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HIGHWAY CAPACITY

THE LEVEL OF SERVICE CONCEPT

This report is based on a number of research studies con-
ducted by the Texas Transportation Institute in cooperation with
the Texas Highway Departmeni and Bureau of Public Roads, The
contributions of the members of the staffs of these organizations
are hereby acknowledged. The valuable contributions of other

researchers are also ackrowledged.

INTRODUCTION

During the past 50 years, or so, moior vehicle transportation has pro-
gressed dynamically from a begirnirg existence and is now a major economic
force in our society., In its developmernt, emphasis was placed on providing
ever bertter conditions for vehicle use, Just a few years ago, highways and
streets were bullt for the purpose of providing for mobility during all kinds of
weather, These rcads made automobile trarsportation more practical and ec-
onomical and thus more popular and people soon became much more dependent
upor. it,

Ir: the vears prior to World War 1!, the main purpose of the street or high-
way, except for a relatively few locations, was to provide all-weather routes
for motor vehicle transportation, Traffic volumes were relatively low and
major emphasis was placed or access 10 adjoining property.

There is evidence, however, that studies and applications of the capacity
concepr dale back to the early 1920°'s. Irn fact the basic level of service con-
cept 1§ rot new, There is a sigrificant body of literature dating back more
than thirty yvears illustrating that early practitioners appreciated the fact
that capacity and quality of service should both be considered. To quote one
of the early practitioners of this concept, "The idea of measuring and es-
timating wratfic flow capacities had 1o be sold and it took a long time, It did
not begir. to be generally accepted as a useful tool in highway design, op-
erations and trafiic control, regulatior and management, until after World War



I, "

The formation of the Highway Capacity Committee in the Highway Research
Board about 1944 brought together under the chairmanship of the late O, K, Nor-
mann, some of the individuals who were involved in developing the early capacity
concepis.,

This early work provided the basis for the method of measuring capacity
reporied in the 1950 edition of the Highway Capacity Manual. This contribution
of the Capacity Commitiee of the Highway Research Board has served vitally
in modern highway design.

For the most part, the Manual was based on two capacity levels -- possible
and practical. "Possible" represented the maximum hourly volume under pre-
vailing roadway and traffic conditions and "practical, " "the maximum number
of vehicles than can pass a given peoint on a roadway or in a designated lane
during one hour without the traffic density being so great as to cause unreason-
able delay, hazard, or restriction to the driver's freedom to maneuver under
prevailing roadway and traffic conditions, vl

Under proper application, this concept served most satisfactorily for a
number of years and those who developed it are certainly due a great amount
of credit for the fire research and common sense that went into this master-
piece.

For rural conditions, the basic concepts of the 1950 Manual are probably
still quite applicable. The desire for higher speeds and better conditions
however, makes it desirable to review the concept even for sirictly rural con-
ditiors,

*Guy Kelcey (Edwards and Kelcey, Engineers and Consultants), letter to
Charies |, Keese, Executive Officer, Texas Transportation Institute,
Sepiember 14, 1965,



I:. urban conditions, the desire for a more dependable and higher quality of
service has brought about a change in the application of "capacity" in the design
ard operation of streets and highways., This new application has been termed
the Level of Service Concept and attempts to take into account speed and travel
time, traffic interruption, freedom to maneuver, safety, driving comfort and con-
venience, and vehicular operational costs.

Since the latest work of the capacity commitiee is not yet published, it would
be irappropriate to publish any part now being considered. Yet the relationship
beiween capacity and level of service is so fundamental to such practical aspects
of 1raffic engineering as planning, design, and operations, that it is important
that the distinciion between these terms be appreciated.

lr. effect, the revised Manual will not be a major departure from the 1950
Manual as far as "Capacity" is concerned. It will, however, attempt to pro~
vide those responsible for the design and operation of traffic facilities with a
rar.ge of service volumes (rather than one "practical” capacity) which will
be related to various conditions of operation or levels of service. The highest
guality or level of service can then be provided based on economics and other
management and engineering corntrols.

The rew Marnual takes into account several characteristics for which data
were 3% available in the preparation of the previous Manual. TFor one thing,
ine variation of flow or peak flows within the hour has been considered. The
shovt period peak rate of flow (5-1o-15-mirnute period) is accounted for through
the applicatior of a peaking factor®’ 4, (the ratio of the whole hour volume
1o 1
Wil 4l
accurately relate traffic flow (velume) to traffic operation or conditions ex-
perienced by the motorists,

Koth 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 aistinction is this: a given lane or roadway may provide a wide range of
levels of service, but only one possible capacity. The various levels for
any specitic roadway are a functiorn of the volume and composition of traffic,
A giver lare or roadway designed for a given level of service at a specified
volume will operate at many different levels of service as the flow varies
during arn hour, and as the volume varies during different hours of the day,
days of the week, periods of the year, and during different yvears with traffic
growth, Ir other words, fluctuations in demand do not cause fluctuations in
capaciiy, but do affect changes in the quality of operation afforded the motorist.
in a very general way ther., highway planning, design and operational pro-
blemes become a case of whether a certain roadway (capacity) can handle the
prejecied or measured demand volume) at an acceptable level of service
ispeed, etci. Because of both observed and theoretical speed-volume rela-
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tionships 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 have not yet been 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 mud.” In fact, fewer and fewer folks remember the days
of unpaved roads. The freeway is an outgrowth of the demand for highways
which provide higher levels of service. The place that motor vehicle transpor-
tation plays in our society demands that dependable service be provided by
traffic facilities and the popularity or attraction to the freeway illustrates this
point, It is very important that the engineer clearly understands the factors
affecting efficiency or level of service of our highways and streets.

