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The Problem

"Level of Service," as applied to the traffic operation on a parti-
cular roadway, refers to the quality of the driving conditions afforded
a motorist by a particular facility. Factors which are involved in the
level of service are; (1) speed and travel time, (2) traffic interruption,
(3) freedom to maneuver, (4) safety, (5 driving comfort and convenience.
and (6) vehicular operational costs. '

Each of the foregoing factors is somewhat related tc all the others.
The volume of traffic using a facility affects all of the facters and, in
general, the greater the volume . the more adverse are the effects, As the
ratio of the volume of traffic or a facility to the volume of traffic the facil-
ity can accommodate approaches unity, congestion increases. Congestion
is a qualitative term . long used by the general public as well as traffic
engineers. which refers to what can quantitatively be defined as vehicular
density. The end result of an over supply of vehicles 1s the formation of
a queue of stopped (or "crawling") vehicles at bottleneck locations {a
"breakdown" of the operation! such that volumes momentarily drop to zero.
leaving only congestion on the facility until a clearout can be effected

Traffic vclumes are known to be continuously variable: ever at very
low hourly volumes there will be infrequent, short-term cccasions when a
relatively large number of vehicles will pass a given point. There also are
regions cnr a facility which_ due to the geometry, .nherently will tend to
accommodate fewer vehicles, This :mplies that bottlerecks do exist and
thus the level of service or a g:ver facility may vary evan with a "censtant”
hourly volume . Bottlenecks may ke fixed in space due tc the aforementioned
geometrical considerations of the fac:ility and thus mav be studied at the
particular locat:on Such geometrical aspects as entrance and ex:t ramps
have been studied and evaluated as bottlenecks. 1t 1s pcssible also. how-
ever . that the random *bunching” cf vehicles at any pe:int :n space may
result in “bottlenecking” due to the statistically va-:ab'e nature of gtreams
cof veh:cles. in which case. the designers shculd be able to pred:ict such
peaking characteristics in order to assure acceptable leveis of service,

Basically. congestion will be the direct result of the nature of the
"supply and demand" on a facility. The supply. in terms ot tfraffic engineer-
ing,; has been referred to as capacity; the demand placed on the facility is,
as it implies. the number of motcrists who would seek to use the facili'ty’_,\



and can be estimated by origin and destination surveys if the times of the
desired trips are obtained. It is often futile to measure the flow of traffic
on an existing facility with the objective of determining the demand on that
facility. About the only relationship between existing volumes and actual
demand which can be determined from such measurements is whether the
demand is, in fact, as large as the capacity during any significant length
of time during a day. In borderline instances, peaking occurring within

a peak hour might show where capacity is exceeded by demand for intervals
of time less than one hour. Even this feature can not be exhibited by a
traffic system which is so inadequate that it limits (or "meters") the input
of vehicles such that the volumes are less than the capacity of the particu-
lar facility being studied.

If it is possible, in a given system, for more vehicles to enter than
the facility can handle, then congestion will result whenever the demand
exceeds capacity and the accompanying inefficlency results in fewer
numbers of vehicles being accommodated by the facility in a given period
of time. It is theoretically true that there is some maximum number of
vehicles which can use a facilityl . This "possible capacity" is the vol-
ume of traffic during the peak rate of flow that can not be exceeded without
changing one or more of the conditions that prevail. From this value more
restrictive conditions of roadway and traffic conditions are imposed to
describe the measure of "level of service" that a given lane or roadway
should provide. If the conditions are associated with highways or streets
to be constructed at a future date, it is defined as design level of service.
If the conditions express prevailing traffic flow conditions, it is designated
as operational level of service,

Various volume levels can cause various levels of operating conditions,
or levels of service. For any volume of vehicles using a particular facility,
there is an associated level of service afforded these vehicles. It is pos-
sible that the input of vehicles into a particular facility will be regulated
such that traffic volumes will not exceed a predetermined, suitable level of
service volume. Such operational control procedures are being investigated
and seem to offer considerable promise,

Although the use of a design level of service volume has considerable
appeal in that it conforms to traditional engineering practice, the deter-
mination of such a volume, relative to various levels of service, is complex.
There are regions on a freeway which are subject to more restrictive vehicu~
lar operation, such as in the vicinity of an entrance ramp or exit ramp. Such
regions should be considered when determining the design volume of a facil-
ity and a knowledge of the operational characteristics and traffic requirements



at such locations is necessary for proper planning in order to avoid future
bottlenecks.

The Approach

This report deals with two main topics which affect traffic operation,
and thus the level of service, on freeways. They are volume characteris-
tics and capacity characteristics. The capacity of a highway facility is
a measure of its ability to accommodate vehicular traffic. This ability
depends, not only on the physical features of the road itself, but also on
the traffic demand and the interaction of vehicles in the traffic stream.
The traffic demand on a highway facility is expressed in terms of volume,
It should be apparent then. that an appreciation of freeway volume character-
istics is important in the planning, design and operation of freeway facilities,

Freeway volume characteristics utilize some of the same parameters
defined in the more general subject of volume characteristics., TFirst, the
maximum observed volumes on different types of highway facilities, not
only provide an indication of the magnitude of traffic demand, but establish
a lower limit of possible highway capacity. The variations in volume for
different time periods are explored for their effect in the selection of
representative design hourly volumes. These cyclic patterns inciude monthly.
daily, hourly and peak period variations. The distribution of vehicles by
direction and lane and the composition of traffic are important design
considerations; whereas the longitudinal distribution of vehicles has con-
siderable practical significance as our emphasis gradually shifts from free-
way design to freeway operations and control. ,

Two main topics under volume characteristics are considered and
developed. The first is an analysis of such peak flow characteristics
as peak rates of flow. correlation with various parameters, and a com-
parison of peak two-hour volumes with peak one-hour volumes. The
second main topic under volume characteristics deals with studies of
lane distribution of vehicles on freeways with particular attention given
to the effect of entering and exiting vehicles on the lane use distributions.

. The second section deals with freeway capacity characteristics,
including a theoretical approach to providing a rational relationship between
capacity and level of service. It is significant that the first section deals
with freeway demand and the second with capacity. In the third section,
applications are made of these demand and capacity characteristics to free-
way design and operations,



VOLUME CHARACTERISTICS

Peaking Characteristics

The need to consider the peak rates of flow within the peak heur
has been recognized for several years 2,3,4,5 and has been given con-~

siderable attention by the Capacity Committee of the Highway Research
Board.

No matter what criteria are used for the design and coperation cf a
freeway, it is necessary to know what the traffic demand will be, Al-
though no definite limits have been established as yet for the facters
affecting the level of service, there will have to be some corrslation
betweer peak volume and level of service. An origin-des*inaticn survey
which dencted, to the nearest five minutes, when mctorists would desire
to begin their trips, could yield valuable information abcut the *rue nature
of the existirg demand on an urban transportation system. The peak demand
periods, however, would likely exceed the economical limits of any system
which could be provided. In some instances, depending upon the data.
available, reasonable estimates can be made of future peak hour volumes,
A peak-hour volume does not, however, necessarily imply that a high rate
of flow will exist for less than a full hour, more than ar hour, or apprcxi~
mately one hour; it is simply an estimate of the maximum number of vehicles
expected or a facility during a full 60 minute pericd. Due to the nature of
the peak hour demand and the statistically variable nature of traffic, it is
known that short term rates of flow within the peak hour are often quite
variable,

The statistical variability of volumes of traffic is affected by the time
period involved. As the time period is reduced, the average number of
vehicles for that time period will reduce accordingly., For example, if
the average hcurly volume were 1800 vph, the average minrute volume
would be 30 vpm and the average second volume would be 1/2 vps. based
on the hourly volume, The variability of smaller mean values is greater
than that of larger mean values, when expressed as a percentage of the
mean. The narrowing of the confidence interval band for increasing
mean values is characteristic of not only the Poisson distribution, which
closely approximates the distribution of light volumes of traffic, but also
the many other distributions which have been used to approximate various
actual traffic distributions., Even the normal distribution exhibits these
same characteristics although it is rarely used as an example of existing
traffic distributions. Thus, even without the occurrerce of a change cof



volume within a given peak hour, a short term period within this hour has
Increased probability of exceeding its mean by a given percent than does
the whole hour.

For planning purposes, future volumes are presently estimated for
the peak hour or two hour period. In order to relate such volumes into
a design peak rate of flow, the factors which affect this relationship
must be established and evaluated.

Data from more than 200 freeway traffic studies were obtained from
the Texas Highway Department, Bureau of Public Roads (Ramp Capacity
Studies), previous studies conducted by the Texas Transportation Insti-
tute and specific studies conducted on this project. The relationship
between short-period traffic flow (5-minute flow) to total hourly flow was
determined from this data.

