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PREFACE

The different traffic handling capabilities of seemingly
similar roadways has puzzled road designers and traffic planners.
Why are some roads able to carry 2000 vehicles per hour per lane
while other similar roads, can carry considerably less? Why
does traffic run relatively smoothly over certain roads while on
others it is largely of a stop and go type? The answers to such
questions could help in finding ways to alleviate some of the
existing traffic jams. An understanding of what causes the road-
way to have low flow rates may lead to improvements of existing
roadways and to better designs for future roadways.

This report presents a discussion of some of the short term
solutions to the general problem of traffic congestion. It is
certainly true that a complete solution to the traffic congestion
problem must involve some sort of reorientation from the private
vehicle mode to public transportation. Possibilities range from
an automatic guideway system with its several-fold increase in
roadway capacity; to a traffic network plan with traffic respon-
sive go-no-go indicators or to a mixed-modal route structure
which is a function of such things as trip purpose, trip length,
and population density. That a fully satisfactory solution to
the future and even present situation requires such a compre-
hensive study is evident, however, it is also evident that many
of the immediate problems are not going to wait until such studies
are implemented. Since an understanding of roadway capacity can
help to bring improvements now, these short term solutions to
traffic congestion which can be obtained and implemented now,
must not be disregarded because they do not solve the problem
completely.

In this report, which covers the work and results obtained
by the Modeling and Analysis Group of the Transportation Systems
Center during the five month period from August 1970 to December

1970, the development of a theory which accounts for driver re-
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action response within the framework of continuum theory is
outlined. This theory is based on a suggestion from R. Foote of
the Port Authority of New York, that the strength of the driver's
response is likely to be different in an accelerating maneuver
than it is in a decelerating maneuver and that therefore, more
than just one flow and speed concentration curve exists. Road-
way capacity then becomes a rather strong function of the quantity
of acceleration maneuvers likely to occur (whether these maneuvers
are due to road design or to prevailing traffic conditions).

Another theory within the continuum model is also developed
to account for the finite reaction time of drivers. A flow or
speed concentration relationship becomes meaningful only when the
finite time of propagation of information is included. The im-
plications of these retarded solutions for roadway capacity are
the occﬁrrence of growing waves whenever the concentration reaches
a critical value. Since driver reaction times are functions of
traffic conditions as well as road design and road peripherals,
the occurrence of growing waves and the resultant traffic stop-
pages will be influenced by road design and density control pro-
cedures.

While experiments specifically designed to test the theories
would have been preferable (say, by the use of specifically de-
signed test tracks), this was not possible in this project.
Instead, experiments were made on traffic flow in tunnels. Data
was taken on traffic in one lane of the Callahan Tunnel in Boston,
Massachusetts, and in addition, some data taken by the Port
Authority of New York personnel of the Holland Tunnel was used.

Actually, there were two purposes in taking the tunnel data.
The first was the opportunity the tunnel affords for interpreta-
tion and understanding of the basic process of traffic dynamics.
This is so because of the nearly controlled conditions that exist
inside the tunnel system where lane changing is minimal so that
a single lane of traffic under various density conditions can be

observed to yield relationships between traffic density, speed,
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flow and wave phenomena. The knowledge of such relationships is
important to the understanding of roadway capacity and the factors
which tend to reduce such capacity, and affords a partial veri-
fication of the theories.

The second purpose is that the tunnel roadway is an airport
access route (to Boston's Logan International Airport) whose
optimal utilization is of interest to the U. S. Department of
Transportation. By taking data of traffic flow and concentration,
any naturally occurring bottlenecks which impede tunnel through-
put could be found and a recommendation of a density control
system for increasing the throughput could be made. 1In this
latter effort, however, only partial success was obtained due to
the short five-month span of the study and the detailed traffic
control system recommendation must be deferred to a later date

(when the study is resumed).
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SECTION 1
INTRODUCTION
1.1 THEORY

Theoretical work in traffic flow dynamics has generally
taken one of three approaches, a deterministic continuum approach,
a statistical kinetic theory approach and a car-following theory
approach (refs. 1 through 16). Each of these approaches has its
advocates and each has its own range of applicability. For ex-
ample, the continuum approach cannot be expected to yield a valid
description of rarefied traffic flow. In a continuum, a well
defined density function is assumed to exist and vehicle dis-
placements and densities are considered collectively, rather than
individually. Where independent individual vehicle manuevers
predominate, the concept of a continuum is meaningless. When,
however, as in dense traffic flow, collective interactions pre-
dominate, and the distance over which individual vehicles influ-
ence each other is small compared with the distance over which
traffic densities and flows are described, the continuum theory
becomes a potentially useful approach.

The statistical distribution function or Boltzmann equation'
method should also be applicable to the dense traffic situation.
It should also be applicable to light traffic conditions since a
velocity distribution function rather than average macroscopic
quantities are described by the method. That is, the Boltzmann
equation describes the space and time evolutions of the distribu-
tion function itself, giving the law for the change of the distri-
bution function due to individual vehicle interactions. 1In fact,
the Boltzmann equation approach does seem to describe light traffic
conditions adequately. However, somewhat surprisingly the method,
at least to date, does not seem appropriate for a dense traffic
description. This is in contrast to the situation in the classi-
cal application of the Boltzmann equation to the kinetic theory
of gases where the continuum or dense case (dense in the sense

that we have been using the term) is well described, being just



the zero order approximation solution of the Boltzmann equation.
This comes about quite naturally: The Boltzmann equation
describes the non-steady state, and the zero order approxi-

mation is just the steady state solution where collisions between
molecules do not alter the distribution function. The form of
this collision term is obtained by recourse to physical laws of
molecular interaction (e.g., the force between molecules depends
only on their mutual separation) and then it is found that this
interaction term contributes nothing to the space and time evo-
lution of the distribution function when this distribution is of

a particular form (Maxwellian or Equilibrium). That is, colli-
sions do not change this particular distribution function. Entropy
considerations then show that in fact such a distribution is
approached in the gas. The space and time dependence of this
distribution is determined solely by the space and time dependence
of those macroscopic quantities which are conserved in elastic
collisions between molecules (number, momentum and energy); thus
the natural appropriateness of the Boltzmann equation for a cor-
rect description of continuum gas dynamics.

In the vehicular traffic problem, however, the form for the
interaction term is difficult to obtain as no well defined physi-
cal mutual interaction law between vehicles has been established.
Without this there is no counterpart for the Maxwellian or Equi-
librium distribution function for traffic flow and hence no means
for obtaining a collective flow or continuum solution of traffic
flow from the Boltzmann equation. However, since the Boltzmann
approach inherently is capable of yielding such continuum solu-
tions, further effort in this area is probably worthwhile.

Finally, the car-following theories have been used exten-
sively and successfully in describing the acceleration response
of interacting vehicles. The acceleration response is generally
a function of the relative velocity and distance of the inter-
acting vehicles. Stability criteria between vehicles have also

been established. However, the car-following theories are limited
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in that they are true microscopic theories dealing with individ-
ual vehicles, and therefore unable to predict such well known
and important observed collective behavior as the propagation of
travelling waves of constant flow and constant density. As these
phenomena often have profound effects on traffic movement, their
absence in the car-following theories constitutes a serious
limitation. On the other hand, it should be noted that the use
of car-following theories together with the continuum approach,
particularly as a taking off point for the continuum theory, has
proven particularly useful.

The two approaches outlined in this report have their origin
in car-following theory. This theoretical work is reported in

Section 2.



1.2 EXPERIMENT

Experimental work in traffic flow has covered a wide range
of objectives, from two car piano wire tests designed to estab-
lish a car following law, to aerial photography of multi-lane
freeways and arterial networks to determine overall traffic pat-
terns and relationships; from intensive studies on simple road-
ways to extensive work on complex road systems (refs. 17 through
22). For an understanding of the traffic dynamics of a stream
of heavy traffic flow, one of the simplest types of roadways was
studied: the single lane no-passing tunnel roadway; in particu-
lar, one lane of the Callahan Tunnel in Boston, as well as one
lane of the Holland Tunnel in New York. The New York data was
given to us by the Port Authority of New York, while the Callahan
data was obtained by observation.

In addition to this fundamental understanding of traffic
flow dynamics, sufficient tunnel traffic data was sought to also
allow a recommendation of a specific traffic control system for
improving the tunnel throughput. However, as explained in the
Preface of this report, this was not possible in the limited time
allotted to the project. Nonetheless, we have obtained data
which we feel is directly related to throughput improvement and
these results are reported in Section 4.

With the full cooperation of the Division of Tunnels,
Massachusetts Turnpike Authority, traffic flow data was taken on
some 6600 vehicles in the Callahan Tunnel during the month of
November (1970) on fifteen different occasions. For each run,
two observation stations were established which enclosed various
sections of interest within the tunnel. At each station the
observers were equipped with either a Hewlett Packard strip chart
recorder model number 320 or a Sanborn strip chart recorder model
number 299. Electrically connected to the recorder was a device
which produced different length lines on the chart paper whenever
any one of four buttons was depressed; the buttons were labelled

Bus, Car, Taxi, or Truck. The line markings on the chart paper

-4 -~



thus gave the time of arrival and departure in the section as
well as vehicle identification. The vehicle identification

was necessary in order that the time of entrance into the first
station and the time of departure from the exit station for any
particular vehicle be known. This was insured through pattern
recognition performed on the two strip charts taken as a pair.
While lane changing inside the tunnel is minimal, it does occur
often enough that such a procedure was found to be necessary.

In addition to the four-button device, an external 60-Hertz
timer was connected to the Sanborn 299 (the Hewlett Packard had
its own internal 60-Hertz timer). These separate timing markers
insured against improper or inconsistent chart speeds. Accurate
measurements were thereby obtained for the times of entrance and
exit of a particular vehicle in a given tunnel section and from
these measurements we derived such quantities as flow, density,
speed and transit time under both steady state conditions and
during the passage of a shock wave. The experimental results

are reported in Section 4.



SECTION 2 .
CONTINUUM TRAFFIC FLOW THEORY

2.1 INTRODUCTION

In this section, the progress which has been made in our
theoretical investigations of traffic flow dynamics is outlined.
The studies made deal exclusively with single-lane, no-passing
traffic of the type encountered in either lane of the Callahan
Tunnel.

The starting point for any macroscopic study of single-lane
traffic is the continuity equation which relates the traffic con-
centration k (vehicles/unit length) and the traffic flow q (ve-
hicles/unit time passing a point on the roadway). This equation

is given as follows:

Q

k(x,t) + | g(x,t) =0 (2.1)

3t X

In Eq. (2.1), k and g are functions of the time (t) and the dis-
tance (x) measured along the roadway from some arbitrary point.

The function g (x,t) is defined in terms of the concentration k
(x,t) and the traffic speed V (x,t) by the relation

g(x,t) = k(x,t) V(x,t) (2.2)

Equation (2.1) simply states that the time rate of change in the
number of cars on a stretch of road is equal to the difference
between the number of cars entering and the number of cars leaving
that stretch of road per unit time. In order to solve Eq. (2.1)
for the concentration, an equation of state relating q to k must
first be postulated. For a spatially homogeneous roadway (i.e.,

a roadway whose physical characteristics do not change appreciably
with distance x), the most general form of such an equation of

state 1is

k.., sas) (2.3)

g(x,t) = gk, k kx' ktt’ <%

tl



where the subscripts "t" and "x" denote partial differentiation

with respect to time and distance, respectively. In what follows
two models of the form given in Eq. (2.3) will be developed. Some
quantitative results will be derived from these models, and some

possibilities for future research will be suggested.

2.2 DRIVER RESPONSE TIME

To develop an equation of state of the type (2.3), first
consider some aspects of the discrete or microscopic theory of
traffic flow. Much research has been done on the car-following
approach to traffic dynamics (refs. 11 through 16, and 23). This
approach is based upon the experimentally observed fact that in
single-lane traffic a driver's acceleration appears to be pro-
portional to his speed relative to the driver ahead of him, after
a certain delay time T has elapsed. Quantitatively, this fact is

expressed by the following differential difference equation

2
d”x  (t+T1) _, j x (8 ) Z x (t) 2.4}
dtz t t

where X denotes the position along the roadway of the nth car.
The delay time T is the time it takes a driver to react psycholo-
gically and physiologically to an acceleration or deceleration
of the car ahead of him. Typically, T is on the order of one
second. The parameter X appearing in Eg. (2.4) measures the
strength of the driver's response to a given acceleration or de-
celeration of the car ahead and is generally assumed to be a
function of the distance between the lead car and the following
car. For example, one widely used model is based upon the as-
sumption that ) is inversely proportional to the driver's head-

way. With this assumption, Eg. (2.4) becomes



2 [
d x (t+7) = LOE at

at2 X -1 (8) = x (%)

d xn_l(t) d xn(t)}

(2.5)

where C is some constant. Equation 2.5 can be integrated once

to yield the following relationship:
Vn(t+T) = C 1n 3[xn_l(t) - Xn<t)] kjg (2.6)

where Vn is the velocity of the nth car and k. is a constant
identified as the jam concentration of the road (bumper to
bumper traffic).