An individual street or highway is a part of a network or system of facil-
ities that together provide for access and movement of motor vehicle trans-
portation. Various types of streets and highways in the system serve dif-
ferent functions and are generally grouped according to the two major functions
of access and traffic movement., Those designed primarily for land access
are generally referred to as local streets; collector facilities serve both
access and traffic movement more or less equally, Major arterials must
accommodate greater volumes of traffic for longer distances and therefore move-
ment is primary but the land access function is also served, The freeway
type facility is designed primarily for traffic movement with access not being
a function of this type of facility.

The higher types of facilities, major arterials and freeways, are generally
the types requiring careful analysis of capacity and level of service. The
intersection is the major capacity problem on at-grade facilities such as
major sireets, The freeway epitomizes the level of service concept since it
is designed to provide a high quality of traffic movement.

This publication deals with the two major problems of the application of
the level of service concept to the design and operation of freeways, and dis-
cusses capacity design of high~type signalized intersections,

As was mentioned earlier, since the Revised Highway Capacity Manual has
not yet been published, it would be improper to publish its contents. This
publication, therefore, in discussing capacity and level of service, attempts
to add to the material which will be published in the Manual. Although some
of the methods are different from those presented in the Manual, they are felt,
at this point at least, to complement rather than conflict with the Manual.,



FREEWA: LEVEL OF SERVICE

Planning and Desigr Criteria

Almost any ergireerirg desigrn problem may be described as a systematic
attemp: o resolve a capacitv-demard relationship at an acceptable level of
gservice, TFor example, pavemernt erngineers design the materials of the high~
way lavers 10 withstand the shear stregses due to anticipated vehicular loads.
However  the mere fact that the strength of the materials (capacity) exceeds
1he load siresses {demand) does not guarantee an acceptable level of service
10 the motorist, The pavemeri deflectiorn. smoothness, texture, and color
corfrast aiso affect the driver’s zomfort, safety, and convenience and, as
gucn . are level of service factors that must be considered,

Tre traftic engineers’ problem in freeway design is basically one of
esiimating the parameters definirg the traffic demand and capacity and/or
level of service of the facility, He must provide a sufficient number of
iraftic lares and other geametric features 10 handle anticipated traffic loads
ar ar accepravle level of gservice. To design for adequate roadway conditions,
ihe ergireer mugt have an undersianding of, and reliable data pertaining to,
present ard future traitic conditiors.

No phase of highway developmerit requires more careful aralysis and
sTuav tnan the urban freeway, Only through comprehensive knowledge of
the origin and destination of fratfic ir the metropolitan area can the route be
propeny located ard designed., Planning critreria, with regard to freeways,
are tased o the probable usage of the proposed facility and the resultant
efrte 1 upor adjacen arieriesg, Traific desires must be considered in co-
sraLtatiur with the developmeni of rnew subdivisions, industrial areas, busi-
ress @reas, and changes in zouning, Urban freeways often block and cross
exigiing sireets, and thus affect the gervices rendered by the streets in
diferert areas., The locaiion of irterchanges also affects the continuity of
gireers as well as the land-use characteristics,

&
N~

Fegewaw design criteria are expressions of the major controls for which
the “eeway is desigred, The three major controls are fraffic volume -- its
digteivutior and composition, design vehicle, and design speed. It is
generativ accepried! that the basic design desigration for a proposed freeway
shouid include the: (1} average daily iraffic ADT (current year and future
design vear;, (2; desig:r hourly volume DHV {future design year), (3) di-
reciional disrribution D, 14, percerniage of trucks during the design hour T,

(= ign speed during the peak and off-peak periods, (6) degree of control
of aceess i.e, . full or partiall ard the desisr vehicle (i,e., P, SU, etc.).
Tthege deszigrations indicare the broad services for which the facility is being
desigred, However. as a complete basis for rational geometric design,
these desigrations are inadeguate.




Peak Period Demand and Lane Distribution

Traffic flows within the peak hour are by no means constani but are known
to be continuously variable. Secondly, although the design and markings of
freeways tend to separate the iraffic stream irto lanes of flow, the total free-
way demand at any point will seldom be equally distributed among the free-
way lanes. The need 1o consider peak rates of flow within the peak hour and
the trarzzsv§ars4e distribution of traffic on a freeway has been recogrized for many
years,“: 7