Because the "loading" of the freeway in some instances is controlled
by the capacity and operation of the supporting street system and inade-
quate capacity also sometimes limits "unloading" which results in im-
paired freeway operation, there was not sufficient knowledge of each of
the freeways, except those in Texas and a few other specific sites, to
permit consideration of these characteristics. It is possible that much
Letter correlations of the results would have been possible had all con~
ditions been known. Those freeways known to have good "loading" and
"unloading" characteristics showed very good correlation of the data.

Although many characteristics related to trip generation such as
geographical and time concentrations of trips, character of the freeway
(radial, circumferential, etc.) character of supporting street system,
population, area served, and others perhaps have marked effects on the
peaking characteristics, it was possible from the data available to study
only the relationship of peaking to the population of the city or urban area.
The results are shown in Figure 1, These curves are based on the data
for 132 peak periods from studies in 31 cities in 18 states. Congestion
was not apparent in the immediate vicinity of any of the study sites. The
variables are statistically significant and the curves fit the available data
with a standard deviation of 5%.

Figure 2 shows the relationship between estimated rates of flow and
observed rates of flow and includes a 10% error band within which most
voints were included. Figure 3 shows the frequency distribution of the
percent error involved in using Figure 1 to estimate the peak rates of
flow. As can be noted, the errors are somewhat normally distributed.
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A series of multiple regressions were run on available data in an
effort to determine the factors affecting the maximum rate of flow occur-
ring in a peak hour. Consideration was given to the following items:;
the physical size of the metropolitan area, the concentration of the
central business district, the distance of the study site from the main
destination or generator (in general the central business district), the
population of the metropolitan area as measure of the complexity of the
traffic system, and the actual size of the peak period itself, and whether
the peak occurred in the morning or afternoon. A few of the cities with
multiple study sites indicated a definite relationship with the distance
from the major generator, while others did not. It was disconcerting to
note that this relationship was often contradictatory between studies.
In the light of such varying results, no relationship could be positively
identified. The same was true of most of the other factors,

Improved traffic assignment methods, involving comprehensive
programs utilizing large digital computers, are being used to develop
predictions of urban traffic volumes for a peak two-hour period. In
order to establish a relationship between two-hour peak periods and
one-hour peak periods, the data from the studies mentioned earlier were -
analyzed. Figure 4 shows the results obtained from 95 studies for which
two-hour peak volumes were available. It can be noted that the peak
hour volume can be expected to lie between 55 percent and 60 percent of
the peak two-hour volume.

By using the relationships shown in Figure 4 and Figure 1, the design
volume can be obtained from the peak two-hour volume. These design
volumes will take into account the peaking effect.

Lane Distribution Characteristics

~ Critical sections on the freeway often exist adjacent to ramps and,
if a certain level of service is to be assured the motorists, it is neces-
sary to give close consideration, to such: areas in:the design of freeways.
Because the merging problem dlrectly mvolves fraffic in the outside lane
and the entering ramp traffic, a study was made of the percent of total -
freeway traffic using the outside lane. Only six lane freeways were con-
sidered in this particular project. ' :

A three part research project was made involving data obtained from .
forty-nine study sites located on fourteen different six-lane freeways in
ten different states., First, emperical relationships were developed which.
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sest fit the data of eight representative study sites., Parameters which

~vere found to be significant were freeway volume, entrance ramp volume,
apstream ramp volume, distance to upstream ramp, downstream exit ramp
volume, and distance to downstream exit ramp. Second, the relation-

ships which were developed were then used to test against all study sites

for validity. The third step was the development of a design procedure which
was used for practical applications. Figure 5 shows the relationship between
the percent of the total freeway volume in the outside lane and two of the
parameters - total freeway volume and entrance ramp volume. The mono-
graphs shown in Figure 6, Figure 7, and Figure 8 represent the relationships
between the percent of the total traffic in the outside lane and the volume on,
and distance to, an upstream exit ramp, the volume on, and distance to, a
downstream exit ramp, and the volume on, and distance to, an upstream
entrance ramp, respectively. Distances are referenced to the ramp nose,

in each case. A downsiream entrance ramp was consldered to have no

effect on the percent to traffic in the outside lane,

The predicted percent in the outside lane can have no less variability
than the ordinary or natural variability of the data in general. The 90
percent confidence limits for each of the freeway and ramp volume groups
were calculated and the following is a tabulation of such variability:

Natural Variability in the

Freeway Volume (vph) Percent in the Qutside Lane
2000-3000 T 8%
3000-4000 o5
4000-5000 T 3%
5000-6000 t 2%

The "natural" variability of the data was arbitrarily defined as the
range within the 90% confidence interval. The large natural variability
at freeway volumes less than 3000 vph is not considered significant since
this volume is well below the design volume used on six-lane freeways.
A comparison of the observed percentages minus the predicated percent-
ages in the outside lane was made for 1212 five minute volumes taken from
the 49 study sites. Appendix A is a tabulation of these differences.

It is intended that the method presented here for six lane freeways be

-10-
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extended to include four lane and eight lane freeways. In an effort to
determine general relationships for four, six and eight lane freeways
similar to those shown for only six lanes in Figure 8, data from 132 peak
periods were analyzed. These data were the same as that used in peak-
ing characteristics 'study and included over 2000 five minute volumes from
31 cities located in 18 states. Multiple regression techniques were used
to develop equations from these data and Figure 9 shows the families of
curves which were developed from the equations. A multiple correlation
coefficient squared, R?, is generally understood to represent that portion
of the variability, or variation, which is accounted for by the derlved
equations. The following is a tabulation of the obtained R%s.

Four Lane Freeways - | Multiple R square = 0.51
Six Lane Freeways - Multiple R square = 0.70
Eight Lane Freeways - Multiple R square = 0,48

It is interesting to note that, for the entire range of values shown in
Figure 9, the standard deviation was approximately 200 vph. Expressed
as a percentage, however, at lower outside lane volumes of 1000 vph,
there would be a standard deviation of 20 percent.

It is known that factors other than freeway volume and ramp volume
affect the percent of total freeway traffic in the outside lane. Further
studies of tHose factors are being made so that norﬁographs similar to
those shown in Figures 6 to 8 can be prepared.

As previously mentioned, there is an important relationship between
trip length and outside lane utilization. Drivers entering the freeway for
only relatively short trips could reasonably be expected to remain in the
outside lane. In an attempt to evaluate such relationships, a single
study was conducted on the North Central Expressway in Dallas using
the "Lights-On" study technique previously used by the New York State
Department of Public Works and the Port of New York Authority6

Figure 10 shows a scheme of entrances, exits, and observation
points along the two and one-half miles of the six-lane freeway study
section. Vehicles entering at the Mockingbird entrance ramp were
advised by signs to drive with their lights on for 20 minutes. Police-
men were standing near the signs and would call motorists' attention
to the message by simply pointing to the signs. Observers were located
at strategic points along the freeway, generally on the cross-street over-

~15-
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pass structures and at each off-ramp.

As the vehicle entered the freeway, the last four digits of the
license number and the vehicle type were recorded. Failure to turn
on headlights was noted in order to determine compliance ratios,

As the vehicle with headlights on moved through the study area,
the observer at each point would record the license number, vehicle
type and the lane in which the vehicle was travelling. Observers
located at each exit ramp recorded the license number of each vehicle
with headlights on. Each observer noted the end of each 5-minute
period on the data sheet.

Freeway volumes were counted, by lanes, at two locations during
the entire study period of four hours. One volume count station was
located at the beginning of the study section and cone at the end of the
section. Volumes were recorded in S-minute intervals,

During the four hour study period over 1800 vehicles entered on
the Mockingbird ramp and over 1500 complied by turning on their
headlights., About 1100 of the complying vehicles did not exit within
the study area and about 400 vehicles were noted to exit at one of the
five exit points within the study section.

Regarding the study method, the following can be summarized,
1. The "lights-on" study method was an effective means of
studying the lane use related to trip length on this particu-

lar freeway which had numérous major street overpasses.

2. The presence of the signsy policemen, or observers had no
noticeable effect on the traffic flow,

3. Compliance ratios in the 75-85 percent range were obtained by
using this method., The sample size was much higher and less

expensive to obtain than by other methods considered.

4, Proper design and location of signs is a big factor in obtain-
ing high compliance ratios. '

5. A loud speaker was not essential.

6. A policeman can be used to advantage to encourage motorists

-18-



to observe the signs.

7. Newspaper, radio, and television publicity can be. beneficial,
but is not necessary for adequate compliance ratios.

Figure 11 depicts three-dimensionally how the vehicles entering
at the Mockingbird ramp were distributed over the three lanes as they
travelled toward the Central Business District. The dark portion at the
bottom of the outside lane represents that portion of those entering
vehicles which exited within the study area. A large percentage of
all such exiting vehicles used only the outside lane and, as a result,
those vehicles can not be noticed in the two inside lanes.