In the past, researchers have used relationships of the type
given in Eqg. (2.6) to suggest equations of state for use in the
macroscopic approach to traffic flow. For example, if the macro-
scopic flow velocity V(x,t) is identified with Vn(t+T) and the
concentration k(x,t) with [xn_l(t) - xn(t)]_l, Eq. (2.6) becomes

V(x,t) = C 1n [kj/k(x,t)] (2.7)

If Eq. (2.7) is now combined with Eg. (2.2), we obtain the follow-

ing equation of state:

q(x,t) = C k(x,t) 1n [kj/k(x,t)] (2.8)

Equation (2.8) has in fact been used as a model of traffic flow
by many researchers. It has been found to be quite useful in
describing moderate to heavy traffic. In light traffic (k+0),
this logarithmic model is of course inadequate since according
to Eq. (2.7), V»>» as k-0.

One serious objection which can be made to the derivation
of Egq. (2.7) is that the driver reaction time T was dropped in
making the transition to the macroscopic formulation. To in-
vestigate the effects of this delay time upon the propagation of
concentration or density waves in a stream of traffic, Eq. (2.7)

is rewritten as:



V(ix,t) = C 1n [kj/k(x’t_Tq (2.9)

Finally, combining Egs. (2.9) and (2.2), the following equation
of state is obtained:

q(x,t) = C k(x,t) 1n [kj/k(x,t—'r)] (2.10)

Equation (2.10) can now be substituted into the continuity equa-
tion (2.1) to study the dynamics of concentration waves in traffic.
Unfortunately, the resulting differential equation (when viewed

as an equation for k(x,t)) is of infinite order owing to the time
delay which makes gq(x,t) a function of both k(x,t) and k(x,t-t1).

To make the equation manageable while maintaining at least the
qualitative effects of the time delay, instead of Eg. (2.10),

an approximate equation of state obtained by expanding (2.10) in

a power series in T, keeping only the first two terms is used:

ok (x,t)

T (2.11)

qg(x,t) = C k(x,t) 1n [kj/k(x,t)] + C T

Substituting the approximate equation of state (2.11) into the
continuity equation (2.1l), the following equation of motion is
obtained:

|

2
ok ok 9k
— + C ln(kj/ek)é?{- + C Tm = 0 (2.12)

where the k's are all evaluated at the same time t.

Before proceeding with solutions of this equation of motion,
it is well to point out that this type of analysis in which the
finite reaction T is taken into account is applicable to other
car-following models as well. The car-following model given by
Eq. (2.5) yielded the log function given by Eq. (2.6). Other
car-following models yield different functions. For example,
when A in Egq. (2.4) is proportional to the inverse square of the
driver's headway, instead of the logarithmic function given by

Eg. (2.10), the following equation of state is obtained:



g(x,t) = k(x,t) Uf[l—k(x,t—T)/kj] (2.13)

(in which the velocity and concentration are linearly related).
The constant Uf is the free speed (the speed at zero concentra-
tion). Then, expanding in a power series in 1, instead of Eq.
(2.11), the following approximate equation of state is obtained:

g(x,t) = k(x,t) U_|1-k(x,t)/k.
f[ JJ (2.14)

dk
+ k(X,t) Uf Ta_t / kj

which when substituted into the continuity equation (2.1) yields

the equation of motion:

2
vl
S~

9t f 3x kj X9t 5t

U. 1tk 2
ok |y, 3k (1—2k/kj> b == 9 k_, 123k 0 (2.15)
as compared to the equation of motion for the log model given in
mq. (2.12). 1In general, with the function in Egqg. (2.14) given
by the inverse m power of the driver's space headway, the approx-

imate equation of motion turns out to be:

ok ok (m-1) (m-1)

(2.16)

+

(m-1)U i (m=1) [azk . (m-1) ok EE]= o moi
k.(m—l) atax k It 9Ix ’

J
which is derived, as before, by expanding the equation of state
in a power series in the reaction time 1. This reduces to the
linear case, Eqg. (2.15) when m=2.

For the heavy traffic conditions of interest here, the last
term in Eqg. (2.16) or Eg. (2.15) can probably be neglected com-
pared with the others. However, as only the log model will be

used in this analysis, other models will not be pursued further,
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it being sufficient to have shown how the finite reaction time
may be used to obtain the appropriate equations of motion for
other car-following models. .
Returning to the equation of motion given by Eq. (2.12), we
first examine the propagation of small amplitude (linear) density

waves. Assume that k(x,t) is given by

k = ko + hO exp[}(ax - wtﬂ (2.17)

where ko and hO are constants and ko>>ho, (kO representing the
steady state density and hO representing the amplitude of the
perturbed density). Substituting Eqg. (2.17) into Eg. (2.12) and
ignoring terms of order hi and higher, we obtain the following

"dispersion relation" between o and w:

- iw + iba + Ctow = 0, b = C Ln[kj/ek%] (2.18)
Rewriting Eg. (2.18), we obtain

)
0 =22 ;Cgo‘ g (2.19)
1l + C"1t7a

From Eg. (2.19), (using Eg. (2.17) with w=w +iw2), it can immedi-

ately be concluded that density perturbatio%s dissipate in time
if b>0 (Im w<0) and grow in time if b<0 (Im w>0). We note that
b>0 for 0<ko<kj/e and that b<0 for kj/e<koskj. The parameter
km=kj/e is in fact the density associated with maximum flow along
the roadway. Equation (2.19) predicts that for ko>km, density
disturbances will grow into stoppage waves (jam concentration)
as a result of finite driver reaction time. This phenomenon 1is
familiar to most drivers. If, in a long line of traffic, one
driver brakes suddenly (without actually stopping), and then
speeds up again, there very often results an actual stoppage of
cars further on down the line due to the fact that a driver re-
quires a finite time to react to the actions of the car ahead of

him. If he is sufficiently close to the lead car (small headway

-11-



and hence large concentration), and the lead car brakes sharply,
he may during the time T approach so close to the lead car (k+kj)
that he is forced to brake to a complete stop even though the
lead car did not actually stop.

To illustrate graphically how density perturbations can grow
into stoppage waves, the full quasi-linear differential equation
(2.12) is solved numerically as an initial value problem.

Assuming that for t=0, k(x,0) is given by:
2,2
k(x,0) = kO + kl exp [—x /C ] (2.20)

The distribution (2.20) is designed to simulate a long line of
traffic of uniform density ko which contains a "hump" of peak
density ko+kl and which is approximately 20 long. In Figures
2.1 through 2.6 we have plotted k(x,t) for t = 0, 2,

4, 6, 8, and 10, for ko = 130/mi, kl = 30/mi and ¢ = 5Ct. The
concentration is plotted as a function of x/Ct. The jam concen-
tration kj was 208/mi while km was 77/mi so that ko>km. The
sequence of graphs clearly shows that the initial density per-
turbation centered at x=0 produces a virtual traffic stoppage
upstream 10 delay time units later (k = 203/mi = kj for t = 10t
and x = -4 C1).

It must be stressed once again that Eg. (2.12) is based upon
the approximate equation of state (2.11) and not upon the more
exact Eg. (2.10). Nonetheless, even this approximate theory does
predict the growth of density waves and the associated traffic
stoppages. Further work is indicated. One possibility would be
to retain another term in the series expansion in t. If this is

done we obtain (to T2):

g(x,t) = C k(x,t) ln[kj/k(x,tﬁ

2 5%
C 33
t

(2.21)

ok

+ C T T

[o%
t\)'-—l
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for the equation of state for high densities. The equation of

motion for this case is then:

2
3k ok 37k
T + C % 1n (kj/ek) + CrT ST %
(2.22)
otk 5
2

8t28x

If this is analyzed for small amplitude waves, it again shows
that for k>km the waves grow until jam conditions are reached,
though at a different rate than previously. The solution of the
full quasi-linear equation, as an initial value problem, however,
requires, in addition to the specification of the density at t=0,
the value of the initial time rate of change of the density,
(8k/8t)t=0. It was decided that solutions which depended upon
(dk/9t) were overly restrictive and the matter was not pursued
further.

Before leaving this finite reaction time model, it is in-
structive to also compare it with the usual theory of instanta-
neous response, (equivalent to Eg. (2.12) without its last term).

This may be written as

ok ok

W-l- a(k) = = 0 (2.23)
where

a(k) = C ln(kj/ek) (2.24)

A solution of Eq. (2.23), valid until the function becomes
irregular, may be obtained from the set of characteristic curves
which are here straight lines and along which k remains constant.
By considering the time of intersection of any two of these
characteristic lines issuing from two points on the initial line
t=0, and taking the limit as the points approach each other, we
obtain for the time to of intersection of the characteristic

lines the equation:

-14-



- da , dk
g (x) = -1 /52« — (2.25)

Assuming the same initial Gaussian density distribution as given
by Egq. (2.20), this becomes:

t, == %;IE [ko exp(xz/oz) + k%]//x (2.26)
where ko (=130 vehicles/mile) is the average density, kl (=30
vehicles/mile) is the perturbed density, o (=5 Ct) is the initial
Gaussian distribution parameter and kj (=208 wvehicles/mile) is
the jam density.

In order to find the time at which the solution becomes
irregular, that is, the time at which the shock first forms, we
use the above values and find the extreme of to; the resulting

equation is

%%i - 1= %§ exp(x2/25) (2.27)
which has solutions X, = +3.7601 which are the spatial points of
the initial line t=0 through which the characteristic lines first
intersect. Actually, the negative solution is the physically
meaningful one, and using this, we obtain for the normalized time
of onset of the shock and associated density, the following
values: to(xo) = 28,684, k = 147.042 vehicles per mile. The
point at which the shock first occurs is obtained from the gen-

eral trajectory equation:

X, = X + a(k)t (2.28)

which yields a value of -22.496 for this point, X Thus, the
wave traveling to the left, first becomes multi-valued at time
to(xo)=28.685 delay time units at which time it has reached the
spatial point xs=—22.496 Ct units upstream. This evolvement of
the initial density perturbation is shown in figures 2.7 through
2.10 which graphically illustrate the formation of the dis-

-15-
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continuity and eventual multivaluedness of the function. Thus
Eg. (2.23), which describes instantaneous response, predicts that
an initial Gaussian density perturbation centered at x=0 will
travel upstream with constant density amplitude but with an ever
increasing density gradiant until the density becomes a point
function and finally multivalued.

Eg. (2.12), which takes into account the finite time of
reaction of response, on the other hand, predicts that the initial
Gaussian perturbation centered at x=0 will grow in amplitude until
jam conditions are reached. (This happens in about a third the
time and in about a sixth the distance of where the shock first
forms under the instantaneous theory.)

The main thrust of the finite reaction time theory then is
the inevitable growth of a density perturbation in an overdense
traffic situation (k>km) until a stoppage occurs and the impos-
sibility, therefore of stable driving conditions under such
traffic densities. Of course stoppages do not always occur under
these conditions in real world traffic situations. This is be-
cause there is a constant readjustment of driving conditions as
an initial density perturbation grows and travels upstream. That
igs, unlike the theory, where an initial density perturbation is
allowed to take its inevitable course according to the equation
of motion, in the real world situation, drivers are continuously
adjusting their driving which acts to prevent the density per-
turbation from growing to the ultimate jam condition. They are

not always successful.