The analysis of rates of flow within the peak hour or "peaking" char-
acteristics is a logical extension of the seasonal, weekly, and daily cyclic
volume patterns which have been explored in the past in the selection of
representative design hourly volumes, Although many characteristics related
1o irip generation such as the geographical and time concentrations of trips,
character of the freeway (radial, circumferential, etc.}, character of the
supporting sireet system, and area served are suspected of having marked
effects on the peaking characteristics; efforts 1o correlate peaking with these
parameters have not been successful. It has so far only been possible from the
data available to establish the relaticnship of peaking to the population of the
city or urban area (Figure 1), These statistically significant curves, based
on data from 132 peak periods from studieg in 31 cities ir 18 states, illustrate
that the peak period factor (highest S-minute rate of flow divided by peak
hour volume) varies inversely with populatiorn, 6 Since ine fregquency distribution
of per cent error involved in using Figure 1 to estimate peak rates of flow was
normally distributed with a stardard deviation of 5%. the probability of any
design volume being exceeded car readily be predicted as shall be explained
later,

It has been illugiratec in Figure 1 how the rate of flow for the highest
S-minute interval car be determined from the rate of flow frr the whole peak
hour., These flows represent the demand or all lanes and as such are in-
adequate for makirg a capacity-demard analysis at critical sections of the
freeway. Such critical sections often exist adjacent to ramps and, if a certain
level of service is to be assured the motorists, it is necessary to give close
attention fo such areas. Because the merging problem directiy involves traffic
.0 the outside lane and the entering ramp traffic, ithe per cent of total free~
way traffic using the outside lare is a desirable parameter,

ina study6 of forty-nine study sites located on fourteen different free-
ways in ten states, variables which were found to significantly affect the
per cent of total freeway volume in the outside lane were freeway volume,
entrance ramp volume, upsiream ramp volume, distance to upstream ramp,
downstream exit ramp volume, and distance to downsiream exit ramp, Figure 2
shows the relationship between the per cent of the total freeway volume in the
outside lane and two of the parameters -- total freeway volume and entrance
ramp volume, The monographs shown i Figure 3, Figure 4, and Figure 5
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PERCENT OF APPROACHING FREEWAY VOLUME IN CURB LANE
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represernt the relationships betweern the per cent of the total traffic in the outside
lane and the volume "on, ” and distance to, an upstream exit ramp, the volume
"off," and distance to, a downsiream exit ramp, and the volume "on, " and distarnce
0, an upsiream enirance ramp, respectively, Distances are referenced to the
ramp nose in each case, A downstiream entrance ramp was considered to have

no effect on the per cent of traffic in the outside lane.

Intuitively, one would think that a driver's choice of lane would be based
or more than ramp configuration and relative volumes, Drivers entering a
freeway for relatively short trips would be expecied to tend to remain in the out~
side lane whereas drivers making longer trips on the freeway would be more
flexible. The results of a "Lights On" study~ verified that a definite relation-
ship exists between trip length and ourside lane utilization. Figure 6 depicts
three-dimernsionally how the vehicles entering at the Mockingbird ramp on
the North Central Expressway in Dallas were distributed over the ithree larnes
as they travelled toward the Cernitral Business District,

The total volume of traffic on the freeway has an effect on the lane usage
of emering traffic. As the total volume increases, ertering 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 cpportunity
mus? be fourd to return to the outside lane prior to exiting., Figure 7 shows the
velatiorship between the trip length and the per cent of the entering traffic
ir the outside lane. The upper portior of Figure 7 pertains to only light total
freeway traffic voiumes of lessg than 3000 vehicles per hour, one way. The
lower poriion of Figure 7 corresponds to conditions of moderate to heavy total
freewavy traffic volumes of over 3000 vehicles per hour, one way. Although
trhe observation poinis are widely spaced, the restrictive effect of the higher
volumes is noticeable, It is also apparent that vehicles travelling less than
three miles cannot be expected to reach that "steady-state” lane distribution
which is characteristic of "through” vehicles.

Determination of Service Volume

‘Greater dependency on motor vehicle trangportation has brought about
a need for greater efficiency in traffic facilities. The ability to accommodate
venicular traffic is a primary consideration in the plannirg, design, and
operation of streets and highways., It is. however, not the only consideration.
The individual motorists, for example, seldom interprets the efficiency of
a facility in terms of the volume accommodated. He evaluates efficiency
in terms of his trip -~ the service to him,

The original edition of the Highway Capacity Manuall defined three
levels of roadway capacity -- basic capacity. possible capacity, and prac-
tical capacity. It was considered of prime importance that traffic volumes
be accurarely related to local operating corditions so that particular agencies
could decide on the "practical" capacities for facilities within their juris-
diction., The manual recognized that "practical” capacity would depend on
the basis of a subjective evaluation of the quality of service provided.
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The present Capacity Committee of the Highway Research Board has elected,
in the new edition, to define a single parameter -- possible capacity -- for
each facility, Possible capacity is simply the maximum number of vehicles that
can pe handled by a particular roadway comporernit under prevailing conditions.,
The practical capacity concept has beern replaced by several specific "service
volumes" which are related 10 a group of desirable operating conditions referred
to as levels of service.