The total volume of traffic on the freeway has an effect on the lane
usage of entering traffic. As the total volume increases, entering
vehicles are more restricted to the outside lane and motorists view a
temporary lane change less worthwhile in view of the fact that another
lane-change opportunity must be found to return to the outside lane
prior to exiting. Figure 12 shows the relationship between trip length
and the percent of the entering traffic in the outside lane. The upper
portion of Figure 12 pertains to only light total freeway traffic volumes
of less than 3000 vehicles per hour, one way. The lower portion of
Figure 12 corresponds to conditions of moderate to heavy total freeway
traffic volumes of over 3000 vehicles per hour, one way. Although the
observation points are widely spaced, it would seem that the restrictive
effect of the higher volumes is noticeable.

Figure 12 indicates that "ordinary" or "equitable" lane use dis-
tribution is only attained by those vehicles travelling several miles
on the freeway, Those vehicles travelling less than three miles can
not be expected to reach that "steady-state" lane distribution which
is characteristic of "through" vehicles.

It must be pointed out that this is the result of a single study.
It is expected that this study will provide a basis for further work
of a similar nature.
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CAPACITY CHARACTERISTICS

Theoretical Approach 1o the Capacity-level of Service Concept

Both capacity and level of service are functions of the physical
features of the highway facility and the interaction of vehicles in the
traffic stream. The distinction is this: A given lane or roadway may
provide a wide range of levels of service,; but only one possible capa-
city. The various levels for any specific roadway are a function of the
volume and composition of traffic. A given lane or roadway designed for
a given level of service as a specified volume will operate at many
different levels of service as the flow varies during an hour, and as the
volume varies during different hours of the day, days of the week. periods
of the year, and during different years with traffic growth. In othar words
fluctuations in demand do not cause fluctuations in capacity. but do effect
changes in the quality of operation afforded the motorist. In a very general
way then highway planning, design and operational problems become a
case of whether a certain roadway (capacity) can handle the projected or
measured demand (volume) at an acceptable level of service (speed. etc.).
Because of both observed and theoretical speed-volume relationships on
freeway facilities, which shall be considered later. it is possible to
anticipate to some degree just what level of service can be expected for
a given demand-capacity ratio. The obvious weakness lies in the fact
that most of the qualitative factors affecting level of service can not be
related directly to traffic volume. '

Greater dependency on motor vehicle transportation has brought about
a need for greater efficiency in traffic facilities. The motorist is no longer
satisfied to be “out of the mud."” In fact, fewer and fewer folks rémember
the days of unpaved roads. The freeway is an outgrowth of the demand
for highways providing higher levels of service. The place that motor
vehicle transportation plays in our society demands dependable service
be provided by traffic facilities and the popularity or attraction to the freeway
illustrates this point. 1t is very important that the engineer clearly under-
stands the factors affecting efficiency or level of service of our highways
- and streets.

The individual motorist seldom understands or appreciates efficiency
of a facility in terms of volume accommodated. He evaluates efficiency
in terms of his trip - the service to him, He evaluates the operating con-
ditions of speed, travel time, traffic interruptions, freedom to maneuver,
safety, driving comfort and convenience, operating costs, etc. The level
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of service is a term which denotes the different operating conditions that
occur on a given lane or roadway when accommodating various traffic
volumes.

Recent contributions 7 to traffic flow theory regard traffic as a one-
dimensional compressible fluid with a concentration, k, and a fluid
velocity, u, The conservation of vehicles is explained by the following
equation of continuity:

3k 3 (ku) _
At * 3X : 0 (1)

If it is assumed that drivers adjust their speed in accordance with the
traffic conditions about them as expressed by the general expression
kP 3k/3x, the acceleration of the traffic stream becomes,

du - ¢k 3k

dt =~ dx (2)

Solving equations (1) and (2) for u=f(k), and making use of g=ku yields
the following generalized equation of state for a traffic stream,

(n+1)/2 '
a=ky |1- _k_> , n> -1 (3)

where us is the free speed and k; is the jam concentration. The ex-
ponent, n, provides some flexibility in fitting a theoretical flow
concentration curve to a particular highway8 .

The speed of waves carrying continuous changes of flow through the
stream of vehicles is given by the derivative of the g-k equation defined
in (3),

(n+1)/2
a' =up |1 - (n43) G) , n> -1 (4)
2 k.,
J

The concentration, k., at which flow is a maximum is obtained by
setting (4) equal to zero and solving for k:

-2/(n+1)
k=L (n+3)/2] kj . n>-l (5)

-23~



Repeating for dg/du = 0 gives the speed, u,, at which flow is a maximum,
Um = {(n+1)/(n+3) ] us , n> -1 (6)

It therefore follows that the maximum traffic flow obtainable on a
roadbed (capacity) is

It has been hypo’chesized9 that discontinuities in traffic flow are
propagated in a manner similar to "shock waves" in the theory of com-
pressible fluids. The speed of a shock wave, U, is given by the slope
of the chord joining the two points of the flow-concentration curve which
represent the conditions ahead of and behind the shock wave,

U=(q,-a)/k_-k). (8)

Application of the mean value theorem suggests that the speed of the
shock wave is approximately the mean of the speeds of the waves run-
ning into it from either side,

U=172 ("' +q') ©)
where qfi is given in equation (4).

The very strong analogy between traffic flow and fluid flow suggests
that the conditions of continuity of momentum and energy should be ful-
filled at the surface of a traffic shock wave, just as the equations of
dynamic compatibility must be fulfilled in fluid dynamics. Multiplying
equation (1) by u and equation (2) by k, then adding the two equations,

we obtain
3 (kuz + k‘n.,{.2 02»
a(ku) _ - _ n+2 |
ot dX ' (10)

Equation (10) is the law of conservation of momentum in the differential
form as applied to traffic flow. Comparing equations (1) and (10) with
the classical forms in hydrodynamics, we can complete the analogy
between the fluid and traffic quantitites. This correspondence is illus-
trated in Table 1.

Kinetic energy, ku®, is the energy of motion of the traffic stream.,
The measure of the jerkiness of the driving in this stream is given by
the standard deviation of the acceleration or acceleration noise, ¢ .
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TABIE 1

CORRESPONDENCE BETWEEN PHYSICAL SYSTEMS

Hydrodynamic System

Traffic System

Mass Density, p

Concentration, k

Variables

Velocity, v Speed, u

Momentum, pv Flow, ku

Shock wave velocity, U Shock wave velocity, U
Parameters

Kinetic energy, pv2/2

Internal energy, e

Kinetic energy, kuz/ 2

Acceleration noise, o




The units of both parameters are those of acceleration. Energy, as
expressed in these two quantities, is consistent with the level of
service concept previously defined. Thus, the kinetic energy of the
stream fulfills the first level of service factor (speed and travel time)
whereas internal energy (acceleration noise) measures such level of
service factors as traffic interruption and freedom to maneuver, and to
some degree safety, comfort and operation costs.

Utilizing energy, rather than momentum, as the criteria for opti-.
mization depends on finding those values of k and u that maximize
the kinetic energy of the traffic stream, E, and minimize the internal
energy or lost energy, o . Division of (3) by k, squaring the term and
then multiplying by k yields

(n+1)

(n+1)/2
E=ku |1-2k +(k , n> -1,
Ky k;

Setting dE/dk = dE/du = 0 to get the appropriate "energy" parameters
gives
-2/(n+1)
k' = (n+2) k. ., n>-1,
m )

uo= L(n+1)/(n+2) ] u , n>-l,
and

3 =ke'uo
qm m m

Dividing equations (5), (6), and (7) by equations (12), (13), and
(14) respectively, we get

- 2/(nt1)
EIE = . EE:Z_? i ; N> "1;
k"m (n+3)
"—um - = the’” > n>-1;
u'm n+3
and
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dm ) 2/{n+1) ( (n+3)/(n+1}

= n—+2 )

m (n+3)

n>-1 (17)

1t is apparent that k,“m< km and ufm>um which, from the point of
view of the motorist, suggests that energy is a better criteria for defiming
optimum operation., Of course, this is accomplished by a sacrifice in
traffic flow, since q'p, < qp,.

Traffic engineers have long been faced with the dilemma of relating
possible capacity to level of service quantitatively. Much ot the diffi-
culty can be attributed to the fact that capacity is expressed in the units
of volume,; whereas the term level of service is highly subjective in nature.
Volume is a logical measure of efficiency from the point of view of the
engineer, whereas motion in the form of speed and the magnitude and fre-
quency of speed changes is an important measure of level of service from
the point of view of the individual driver. ‘

The mcmentum-kinetic energy analogy seems to apply. if a moving
mass strikes a stationary object without rebounding, as when the descend-
ing block of a pile driver strikes the pile, the resulting motion of the
latter depends on the momentum of the block and not upcn its kinetic
energy. Therefore, if a fixed amount of energy is available. it 1e more
effective to use a heavy mass moving at a relatively low speed than a
lighter mass moving at a high speed. The momentum of the slow-moving
heavy mass after faliing a short distance is greater than that of a small
rapidly moving mass which has been lifted higher by the expenditure of
the same amount of energy.