2.3 ASYMMETRY OF DRIVER RESPONSE

The second theoretical model is an attempt to take into
account the fact that a driver tends to respond more strongly to
a deceleration than to an acceleration of the lead car. This
phenomenon is familiar to most of us and arises simply as a result

of our highly developed self-preservation instincts. To incor-
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porate this asymmetry of a driver's response into a dynamic theory

of traffic flow, we begin by proposing a new car-following model
which is given as follows:

2
d”x  (t+1) e [dxn_l(t) 1 dxn(t)] -
2 1 dt dt :
£E X () = x_ (%)
n-1 n
for & (X, - x)>0 and
dt€ “Yn-1 " % ey
a%x_(t+1) dx__ ()  dx_(t)
eeB Lo fesl - D0 (2.30)
2 2 dt dt )
de X (8 - x_(©)
n-1 n
d
for e (xn_l - xn)<0
and where C2>Cl
This new model has two response constants Cl and C2. The re-

sponse constant for decreasing headway (C2) is greater than the
response constant for increasing headway (Cl). (A similar model
was suggested by Newell (refs, 3 and 24).) Following the pro-

cedure outlined in Sec. 2.2, the following macroscopic relation-

ship between V(x,t) and k(x,t) (ignoring the delay time T) is

obtained: vV = Cl 1n(kj/k) [1—e(£ﬂ
3 (2.31)
+ C, ln(k./k) 0 (k)
j
where k = 3k/9t and 0(x) is defined by
a 0, x<0
6 (x) = {1, =k (2.32)

Combining Egs. (2.31), (2.32), and (2.2) with the continuity
equation (2.1l) we obtain essentially two continuity equations

which are:

ok
et G

ok _ .
ln(kj/ek) = = 0, k<0 (2.33)
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and

Sk 3k :
5?4' C2 ln(kj/ek) K— 0, k>0 (2.34)

%% + a(k) %5 = 0, have been

extensively studied (ref. 25) and admit of implicit solutions of

Differential equations of this type,

the following form:

k(x,t) = ¢[X-ta(ki] (2.35)

where k (x,0) = ¢(x) as discussed previously. Equation (2.35)

represents a nonlinear wave. The speed of propagation is given
by a(k). BApplying these results to Egs. (2.33) and (2.34) shows
that, in traffic, there are actually two wave speeds, al(k) and

a2(k), which are given by

al’2 E Cl,2 ln(kj/ek) (2.36)
Notice that a,>a,. Consequently, a deceleration wave (ﬁ>0)
travels more rapidly than an acceleration wave (k<0). This

phenomenon has been experimentally observed by several investi-
gators. Other consequences of this model that may be emphasized
are that the velocities and flows are multivalued functions of

concentration, and specifically, that
V2/Vl = q2/ql - q2max/qlmax - c2/Cl>l (2.37)
where

i max = Cikj/e’ i=1,2 (2.38)

We thus see that the wave speeds, the flows, the velocities, the
velocities at maximum flows and the maximum flows are all dif-

ferent in accelerating and decelerating traffic. Some of these

phenomena have been observed in the Holland Tunnel traffic data
which will be reported on in the next Section and which may help
explain the apparent failure of theoretical g-k curves, in which
g = £f(k), to adequately account for the observed flow-concentra-

tion relationship.
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We feel that this two-state theory should be developed
further, perhaps in conjunction with the driver reaction model,
to produce more realistic models of traffic flow. One possibil-
ity would be simply to combine finite time dependence and con-
centration gradient dependence into one theory. For example,
the velocity at time t may be written as some function of the

concentration and concentration gradient at an earlier time:
Vix,t) = F k(x,t-1), E(x,t—Tﬂ (2.39)

where the precise functional dependence on k may or may not be
logarithmic, and the functional dependence on k may be continuous
or it may take on only one of two values as before. We could then
expand k and k in a power series in T to obtain an approximate
representation for the velocity and then proceed as before

to obtain the equation of motion and its solutions.

Whether this or some other method is used, however, it is
believed that the observed phenomenon of asymmetry and the ex-
istence of a finite reaction time are sufficiently important to
warrant their inclusion in any realistic theory of collective
traffic flow.
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SECTION 3
ANALYSIS OF TRAFFIC FLOW DATA FROM THE HOLLAND TUNNEL
IN NEW YORK CITY SHOWING A SLOWDOWN WAVE

3.1 INTRODUCTION

The Holland Tunnel traffic flow data which we shall discuss
was made available to us by R. Foote of the Port Authority of
New York.

Transducers which generated this data were pairs of photo-
cells situated 13 feet apart at a given observer station. The
data was taken in March, 1964, in the fast lane of the Holland
Tunnel South Tube, at observer stations 4 and 5 which enclosed a
section of roadway 483 feet long ending at the foot of the up-
grade. Figure 3.1, from articles by Foote and Crowley (refs.

26 and 27), shows a layout of the Holland Tunnel and the loca-
tions of stations 4 and 5. From the raw data consisting of the
arrival and departure times of each vehicle at the two fixed
points monitored by the pair of photocells, various parameters
of the traffic flow were computed by the Port Authority of New
York. These are the time and space headways, the velocity at a
given station, the acceleration, the density associated with a
vehicle, and the flow. (The procedure for obtaining these para-

meters is described in Ref. 28.) This data is analyzed below.

3.2 ARRIVAL TIME AND SPACE-TIME GRAPHS

At 4502 seconds (or 1 1/4 hr.) after the beginning of the
recording of this set of data a slowdown (or stoppage) wave
appears to have arrived at station 5; the following and all sub-
sequent analyses will largely be confined to this portion of the
data. Figure 3.2 shows for this period a plot of the arrival
time of a vehicle at stations 4 and 5 versus the vehicle number.
The graph shows a discrete curve for the upstream observer at
station 4 and a similar curve displaced in time for the downstream

observer at station 5. The horizontal separation of the curves is
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indicative of the transit time experienced by individual drivers;
the slope of the curves indicates the vehicular flow rates at the
observation stations. If horizontal lines are drawn connecting
the arrival times of vehicles at the two stations (as shown in
the figure) then at any given time the number of intersections
that these lines make with a vertical line position at the given
time point will yield the number of vehicles in the section of
roadway between the two stations. The time headway of a vehicle
is defined as the time of arrival of a vehicle at a station minus

the arrival time of the preceding vehicle.

HWT, = T, - T;_; (3.1)

Inspection of Figure 3.2 shows that the time headways at station
5 increased sharply beginning with vehicle number 1643. Since
the slope of the curve is proportional to the flow, we see that
a wave of attenuated flow (lowér slope) reached station 5 at
around 4504 seconds. This is followed by a period of relatively
lower flow. A similar attenuation of flow occurred later at
station 4, at around 4533 seconds. It is conjectured that a wave
of attenuated flow has traveled from stations 5 to 4 in 29
seconds with a speed of 16 ft/sec (11.4 miles/hr). When a wave
of actual stoppage occurs, the jam density can be computed by
taking the number of vehicles passed by the stoppage wave in
traversing two spatial locations and dividing this number by the
distance between the two locations (Edie and Baverez, Ref. 29).
It is not possible from the method of taking the data to deter-
mine whether the vehicles came to actual stops although there is
reason to believe that this happened. Assuming that a stoppage
did happen and using the above method we obtained a jam density
of 218.6 vehicles/mile and a jam headway of 24.2 ft. This is
close to values obtained by other studies on Holland Tunnel
traffic.

We wish also to obtain a very rough estimate of the width

of the slowdown or stoppage density wave. We shall assume the

-24-



wave to have a uniform, time invariant width w and a jam density
kj. Outside the spatial interval where the density is kj let

the density have a spatially uniform value k. Consider the
stoppage wave to be entirely inside the section between locations
4 and 5. Then

kjw + k(D~w) = N (3.2)

where kjw is the number of vehicles in the portion of the road-
way occupied by the stoppage wave and k (D-w) is the number of
vehicles in the remaining portion, and N is the total number of
vehicles in the roadway. From the procedure described in the
preceding paragraph we obtain a jam density kj = 0.0414 veh/ft;
the average density k = 0.0135 veh/ft, and the distance D between
locations 4 and 5 is 483 feet. From the data we have also N = 11.
Then using the above equation we ohtain a stoppage wave width of
161.3 ft. (one third the length of the section) within which are
6.7 vehicles. While this shock wave width calculation is a rough
estimate since the actual wave is not uniform in space and also
may change in time, it does give a good indication of the sever-
ity of the shock wave causing degradation of the flow in the
tunnel.

Another way of plotting the data is given in Figure 3.3
where the arrival time of vehicles at stations 4 and 5 are dis-
played in a space time diagram. Connecting lines are drawn be-
tween the space-time points of each vehicle at locations 4 and
5 -- the slope of these lines then gives the average speed of the
vehicle in travelling between 4 and 5. The number of vehicles in
the section between the two stations can be determined graphically
at any time by drawing a vertical straight line through the time
point and counting the number of intersections that the connecting
lines make with this vertical line. Traffic slowdown shows up in
this type of diagram in the slopes becoming less steep. This is
observed beginning approximately with car number 1643 at 4504

seconds and continues until approximately 4535 seconds when the
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slopes increase again to their normal values following the passage
of the shock wave. Either type of graph, Figure 3.2 or Figure
3.3, then, can be used for analysis of the slowdown. If, in addi-
tion, the stretch of roadway were monitored by a number of ob-
servers, the actual trajectory of the shock wave could be traced

in the flattening of the slope of the connecting lines.
3.3 TIME AND SPACE HEADWAYS

In Figure 3.4a and 3.4b are shown the vehicular flow, de-
fined as 1/time headway, versus time at stations 5 and 4. This
presentation shows the onset of attenuated flow but, as expected
with individual vehicles, there is considerable scatter. Similar
scatter appears in the vehicular density data. In order to ob-
tain smooth curves, running averages were taken over groups of 5
vehicles for the various traffic parameters. The average value
versus the time of passage of the middle vehicle in the group of
five is plotted. 1In Figures 3.5, 3.6, and 3.7 are shown running
averages of vehicular density, speed and flow versus time.

The average density plotted in Figure 3.5 is given by the

equation

N
K = szsy Z (HWT)i/N (3.3)
i=1

where the space headway in feet is

(HWF)i = (HWT)i Vi (3.4)

HWTi is the time headway in seconds and v, is the speed of the
ith vehicle in feet per second. N is 5, the number of vehicles
in the group. k is given in number of vehicles per mile (5280
being the conversion factor).

The vehicular space mean speed in Figure 3.6 is given by

the equation

-2 7-
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N
V = 0.6818 N/ E (l/Vi) (3.5)
i=1
where 0.6818 is a conversion factor which yields V in miles per
hour.

The average vehicular flow in Figure 3.7 is given by the

equation

N
Q = 3600 N/Z HWT (3.6)
i=]1

where 3600 is the conversion factor which yields Q in number of
vehicles per hour. The above procedure for obtaining average
values is not the only possible one. A discussion of various
methods for obtaining relationships between traffic flow, con-
centration and speed and methods of taking averages is given
later and in Ref. 30.

Inspection of the average density and speed at stations 4
and 5, Figures 3.5 and 3.6, shows, as expected, a decrease in
speed accompanying an increase in the density. The minimum
average speed occurred at station 5 at 4506 sec. and at station
4 at 4551 sec. The. time interval between the two times being
45 sec. The minimum speed is less than 10 miles per hour and is
less than half of ordinary speeds.

We may consider the flow at a location as a product of the
density and speed at that location. The times of minimum average
flow, Figure 3.7a and b, coincide with those of minimum speed,
Figures 3.6a and b. The second minimum flow at station 5, oc-
curring at time 4560 sec, Figure 3.7a, on the other hand, appears
to be partly due to the minimum in vehicular density at the time
(see Figure 3.5a).

In general, the figures may be looked at in pairs, for ex-
ample 3.6a and 3.6b, and as a sequence, for example, 3.5a, 3.6a,
and 3.7a. As pairs, we obtain a qualitative understanding of the
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effects of the stoppage wave as it propagates upstream from
station 5 to station 4. In the pair 3.6a and 3.6b, for example,
we see that the low velocity condition appears first at station
5, then at a later time at station 4 as the shock wave travels
upstream from station 5 to station 4. Similarly in the pair 3.7a
and 3.7b we see the effects of the shock wave in the reduced flow
it causes at station 5 and later at station 4. In Figure 3.7a,
the first flow minimum is the one associated with the shock wave.
The second flow minimum is simply due to a reduced density at
constant velocity. The figures when viewed as a sequence on the
other hand, give (qualitatively) the relationship between the
density, flow and speed at any one station. For example, in the
sequence 3.5a, 3.6a, and 3.7a we see the high densities, and
corresponding low flows and low speeds associated with the shock
wave as it passes station 5. Similarly, though with somewhat
more ambiguity, the sequence 3.5b, 3.6b, and 3.7b depict condi-

tions at station 4.
3.4 0-K CURVE

At this point it is interesting to digress for a moment from
just the slowdown period and see what the general conditions were
like when the data was taken and how the slowdown period fits
into the total period. This is best done with a flow-density
curve. The flow-density relationship, obtained from the data of
the entire hour-and-a-half run, is shown in Figures 3.8a and
3.8b in which the average flow is plotted against the average
density (30 second averages). Several things may be noted from
this overview, first, we see that the general traffic level dur-
ing the run was only moderately heavy, for the most part lying
below maximum flow. Apparently the one slowdown period observed
in this run occurred against a background of only moderately
heavy traffic, triggered perhaps by an abnormally high flow rate

preceding the slow down.
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There is a greater scatter in the points around maximum f£low
compared with that at the lower densities. This is probably
indicative of relatively unstable conditions there and the exist-
ence of a multivalued Q-k relationship. We further note the
greater scatter and greater number of high density points at
station 5 (Figure 3.8b) compared with station 4 (Figure 3.8a).
This conforms to the pattern expected from locations upstream of
a bottleneck (Ref. 14) (as is station 5). The observed scatter
and larger densities here undoubtedly are due to a number of
small shocks forming at the bottleneck and the observed lower
flows due to the corresponding congestions. It is believed that
the one large shock or slowdown observed in this run had its
origin at the bottleneck, traveled back to station 5 and was
sufficiently strong to arrive some 500 feet further upstream to
station 4 as shown in Figures 3.2 through 3.7.