Ideally, all the pertinent factors -- speed, travel time, traffic inter-
ruptions, freedom to manreuver, safery, comfort, converience, and economy
should be incorporated in a level of service evaluationn. The Committee has,
however, selected speed and the service volume-to-capacity "v/c" ratio as
the factors to be used in identifying level of service because "there are in-
sutficient data to determine either the values or relative weight of the other
factors listed, "

Six levels of service, designated A through F from best to worst, are
recommended for application in describing the conditions existing under the
various speed and volume conditions that may occur on any facility, Level
of Service A describes a condition of free flow: level of Service E describes
an unstable condition at or near capacity; level of Service F a condition of
forced flow. Levels of Service B, C, and D describe the zone of the stable
flow with the upper limit set by the zone of free flow and the lower limit defined
by level of Service F. Although definitive values are assigned to these zone
limits for each type of highway ir the new manual, no explaration is given
as to how these values were obtained. This ig in no way intended as a
criticism since it is recognized that the function of any manual is essentially
that of a handbook and therefore, should not include a methodical discussion
of the facts and principles involved and conclusions reached for every value
beiween its covers,

The authors feel that much of the designer’s dilemma can be attributed
10 the irability to relate capacity and level of service, There is no universally
accepied procedure for measuring either, If these values cannot be related
guantitatively for an existing facility, there can be little hope for the designer
io relate them for a facility that is still on the drafting board! In an attempt
to provide a rational explanation of this capacity-level of service relation-
ghip an energy-momentum model based on the hydrodynamic analogy of a
one-dimensional compressible fluid has been developed,7f 8, 9. 10 Some
aspects of this model will be discussed briefly,

A single stream of tratfic offers a striking analogue to the flow of a
compressible fluid in a constant area duct, Both consist of discrete particles:
individual molecules in the case of a fluid, and individual vehicles in the
case of the traffic siream. Just as the fluid equation of state can be derived
from the microscopic law of interaction of two molecules, the traffic equation
of state carn be derived from the car-following law goverring the motion of
iwo cars. 11 The correspondernce between the classical hydrodynamic and
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the traffic system is summarized in Table 1.

Because, in a classical system, the conservation of momentum equation
serves io establish the form for momentum, the quantity ku is defined here as
the "momentum” of the traffic stream, It is apparent that "momentum" is
equivalent to traffic flow and therefore the flow oriented parameters (um, km,
and qy,) in Table 1 are based on optimizing this momentum (setting dg/du =
dg/dk =0 to obtain up and km) ,

It is well known that the kinetic energy of a fluid is (1/2) pvzn However
because of the generalized equation of motion utilized in the formulation of
the traffic system model, the "kinetic energy” of the traffic stream will be
defined as E ~aku? where ¢ is a constant. Differentiating E with respect to
concentration and speed, dE/dk =dE/du = 0, gives the appropriate energy
parameters (u’y, k'y, and g’

In Table 2, the service volume ranges for Levels of Service A through F
are described in terms of the energy-momentum parameters. The divisions
beiween (1) free and stable flow and (2) between unstable flow and forced
flow are defined by the two points obtained by equating kinetic energy 1o
internal energy (see Figure 8). The dividing point between stable and un-
grable flow is obtained by either maximizing the kinetic energy or minimizing
the kiretic energy of the stream., These three points serve io establish the
four level of service zones defined by the revised Highway Capacity Manual,

The significance of Figure 8 is that it provides a rational basis for
defining level of service and relating it to the other traffic variables -- speed,
flow and density, The relationship between level of service and traftic vol-
ume (flow) is analogous to the relationship in classical hydrodynamics be-
iween energy and momentum, Efficiency in a classical system is measured
by the ratio of useful energy to iotal energy or E/T, Optimum operation occurs
when lost energy I is at a minimum. In a traffic system, this concept of
efticiency is manifest by maximizing the kinetic erergy of the stream as a
whole and minimizing the acceleration noise of the individual vehicles
(irzernal energy),

Application to Design and Operation

The level of service approach establishing levels of operation from free
flow to capacity which has been established in the revised Capacity Manual
is designed to allow the engineers and administrators to provide the highest
level of service economically feasible, The momentum=-energy analogy derived
ir. the previous section is an effort to explain the capacity-level of service
relationship rationally and quantitatively. It must be recognized, however,
that highway traffic represents a stochastic phenomenon. Therefore, any high-
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Corresponderice Between Physical Systems

Characteristic Hydrodynamic System Traffic System
Continuum 1-dimensional compressible fluid Single-lane tratfic stream
Discrete Unit Molecule Vehicle
Variables Mass density, p Conceniration, k
Velocity, v Speed, u
Continuity 90+ alpv) 0 _a__k_ + d(ku) 0
ot X ot oX
| Motion dv + c?a du + c2k" pk .
2 dt p X dt X
i Equations )
Momentum 2(ov)  + 3 (ovZ + pct) .0 dku) + »lku? 4+ k0+2 cz/n+2)
at X ot ) X
State P .. ¢PT g - ku
Critical velocity, v Critical speed, u
Parameters ———— Critical concentration, K
Critical flow, Qg Capacity flow, qp
Shock wave velocity, U Shock wave velocity, U
Momentum, pv ) Flow, ku
Kinetic energy, pv®/2 Kinetic Energy, akuz

e Optimum speed, u'py,
——— Optimum concentration, k”m
I Optimum flow, g’y

lnternal energy, E Internal energy, o

Friction tactor, f Natural noise,  an
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TABLE 2

LEVELS OF SERVICE AS ESTABLISHED BY ENERGY~-MOMENTUM CONCEPT

Level of Service
Zone

Zone Limits Description
Upper Lower
(See Figure 8)

Free Flow A

B
Stable Flow
C
D
By
Unstable
Flow
Ejp

Forced Flow F

Uy «9luf, .35apy Speeds controlled by driver desires and
physical roadway conditions, This is the
type of service expected in rural locations.