Replacing mass in the previous discussion with traffic density, it
is seen that efforts to measure efficiency in terms of momentum {traffic
"throughput") must necessarily be achieved with a high traffic stream
density and a low traffic stream speed. This is obviously not consistent
with the level of service concept. On the other hand. since energy is Q
scalar quantity . the energy of a system such as a traffic stream is equal
to the sum of the energies of its constituent particles; and wiil be a
maximum when internal fricticn caused by vehicular interaction is a
minimum. Since this internal friction reflects some compromise on the
individual driver's freedom to maneuver, his comfort. ard his safety,
the energy concept includes most of the qualitative ingredients defined
in level of service. Moreover, the energy concept affords the engineer
the opportunity to treat level of service quantitatively.

If equations (3} and (11) are expressed in terms of speed only, and
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then normalized, they become (for the special case of n=1)

_ - |
9. = 4 CS R (18)
e Ut Hf ‘J :
and _
2 3
qu - 4 (u_ , (_‘_1_> (19)
Im“f Ug Yg

The curves of equations (18) and (19) are plotted in Figure 13, The
right side of the graph is the well known volume-speed relationship
normalized so that the abscissa is the ratio of flow to capacity and
the ordinate the ratio of speed to free speed. Since division of the
abscissa by the ordinate,

g . _u - ku . u__ _ k (20)
d uf 4kjuf ¢ j

it is apparent that the slope of any ray is one~fourth the normalized
traffic density. The optimum density rays, using both the momentum
and energy criteria, are plotted.

The left side of the graph shows the relationship between the
kinetic energy and speed of the traffic stream. Division of the
abscissa by the ordinate,

u . u
il @
m £ f

gives the flow-capacity ratio. Thus, the maximum abscissa gives
maximum kinetic energy (located at u"m=2/3 uf) , while the maximum
slope gives the maximum momentum or flow (located at Uy = 1/2 uf) 0

The relationship between capacity and level of service is so
fundamental to such practical aspects of traffic engineering as planning,
design and operations, it is important that the distinction between these
terms be appreciated. This can best be accomplished by a quantitative
relationship, based on the energy-momentum analogy, as expressed in
the following definitions:
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Possible capacity is the maximum number of vehicles that can be
handled by a particular roadway component under prevailing conditions.

It is that product of the density and speed that maximizes the momentum
of the traffic stream,

Level of Service refers to the quality of driving conditions afforded
a motorist by a particular facility as reflected by (1) speed and travel
time (2) traffic interruption (3) freedom to maneuver (4) safety (5) driving
comfort and convenience and (6) vehicular operating costs. Seven levels
of service are described. (See Figure 13).

Level of Service A describes a free flow accompanied by low
volumes, low densities, and high speeds which are controlled by
the driver desires and physical roadway conditions (free speed).
Although, the variance in speeds is high, there is no restriction
in maneuverability due to the presence of other vehicles, and
drivers can maintain their desired speeds with little or no delay.
This is the service expected in rural locations.

Level of Service B, C, and D describe the zone of stable flow.
The upper limit is set by the zone of free flow, whereas the lower
limit is defined by the optimum density, k'm, and optimum speed,
u'm, based on maximizing the kinetic energy of the traffic stream.
‘The conditions at u' and k'm are acceptable for urban design ‘
practice. The lelsmns associated between levels B-C and C-D
are arbitrary.

Level of Service E1 & E _describe the zones of unstable flow.
Zone 'J:".1 is set between the optlmum conditions described by the
energy and momentum criteria. In this zone, small increase in
volume is accompanied by both a large decrease in speed and ki-
netic energy leading to high densities and internal friction which
contribute to instability. Zone E _is described by operating speeds
lower than uy, and a traffic dens1ty greater than kp,, vet with a
vehicular flow greater that q . This type of operation can not
persist and leads inevitably to congestion.

Level of Service F describes a forced flow condition at low
speeds and very high internal friction. Volumes are below
capacity and storage areas consisting of queues of vehicles
form. Normal operation is not achieved until the storage queue
is dissipated.
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Measurements and Relationships

The primary characteristics of traffic movement are concerned with
speed, density and volume, These three fundamental characteristics are
dependent on the geometric design of the roadway and the operational
requirements of the traffic stream. Interest in these characteristics is
manifest in the need for establishing representative possible and practical
capacities for freeway sections.

While any set of speed observations may be influenced by such items
as demand, capacity, design, weather and controls, it is not generally
appreciated that the location at which measurements are made has a great
deal to do with the adequate description of operating conditions. For
example. traffic data taken just beyond an entrance ramp may reflect
smooth and uniform operation when actually the traffic behind the ramp
may be operating under stop-and-go conditions. Because congestion at
one point may cause congestion for a great distance back along the free-
way, a survey made at a "point" behind this critical ramp area will
reflect poor conditions (low speed and relatively low volume) without
a direct association with the cause of the congestion being possible.

Motion picture study procedures provide the advantage of having a
view of a reasonably long section of freeway and reasonably precise
measurements of numerous traffic characteristics such as speed, volume
and density. However, even with the view of a section of freeway 1000
to 2000 feet in length, it is often difficult to determine accurately the
cause of congestion. Congestion at one study area may actually be
caused by conditions existing at a point farther along the freeway. Al-
though the motion picture provides some possibilities of continually
examining conditions throughout a section for possible influencing
factors . the section studied from a single camera location is not always
long enough tc reveal whether congestion and "stoppages" are caused
by cond:itions within the study area or by conditions ahead.

Two methods which have been successfully utilized and that do not
rely on point survey data for describing flow characteristics are television
camera surveillance and aerial photography. Pursuant to this research,
two types of aerial photography have been studied 10 (1) strip photog-
raphy where two continuous pictures are taken simultaneously over the
entire study section; and (2) time-lapse photography where individual
overlapping pictures are taken at short intervals of time. Time-lapse
photography seems tc be more suited for speed and density measurements,
and can provide mult.ple speedsfor each vehicle from which acceleration
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can be calculated, Of course, the shortcomings of the aerial approach,
though distinct from the point survey approach, are nevertheless signi-
ficant in that it is essentially an "instant" survey.

By careful design of a freeway study, either "point" or “instant"
surveys can be used to give continuous coverage in both time and space.
This two-dimensional interpretation is indispensable because all traffic
characteristics vary in both time and space. "Contour maps" provides a
means of illustrating these two-dimensional variaticns in the characteris-
tics. These maps are drawn by using time as the ordinate, and distance
along the freeway as the abscissa. If aerial photography is used (the
"instant" survey approach) flight runs must be made at periodic intervals
(say 10 minutes) and the speeds are averaged at say 600 feet intervals
giving about 3.. pcints per mile per 10 minutes. Interpolating in both time
and space and connecting points of equal speed yield a speed contour map.
Obviously, the same contour map could be obtained by interpolating
between "point" surveys spaced at 600 feet intervals., Figure 14 illus-
tratés speed contours for total inbound traffic on the Gulf Freeway,
Houston, obtained from the aerial photographic survey method.,

In addition to providing a continuous record of speed for an entire
facility for a sustained period such as the peak hour, the contour map.
affords the opportunity to isolate critical locaticns and periods and then
study them in more detail, Consider. for example, the Telephone Inter-
change Entrance Ramp located at Station 150 + 00 (Figure 14). The profile
of section A-A is plotted in Figure 15. A speed-flow relation, obtained
solely from contour maps, is illustrated. A profile plotted from section B-B'
in Figure 14 is plotted in Figure 16. This profile illustrates the performance
of the entire facility at 7:25 a.m.,, as reflected by speeds.

Although profiles at either a point or at an instance may have some
conceptual appeal to the engineer in evaluating freeway operations, the
level of service ccncept previously discussed is based on the driving
conditions afforded an individual motorist as reflected, for example, by
his speed. Section C-C on Figure 14 indicates the path of a hypothetical
motorist traversing the freeway starting from the Reveille Interchange at
- 7:05 and arriving at the downtown distribution system at 7:15, This pro-
file is also plotted in Figure 16,

Jt is generally accepted that the largest number of vehicles that can
pass a given point in one lane of a multilane highway, under ideal condi-
tions, is between 1900 and 2200 vehicles per hour. This represents an
average maximum volume per lane sustained during the period of one hour,
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‘Figures 17, 18, 19, and 20 illustrate volume contours for the three inbound
lanes on the Gulf Freeway, Houston, as well as the three-lane total for
inbound traffic. It is evident that higher rates of flow exist for specific
lanes or for short periods of time. Although the capacity of a freeway
under ideal conditions is considered to be 2000 vehicles per lane per hour,
only in situations where the peak period demand extends very. nearly for
the entire hour will this capacity value be realized.