It is now of interest to examine the flow and speed in some-
what more detail as a function not only of density, but also of

its first derivative.
3.5 EVIDENCE OF ASYMMETRICAI RESPONSE

The flow and speed are examined as a function of density
for the case when the density is increasing and decreasing in
time. From the average flow and density plots for station 5
around the time when the shock wave reached and passed the sta-
tion, (Figure 3.5a and 3.7a), we have plotted the flow versus the
density for a sequence of time points in Figure 3.9. Arrows in
the lines connecting the data points indicate the direction of
increasing time. The curve in Figure 3.9 is composed of two
parts. First, that segment from 1 to 3 when there is a trend of
increasing density, i.e., when the density wave approaches sta-
tion 5, and secondly, that segment from 3 to 5 when there is a
trend of decreasing density, i.e., when the density wave passed

station 5. The illustration shows that for the same value of
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density there is a larger flow for the case of increasing density
in comparison with the flow for the case of decreasing density.

A similar plot for the space mean speed versus the average density
is given in Figure 3.10. This figure shows that there is a larger
speed for increasing density in comparison with the speed for de-
creasing density. This behavior is consistent with the flow,
speed and density relationships expected when two kinds of acce-
eration response strengths exist, (Figures 3.1l and 3.12). The
average driver finding himself in increasing traffic density has

a stronger magnitude of deceleration response in comparison to

the magnitude of acceleration response of a driver who finds him-
self in decreasing traffic density. This asymmetrical behavior
might help explain the large scatter and multi-valuedness men-
tioned previously in connection with flow-density relations in
Figures 3.8a and 3.8b. 1In any case, it is evident that such
asymmetrical behavior does occur and Figures 3.9 and 3.10 indi-
cate qualitative agreement with theory, predicting higher flow

and speeds when the density is increasing.
3.6 TRAFFIC PARAMETERS PERTAINING TO A LENGTH OF ROADWAY

In addition to the time and space headway calculations of
flow, speed, and density we may also consider, as Greenberg did
(Ref. 31), the traffic parameters pertaining to the length of road-
way between the two stations where the data was taken. A computer
program has been developed for this purpose which computes the
following parameters:

(1) The number of vehicles in the section of roadway at

the time when a given vehicle enters the section, Ni'

(2) The average density at this time, ki e Ni /D.

(3) The transit time of the vehicle, Ti‘

(4) The flow at the end of the section averaged over the

transit time, Qi = Ni/Ti'

(5) The average velocity of a vehicle in traversing the

section of roadway, Vi . D/Ti. (D is the length of the

section.)

_38_



(o) INCREASING DENSITY

e

FLOW——»

(b) DECREASING DENSITY

DENSITY —————» ,
Figure 3.1l1.- Schematic of theoretical flow vs density

curves assuming different response strengths
for increasing and decreasing density.

(o) INCREASING
DENSITY

SPEED

{b) DECREASING
DENSITY

.

DENSITY ——»
Figure 3.12.- Schematic of theoretical flow vs density

curves assuming different response strengths
for increasing and decreasing density.

-39~



In Figures 3.13a and b are shown the number of vehicles in the
section of roadway between the time when the ith vehicle entered
the section and the time when it left the section. Figure 3.13c
shows the change in number of vehicles in the section during the
time of transit of the ith vehicle. These graphs are useful for
finding correlations between any increase in the number of vehi-
cles in the section and the transit time and flow through the
section. When the number of vehicles in the section increases

due to the shock wave during the transit time of the ith vehicle
(Figure 3.13), the transit time of the ith yehicle increases
(Figure 3.14) and the flow associated with the ith vehicle de-
creases (Figure 3.15). However, it should be pointed out that
while it is meaningful to relate Ni to Ti and Qi when the number
of vehicles in the section does not change greatly during the

time interval of transit, a degree of ambiguity does exist when

a large change occurs. When a large change in the number of
vehicles in a section occurs, the intervals of integration --

the spatial length between the stations and the time of transit --
set a limit on the resolution of the traffic parameters and the
relationships among them., A vehicle may enter a section at a

time when there are very few vehicles in the section and encounter
a shock wave after travelling, say, three fourths through the
section. Most of the transit time then may be due to the slow-
down in travelling through the last quarter of the section. None-
theless, we can obtain correlations of general trends of the
traffic parameters even though a certain amount of imprecision
will have to be accepted. These correlations are shown in Figures
3.13 to 3.16 where we have plotted N, T, Q, and V versus the

vehicle number. Figure 3.14 shows that the transit time between

stations 4 and 5 starts to rise beginning with the time vehicle
#1643 arrives at station 5. This is indeed the first vehicle
where the flow begins to fall at station 5. Figure 3.13a shows,
correspondingly, that the number of vehicles in the section of

roadway begins to increase at this time. The figures also show
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that after a maximum number of eleven vehicles in the section is
reached, there is a subsequent rarefaction down to 4 vehicles.
This effect is also seen in Figure 3.15 where there are two flow
minima; the first is associated with the increase in transit time,
while the second is associated with the rarefaction in vehicle
number which followed the number build up. Whether or not this
rarefaction with its resultant overcorrection of the high density
situation, is a common occurrence after such a density build-up,
is not known and would require a more extensive study.

In addition to this set of graphs in which the section
traffic parameters were plotted against the vehicle number in

order to show the relationship between number build up, transit

time and flow of individual vehicles traversing the section, these
section traffic parameters can also be plotted against time. This
would show the relations between the parameters at any given time
and might therefore, be somewhat more useful for the implementa-
tion of a real time control system. These plots of number of
vehicles, transit time, average speed and average flow versus

time are shown in Figures 3.17 through 3.20. Figure 3.17 shows

the number of vehicles in the section at the time a vehicle

enters that section versus the time of entry, i.e., versus the
time at which the vehicle reaches station 4. We see that the
number of vehicles in the section begins to rise substantially
at around time 4500 seconds. Now the ith vehicle traverses the
section in a time of transit T and the question arises as to
what is the meaningful time against which this transit time
should be plotted. For example, if we plotted the transit time
at the time of entry into the section, then when a shock wave
passes the exit station and travels towards the point of entry,
it would appear as if the transit time increased before the
density began to build up. This is because the transit time
becomes lengthened as the vehicle encounters a shock somewhere
within the section and this lengthened transit time would appear

to occur before the density build-up if plotted at a time earlier
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than when the shock entered the section. One alternative would
be to plot the transit time at the average time of transit
through the section. While this is still imprecise since we do
not know exactly at what time and at what distance through the
section the vehicle first encounters the shock, it should yield
reasonable results for sections, like the one here, which are not
too long. This is done in Figure 3.18. Comparing this figure

with Figure 3.17 we see that the transit time rises at about

the same time that the number of vehicles in the section rises.

The average velocity in traversing the section, which is in-

versely proportional to the transit time, is shown to correspond-
ingly decrease at this time (Figure 3.19). Finally, in Figure
3.20 where we have plotted the flow at station 5, averaged over
the transit time of the ith vehicle, versus the middle of the
transit time, we find the same two flow minima as previously seen
in Figure 3.15 where flow was plotted as a function of vehicle
number. The first flow minimum which occurs at around 4500
seconds is related to the reduced speed in the congestion while
the second minimum is due to the rarefaction in the number of
vehicles which followed the initial section congestion as dis-

cussed previously.
3.7 SUMMARY

Data on traffic flow through a section of the Holland
Tunnel in New York, shows what appears to be a slowdown wave
in the section. This was examined by means of graphs of
arrival times of vehicles at the entrance and exit points of the
section, and by space-~time diagrams, (Figures 3.2, 3.3). The
graphs displayed the transit times of individual vehicles as well
as the flow rates and densities, and analysis confirmed the
existence of a slowdown wave which travelled upstream from the
exit to the entrance of the section (483 feet) in twenty nine
seconds with a speed of 16 feet per second (1l1l.4 miles/hour).
From the slowdown, a jam density of 218.6 vehicles/mile and a
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jam headway of 24.2 feet were computed as well as a shock width
of 161.3 feet which contained 6.7 vehicles.

This confirmation of the slowdown wave and analysis of its
properties was followed by a study of the relationship between
flow, density, speed and transit time, immediately preceding,
during and following the slowdown. For this purpose, average
flow, density, and space mean speed measured at the entrance and
exit points and defined in terms of time and space headways were
plotted against time by using running averages over groups of
five vehicles. The graphs (Figures 3.5 through 3.7) showed the
effects of the slowdown wave (effects such as low velocity and
low flow) appearing first at the exit station and later at the
entrance point. They also showed the low flow, low velocity, high
density relationship that prevaiied at each of the stations during
the passage of the wave.

These graphs were supplemented with a general flow-density
curve (Q-k curve, Figure 3.8), which showed a pattern consistant
with that obtained previously for conditions upstream of a bottle-
neck for station 5 (exit point).

The graphs were also supplemented by curves of flow, number
of vehicles, transit time and speed versus both vehicle number
and time, (Figures 3.13 through 3.20). 1In these, the flow, den-
sity and speed were defined in terms of the length of the section
(Greenberg method). This type of analysis of the slowdown yielded
such quantities as the change in the number of vehicles in the
section during the transit time of a particular vehicle, the
transit time, and average velocity of the vehicle through the
section as a function of vehicle number and time, and the flow
averaged over the transit time as a function of vehicle number
and time. The efficiency of these different methods for analysis
of traffic flow were discussed particularly in regards to the
amount of precision that can be expected in establishing corre-
lations between density build up, lengthened transit time, re-
duced velocity and reduced flow during the passage of the slowdown
wave.
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Finally, we presented some evidence for an asymme t—
rical acceleration response during the passage of the shock wave.
Plotting average flow and speed versus density for a sequence of
times when the density was increasing and when the density was
decreasing, it was found that for the same value of density there
is a larger flow and a higher velocity when the density is in-
creasing in time than when it is decreasing. This is in agree-

ment with theory as discussed in Section 2.
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SECTION 4
TRA FFIC FLOW ANALYSIS OF CALLAHAN TUNNEL

4.1 INTRODUCTION

This Section is a report on measurements of traffic flow
through the Callahan tunnel in Boston. The Callahan is one of
two tunnels in Boston which connect the city with East Boston
and Logan International Airport. The other is the Sumner tunnel
which carries traffic in the opposite direction, from East Boston
and the airport into the city. Together the two tunnels handle
approximately 70,000 vehicles on their four lanes in a normal 24-
hour period, the peak traffic flow for each tunnel being typi-
cally between 2850 and 2900 vehicles per hour. This traffic is
made up predominately of passenger cars with truck and bus traf-
fic constituting a small percentage of the total traffic. The
truck and bus traffic in the truck Zlane of the Callahan measured
11 percent of the total vehicular traffic in that lane (only 0.62
percent were buses). This may be contrasted with the traffic in
the Holland tunnel (cf. Section 3) where trucks and buses make
up a much larger portion of the total traffic. The Holland tunnel
differs from the Callahan in another way which may be important:
In the Holland tunnel the toll booths are on the entrance side of
the tunnel while in the Callahan they are on the exit side. 1In
the jargon of mathematical theory, it can be said that different
boundary conditions exist and that the optimum densities, flow
and speeds would be different for the different tunnels even
though one dynamical theory of traffic. flow may apply to both
roadways. The data supported this, the numerical values did
differ, but the basic relationships remained the same.

The question arose on the best way to take the data for the
program. Unlike the New York studies conducted by the Port
Authority itself, our work was in somebody else's tunnel. Al-
though complete cooperation, encouragement and help were accorded

by the Massachusetts Turnpike Authority, there were still some
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selfimposed constraints; such as, for example, not breaking up
the roadway, which the installation of accurate automatic sensors
such as the photoelectric cells and induction loops used in New
York might require. For this reason and also because this part
of the study was to be only the first phase (the so called
"manual" phase), we performed the measurements without the aid
of such automatic sensing equipment. Nonetheless, a reasonably
high degree of accuracy was needed to derive flow, speeds, and
densities from the measurements. To achieve the required degree
of accuracy a number of previous schemes were investigated. One
such was an early method used by the Port Authority of New York
in which 15-second time slots were delineated and the number and
types of vehicles passing the observer in that time slot were
recorded. This method is subject to a maximum error of a half
minute which occurs when only one vehicle appears in the 15-
second time slot. For a mile long tunnel with typical transit
times of two minutes or so, there could be as high as 25 percent
errors. Even though the likelihood of such errors was small be-
cause most measurements would be taken during the high density
peak hours, the few times when low density measurements would be
needed made it desirable to look for an alternative method.