-91ug, 350, .83uf, .55qpy Speed primarily a function of traffic density.

. 83ug, .55q 075uf,. 2+ 750 The conditions in this zone are acceptable
“ for freeways in suburban locations.

. 75U, .75qm fu”mi qgm The conditions in this zone are acceptable
for urban design practice. The lower limit
u”m, qu represents the critical level of
service,

U, q!m Up: 9mp A small increase in demand (flow) is accom-
panied by a large decrease in speed leading
to high densities and internal friction,

Um. 9m »33uf, gy This type of high density operation can not
persist and leads inevitably to congestion,

-33ug, 97 0 Flows are below capacity and storage areas
consisting of queues of vehicles form. Nor-
mal operation is not achieved until the stor-
age queue is dissipated.,




u
Ug

NORMALIZED SPEED

E.27
KINETIC ENERGY E = 2 K ) <u,> ]

OPT. SPEED u,'n=(2/3)uf BASED ON MAXIMIZING KINETIC ENERGY AND

IS
W

~— u=9lug AT KINETIC=INTERNAL ENERGY

|
!
I
|
I
I
|

v & <[ - 6]

ST,
48L~’:‘ N
Lo
W

MINIMIZING INTERNAL ENERGY OF TRAFFIC STREAM

————————————————— I_——_____———____—_—‘_—_——_—_—__I—_ﬂ_——___——__—___—_l

| y - Z

E =

| /086 2| gl

KINETIC ENERGY / E gl
| EQUALS ol, OPT. SPEED um=(I/2)us BASED ON  ©I ?
| NTERNAL ENERGY A ld| MAXIMIZING_FLOW (MOMENTUM) _ | __ &
| s O| @) @/
| // 'l| g| N, {

\2
| - 04 2 o |
% e [ I | S
_~" u=(V/3)uy AT KINETIC = INTERNAL ENERGY | 7
- ! g |
- | ‘ Wl <
et | I gl &
- | | ol |
e ! > el
s ! 0z ! 3{ 0}
v | Q q
/7 I ! cEl £ d ol
&
A\INTERNAL ENereY L .- 27 [( ) (uJ J €3 zl 4l
/ I | E} gl
/ ! | o S|
/ I | o] &
1.0 08 0.6 04 02 00 02 04 0.6 08

NORMALIZED "ENERGY" (E/T) & (I/T)

NORMALIZED "MOMENTUM" FLOW/CAPACITY (q/qg)

QUANTITATIVE APPROACH TO LEVEL OF SERVICE USING THE "TOTAL
ENERGY" - MOMENTUM ANALOGY

FIGURE 8

u
Us

NORMALIZED SPEED



way facility, designed to accommodate traffic, must be designed with the real-
ization that it is highly probable from time to time demand will exceed capacity.

Since congestion may last much longer than that interval in which demand
exceeds capacity, it is important that precautions be taken to prevent this., Based
on a stipulated rate-of-flow for a 5-minute period, a designer can ensure that
congestion will not occur to whatever degree of confidence desired. This is
illustrated by the design curves relating level of service to a 5-minute rate of
flow (Figure 9). Thus, assuming a possible capacity of 2000 vph per lane,

a service volume of 1800 has a probability of. 50 of guaranteeing "stable flow™
during the peak 5-minute period. On the other hand, there is a 50% chance

of "unstable flow" occurring; and a 2.5% chance of "forced 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 probability of maintaining
"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 may be obtained
from Figure 1, depending on the population of the city,

Figure 9 was obtained by determining the probability of getting observed
rates of flow greater than the predicted values shown in Figure | based on
a standard deviation of 5% in the normally distributed error, The determination
of freeway design service volumes is summarized in Table 3, The first four
columns are taken directly from Figure 9: the last four columns utilize the
peaking relationships expressed in Figure 1. The organization of Table 3 is
useful in that it provides the designer with confidence limits in determining
the number of main lanes needed on a freeway.

After the determination of the number of freeway lanes, the operating
conditions 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 manifest by
either sudden increases in traffic demand, the creation of inter-vehicular
conflicts within the traffic stream, or a combination of both,

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 an entrance ramp, where traffic demand will nec~-
essarily 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 backup 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
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TABLE 3

FREEWAY CAPACITY WITH CONFIDENCE LIMITS

Approx Probabilities of Various Freeway Design Service Volume (Total Hourly Vol, /Lane)
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 1600 1700

2000 0.03 0.47 0.50 1500 1600 1700 1800




where long parallel deceleration lanes are provided, they are rnot used because of
the urnatural marneuver irvalved, Urniortunately, the clase spacing of interchanges
ard uge of frontage roads ravor the use of short slip-type ramps. Where a high
exit volume sglip ramp is used, detirite consideration should be givern 1o placing
vield signs on the frontage roads, or streets intd which the ramp exits, thus pre-
vernilng back-up from the exii ramp onto the ireeway.