In order to illustrate the speed-density-volume relationship over
shorter sections of freeway, the 14 graphs of Figure 21 were plotted for
the inbound shoulder lane. Each graph represents the average conditions
encountered throughout the study hour for the 2000 feet length of freeway
directly above the graph.' The graphs® ordinate is speed in miles per
hour and the upper abscissa is volume in vehicles per hour, while the
lower abscissa is density in vehicles per mile. The numbers from 1 to 6
refer to the times of the 6 flight runs, thus giving a chronological plot of
data. The speed-density relationship is shown by a dotted line; the speed-
volume relationship is shown by a solid line, '

It is apparent, in studying the graphs in Figure 21, that almost without
exception, increases in density are accompanied by decreases in speed.
For the graph covering the interval within the Reveille Interchange, the
range in average speeds varies from 45 to 5 mph over the study hour. At
the other end of the freeway. however, average speeds remain at from
40 mph to 35 mph during the same period. The range of average speeds
plainly decreases throughout the morning peak hour as one travels toward
the CBD on the facility.

~ The volume-speed relationship is more difficult to explain. Decreases
in speed do not always accompany increases in flow, However, several
of the graphs exhibit a characteristic parabolic loop resulting from the
decrease of speed at excessive flows. Keese, Pinnell and McCasland
explain that as peak flows build up, the average speed drops and generally
does not recover to the original relationship with volume until the peak
flow or demand has passed. Ryan and Breuning 11 utilize the concept of
-critical vs. noncritical flow, with the dividing point being the maximum
flow. They report that all three relations among speed, volume and density
are linear within the noncritical flow region (before congestion sets in).
May, et.al. 12 4efine 3 zones which may be described as constant speed,
constant volume and constant rate of change of volume with dengity. In
zone 1, the speed of the vehicle is determined by the facility itself and
the volume matches the demand. Zone 2 represents impending poor opera-
tions; average speed drops but the flow rates may be sustained at a high
level. In zone 3 both speed and volume rates decrease, which in itself
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may serve as a definition of congestion.

The analysis of highway traffic is more than the making of measure-
ments and collection of facts. Although this exploration of the true
nature and characteristics of freeway traffic is the necessary beginning
in providing new ways of improving performance, the freeway traffic
phenomena is so complex that a collection of bare data tell us a little
- more than we already know. Earlier in this article, a hydrodynamic model
was explained. - An important aspect of this model is the momentum-energy
analogy which is summarized in Figure 13. These concepts yield several
parameters which provide the means of organizing and interpreting the
traffic characteristics collected.

Using Figure 22 as a mod-el, vqlume vs. speed and (volume x speed) vs
volume data were plotted, for lane 3 of the Gulf Freeway, inbound traffic
during the peak hour. The constants for a curve of the form

q = kju [1 - (5 )] (22)
u
£

was calculated by fitting a regression line to speed-density data taken
from aerial photographs. Values of free speed, Us and jam density, k.,
are 60,3 mph and 133.1 vpm. Thus, the equation of the curve in the q-u
plane becomes '

q=133,1u-2.,21u?® (23)
The equation for the "energy" - speed relationship is
qu=133.1u?® - 2.21 u® - (24)

It can be observed that the curves provide excellent estimates of the
points plotted, and verify the theoretical approach to the capacity-level
of service concept suggested by the momentum-energy analogy of the
hydrodynamic model of traffic flow.

The hydrodynamic model, so useful in describing the level of service-
.capacity concept, can be extended to aid in the explanation of a bottleneck9
A bottleneck is a stretch of roadway with a flow capacity less than the road
ahead (Figure 23). The upper g-k curve in the figure is for the roadway
ahead of the bottleneck, and the lower one refers to the bottleneck itself.
When the traffic volume reaches the capacity of the bottleneck, the velocity
in the bottleneck, u is less than ahead of the bottleneck, u_. However,
this difference in speed is not significant in urban area capaci’%y problems
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and should not be used as a criterion for determining acceptable operation.
But, any further increase in demand (volume) accumulates as a queue in
advance of the bottleneck, and the traffic conditions in this region shift
from those expressed by point 3 on the figure to those expressed by point
2 (density changes from ks to k .

When a bottleneck is operating at capacity, the speed of traffic is
independent of the geometric conditions in the upstream section. Since
congestion may last much longer (Figure 24) than that interval in which
demand exceeds capacity, it is important that precautions be taken to
prevent this. A stipulated rate-of-flow for a 5-minute period can ensure
that congestion will not occur to whatever degree of confidence desired
by a designer. This is illustrated by the design curves relating level of
service to a 5-minute rate of flow (Figure 25). Thus, a service
volume of 1800 has a probability of .50 of guaranteeing "stable flow"
during the peak S-minute period. On the other hand, there is a 50%
chance of "unstable flow" occurring; and a 2.5% chance of "forced flow".
Of course, "forced flow" is congestion, and "unstable flow" can lead to
congestion, due to the statistical variability of vehicle headways. It is
interesting to note that a relatively small reduction of 100 in the service
volume . to a flow of 1700 vph.  greatly increases the prcbability of main-
taining "stable flow". These curves represent an attempt to put such a
decision in the hands of highway administrators and designers. After this
choice is made, the service volume to be used for design for the peak hour
would be obtained from Figure 1, depending on the populaticn of the city,
(See Table 2}

FTigure 25 was obtained by determining the probability of getting
observed rates of flow greater than the predicted values utiliz:ng the
data shown 1n Figures 2 and 3 and assuming the errors are ncrmally
distrubuted. The first four columns in Table 2 are taken directly from
Figure 25; the last four columns utilize the peaking relationships ex-
pressed in Figure 1.
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TABLE 2

FREEWAY CAPACITY WITH CONFIDENCE LIMITS

Approx. Probabilities of Various Freeway Design Service Volume (Total Hourly Vol ./Lane)

_8b_

Peak 5-Min Flow Types of Flow in Peak 5-Min Population of Metropolitan Area
(VPH) Stable Unstable Forced 100,000 500.000 1,000,000 5,000.000
1500 1.00 0.00 0.00 1100 1200 1300 1300
1600 0.98 0.02 0.00 1200 1300 1300 1400
1700 0.85 ‘ 0.15 0.00 1300 1400 1400 1500
1800 0.50 0.48 0.02 1400 1500 1500 © 1600
1900 0.15 0.69 0.16 1500 1600 l1600 1700

2000 0.03 0.47 0.50 1500 1600 1700 1800




APPLICATIONS

Freeway Design

Highway design is an engineering function-~not a handbook problem.
The engineer is faced with the problem of predicting traffic demands in
future years and providing facilities that will accommodate that traffic
under a selected set of operating conditions or levels of service. Too
often highway design has been accomplished by adopting a set of hand-
book "standards" which when coupled with traffic "guestimates" have
resulted in the construction of many seriously inadequate facilities,

Traffic prediction, traffic operation and des:gn have now developed
to the point where it is possible for engineering (the application of science}
to produce rather reliable results.

A freeway is not built for some date 20 years in the future. It must
go to work the first day and serve efficiently all through its expected
life. And, if history is not changed, many will be serving for quite a
number of years beyond the "design" year. »

The freeway is only one facility in a network of system of streets
and highways. 1t has its place, but the system as a whcle must be made
to function efficiently. The day has gonewhen a freeway can be designed
within the confines of two parallel right-of-way lines. Likewise, the day
has gone when only the 20~year "complete system"” can be considered when
designing a particular facility. Traffic projections and designs must be
made on partial or incomplete systems :f desirable service is to be obtained
in the years before the whole system is completed. With the modern tools -
available, the designer should have at his disposal an accurate estimate of
traffic demand for each stage of completion of the planned system.

Engineering and management must be coupled in the selection of a
level of service for design that is best adapted to the specific need.
Economics and other factors will continue to play a major part in facility
programming and even in design, but realistic projected service analysis
will lead to more realistic priority programming.

The largest number of vehicles that can pass a given point in one
lane of a multilane highway, under ideal conditions, is between 1900
and 2200 vehicles per hour. This represents an average maximum volume
per lane sustained during the period of one hour. Studies have found higher
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volumes for specific lanes or for short time periods., Where at least two
lanes are prov:ded for movement in one direction, and disregarding dis-
tribution by lanes, the capacity of a freeway under ideal conditicns :s
cersidered tc be 2000 vehicles per lane per hour,

Where ccnditions are less than ideal because of reduced widtrs,
sight distance. grades and commercial vehicles, etc., the capacity will
be scmewhat lower. Mcskcwitz and Newman ° suggest some correction
value tc be used when these conditions are anticipated.