The method chosen simply produced a continuous time history
of the arrival and departure times of vehicles entering and
leaving the tunnel section under observation. This was done with
the aid of two strip-chart recorders (Sanborn 299 and Hewlett
Packard 320) and two car identification boxes as shown in Fig-
ure 4.1, (see also Section 1, paragraph 1.2). The recorders had
60 Hz timers so that inconsistent or inaccurate chart speeds
would be known and could be compensated. (It turned out that in
a half hour run the chart speed typically, would be off by a
minute or so, though this would vary from run to run.) With this
independent check of the times, and with the vehicle identifica-
tions, it was possible to obtain the transit times of individual

vehicles with sufficient accuracy to derive all the quantities

-50-



* I9pPIODDI
P 3Ieyo dTII3S pue SO9XO0J UOTIBOTITIUSPTI ©TOTUsa 3o ydeaxbojzoyg

"Iy 2anbta

-51-



that would be of interest in the different experiments that were
planned under both high and low density conditions.

The measurements were all taken from the catwalk by two or
more researchers stationed along the walk. The observation sta-
tions are shown in Figure 4.2. At each of these stations the ob-
server was equipped with the strip chart recorder, the vehicle
identification box, the 60 Hz timer and a synchronized stop watch.
At the synchronized start time, the researchers would cause the
pen of the timer to record this time on the chart paper and the
taking of data would begin. As the front bumper of a vehicle
passed in front of the observer and the appropriate button on
his vehicle identification box was depressed, the time would be
recorded on the chart paper (which was moving with a speed of a
S5mm/sec.) as a line mark of one of four possible lengths, denoting
a car, bus, taxi or truck. This enabled the determination of
the transit time of any particular vehicle since a pattern re-
cognition could be made from the recordings taken at the entrance
and exit stations. For example, a car followed by a truck, two
cars, a taxi, three cars and a bus might be one pattern appearing
on both chart papers. This would pretty much assure us that a
lane-change had not occurred and that the vehicle whose time we
had recorded on entering the section was indeed the same vehicle
whose time was recorded on leaving the section.

From this raw data of arrival and departure times of vehicles
we obtained the various flow, speed and density averages shown
in the figures of this Section. These averages were calculated
with the aid of a computer program which was written to both
calculate and plot the quantities.

Two experiments were performed in the tunnel. In one ex-
periment it was desired to obtain a tunnel traffic profile to
determine the degree of homogeneity of the roadway and to see if
a single flow-concentration relation and a single tunnel capacity
could be defined. 1In fact, the data showed that it was not possi-

ble to define a single capacity for the tunnel; rather, several
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capacities were found to exist which were different for the dif-
ferent sections of the tunnel. This fact is important for the
implementation of an effective control system for the tunnel. If
the section capacities differ, then the flow, speed, and density
readings from one section of the tunnel would require different
control procedures than from another. Readings of high densities
from a low capacity section would require different control pro-
cedures than the same readings from a high capacity section:
worse yet, a control based on one density reading for the tunnel
as a whole could lead to an unexpected and deleterious response.
A traffic flow profile of the Callahan tunnel therefore was con-
sidered to be an important and necessary precursor to the imple-
mentation of a system to control the tunnel throughput. These
profile measurements, however, probably should be supplemented
with data taken simultaneously at a larger number of stations
than was possible in our experiments. This is possible, prac-
tically, only by the installation of some form of automatic data-
taking equipment.

While most of the data was taken during the peak hours
where control is most likely to be used, in a second experiment,
some low density data was taken to "fill out" the Q-K curve. This
allowed examination of the flow-concentration relation as a whole.
The analysis also includes a discussion of the effect of shock
waves on the flow-concentration relation, the relationship between
flow, speed, and density with and without a shock present, and
the shape and continuity of the curve near the transition flows
when the densities are just below and just above optimum,

The traffic flow profile is discussed first, in paragraph
4.2. This is followed by an analysis of slowdown waves in para-
graph 4.3. 1In paragraph 4.4 there is a discussion of the flow-
density and velocity-density relations as measured and these are
compared to the case when the observed shock waves have been

removed from the data.
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4.2 TRAFFIC FLOW PROFILE

4.2.1 Introduction

The Callahan conveniently separates into three sections as
far as traffic flow within the tunnel is concerned. These sec-
tions are the beginning section which covers the distance between
the entrance portal and station 1, located before the foot of the
downgrade, the center section which is between station 1 and
station 3, and the end section which is between station 3 and the
exit portal, B (see Figure 4.2). Within the center section, the
roadway between stations 2 and 3 encloses the foot of the upgrade,
generally considered a bottleneck in the tunnel.

The traffic flow through these sections is examined by com-
paring minute average maximum flows; Q-K curves, V-K curves: and
section densities and section speeds. It is found, in general,
that the beginning section has the highest capacity, the middle
section the lowest; that the speeds are greatest in the beginning
section and that they increase there, as expected, with decreasing
density; that the speeds are lowest in the middle section and in-
crease there only somewhat with decreasing density; that the
speeds pick up again in the end section and remain relatively
constant, almost independent of density there. The implications

of these findings will be discussed.

4.2.2 Definitions

The following quantities are used in the profile analysis:
N, - Section vehicle number. This is the number of vehicles in
the section of roadway between two observer locations in the

th vehicle entered the section.

tunnel at the time when the i
T. - Transit time between two stations. This is the time required

for a vehicle to travel from one observer location to another.
V. - Average speed of a vehicle travelling between two stations.

This is given by v, = D/Ti where D is the distance between

the two locations and Ti is the transit time.
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Qi - Flow average over the transit time. This is given by Qi e

Ni/Ti' It is the flow at the exit of the section being

observed.

Ki - Average density in a section. This is given by Ki = Ni/D'

QK - Mean flow for a given density. When data points of Qi versus
Ki are plotted, the values of K, are discrete in magnitude
since the number of vehicles in the section is an integer.

We compute the mean value of the flow for all the data points
having the same value of density.
m
Qx =Z Qg (3)/m (4.1)
J=1
where j indicates the jth data point and m is the number of
data points for a given density. In order to have some measure
of the scatter around the mean flow, we define a standard
deviation, o 1/2
> [ - o] ?
K K
o = | 3= (4.2)
m
In the graphs a vertical line of length 2¢ (#0) has been
drawn through the mean flow points GK'
VK - Mean speed for a given density.
Tﬁ - Mean transit time for a given section vehicle number,

In concluding this section it should be stressed that the
observation techniques employed in the Callahan tunnel are such
that only the average density and the average speed over an ob-
served section can be obtained but not the density, speed, and

acceleration at a single spatial point in the tunnel.

4.2.3 Sections of Tunnel

Figure 4.2 shows a side and top view of the Callahan tunnel.
The entrance portal is at A and the exit portal is at B. Measured

from a zero reference point where the Callahan tunnel property
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begins, the distances at the various observation stations are
given in Table 4.1. Also given are the normalized distances

measured from station A.

TABLE 4.1 LOCATION OF OBSERVATION STATIONS

Station Normalized Distance (feet)
A--—mm—— 801-- (Entrance Portal)—==—=——=————ceeeameoo 0
li-=-==-=-- 2035—==————— e e 1234
l-——————- 2060-- (Boston Guard Booth)-=--=—-==--eme——e- 1259
L= 2370 e 1569
lp——=——-—- 2706—————————— e 1905
lg-— s === Bl e e e e e — e 2209
=== 3325--(Center Guard Booth)---———=—wm—ne—-- 2524
K e 4585--(East Boston Guard Booth)-----—=---- 3784
3g————--—-- PREI0——— 9 ST EE —— - — T & & S5 ST St 4735
Bp==mm=m—m 584 3 m m 5042
By-———==== oL e 5063
B--——=—-=-- 5870--(Exit Portal)----—---—~————=———————— 5069

In Table 4.2, for convenience, are listed the runs taken and some
of their characteristics. Runs 7, 11, and 12 are not included as
the data from these runs were not usable for a variety of reasons

such as the timer not working.

4.2.4 Capacity Profile

First a profile of the flow capacity of the Callahan in-
cluding the locations of lowest flow capacity is obtained. To
determine this, ideally there should be observers stationed along
the tunnel taking simultaneous measurements. This was impractical
due to limitations on equipment amd manpower availability. Instead,
approximations of these simultaneous measurements, with several
runs taken on different days are used. This was done if the times
of these runs were approximately the same, falling between 4:15 pm

and 5:00 pm and if the minute flows when averaged over the entire
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run were approximately the same, falling within the range of 22
to 23 vehicles per minute. It is believed that this approxima-
tion should give the relative section capacities correctly, how-
ever, they should be verified by simultaneous measurements in
future work.

The next question that comes up concerns itself with types
of averages that should be taken. For example, it would be de-
sirable to compare section densities and speeds. For this pur-
pose two types of averages were considered. In the first type
the average of the density, Ki’ or the average of the speed, Vi
is computed over the entire run; and in the second type, a time-
weighted density and a time weighted speed is taken. The second
type of average is physically more meaningful since theoretically
during a stoppage, vehicles may be stationary in a section for a
long time so that the time weight of this density or speed should
be taken into account.

These time weighted averages are shown in Figures 4.3a and
4.3b. In Figure 4.3a the section density is plotted for the
different sections in the tunnel. The arrows on the lines in
the figure indicate the spatial extent between the two observers
for each run. For example, in run number 10 one observer was at
station A and the other at station 1, the distance between them
being 1259 feet.

The plot clearly shows the vehicle density in the tunnel to
be higher in the middle section of the tunnel than in the be-
ginning and end sections. In the beginning section, covering
the distance between the entrance portal and about 2/3 through
the downgrade portion, the observed section density is seen to
be considerably lower than that in the middle part of the tunnel.
The section density in the last quarter of the tunnel decreases
again somewhat from the high values found in the middle. This
asymmetry in the measured densities in the different parts of
the tunnel should be reflected in the speeds with which vehicles

traverse these different sections. Such was found to be the case.
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Figure 4.3b shows the time-averaged section speed averaged over
the entire run versus the spatial extent of the corresponding
section. The plot shows the average section speed to be highest
in the beginning section of the tunnel and that the speed drops
sharply near the foot of the downgrade and remains low until well
into the upgrade, increasing somewhat toward the exit portal.
Taking the two figures together, the general trend of density is
seen as varying inversely with the speed. A driver upon entering
the tunnel soon finds himself in a relatively low density situa-
tion, travelling at a nice clip; on reaching the end of the down-
grade however, he finds himself in a much more dense traffic
situation and travelling at much slower speeds (often having to
decelerate rapidly to adjust to the situation, as observed from
the catwalk); finally, the driver finds he can begin to pick up

a little speed as he gets well into the final quarter of the
tunnel where the density of traffic becomes somewhat less than

in the center of the tunnel.

The maximum flow at each of these observation stations was
determined by taking the data from each run and subdividing the
time during the run into one minute intervals. The flow during
the minute intervals at the two observation stations were then
determined and the maximum minute flow was recorded. For each
station a mean value of the maximum minute flows was computed by
averaging over all similar runs. The result is shown in Figure
4.3c. The maximum flow capacity increases slightly as one proceeds
from the entrance portal at A into the tunnel and then decreases
sharply at the region around the foot of the downgrade (around
station 1l,). The maximum flow capacity then remains constant until
it decreases slightly near the exit portal (Station B). It thus
appears that the Callahan tunnel is a non-~homogeneous roadway
with a traffic flow capacity which is largest in the first quar-
ter of the tunnel where the speeds are also highest and the den-
sities lowest; the traffic flow capacity of the tunnel decreases

sharply near the foot of the downgrade and remains relatively
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constant except for a slight decrease in the last quarter. The
graphs show, then, that an effective bottleneck exists beyond the
downgrade section where the capacity drops rapidly, the density
rises, and the speed falls,

This information on the capacities of the various sections
is essential for assigning proper weight to sensor-measured den-
sities and speeds when these are to be used in determining cer-

tain controls on input traffic.

4.2.5 Q-K Relations

In addition to having these section density, speed, and
maximum flow plots to determine the relative magnitudes of the
different section speeds, densities and flows, it is also impor-
tant to obtain the individual Q-K and V-K relations for each
section. With these relations it could be seen directly whether
the flows and speeds for the individual sections were occurring
for densities below or above optimum, and if these relationships
between flow, speed and density were functionally the same in the
different sections, This is important in establishing the
different sensitivities of the sections to imposed changes in
density and flow., If the density in a section consistently
measures well below km’ then the section obviously can handle
a higher input of vehicles without causing unstable traffic
flow; on the other hand for a section in which the flows are
consistently around the transition point, even slight increases
in density could make the traffic unstable; similarly if the
speed varies only slightly with density in one section while
it does so rapidly in another, changing the density will have
different effects on the speeds in the two sections. It is well
to compare the different sections, bearing in mind, however,
that the sections are not independent but form a coupled system.

The different Q-K curves are shown in Figures 4.4 through 4.11.
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Figure 4.4a gives a plot of the flow averaged over the
transit time as a function of the average section density Ki for
run number 10. This run is for the beginning section of the tunnel
extending from the entrance portal at A to station number 1, a
total distance of 1259 feet.

