v decreases as q increases up to 
q maximum, but also a regime in which v 
continues to decrease as q turns around 
and decreases. This latter regime is not 
normally seen in highway data because 
flow data are ordinarily taken over rela- 
tively long time periods. 

Discussion 

It would be most interesting to obtain 
comprehensive data over a sizable traffic 
network to see if the fraction of vehicles 
stopped might be an independent vari- 
able through which the character of the 
traffic could be described. It may be 
hoped that the two simple relations of 
the type 

Vr o (1 -fs)" (20) 

and 

may prove to be (21) 

may prove to be useful in organizing var- 
ious aspects of town traffic. We are ex- 
amining these theoretical ideas and are 
also exploring the possibility of obtain- 
ing, say from aerial photography, global 
information about the two traffic fluids 
postulated in this discussion. 

Simple relations of the type developed 
can be very useful in discussing further 
questions such as the consumption of 
fuel in a town. Earlier work on low- 
speed urban traffic and fuel consumption 
(10, 15) led to a relation for (4, the fuel 
consumed per unit distance, in terms of 
the trip time per unit distance, T, namely 

= a + bT 

for v < -40 miles per hour (22) 

where T = 1/v, and a and b are parame- 
ters related to the characteristics of the 
vehicle-the mass of the vehicle and the 

idle fuel flow rate, respectively. This re- 
sult can be merged with the traffic de- 
scription to give some idea of the fuel 
consumption in a town when the concen- 
tration of vehicles, traffic intensity, and 
so on in the town are given functions of 
the geometry. 

In addition, it might be possible in this 
manner to explore the influence of town 
planning, which, of course, is intimately 
related to the dependence of the concen- 
tration of vehicles on the spatial geome- 
try. This would involve examining the ef- 
fects of inhomogeneities in the distribu- 
tion of housing, industry, and services 
as well as in the street and highway sys- 
tems on the character of the vehicular 
traffic. Models of this type are being 
studied by colleagues of one of us in 
Brussels (16). 
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