When the traffic volume equals the capacity of a freeway, operating
conditions are pcor. Speeds are low, with frequent stops and high delay.
In order fcor the highway to provide an acceptable level of service to the
rocad user, it is necessary that the service volume be lower than the
capacity of the roadway,

The level of sarvice approach establishing levels of cpsration from
free flow to capacity which is being considered by the HRB Capacity
Commitiee is designed to allow the engineers and administrators to pro-
vide the highest level of service economically feasible., The momentum-
energy analogy derived in the previous section is an effort ‘o explain the
capacity-level of service relationship rationally and quantitatively. {(Table
3.} it must be reccgnized that highway traffic represents a stochast:c
phenomeron. Therefore, any highway facility. designed to accommodate
traffic. must be desigred with the realization that frem time teo time demand
will exceed capacity. The organization of Table 2 is useful in that it pro-
vides the desigrer with confidence limits in determining the number of main
lares reeded cn a fresway. '

Alter the determination of the number of freeway lanes, the cperating
cond:itions at critical locations of the freeway must be investigated for
the effect on capacity and level of service. Unless some designated level
of service is met at every point on the freeway, bottlenecks will occur and
" traffic operation will break down. Critical locations on a freeway are mani-~
fest by either sudden increases in traffic demand; the creation cf inter-
~ vehicular cerflicts within the traffic stream, or a combinaticn of both., An
entrance ramp is an example of the first type of critical locaticn, whereas
exit ramps and grades can cause intervehicular conflicts,

it is interesting to note that a distinction can be made between the

terms “critical location"” and "bottleneck". A:bottleneck is a section of
rcadway with a capacity lower than the adjacent upstream section, Thus,
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TABLE 3

LEVELS OF SERVICE AS ESTABLISHED BY ENERGY-MOMENTUM. CONCEPT

Level of Service
Zone

Description

Zone Limits
Upper Lower
(See Figure 13)

A - Free Flow

BI C & D -
Stable Flow

Ei - Unstable
Flow

Ez - Unstable
Flow

F~Forced Flow

Speeds controlled by driver desires and
physical roadway conditions. This is the
type of service expected in rural locations.
Flow concentration, speed -1 . The conditions
at upand k‘m are acceptable for urban design
practice. The divisions between B-C and C-D
are arbitrary. N

A small increase in demand (flow) is accompanied
by a large decrease in speed leading to high
densities and internal friction which contribute
to instability.

This type of high density operation can not
persist and leads inevitably to congestion.

Flows are below capacity and storage areas
consisting of queues of vehicles form. Normal
operation is not achieved until the storage
queue is dissipated.

Ug .9uf, .35qm

ug, .35qm u

)
Ym9m Unm s 9y
u. ., q Su'_, af
m m m m
.Su'm,q'm 0




the volume input can exceed the capacity of the bottleneck, and the road-
way upstream becomes a storage area whose level of service and rate of
flow are governed by the capacity and operating conditions through the
bottleneck. If traffic backed up at a bottleneck is required to stop, the
capacity of the bottleneck becomes a function of vehicular departure head-
ways from a stopped condition. Strictly speaking then, not all "critical
locations" are "bottlenecks"; a bottleneck is only one form of critical loca~
tion. The most important consideration is that operation in critical sections
never drop below the ‘adopted level of service. Often, this can be effected
by not allowing the demand on the facility to exceed the bottleneck capacities.

As traffic operations deteriorate, vehicles tend to form platoons., In
general, "platooning" is a function of the number’of slow vehicles and the
speed of slow vehicles. When an upgrade is introduced, speeds are re-
duced and platoon lengths increase. Accident potential and capacity miti-
gating lane change maneuvers are a direct result. The percentage of trucks
in the stream, as well as the steepness and length of grade, will determine
just how adverse this effect may be.

One possible solution to maintaining a level of service on the grade
equal to a level grade. would be to add a climbing lane whenever the passen-
ger car volume and speed varies below the adopted level of service. This,
of course, is not always feasible on a urban freeway facility where lane
reductions present severe operational problems. The policy of restricting
trucks to the outside lane (predicated on the theory that if all trucks are
" travelling on the outside lane, then vehicles on the remaining lanes can
maintain the operation levels achieved on level grade) ignores the fact
that vehicles in the outside lane will not accept the same level of service
as trucks and will attempt to change lanes. It is impossible for adjacent
lanes to operate at drastically different levels of service. This influence =
of the operation of one lane on the operation of another is a well established
speed characteristic and is sometimes called "speed sympathy". Thus, the
most acceptable solution to the problem of operating on freeway upgrades is .
to see that demand volumes never exceed the adopted level of service.

The traffic demand on a freeway can only change at entrance or exit
- ramps, Two of the most critical points on a freeway will be upstream from
an exit ramp and downstream from a ramp entrance, where traffic demand
will necessarily be at a maximum. Operating conditions at exit ramps are
generally similar to the operating conditions described at an upgrade, but
can be much more severe where there is a back-up from the exit ramp onto
the main roadway proper. Many exit ramps problems could be avoided by
 providing for the speed reduction on the ramp rather than on the shoulder
lane of the freeway. Even where long parallel deceleration lanes are pro-

-52-



vided, they are not used because of the unnatural maneuver invelved. Un-
fortunately, the close spacing of interchanges and use of frontage roads
favor the use of short slip-type ramps. Where a high exit volume slip ramp
is used, definite consideration should be given to placing vyield signs on

the frontage roads, thus preventing back-up from the exit ramp onto the free-
way. . : _

Entrance ramps may create two potential conflicts with the maintenance
of the adopted level of service of a roadway‘secti_ono First, the additional
ramp traffic may cause operational chahges in the outside lane at the merge.
This condition, of course, will be aggravated by any adverse geometrics,
such as high angle of entry, steep grades, and poor sight distance. Second,
the additional ramp volume may change the operating conditions across the
entire roadway downstream from the on-ramp. This is particularly true
where there is a downstream bottleneck.

There are three basic procedures employed in determining the capacity
of entrance ramps. One method is based on preventing the total freeway
volume upstream from the ramp plus the entrance ramp volume from exceeding
the capacity of a downstream bottleneck. A second method takes into con-
sideration the distribution of freeway volumes per lane (discussed in the
first section of this paper and also treated extensively by Hess 13) and then
limits the ramp volume to the merging capacity (assumed here to be equal
to the service volume selected in Table 2) less the upstream volume in the
outside lane. The third method states that the ramp capacity 1s limited
by the number of gaps in the shoulder iane which are greater than the
critical gap for acceptance,8 It is believed that the second method (Figures
5 to 9) is the most practical in designing a new facility. The first method
is predicated on knowing the capacity of bottlenecks~~something that is not
known in the case of a new facility. Research concerning the third method
is now underway; the advantage of this approach is that it recognizes that
ramp capacity and operation must be affected by the gecmetrics of the ramps.

The last "critical location" to be considered is the weaving section.
Weaving sections often simplify the layout of interchanges and result in
right-of-way and construction economy. The capacity of a weaving section
is dependent upon its length. number of lanes, running speed and relative
volumes of individual movements. When large volume weaving movements
occur during peak hours, approaching the possible capacity of the section,
probably results are traffic stream friction, reduced speeds of operation,
and a lower level of service, This can sometimes be avoided by the use
of additional structures to separate ramps, reversing the order of ramps so
as to place the critical weaving volumes on frontage roads,; and the use of
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collector-distributer roads in conjunction with cloverleaf interchanges.

Weaving sections should be designed, checked and adjusted so that
their capacity is greater than the service volume used as the basis for
design. This is consistent with the level of service concept used in
determining the number of main lanes and checking the merging capacities
at entrance ramps. The determination of minimum length of weaving sec-
tion to meet the controlling level of service is illustrated in Figure 26,
These relationships were obtained by considering the outside lane use
relation with trip length (Figures 11 and 12). Referring to.Figure 26, the
maximum number of vehicles that an exit, Rp , can not exceed Q-R_, plus
the number of entranceramp vehiclesthat change lanes within the merging
section.

Figure 27 illustrates four steps to be followed in the design of a
freeway system.

Step 1 - Determine the peak hour volumes through the application of
the peak hour and directional distribution factors to the
assigned daily traffic volumes. In an actual problem the
P.M. peak would also be checked.

Step 2 - Determine interchange requirements. It is important that
this be done before freeway main lane requirements be
investigated, because the number of ramps depends on the
choice of interchange. Thus, a cloverleaf interchange and
a directional interchange may have one or two entrance
ramps and one or two exit ramps in each direction; whereas
diamond interchanges have one entrance ramp and one exit
ramp in each direction. If the interchange is to be signal-
ized,; a capacity check is made to see if the planned
facilities will handle the traffic with reasonable cycle
lengths (See Figures 28 and 29)14. Should a facility be
apparently underdesigned, additional approach lanes may be
added or a higher type facility be substituted in its place.