Entrance ramps may create itwo potential contlicis with the maintenance of
the adopted level of service of a roadway section. First, the additional ramp
traffic may cause operaiioyn: changes ir the outside lane at the merge. This con~-
dition, of course, will be aggravaied by any adverse geomeirics, 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 down-
stream from the on-ramp, This is particularly true where there is a downsiream
bottleneck,

The last "critical location" 10 be considered is the weaving section.,
Weaving sections often simplify the layout of interchanges and result in right-
of-way and construction economy. Ihe capacity of a weaving section is de~
pendent upon its length, number of lanes, running speed and relative volumes
of individual movements, When large velume weaving movements occur during
peak hours, approaching the possible capacity of the section, probable results
are tratftic siream friciiorn . reduced speeds of coperation, and a lower level of
service, This can sometimes be avoided by the use of additioral structures 1o
separate ramps, reversing the order of ramps $o as 1o place the critical weaving
volumes on frontage raads, and the use of collector-digtriloutor roads in con-
junction with cloverlear interchanges.

Ramp weaving sections should be desigred, checked and adjusted so that
Thelr capacity is greater thar the service volume used as the basis for design.,
This is consistent with the level of service concept used in determining the num-
ber of main lanes ard checking the mergirg capacities at ertrance ramps. The
determination of minimum length of weaving sectior betweer ramps to meet the
controlling level of service is illustrated in Figure 10. These relaticrniships were
obtained by considering the outside lare use relation withtrip length (Figure
6 and 7)., Referring to Figure 10, the maximum number of vehicles that an
exit, Ry, canrot exceed, Q-Rj, plus the rnumber of erirance ramp vehicles that
change lanes withins the merging section,

The freeway motori8t expects 1o have his needs anticipated and fulfilled
1o 3 much higher degree thar on converntional roads. Hopefully, this expec-
tation would be rulfilied by the application of level of service considerations
to rational geometric desigr:. More oftern than not, however. actual traffic and
travel patterns differ from the projected values making constant freeway oper-
ation attention after consgriryction a must,
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The sigrificance of the energy-momentum model as applied to freeway operations
ig that if any two of the traffic variables ~-- demnsitiy k, speed u, flow g or accel-
eration noise o -- are measured, the following traffic parameiers can be calcu-
lated: Ky, Uy, 9m, kjm, u?m,. ard q“m. The determination of these parameters
erables the engineer to documert operation on an entire freeway over a sus-
tained period of time, Such a description could be obtained by measuring speed
and dersity from aerial photosG {Figure 11 ard 12), or speed and acceleration
noise with a test vehicle equipped wiih a recording speedometer (Figure 13).7
The contour maps are for the Gulf Freeway Surveillance and Control Project,
illustrating how operation durirg the entire morning peak can be described ration-
ally for a 6-mile high volume urban freeway,

SIGNALIZED INTERSECTIONS

The at-grade arterial sireeil system is a vital part of an urban area’s
transportation facilities. From a capacity viewpoint the signalized inter-
gection is the key element of this system and thus the item of main consider-
atior, Since signalization is required at the intersection points of two at-
grade arterials and often at freeway-arterial intersections, the signalized
intersection can often be the major bottleneck in a transportation system. It
is, therefore, extremely important to utilize a high degree of capacity tech-
nology in the planning and desigrn of such facilities,

Planrin

The planning process requires the evaluation of existing facilities and
a determination of their traffic carrying ability, The Highway Capacity Manual
provides a good basic guide for making such studies. The manual provides
exiersive coverage of various iypes oi irtersections which operate under dif-
ferent conditions of parking restrictions, turr demands and street widths. This
material makes it possible ic deiermine a reasonable estimate of the traffic
carrv.rg ability ot almost any existing intersection.

Intersection Design

Sirce the Highway Capacity Manual deals with many variable conditions
it ig difficult to apply this procedure to the design of a new facility., Since
most new facilities where sigralization and capacity are a problem are of the
major arterial-major arterial or freeway-major arterial type the most pertinent
design problem concerns what might be termed a "high~-type" facility, That is,
a facility where vehicle conrlicts are time separated, pedestrian conflicts and
parking are minor considerationg ard where effective lane designations exist on
all approaches. It is extremely important to be able to adequately design this
type of intersection ar 1o develop modificatiors or redesigns which assure that
the capacity provided is sufficient 10 meet traftic demands.
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Capacity-Design Procedure

The Texas Transportation Institute has developed a capacity-design pro-
cedure which has proven to be simple in application and very effective in the
results produced. This techrigue was developed through a research effort spon-
sored by the Texas Highway Department and the U.S, Bureau of Public Roads
ard was reported in articles by Pinnell, Drew, and Capelle, 1z,

The technique was best formulated by Drew?!3 considering the time-space
diagram shown in Figure 14, The formulation is as follows:

>V = 3600 c + TO - ¢(K-D) (1)

C D

Where the symbols are as defined in Figure 14,

The important concept here is that the veolume represented is the highest
single lare volume (critical voiume) from each phase movement. The sum-
mation of the critical volumes from each phase movement (TV) vields a capacity
which is related to cycle length and intersection characteristics as indicated in
the formulation.