Figure 4.4b gives, for the same run, the mean flow for a

given density, QK’
vertical line through the mean flow point extends *¢ in length,

as a function of the section density K;i the

o being the standard deviation of the flow points having the same
density.

These figures show that most of the data points lie to the
left of an optimum section density km > 75 vehicles per mile,
that the flows are generally rising and the section may be
characterized as non-congested and even under-utilized. Phys-
ically, this section is on a 3.8 percent downgrade; the entrance
portion of the section accepts vehicles which have slowed down
or have come to a complete stop at the entrance to the tunnel.
The result is a number of large gaps and high speeds as the
vehicles get into the section. There is a bend in the road at
the very end of this section which may contribute to a slowing
down there as the next section is entered.

This next section of the tunnel, the first half of the
middle section, shows a very different character. Figures 4.5a
and 4.5b show Qi versus Ki and 5k versus Ki for run number 9
which is for the section beginning at station 1 and ending at
station 2, a distance of 1265 feet. The figures show much higher
densities than before, almost no low density points, and many
data points which lie at densities exceeding the km for this
section. Many flow points are less than optimum because of the
high densities. The Q-K cﬁrve has a greater trend of descending
flows in contrast to the ascending flows of the beginning section.
Physically this section includes the foot of the downgrade and
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most of the straightaway. It must absorb the low density high
speed vehicles from the downgrade and is unable to do so without
experiencing congestion and slowdowns.

It is interesting to speculate that the functional relation-
ship between flow and density itself may be different in the two
sections. In the first section the km is around 75 vehicles/mile,
while in the second a much larger km seems to exist (if it did not,
then the high densities experienced would undoubtedly lead to
extremely low flows). The "optimum" density for this section may
be as high as 110 vehicles/mile. Of course, the concept of an
optimum density must be questioned as this assumes that one maxi-
mum flow exists for one value of the density. As we have seen
(Section 2) flow is at least a function of k,the time derivative of
the density, as well as the density itself, and therefore a single
valued relationship between flow and density does not exist. But
whether a single optimum density is considered as only an ideal
or not, it is clear that the functional relation between flow and
density must be different in the two sections when based on the
density alone. A comparison of Figures 4.4 and 4.5 for the

two sections, in fact, suggests that this is the case.

The full middle section, from station 1 to 3, is covered in
the next two figures (Figures 4.6 and 4.7) in which Q. and Gk
versus Ki are plotted for runs number 3 and number 5.

The figures show a character similar to run number 9 which
was for just the first half of the middle section, but somewhat
less extreme. There are still a substantial number of data points
for large densities, not too many instances of low density, and
generally decreasing rather than increasing flows as also occurred
in run number 9. The degree to which these occur over the full

middle section, however, is less severe.
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The second half of the middle section by itself is shown in
Figures 4.8a and 4.8b. The Q-K curves in this case are for run
number 4. We note that the curves are now much less extreme than
run number 9 suggesting that the downgrade portion of the middle
section (run number 9) is most congested, while the upgrade por-
tion of the middle sectton (this run) is becoming less so. While
a considerable number of data points still lie at larger densities,
they are much fewer than in runs 9,3‘and 5. The conges-
tion is decreasing and the flow increasing as the end section is
approached. However, note that even here as in runs numbers 9,

3 and 5, there are few or no flows exceeding 1600 vehicles/mile
while there are over 30 such data points for run number 10. This
corroborates Figure 4.3c which showed that the beginning section
had the largest maximum flow.

As we approach the last quarter of the tunnel, again a
different character of the flow-density relation emerges,

This is run number 8 shown in Figures 4.9a and b which covers
stations 3 to the exit portal and is on the upgrade. Here the
flow increases with density with no obvious turning to lower
flows. This tyﬁe of behavior resembles that at the beginning
section, run number 10. Runs 14 and 15, Figures 4.10 and 4,11,
taken in the last 300 feet of this section, further show this
reverting of the flow-density relation to that of the beginning
section, (the greater spread in flows ‘in 14 and 15 is due to the
shorter section and hence shorter averaging time there). 1In
general then, it appears that the congestion which' appeared in
the second quarter of the tunnel has mostly dissipated by this
fourth quarter, and the flows begin to resemble those at the be-
ginning of the tunnel. 4

It is interesting to point out here that the shape of the
Q-K curve in run number 8 (end section), approximates that

coming from a location downstream of the upgrade bottleneck,
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resembling the data of Edie and Foote for a similar location

in the Lincoln tunnel in New York (ref. 20).

It may be noted that a bottleneck, other than the congestion
in the middle sections of the tunnel, does show up in the data
quite clearly in run number 1l4. Every once in awhile a back up
from the toll booths occurs, and this shows up as a shock wave
producing a number of low flow points at high densities, as seen

towards the end of run number 14. (See Figure 4.10.)

4,2.6 V-K Relations

This profile of the tunnel can now be supplemented with a
brief comparison of the velocity-density relations (V-K relations)
for the different sections. These are plotted in Figures 4.12 to
4.19, where both Vi’ the time weighted average speed of a vehicle
traversing the section and V,, the mean of the values of Vi for
a given K, are plotted as a function of K. .

In glancing at Figures 4.12 through 4.19, it can be learned
that the greatest spread in speeds occurs at the beginning section
(run number 10, Figure 4.12) where the speeds vary from about 35
mph to 16 mph over a density range of about 30 vehicles/mile to 90
vehicles/mile (vpm). This variation is in reasonable agreement
with the theoretical logarithmic V-K relation discussed in Section
2. The wide variation in densities is probably caused by the ease
with which gaps may form at the entrance to this section, as dis-.
cussed before: The wide speed variation with density is a
result of the low densities present here (where the speeds vary
more strongly with density) and the physical ease with which
vehicles may speed down the downgrade when the density permits.
Vehicular traffic in this section, then, while having the widest
variation in speeds and one of the widest variations in density
of all the sections, very rarely finds itself "crawling" because
of congested conditions - in agreement with our findings pre-

viously.
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On the other hand in the very next section of the tunnel,
as shown in Figure 4.12 for run number 9, the driver finds that
an almost equal variation in density takes place at much higher
density levels and with much lower speeds, which vary only
slightly from their low levels. Here the densities vary approx-
imately between 85 vpm and 140 vpm while the speeds vary some-
where between only 15 and 7 mph. This section may be character-
ized as a generally congested, low speed section in which a
driver is likely to travel a good deal closer to his neighbors
than before, and with about only half the speed.

In Figures 4.14 and 4.15, runs number 3 and 5 are plotted
which show the full center section of the tunnel; in Figure 4.16,
run number 4 is plotted showing the second half of the center
section. The curves are similar to that for the first half of
the middle section, Figure 4.13, except that there are a number
of lower density points in the second half, down from about 85
vpm to about 60 vpm, and the densities do not go as high, down
from about 140 vpm to 120 vpm. There is also less variation of
speed with density in the second half. 1In agreement with the
analysis of the Q-K relations, the congestion seems to be easing
up and the speed increasing.

As the wvehicle enters the final section of the tunnel, run
number 8 of Figure 4.17, there is a relatively constant speed.
There are few or no data points with speeds less than 12 mph and
the speed varies only slightly with concentration of vehicles.
The traversal of this final section occurs at a relatively steady
pace.

Figures 4.18 and 4.19 for runs number 14 and 15 show the
last 300 feet of the final section. These curves are somewhat
similar to the preceding except that a wider range of density
points occur. This is partly a result of the relatively short
section being measured and the consequent shorter averaging time,
resulting in a curve which is not as "smoothed out" as the longer
section curves. In addition, run number 14 shows the back-up

-100-



from the toll booth mentioned previously. This is evident in
Figure 4.18 from the number of high density and low speed data
points which are present. A back-up did occur in run number 15
as well (Figure 4.19), but it was much less severe as is evident
in the more restricted range of data points for this run as com-

pared to the previous one.

4.2.7 Traffic Flow Profile Summary

With the aid of these velocity - density (V-K) and flow-
density (Q-K) relations, Figures 4.12 through 4.19 and 4.4
through 4.11 respectively, and with the average density, average
speed and the maximum flow curves, Figure 4.3, the following peak
hour profile emerges:

The highest average speeds occur in the first 1200 feet or
so of the tunnel, which is the downgrade portion. This average
speed was 23 mph. The range of speeds however, also happened to
be greatest in this section of the tunnel, ranging approximately
from 34 mph down to 16 mph.

The density here averaged 58 vpm, the range of densities
was about 60 vpm, from 30 vpm to 90 vpm, an average range for all
the sections. The range of flows, on the other hand, was higher
than usual, as might be expected from the large speed variations
and only average density variations, going from approximately
1750 to 1000 vph. The maximum minute average flow was also high-~
est in this section going from a high of 1680 vph at the entrance
portal to a high of 1725 at station 1 located just before the foot
of the downgrade.

Thus this section may be characterized as a high speed and
high flow capacity section that is relatively erratic with some
very large speed and flow variations. There appears to be an
optimum density at around 75 vpm which means the traffic is

operating, on the average, well below optimum in this section.
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The next section of the tunnel from station 1 to station 2
which includes the foot of the downgrade, may be characterized
as a very slow and very dense section. The average speed in this
section is 12 mph which is only half that in the first section
and the speed range goes from about 16 mph to 7 mph, again only
about half that of the previous section. The average density is
around 110 vpm and the range of densities goes from 85 vpm to
140 vpm. On the other hand the flows are still relatively high,
ranging from about 1600 vph to 1000 wvph, though most of these
flows probably represent an upper limit with very little or no
excess capacity available as occurred in the previous section.
This lack of excess capacity is seen from the fact that the
average and optimum densities are the same and from the shape of
the Q-K curve which shows mainly decreasing flows.

The capacity in this section has sharply deteriorated from
that in the first, the minute average maximum flows going from
1725 vph at the beginning of the section (at station 1) to only
1560 vph at the end of the section (at station 2), and the traf-
fic is relatively slow and congested.

The next section from station 2 to station 3 which includes
the foot of the upgrade has a higher average speed, around 17
mph, which is about half-way between the speeds of the first and
second sections. The speed varies between about 19 and 10 mph
and the section doesn't have the low speeds (around 7-9 mph)
which the previous section had. The density is also sharply
lower in this section, the average here being about 75 vpm and
the range being between 60 and 120 vpm. Again the higher densi-
ties around 130 vpm, prevalent in the previous section, are ab-
sent here, and the absence in the previous section of low values
of density, around 70 vpm, are present here.

The flow range is comparable, between 1650 and 1000 wvph,
but unlike the previous section, the maximum minute average flow
is relatively constant at around 1560 vph. This means that
the flow coming from the previous section is easily absorbed

and congestion does not form.
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Finally, as the vehicle proceeds it enters the end section
defined by station 3 and the exit portal. Here the speeds are
essentially the same as in the previous section. The average
speed slightly less (15 mph instead of 17 mph) but fewer lower
speeds are present. Similarly the average density is a little
higher here but there are less high density points here than
there were in the previous section. The range of flows is
slightly greater, from 1575 to 900 vph, and the maximum minute
average is 1575 vph at station 3 and 1520 at the exit portal
compared to about 1560 vph in the previous section.

Thus it appears that the transition into this section is
relatively smooth. However, the presence of the toll booths
some 700 feet beyond the exit portal and a rather sharp bend in
the roadway there, does lead to the occurrence of slow downs
every once in a while which are related to toll booth backups.
Some of these slowdowns were evident in the curves presented of
the last 300 feet of the section (runs 14 and 15) and will be
discussed further when the flow with and without shocks is
analyzed.

Clearly then, the Callahan tunnel is a non-homogenious road-
way with different section capacities, different average section
speeds and average densities, different ranges of the speed
and density in the sections, and different section susceptibility
to the occurrence of shock waves. It has been shown in the past
(ref. 20) that the restriction of traffic input can result in
an increase in traffic throughput. The data suggests that such
a control system may indeed be effective in improving flow in
the middle tunnel section; but final justification of this con-
clusion and an explicit control system recommendation would have
to depend on more extensive data measurements taken simultaneously

at a number of points all along the roadway.

-103-



4.3 ANALYSIS OF SLOWDOWN WAVES

4.3.1 Introduction

Attention is now turned to an analysis of prominent slowdowns
which occurred during the runs. The analysis is similar to that
employed in studying the slowdown in the Holland tunnel given in
Section 3. The analysis will be an attempt to locate the wave,
follow its progress from a downstream station as it propagates
against the traffic to the upstream station, determine its speed
of propagation, determine its spatial extent and determine its
adverse effects of the traffic by comparing the vehicular flows,
speeds and densities both before and during the presence of the
wave phenomenon. This is done generally with the aid of seven
types of plots: (1) A plot of the arrival times of vehicles
reaching each of the two stations making up a section (2) A space
time plot for the visualization of changing vehicular speeds as
the wave propagates into the traffic stream (3),(4) A set of
figures showing the change in vehicular flow, (5) speed, (6)

transit time and (7) density as the wave passes through.