Step 3 - The number of main lanes depends on what service volume
value is chosen as the design capacity. The freeway design
service volumes in Table 2 enable the designer to judge what
level of service can be expected for a given service volume
based on the probability of obtaining various types of flow
conditions during the peak 5-minute period. For the purposes
of this example a service volume of 1700 vph is chosen.
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The operating conditions at critical locations must be
checked to ensure that the designated level of service

is met at every point on the freeway. The critical sections
considered in this paper are merging and weaving sections,
Figures 5 to 9 provide the basis for determining if the merg-
ing capacities at entrance ramps are exceeded, where the
merging capacity is defined as the service volume chosen
in Table 2. Thus, since a total hourly volume of 1700 vph
is used as the basis for determining the number of lanes,
then 1700 vph would represent the merging capacity in this
procedure., Figure 26 provides the basis for determining if
weaving sections on the freeway’meet the designated level
of service.

Step 4 - Alternate -designs should always be considered., In Figure 27,
one alternative is illustrated by merely reversing the order of
-entrance and exit ramps, resulting in 3 lanes in each direc-
tion instead of 4 lanes.

The level of service should be "in harmony" along the stretch of
freeway being considered. Since operational problems at one point are
reflected along the freeway for a distance depending on the volume-
capacity relationship, it is not practical to consider a lower level of
service at one or more critical points, rather the level of service selected
for design should be met or exceeded at the critical or bottleneck points,
This concept is referred to as balanced design and it is a must for freeways.

Freeway Operations

The freeway motorist expects to have his needs anticipated and ful-
filled to a much higher degree than on conventional roads. This expecta-
tion can sometimes be fulfilled by the application of capacity considerations
to rational geometric design. More often than not, however, actual traffic
and travel patterns differ from the projected values making constant freeway
operational attention after construction a must.

Congestion occurs on a freeway section when the demand exceeds the
capacity of that section for some period of time. Because congestion can
lower the rate of flow, a short period in which the capacity is lower than
the capacity of adjacent sections is called a bottleneck. Bottlenecks can
be caused by changes in the freeway alignment (horizontal or vertical) or
reductions in the freeway section (reduction of number of lanes, reduction
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n lane widths, the presence of an entrance ramp, etc,). Accidents,
lisabled vehicles and maintenance or law enforcement operations can
1lso cause temporary bottlenecks by reducing the effective capacity
or level of service provided,

Freeway design does not always eliminate the need for sound traffic
‘egulation. A reasonably homogeneous traffic stream, particularly with
‘espect to speed, is essential for efficient freeway operations. Pedes-
rians, bicycles, animals and animal-drawn vehicles are excluded from
reeways. Motor scooters, non-highway (farm and construction) vehicles
and processions, such as funerals, are also generally prohibited from '
‘he freeway. Towed vehicles, wide loads or other vehicle combinations
such as trailers drawn by passenger vehicles which impede the normal
novement of traffic may be barred during-the peak traffic hours or during
inclement weather,

Minimum speed limits are being increasingly used and have been
found of great benefit, particularly on high-volume sections, The effect
of this type of control is to reduce the number of major accident poten-
tial lane change maneuvers., The effects of slow-moving vehicles on both
capacity and accident experience are so pronounced that a greater use of
minimum limits appear probable. There is a need to eliminate all vehicles
incapable of compatible freeway operation.

Increasing attention has been given to the possibility of and need
for using variable speed control on urban freeway sections as a means
of easing the accordion effects in a traffic stream as congestion develops.
Drastic speed variations might be dampened by automatically adjusted
speed message signs in advance of bottlenecks,

A properly designed entrance ramp with provision for adequate accel-
eration should allow the entering driver adequate distance to select a gap
and enter the outside lane of the freeway at the speed of traffic in the
lane. These merging areas operate best when there is a mutual adjustment
between vehicles from both approaches. "Yield" signs impose rather-dras-
tic speed restrictions under the laws of a number of states thus causing
operational problems, and are no longer méndatory on the Interstate system.
It is generally felt that any speed restriction or arbitrary assignment of
right-of-way should be avoided unless inadequacies in the design make it
imperati\}e .

It is generally agreed that one key to significant progress in operation

of urban freeways lies in improved surveillance techniaue. In its most
basic form, urban freeway surveillance is limited to moving police patrols.
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Recently, helicopters have been used for freeway surveillance in Los
Angeles and other communities., Efficient operation of high density
freeways is, however, more than knowing the locations of stranded
vehicles; it may require closing or metering entrance ramps, or ex-
cluding certain classes of vehicles during short’ peak periods. There-
fore, what is needed is a reliable, all weather source of survelllance
information with no excessive time lag.

Experimentation with closed circuit television as a surveillance
tool was initiated on the John C. Lodge Freeway in Detroit. This
offers the possibility of seeing a long area of highway in a short or
instantaneous period of time, made possible by spacing cameras along
the freeway so that a complete picture can be obtained of the entire
section of roadway. Evaluation of the freeway operation depends mostly
on the visual interpretation of the observers. However, many traffic
people believe that this is not enough, The Chicago Surveillance Research
Project, for example, is predicated on the assumption that trained obser-
vers offered no uniform objectivity., In other words, if an expressway is
operating well, this quality can be detected by observing operating
characteristics. When the characteristics drop below a predetermined
level, action may be taken. :

A traffic surveillance system should involve the continuous sampling
of basic traffic characteristics for interpretation by established control
parameters, in order to provide a quantitative knowledge of operating
conditions necessary for immediate rational Vcontroll, and future design,

The control logic of a surveillance system, or any system, for that matter
is that combination of techniques and devices employed to regulate the -
operation of that system. The analysis shows what information is needed
and where it will be obtained. Then. and only then. can the conception
and design of the processing and analyzing equipment necessary tc convert
data into operational decisions and design warrants be described.

In research conducted during the past year by the Texas Transportation
Institute on the Gulf Freeway Surveillance Project. the application of many
control parameters to the description and eventual control of freeway con-
gestion was explored. Figures 30 and 31 illustrate the operation of the 3
inbound lanes of some six miles cof the facility during the morning peak hour
as obtained from time-lapse aerial photographic studies. Four control
parameters. derived in the previous section. are superimposed on the con-
tour maps: (1) the speed at possible capacity, Um ; (2) the density at pos-
sible capacity . ki (3) the speed at the optimum service volume v’ - and
(4) the density at the optimum service volume k’,,. These parameters
afford a rational, quantitative means for describing the level of operation
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on the facility: stable flow, unstable flow and forced flow.

Figure 32 illustrates continuous profiles of the possible capacity.,
dmq: and the optimum service volume, qu, which were derived by ap-
plying the momentum-energy analogy to speed-density data taken from
aerials of the facility. Thus, if stable flow is to be maintained on the
facility, demand must be kept below the optimum service volume., Use
of possible capacity as a basis for ramp metering or control places opera-
tion of the facility in the unstable zone of operation, and provides
absolutely no safety factor against breakdowns due to statistical variability
in demand,

Efforts to measure freeway operational efficiency in terms of traffic
"throughput"” (momentum) are obviously inconsistent with the level of
service (energy) concept, since maximum throughput must necessarily be
achieved with a high traffic stream density, a low traffic stream speed,
and a level of operation typified by "unstable flow". On the other hand,
the optimum service volume provides for speeds 33% higher, densities 33%
lower, a level of operation typified by "stable flow", and with only a 10%
reduction in flow. Actually, because there is less probability of attaining
"forced flow" (congested flow inevitably accompanied by complete break-
down), the "throughput" from day to day might very well be higher because
of less frequent breakdowns. '
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SUMMARY

Traffic operation and geometric design are essentially systematic
attempts to resolve a demand-capacity relationship for a given facility
in a manner that will provide an acceptable level of service to the motorist,
This report deals with urban freeway volume (demand) and capacity char-
acteristics, and their application to freeway design and operation.

An important volume characteristic which is discussed is the distri-
bution of demand during the peak hour. Peak rates of flow within the peak
hour exceed the average hourly rate of flow on urban freeways. It is
important that the peak hourly volume presently used as a criteria for
design be expanded to accommodate the higher rates of flow which exist
over shorter intervals within the peak hour. This is true because a con-
dition in which the demand exceeds the capacity can extend congestion
for a much longer time than just the duration of the peak flow period (see
Figure 24). In Figure 1, this variation has been related to the size of the
city thus affording a means of estimating the highest 5 minute rate of flow
during the peak hour on a facility.