1f the phase movements cannot be overlapped (two phase movements moving
simultaneously) then the term T O drops out, This is the case for most standard
intersections., However, if the phase movements can be overlapped as in the
case of diamond irterchanges then 20O would have a value and add to the capac-
ity,

introducingthe values of K -+ 6,0 seconds, D = 2,0 seconds and ¢ =4 and
rearranging equation 1 the following is obtained:

TV = 1800 - 16 1800\ +Z0 1800\ (2)

C | C |
/ /

/

This equation makes it somewhat easier to visualize the formulation. The first
term cf equation {2 ) represents the hourly capacity of a single lane moving

with vehicle spacings of one vehicle every two seconds. The second term
represer:s the reduction in hourly capacityresulting from starting delays and amber
terminatior, The third term represents the increase in hourly capacity that can

be obtained from overlapping phases if used,

With no overlap it can be seern that the limiting critical capacity is 1800
vehicles per hour and that capacity increases with an increase in cycle length.
With overlap it is possible to go above 1800 veh. /hr, if O > 16 and the capac-
ity increases with a decrease in cycle length,
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Desgigr Example

The utilizatiorn of the above procedure and the "critical lane” concept are
best illustrated through the use of an exampile design problem. For this purpose,
an example using a typical major arterial intersection with no phase overlap is
developed.

Example | - Major Arterial intersection --- The capacity-design procedure
of a high~-type major arterial intersection can best be described as a step-by-
gtep procedure, This procedure starts with 24-hour volumes as furnished in an
urcan planning study and moves 1o a specific lane design., Figure 15 and 16
illustrate steps of the procedure. These steps are as follows:

Siep lirn the desigr procedure is io determine the three conditions (pop-
ulariorn, location. and volumes) which affect the magnitude of the peak period.
See Figure 15,

!r. Step 2the peak hourly volumes are determined from the ADT (Average
Daily Traffic)., This must be accomplished for the AM and PM peaks. For
the purpose of this example, oniy the PM peak will be considered. See Figure
15,

Step 3 consisis of calculating the peak magnitude factor for each approach.
See Figure 15,

Ir: Step 4 the peak magnitude factors are applied to the peak hour ap-
proach volumes to determine an hourly rate of tlow which has been adjusted
1o reflect the arrivals durirg the peak period. See Tigure 15.

In Step & all conflicting movements are separated by the signal phasing
as showr i Figure 16.

Step 6 consists of testing various design combinations by varying the
number of lanes on each approach in order to arrive at a desirable design,
Volumes are assigned to each lane assuming equal lane distribution during
ihe peak period, The maximum lane volume required to move on a given phase
18 called vhe critical lare volume. The sum of these critical lane volumes for
all pnases provides the basis tor calculating the mirimum cycle length using
equailon | 2 j transformed irto

C 57,600
3.600-2,0%V

A tirst desigr combination might be wo lanes and a left turn slot on each
approach, The critical lane volumes and the sum of the critical lane volumes
V) are shown in Figure 16,
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STEP I: LIST CONDITIONS

(1) High-Type Intersection

(2) Population of City (1981)=280,000

(3) Location of Intersection (198l)
distance from CBD =4.0miles
distance from City Limits=2.6 miles

17,600
f
o B
o 2
o5 2%
21,900< 14,100 > 519,100
[o]
Q
v—i
It/ = (o)
6,
0 Ay
Y
18,000

STEP 2: FIND PEAK HOUR VOLUMES

K=10 % (Peak Hour Factor)
D=67 % (Directional Distribution)

620
140 100
380
280 100
1400 —— 940 470C 670
]
18 760 100
180 200
1140

NOTE: Only the PM. peak is considered for the
purpose of this example.

STEP 3: FIND PEAK MAGNITUDE FACTOR
FOR EACH APPROACH

¥'=1.225-.000135X (0.1X;-00003X,)
Where X, (pop.+1000)= 280
Xe(ratio dist. }=4.0+(4.0+2.6)=6l
X,(south approach)=1140
Xs(west approach)=1400
Xs(north approach)= 620
Xleast approach)= 670

PM. Peak:

Y (P.M)=1.225-.038~.016 + 00003X,
¥ (south approach)=1160
¥'(west approach)=1.168
¥'(north approach)=1.145
¥'(east approach)=1146

STEP 4: SHOW ADJUSTED HOURLY RATES
OF FLOW FOR PEAK PERIOD

710

160 15
435
327 15
63SEOQS 530}768
210 15
88l
209 A 232

L/

1322

CAPACITY-DESIGN PROCEDURE
(STEPS | TO 4)

FIGURE

15



STEP 5: ASSUME PHASING

s
327 J
538 L Y g0« & N 15
» 1098 Y/ Y 232 209
s 435 ‘\
210
oA o8B dc 6D

STEP & ASSUME VARIOUS LANE COMBINATIONS. DETERMINE CRITICAL LANE VOLUMES (V)
AND MINIMUM CYCLE LENGTHS (C).