4.3.2 Run Number 4 - Middle Section, Second Half

A severe slowdown occurred between stations 2 and 3 during
run number 4 where the vehicular speeds averaged only about half
their normal speeds. The first figure, 4.20, shows the vehicle
arrival times at the two stations preceding, during, and after
the passage of the shock wave. The upper curve is that for the
upstream observer at station 2 while the lower curve is for the
downstream observer at station 3. The two curves are displaced
in time, the displacement being equal to the transit time of a
vehicle and shown as a horizontal line on the figure. The figure
shows the change in the flow rates of the vehicles at the obser-
vation stations as a change in the slope of the upstream and down-
stream curves. As the flow decreases, the slope flattens out and

the arrival of a shock or slowdown wave is seen as a decreasing
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slope first at the downstream station and then some time later,
at the upstream station.

Such a wave of attenuated flow is seen arriving at station
3 at 60,599 sec. (vehicle 528 arrives there at this time) and
reaching the upstream station some 87 seconds later at time
60,686 sec. (vehicle 584 arrives here at this time). The wave
has travelled upstream from station 3 to station 2 in 87 seconds
with a speed of 14.5 feet/sec. (9.9 mph), during which time the
density increased 1.67 times its normal value. The width of this
slowdown density wave, which is another measure of its strength,
may be calculated using the method described in Section 3. With
an average density K = 74.98 vpm, a section distance D = 1260
feet, a jam density Kj = 234.7 vpm (computed by taking the number
of vehicles passed by the stoppage wave in traversing the two
observation stations and dividing by the distance), and a maximum
number of 30 vehicles in the section, we obtain a stoppage wave
width w = 397 feet within which there are approximately 18 wvehi-
cles. The shoek delay time, (the shock width divided by the
shock speed) is 27 seconds.

The stoppage may be further analyzed with the aid of the
space time diagram shown in the next figure, 4.21. Here, dis-
tance is shown along the ordinate where station 3 is shown above
station 2, and time is shown along the abscissa. In this diagram
the average speeds between stations 2 and 3 are proportional to
the slope of the lines and the period during which the slowdown
occurs is shown by a set of lines with slopes which are smaller
than those on either side of it. A period of low flow simply
due to larger time gaps between vehicles entering station 2 will
show up on the graph as a series of lines with wider spacings
but still parallel to each other. Low flow due to a shock wave,
however, results in a set of lines which is not parallel to the
sets preceding and following it. This set of lines in Figure
4,21 is seen to begin with the arrival of the shock at time
60,600 sec. at station 3, and to end with the shock's arrival at

station 2 at time 60,690 sec.
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The slowdown stands out pretty clearly in the next set of
graphs showing the vehicular flow as the reciprocal of the time
headway plotted as a function of time, Figures 4.22a and 4.22b.
This flow is averaged over some number of vehicles (here seven
vehicles). The arrival of the shock at station 2, Figure 4.22a
is shown as a dramatic decrease in the average flow beginning at
about 60,690 sec. and lasting for about a minute until the time
60,750 sec. This dramatic decrease in the flow appears to have
been preceded by a general rise in the flow rate which began
around 60,200 sec. and continued to rise until the severe drop
in flow occurred. Similarly at station 3, Figure 4.22b there is
a sharp drop in flow beginning at time 60,600 sec. which is pre-
ceded by a general rise in flow between the times 60,050 sec,
and 60,400 sec. While further evidence will be needed, this
general rise in the flow input preceding the sharp drop, may be
one condition which precedes some shocks and which may be used
to predict the occurrence of certain types of stoppages.

In this case the higher flows preceding the sharp reduction
are not due to higher densities but rather to higher speeds as
will be seen below in the discussion of Figure 4.23, and Figure
4,25,

In Figure 4.23 the average vehicular density is plotted as
a function of time. We see that except for a small build-up near
the beginning of the run, the density remains more or less uni-
form throughout the 36-minute run except near the time 60,600
sec. when there is a sharp rise in the traffic density. This
rapid accumulation of vehicles in the section coincides with the
rapid drop of vehicular flow across station 3. However, we note
the absence of any density build-up preceding its sharp rise.

Figure 4.24 shows the relation between the time it takes the
vehicle to travel through the section and the section density.
We see a very close relation between transit time and density

with a mild increase in transit time at the beginning of the run
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to correspond with the increased traffic density there, and the
sharp rise in the transit time beginning at 60,600 sec. coincid-
ing with the sharp increase in density at that time.

Figure 4.25 shows the average velocity of a vehicle in the
section to have decreased at the same times that the density in-
creased, moderately at the beginning of the run and strongly
later on at time 60,600 sec. There is also a higher than average
velocity preceding its sharp drop, and it appears that this ac-
counts for the increased flow that preceded the shock.

Finally, we show in Figure 4.26 the flow at station 3
averaged over the transit time of a vehicle and contrast this
flow with that shown in Figure 4.22b in which a different flow
average was used. We see that the drop in flow around the time
60,600 sec. is much less pronounced in this transit time averag-
ing than it was in Figure 4.22b, where the average was over seven
vehicles. This example points out the important role the choice
of averaging can play in studying traffic flow phenomena. The
averaging time based on the transit time here is so long that

if it had been used, the stoppage might have been missed.

4.3.3 Run Number 9 - Middle Section, First Half

Run number 9 covered the section between stations 1 and 2.
At least one shock occurred in this section during the run.
Another was a general congestion with no clear return to a non-
congested condition within the period that data was taken. These
two conditions for run number 9 are shown in the next set of
figures 4.27 through 4.33. Figures 4.27a and 4.27b show the
arrival time graph from which are calculated the onset of the
shock and its speed. The same conditions are shown in a space
time plot in Figures 4.28a and 4.28b. The relationship between
flow, density, vehicle transit time and speed are shown in
Figures 4.29-4.32, and finally a different flow average versus

time plot in Figure 4.33.
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Figure 4.27a shows that a slowdown reached station 2, the
downstream station, at 59,822 sec. (at which time vehicle number
514 arrived) and travelled upstream reaching station 1 some 70
seconds later at 59,892 sec. (at which time wvehicle number 565
arrived) . The speed of the slowdown wave through the section
was 18.1 feet/sec., (12.3 mph), and the density in the section
during the passage of the wave rose almost one and a half times.
A measure of the strength of this slowdown is obtained by using
the above data, the observation that the maximum number of
vehicles in the section was 32, the length of the section (1265
feet), and a computed jam density of 212.9 vpm. A stoppage width
of 436 feet containing approximately 18 vehicles is obtained, and
a "delay time" of 24 seconds is calculated from this width and
the shock speed. These are about the same values as calculated
for the shock wave in run number 4. In both cases the shock
covers a span of several hundred feet effecting about 18 vehicles
for about 25 seconds and causing a 50 percent increase in density
in the section. The consequent loss of speed and drop in the
flow due to this shock are shown in Figures 4.29 - 4.33.

First, as before, we show a space time representation of
the slowdown wave, Fig. 4.28a. The slowdown period is seen to
be pretty well bracketed by two sets of steeper-sloped parallel
lines on either side of it, which indicate the faster speeds

of the vehicles outside the period when the shock is present.

Figures 4.27b and 4.28b, on the other hand, show the general
congestion build-up which occurred later on in the run. This is
called a general congestion build-up instead of a shock phenomenon
because there doesn't seem to be any clear indication of a return
to normal density after the initial build-up. It is possible
that a successive series of shocks is occurring, with insufficient
time between shocks for a return to non-congested conditions. The

shocks shown here may have occurred in rapid succession over an
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extended period of time because of the particular configuration
and the relationship of this section to the rest of the tunnel.
The section must accept a high flow of speeding vehicles from
the section immediately preceding it. If this section and the
next section downstream cannot handle the high speeds and high
flows from the downgrade, the vehicles will be forced to slow
down, some quite abruptly. Such unstable driving conditions,
high traffic densities and abrupt slowdowns might very well
lead to the occurrence of a quick succession of shock waves

postulated to cause the congested conditions observed here.

In the next set of figures 4.29 through 4.33, the flow,
density, transit time and speeds are plotted as a function of
time. In Figures 4.29a and 4.29b the flow, as the reciprocal of
the mean headway time averaged over seven vehicles, is shown as
a function of time at stations 1 and 2. Around the time 59,820
sec,, the arrival of a shock is quite apparent and appears as a
sharp drop in the flow of vehicles at that time (Figure 4.29a).
The propagation of the shock from station 2 to station 1 is seen
some 70 seconds later at time 59,890 sec. at station 1 (Figure
(4.29b).

Figure 4.30 shows the density in the section as a function
of time. The dramatic rise in density around 59,820 sec. signals
the onset of the slowdown. The density recovers, dropping from
around 136 vpm to 120 vpm, after the shock has passed but is still

much higher than it was before the shock appeared. The density
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begins to climb again around 60,230 sec. as the general congestion
phenomenon sets in and remains high until the end of the run.

Figure 4.31 shows the corresponding transit times. There is
a sharp rise in the time it takes a vehicle to cross the section
during the time the shock is passing through. The transit time
increases again as the traffic becomes heavy, (see Figure 4.30)
around the time 60,230 sec., though at a more gradual pace and
over a longer period of time. The transit times do come down
somewhat toward the end of the run but are still relatively quite
high, indicating that the congestion is still present.

Figure 4.32 shows the vehicular speeds in the section. The
speeds drop some 40 percent from 16 mph to 9 and 10 mph when the
shock arrives. The speeds increase again to about half of what
they were before the shock, and then deteriorate even further as
the density builds up to the high values shown in Figure 4.30.

Finally, we show another flow versus time curve (similar to
Figure 4.29b), but this time the flow has been averaged over the
transit time. It is very interesting to observe that the effects
of the slowdown and congestion are shown even more dramatically
here than in Figure 4.29b. 1In Figure 4.33 the integration time
is longer than in Figure 4.29, and the curve is smoothed out, but
the effect is to accentuate and dramatically highlight the loss
in throughput rather than diminish it. Two very distinct flow-
derogations stand out in this figure, the first due to the shock
and the second, later on in the run, due to the congestion.

There are many different types of averages that one can use
and this example, together with the example of run 4 discussed
previously, points out the difficulty of knowing a priori which
type best illustrates the physical phenomenon and which will be
most efficient as accurate delineators of conditions which should
activate a traffic control system. Before such a control system

is set up, further thought must be given to this averaging choice.
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4.3.4 Run Number 14 - End Section, Last 300 Feet

The next set of figures, 4.34 through 4.42, shows the oc-
currence of a slowdown wave at the end of the tunnel, between
station 3a and the exit portal, B2, some 307 feet downstream.

Figure 4.34 shows the arrival time of vehicles at stations
3a and B2 as a function of the particular vehicle at these sta-
tions, around the time of the slowdown. The slowdown, orginiat-
ing from a toll booth back-up at the exit, reached station 32
at the time 58,460 sec. and continued to travel upstream reaching
station 3a some 24 seconds later at time 58,484 sec. The wave
thus travelled the 307.3 feet in 24 seconds with an average
speed of 12.8 feet/sec. (8.7 mph), passing vehicle number 316
near the exit portal B2, and vehicle number 329 at station 3a’
as can be seen in the figure. An idea of the severity of the
slowdown is obtained from the shock width: Using the observa-
tion that the density rose to 1.6 times its normal value when
the wave passed and that the jam density is 223.4 vpm, we obtain
a shock width of 115.26 feet within which there are 4.9 vehicles.
The delay time, w/VS is 9.0 seconds, where Vg is the shock speed.
The stoppage here is shorter and the shock less severe than those
which occurred in the beginning and middle sections, discussed above.

Figure 4.35 shows the slowdown on a space time diagram and
Figure 4.36 shows the flow as a function of time. It was found
to be difficult to detect the lowering of flow caused by the
passage of the slowdown wave at the two stations by looking at
flows averaged over some number of vehicles as has been done
previously. However, this lowering of the flow became evident
when we averaged the flow over time (10 second intervals with
running shifts of 2 seconds) as seen in Figures 4.36a and b.
This is due to the ability of seeing very low or zero flows when
the slowdown is averaged over time, as the stoppage or slowdown

lasts for some finite period of time. It is worthwhile to emphasize
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here that the use of one or another type of average in no way
affects the reality of the physical phenomenon. A slowdown
exists or it doesn't exist, independently of whether the computer
calculates vehicle or time averages. The ability to detect the
presence of the phenomenon, however, is a function of the aver-
aging used, and a correct choice is a non-trivial consideration.