Another vital volume characteristic considered is the lane use dis-
tribution of vehicles on freeways. The outside lane of a freeway will, on
the average, have a lower volume than the other lanes. The most impor- .
tant factors influencing the percent of the total freeway traffic in the out-
side lane immediately upstream from an entrance ramp are the total freeway
volume and entrance ramp volume (See Figures 5 and 9). Other factors are
the sequencing of entrance and exit ramps, their spacing, and their volumes.
(See the nomographs illustrated in Figures 6, 7 and 8).

A second aspect of lane use distribution discussed is the relationship
between trip length and outside lane utilization obtained through the use of a
"Lights-On" study technique (Figures 10, 11 and 12). This relationship was
useful in establishing the minimum length of freeway weaving sections based
on entrance and exit ramp volumes (See Figure 26). '

The second section of this report deals with freeway capacity char-
acteristics. A theoretical approach to providing a rational relationship
between capacity and level of service is formulated utilizing a hydro-
dynamic model and based on an energy-momentum analogy (Figure 13).
The theory is verified (Figure 22) and its utility toward a quantitative
description of level of service is suggested in the preparation of a table-
of Freeway Design Service Volumes (Table 2) to be used in determining
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freeway main lane requirements. Fundamental volume-~speed-density
relationships (Figure 21) and their measurements (Figure 14, 15 and 16)
on urban freeways are discussed. The importance of the contour format
as a means of presenting a complete picture of performance cver leng
sections of freeway and extended intervals of time is also described in
this section.

It is significant that the first section of the body of the report
deals with freeway demand and the second section with capacity. In
the third section. applications are made of these demand and capacity
characteristics to freeway operations (Figures 30, 31 and 32)and tc
freeway design (Figures 26, 27, 28, and 29) featuring a step-by-step
design procedure.
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APPENDIX A

TABULATION OF THE NUMBER AND MAGNITUDE OF THE TIMES THE DIFFERENCE BETWEEN THE OBSERVED
PERCENTAGE LESS THE PREDICTED PERCENTAGE EXCEEDED THE NATURAL DATA VARIABILITY |

15“1{/11?: :ER NUMBER OF TIMES THE NATURAL DATA VARIABILITY 1S EXCEEDED BY:
NUMBER STATE __FREEWAY PERIODS 0-1% 1-2% 2-3% 3-4% 4-5% 5-6% 6-7% 7-8% 8-10% 10%
05 Texas Gulf | 24 2 0 0 0 0 0 - 0 0 0 0
07 Texas Dallas 32 2 2 2 1 0 0 0 - 0 0 .0
12 Texas Gulf 32 2 0o 0 0 0 0 0 0 . 0 0
13 Texas Gulf. 32 0 10 0 1 0 0 o 0 0
31 Texas Gulf 30 2 0o 0 0 .0 0 0 0 0 0
33 Texas Gulf 30 4 1 2 0 0 0 0 O 0 0
41 Texas Gulf. - ‘ 36 - 0 2 0 o o 0 0 0 0 0
a4 Texas Gulf 36 2 o o 1 6 0o 0 0 0 0
0501 Calif. San Bérnardino 35 2 3 2 1 1 1 2 1 0 0
0503*  Calif. Harbor 24 4 2 1 1 3 2 0 0 0 0
0505  Calif. Hollywood 30 1 3 s 5 3 3 1 2 1 ]

* Unusual Geometrics (lane dropped or added)
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APPENDIX A (Continued)

IS\HI{/II\]/Irll3 = NUMBER OF TIMES THE NATURAL DATA VARIABILITY IS EXCEEDED BY:
NUMBER  STATE FREEWAY PERIODS 0-1% 1-2% 2-3% 3-4% 4-5% 5-6% 6-7% 7-8% 8-10% 10%
0609(1) Colo. Valley Highway 24 1 10 0 0 0 0 0 0 0
0610* Colo. Valley Highway 24 0 0 2 4 3 2 2 3 1 3
1101 Ga. Atlanta Expressway 24 1 0 1 0 1 1 0 0 0 0
1102 Ga. Atlanta Expressway 24 1 0 0 0 1 0 0 0 0 0
1103 Ga. Atlanta Expressway 18 1 1 0 0 0 0 0 0 0 0
1104 Ga. Atlanta Expressway 24 0_ 4 0 0 1 0 0 0 0 0
1105 :Gra . Atlanta Expressway 24 1 2 1 1 0 2 0 0 | 1 0
1106 Ga. Atlanta Expressway 18 2 3 2 0 0 1 0 0 1 0
1107 Ga. Atlanta Expressway 24 0 3 2 2 1 0 0 0 0 0
1108 Ga. Atlanta Expressway 26 5 1 1 0 0 1 1 2 0o 0
1109 Ga. Atlanta Expressway 18 5 2 1 2 1 0 0 0 0 0
1430* 111, | Congress Street 24 1 5 4 4 2 3 0 0 1 0

* Unusual Geometrics (lane dropped or added)



APPENDIX A (Continued)

15“1{/11\14: .,ER NUMBER OF TIMES THE NATURAL DATA VARIABILITY IS EXCEEDED BY:
NUMBER  STATE FREEWAY _ PERIODS 0-1% 1-2% 2-3% 3-4% 4-5% 5-6% 6-7% 7-8% 8-10% 10%
1503%*%  Ind. Tri-State | 30 0 0 0 0 0 0 0 0 0 0
2313 Mich. Edsel Ford 28 6 3 1 0 1 0 0 0 0 0
2314(1) Mich. Edsel Ford 24 6 3 1 0 1 0 0 0 0 0
2316(1) Mich. Edsel Ford 09 2 31 0 0 6 0 o 0 0
2317(1) Mich. Edsel Ford 35 2 3 2 4 1 2 0 0 0 0
2318(1) Mich. Edsel Ford 19 2 3 0 0 1 0 1 0 0 0
2321 Mich. = Edsel Ford 14 1 0 1 1 0 0 0 0 0 0
2322 Mich. Edsel Ford 15 0 2 3 1 0 0 0 0 0 0
2323(1) Mich. Edsel Ford 26 1 0 0 0 0 0 0 0 0 0
2503(1) Mo. Intercity 24 0 2 0 0 0 0 0 0 0 0
3101 N.J.  Garden State 30 2 6 1 1 1 0 0 0 0 0

*  Unusual Geometrics (lane dropped or added)

** Treeway Volume is less than 2000 vph
{1) Study with complete adjacent ramp data

APPENDIX A (Continued)
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APPENDIX A (Continued)

Etli/ll\fr? E ) NUMBER OF TIMES THE NATURAL DATA VARIABILITY IS EXCEEDED BY:
NUMBER STATE FREEWAY PERIODS 0-1% 1-2% 2-3% 3-4% 4-5% 5-6% 6-7% 7-8% 8-10% 10%
3315 N.Y. N,Y. State 24 0 0 0 0 0 0 0 0 0 1
222 Texas Eastex 26 2 1 0 0 0 0 0 0 0 0
13"1' Texas Eastex 18 3 2 2 1 0 0 0 0 0 0
221 Texas Eastex 26 0 4 1 ] 0 0 0 0 0 0
130 Texas Eastex 24 1 12 0 0 0 0 1 0 0
3010 Texas Gulf Freeway 16 0 2 1 0 0 0 0 0 0 0
4020 Texas Gulf Freeway © 15 2 0 2 0 0 0 0 0 0 0
5630 Texas Gulf Freeway 13 2 2 4 0 0 0 | 0 0 0 0
5930 Texas Gulf Freeway 10 0 2 1 1 0 0 0 0 -0 0
6050 Texas Gulf Freeway 16 0 1 1 1 0 0 0 0 0 0
7060 Texas Centr.a]. Expressway 13 2 1 1 0 0 0 0 0 0 0
4413%* Texas Central Expressway 36 2 4 4 0 2 0 0 0 0 0

* Unusual Geometrics (Lane Dropped or Added)
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APPENDIX A (Continued)

IS\T[;/II?I?ER NUMBER OF TIMES THE NATURAL DATA VARIABILITY 1S EXCEEDED BY:
NUMBER STATE FREEWAY PERIODS 0-1% 1-2% 2-3% 3-4% 4-5% 5-6% 6-7% 7-8% 8-10% 10%
4414%* Texas Central Expr. 36 3 1 3 4 1 1 1 2 38 1
R12(1) Texas  Gulf Freeway 36 3 2 2 1 0 1 0 0 0 0
R13(1) Texas  Gulf Freeway 36 2 2 1 0 0 0 0 0 0 0
GRAND SUM 1212 83 86 61 38 26 20 8 11 13 6

Percent of the time that the difference exceeds the Natural Data Variability by a percent more than:
0% 1% 2% 3% 4% 5% 6% 7% 8% 10%

29.1% 22.2%15.1% 10.1% 6.9% 4.8% 3.1% 2.5% 1.6% 0.5%

*Unusual Geometrics (Lane Dropped or Added)
(1) Studies with complete adjacent ramp data
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