Figure 4.37 shows the density plotted as a function of time
for the duration of the whole run. Beginning at about time
58,240 sec., a number of above average densities are sustained
and finally, at around 58,460 sec. there is a sharp rise in the
density indicating the presence of the stoppage phenomenon depicted
in the/preceding graphs. The interesting point to note in this
graph is the occurrence of the above average densities preceding
the shock. This suggests that, in addition to pulses of high
flow triggering a shock wave as discussed previously, a sustained
high density situation may also help trigger the shock and pro-
duce wave growth.

Finally, the relationship between the traffic flow parameters
is shown in Figures 4.38 through 4.41, in which the build-up in
the number of vehicles in the section is related to the increase
in the time it takes a vehicle to cross the section, to the drop
in vehicle speeds and to the decrease in vehicular flow during

the time the wave crosses the section.

4.3.5 Run Number 15- End Section, Last 300 Feet

In this final section on slowdown phenomena another slow-
down wave is shown originating from the exit toll booths and
travelling upstream to the exit portal (B2) and then to station
3a' 307 feet further upstream. This is similar to run number 14
just preceding, except the slowdown was less pronounced. The
wave passed vehicle number 77 and arrived at time 60,813 sec. at
the exit portal, B2, then passed vehicle number 92 reaching

station 3a some 33 seconds later at time 60,846 sec. (Figures
4.42 and 4.43). The wave traveled relatively slowly at 9.3 feet/
sec. (6.4 mph), and probably did not cause an actual stoppage.
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It had a relatively short width of 81 feet within which were only
3.4 vehicles on the average. A maximum possible delay time of
8.7 seconds would have occurred if the vehicles were stopped
since the shock took this amount of time to pass.

The low flows produced by the wave, first at station B, and
then at station 3a' are shown in Figures 4.44a and 4.44b, where
flow (running 10 second averages) has been plotted against time.
The traffic density for the entire run is shown in Figure 4.45,
which for this weak shock, shows no abrupt rise, so evident in
the previous slowdowns; instead its presence is recognized mainly
by its longer time duration relative to several other occurring
high, but short duration densities. That the wave growth is quite
real, however, is evident from the next set of figures 4.46
through 4.48, where the rise in the number of vehicles in the
section as the shock passes, stands out well (Figure 4.46). The
concurrent sharp rise in transit time (Figure 4.47) and the
associated drop in vehicle speed (Fiqgure 4.48) also show the
effects of the wave. Figure 4.49 shows, though less obviously,
the reduction in flow (averaged over the transit time) when the
shock is present.

A final comment is that this shock and the similar one
measured in run 14 taken near the exit portal were much less
severe than the ones observed in comparable runs in the middle
sections of the tunnel. This plus the fact that no shocks were
observed in run number 8 for the full end section of the tunnel,
leads us to conclude that the toll booths are not, in general, a
bottleneck source at the Callahan tunnel; rather the seat of con-
gestion appears to lie within the center sections of the tunnel

as discussed previously in connection with runs number 9 and 4.
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540 S5

Figure 4.38.- Run #14:
N,, number of vehicles
ifi the Section between
stations 3a and B, vs.
time.

Figure 4.39.- Run #14:
T; transit time of a
vehicle travelling
from stations 3a to B
vs. the middle of the
transit time.

Figure 4.40.- Run #14:
Vi average speed of a
vehicle in transit be-
tween stations 3; and
By vs. the middle of
the transit time.

Figure 4.41.- Run #14:
Qi, flow at station B,
averaged over the tran-
sit time of a vehicle
vs. the middle of the
transit time.
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4.4 TRAFFIC FLOW WITH AND WITHOUT SHOCKS

4.4.1 Introduction
In previous paragraphs vehicular flow and speed were plotted

as a function of density (Q-K and V-K curves) for an entire ob-
servation run. Some of these runs contained noticeable slowdown
or wave growth phenomena and these phenomena were discussed
separately in paragraph 4.3. Now we would like to present a
picture of the flow and speed as a function of density when all
data points associated with the slowdown wave have been removed,
illustrating relatively steady unperturbed traffic flow. The
curves containing all the data points are shown here also for
comparison (even though they have been shown before). The purpose
of displaying the Q-K and V-K relations with and without the
slowdown, is to show what happens to the flow-density (and speed-
density) curve when the perturbing slowdown wave is prevented

from occurring.
The usual picture of flow increasing from zero at zero

density to a maximum value, and then decreasing to zero again as
jam concentration is approached, presupposes a single-valued
relationship between flow and density. Section 2 showed that
this cannot be strictly true due to the further dependence of the
traffic flow on the time rate of change of density. 1In fact, for
densities above some critical value where the flow is expected to
be maximum, the difference between the usual Q-K relation and

the actual one may be quite large. This is due to acceleration
asymmetry (see Section 2) and the resultant multivaluedness of
the Q-K relation as the flow begins to depend more strongly on
how the traffic density is changing. Specifically, in Section 3
we presented experimental evidence which showed that for any
given density, higher flows and greater speeds are associated
with increasing density, and lower flows and slower speeds with
decreasing density. Unfortunately, the same evidence could not
be obtained with the simpler measurements of flow in the Callahan
tunnel, though we could see the effects of the shock on the over-

all Q-K relation quite clearly. The presence of a growth wave or
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shock in the traffic stream adds a number of both high and low
density points not present when shocks are absent. Associated
with the additional high density points are low traffic flows,

as might be expected. Associated with the additional lower
density points are also low traffic flows which occur soon after
the onset of the shock when the density has not yet had time to
build up in the section. These lower flows result when the first
few vehicles which come in contact with the shock are slowed
down. Since the number of vehicles in the section when the ith
vehicle first enters, Ni remains the same, but Ti’ the transit

th vehicle is increased when the vehicle strikes

time of the i
the shock entering the section, the measured flow Qi = Ni/Ti will
be reduced.

These results are presented in Figures 4.50 through 4.73.

4.4.2 Data With And Without Shocks

In run number 9 taken in the first half of the middle sec-
tion between stations 1 and 2, two periods of slowdown phenomena
were found (see paragraph 4.3.3). The Q-K curves with these slow-
down waves present are shown in Figures 4.50a and 4.50b. Figures
4.51la and b show the curve with the first slowdown wave removed,
and Figures 4.52a and b with both removed. Inspection of the
figures shows that the additional data points due to the shocks
are generally points of higher density and lower flow as expected,
and points of lower flow and lower density occurring soon after
the arrival of the shock and causing a time delay of the first
few vehicles.

The V-K curves are shown in Figures 4.53 through 4.55. The
additional data points associated with the period when the growth
wave was present depict the higher density, lower speed traffic
resulting from the interaction of the wave with the traffic stream.

Both the Q-K and V-K curves show higher flows and higher
speeds when the shocks have been removed which is particularly
noticeable when both shocks have been removed, (Figures 4.52 and

4.57). 1In fact, when both shocks are removed a very significant
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N;,NUMBER OF
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Figure 4.46.- Run #15: N;, number of vehicles in the
section between stations 35 and B2 time.

T;, TRANSIT TIME
(sec)

ol—_ 1 1 I PPN TSR S S B ! i {IY TN WU U ENY NS GRS R N
730 750 770 790 810 830 850 B70 890 910 930

Figure 4.47.- Run #15: T;, transit time of a vehicle
travelling from stations 35 to By vs.
the middle of the transit time.
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Figure 4.48.- Run #15: V;, average speed of a vehicle
in transit between stations 35 and Bj.
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Figure 4.49.- Run #15: Qji, flow at station Bj averaged
over the transit time of a vehicle vs., the
middle of the transit time.
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Figure 4.72a.- Runs #4 and #13 together: Transit time, T; vs
section vehicular number, Nj. Stations 2 to 3.
Distance of 1260 ft. Slow down data included.
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1260 ft. Slow down data included.
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change in the type of traffic flow can be expected in this section.
Figure 4.52 shows that the flow has not yet reached a maximum,
rather it continues to increase, as congestion does not form.

This should be contrasted to the traffic behavior as actually
measured (Figure 4.50) where congestion is evident with flows
already going downhill rather than continuing to increase. Since
this section was the troublesome one it appears that if the

waves can be prevented from growing in this section, the flow
through the tunnel as a whole will be increased.

Similar effects are shown in Figures 4.56 through 4.59 for
run number 4 in the second half of the middle section of the
tunnel between stations 2 and 3 ; and in Figures 4.60 through
4.67 for runs 14 and 15 in the last 300 feet of the end section
of the tunnel between station 3a and Bz (near the exit portal).

4.4.3 High and Low Density Runs Combined

In this final section we show Q-K, V-K and T-N (transit time
vs. number of vehicles) curves for runs number 4 and 13 combined,
with and without the shocks. Run number 13 was taken in the same
section of the tunnel as run number 4, between stations 2 and 3,
but when the traffic was light, thus allowing us to see a more
complete range of densities, from very low to quite high.

Figures 4.68 through 4.71 compare the Q-K and V-K curves
as observed, with the curves when the shocks are removed (the
shocks are all in run number 4 since no shocks occurred in the
light density run, number 13). As before higher flows are ob-
served when the data points associated with the shocks are re-
moved. We also note a discontinuity here between the low and high
density data. While this may be partly due to the runs being
taken on different days, it is believed that essentially the same
behavior would have resulted had we taken the data on one day
sufficiently long to allow the gathering of data on both the high
and low density traffic. This observed break in the flow around
"maximum flow" is believed to be real and due to the fact that
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flow is not a single-valued function of the density as has been
discussed before.

Finally Figures 4.72 and 4.73 show a plot of transit time
versus number of vehicles in the section. The tangent to the
curve extended from the origin gives a "section number, " (Ref. 20),
corresponding to the "maximum flow", which is about 1445 vph
without the shock and 1400 vph with the shock. In general longer
transit times are apparent when shocks are present than when
they are not. From these figures it is obvious that if we could
have prevented the shock from propagating upstream into
the oncoming traffic, we would have increased the traffic flow
and would have reduced the time required for vehicles to drive
through the tunnel, often substantially.
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SECTION 5
HIGHLIGHTS OF STUDY

In the theoretical portion of this investigation a method
was developed to include a driver's finite time of reaction into
the equation of motion of a traffic stream. It was argued that
the predictions of this theory such as wave amplitude growth
were more in accord with observation than predictions of shock
discontinuities of the classical, instantaneous, theories of
collective traffic flow,

It was also argued that there is a necessity to include the
functional dependence of traffic flow on the dynamic as well as
on the static traffic situation. This was done by developing
equations of motion of traffic in which the flow was a function
not only of the density itself, but also of the time rate of
change of the density. Experimental evidence confirms this
dynamic dependence of the flow; it also confirms an assumed asym-
metry of acceleration response due to a changing and dynamic
traffic density.

In the experimental portion of this investigation a
study was made of slowdown wave phenomena in the Holland and
Callahan tunnels. The data for the two tunnels was gathered with
quite different instrumentation; the data for the Callahan tunnel
was obtained with inexpensive data taking equipment. It is felt
that similar analysis on low budgets using the same or similar
techniques and equipment may be made by non-highly trained per-
sonnel on different tunnel- or other single-lane roadways where
an understanding of the traffic flow and associated slowdowns is
necessary as a prelude to traffic flow modification.

Within the framework of using only simple data taking tech-
nigques and equipment, a number of different measures were used
for determining the effects of the slowdown and the resultant
deterioration of the traffic. These were such wave parameters
as "shock width," and "shock time," and such vehicular flow para-

meters as the vehicular speed, transit time, density and different
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flow averages. We feel that these measures together with the
graphical display, afforded a good understanding of the traffic
flow both under normal and under deteriorating conditions.

Measures of predictability of the slowdown phenomena also emerged.

For the specific Callahan roadway, using these techniques,
it was possible to establish which are the bottleneck sections
in the tunnel, and what are the associated section densities,
speeds, flows and capacities. The first quarter of the tunnel had
the highest capacity, highest speeds and least congestion. The
average peak hour speeds were 23 miles per hour and the average
peak hour densities, 58 vehicles per mile. By contrast the second
quarter had the lowest capacity, slowest speeds and greatest con-
gestion. The average speeds here dropped to 12 miles per hour and
the densities increased to 110 vehicles per mile. The complete
profile was summarized in Section 4.2.7 and it confirmed the
existence in the Callahan of a severe bottleneck beyond the down-
grade section. However, the installation of a system to modi fy
the traffic flow in the tunnel by preventing the widely disparate
speeds and densities measured in the different tunnel sections
from occurring, will help prevent the formation of bottlenecks
and hence will reduce the number and severity of shocks due to the
bottlenecks. Such a system will increase the tunnel's throughput
and decrease the congestion around the entrances to the tunnel as
more vehicles are serviced in shorter time; it should also decrease
the amount of vehicle breakdowns and vehicle pollutants in the
tunnel because of fewer necessary acceleration and deceleration
maneuvers,

It is hoped that the theoretical and experimental programs
presented here lead to a clearer understanding of traffic flow
and its control for the benefit of both the driver and the

environment.
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