-3600 O (K-D) .
298|298 C= ?3608- ngo where S() :go
"l s c-57.600 D=20
[ ] & 3600-203V )
— %27 V.=654 NOTE: Equation assumes
A
327 V=327 uniform arrivals for
sor Vol =557 the Peak Period.
Rl Vo=209
ﬁ» Iv=1747
oA \ .y 298 298
209 | | |%
[ ]!
557 1557 \& X %
Va=427 218
Va=327 W/ "——E”é 218
Ve=557 % T wM
V=209 327 —»
IV=I520 427 —

C=106.2 seconds
say 100 seconds

AL
208 | |
I

198 198
= r
J J l | Ini - 557 557

- g Va=427
~— 218 VB=327
/i Kol V=37
-jé?,—_*_ V,=209
e TV=I334

427 —-<‘>

i

C=63.0 seconds
say 60 seconds

CAPACITY-DESIGN PROCEDURE
(STEPS 5 AND 6)

FIGURE 16



To accommodate this demand the cycle length must be over 500 seconds,
This implies an inadequate number of lanes for the volumes involved and there-
fore other designs must be considered,

A desirable design combination might be three lanes and a left turn bay
on each approach (Figure 16), The summation of the critical lane volumes is
TV = 1334 and the cycle length is calculated to be 63 seconds, a very reason-
able figure, This cycle length may be rounded to a 65 second cycle since an
increase in cycle length increases capacity in this case (no overlap),

In Step 7 the average arrivals per cycle (mj are calculated from the
second design's critical lane volumes so that the phase lengths may be deter-
mined. This is accomplished by entering the graph of Poisson curves (Figure
17) with the value of "m" to determine the phase lengths (G) for the various
probabilities of failure (P}, Any combination of Gp + Gg + G + Gp that equals
the assumed cycle length of 65 seconds is acceptable. In this design the
following phasing with C = 65 seconds was tound to be satisfactory:

C = 65 seconds

Phase Avg, Arrivals Per Cent of Phase
0 per Cycle "m" __Failure Length
A 7.7 35% 20
B 5.9 35% 16
C 6.7 35% 18
D 3.7 35% 11

G “ 65 seconds OK

Thus the design of the intersection is complete, At this stage, the de-
signer has determined (1) the number of lanes required on each approach, {2 )
the cycle length to be utilized and ( 3 ) the phasing sequernce and phase times.
This produces what might be termed an operaiional design since all aspects of
the final field operation have been considered in the capacity-design procedure,

Intersection Level of Service

Another major advantage of the capacity-design procedure just reviewed 1s
its versatility in yielding various design or operating cunditions which can be
related to a predicted level of service, The principal figure of merit is the
probability of cycle failures which indicates the operational level of service
for the intersection under specific design conditions.
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Studies relating per ceri of cycle failure to queue length have produced the
curve shown in Figure 18, Here it carn be seen that queue length increases rapidiy
at the point of approximately 35% failure, This breaking point is approximately
where average arrivals equal average departures,

The procedure makes it possible to consider various design configurations
(different number of lanes) as shown in Figure 15 and also the effect of various
cycle lengths as related 1o per cent failures,

Table 4 in the appendix shows phase arrangements and per cent of failure
for cycle lengths ranging from 25 seconds up to 165 seconds considering the
design shown in the previous example. From these data the curve shown in
Figure 19 which relates cycle length to per cent failure was developed.

The curve shown in Figure 17 illusirates the latitude which the designer may
take in designing the intersection, A low percentage of failure carn be obtaired
by increasing the cycle length {i.e., increasing capacity! but cycles in excess
of 100 seconds may introduce delays of undesirable lerigth, Short cycles may
be utilized but one must consider ihe increased probability of a breakdown, I[f
a satisfactory compromise cannot be reached then it may be desirable to add
additional lanes. In any eveni, the procedure provides a rational approach
and permits the engineer 10 bring his judgement intoc play to arrive at a sourd
estimate of design requirements.

Phase Overlap

A similar technique as previously discussed can be applied to the desigr
of diamond interchanges. The only difference is that the term of equation { 1 |
indicating phase overlap is brought into use and the relatio~ship of capacity
and cycle length will change, For overlaps greater thar 16 seconds the capac-
ity will increase with a decrease in cycle length, Figure 20 1llusirates a plot
of per cent failure versus cycle length for a typical diamond iriterchanrge.
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Discussion of Design

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

Traffic prediction, traffic operation, and design have riow developed to
the point that it is possible for engineering (the application of scierce) to pro-
duce rather reliable results,

A freeway 1s pot built for some date 20 years in the future. [t must go 10
work the first day and serve efficiently all through its expected lite, And, it
history is not changed, many will be serving for quite a number of years be-
yond the "design" year.

The freeway is only one facility in a network of system of streets and
highways. It has its place, but the system as a whole must be made 1o func-
tion efficiently, The day has gone when a freeway can be designed within
the confines of two parallei right-of-way lines. Likewise, the day has gone
when only the 20-year "compleie system" can be considered when designing
a particular facility. Traffic projections and designs must be made on partial
or incomplete systems if desirable service is 1o be obtained in the years be-
fore ithe whole system is completed., With the modern tools available, the
designer should have at his disposal an accurate estimate of trafiic demarnd
for each stage of completion of the planned sysiem,

Engineering and management must be coupled in the seleciiorn o1 a level
of service for design that is begt adapied to the specific reed, Ecoromics
and other factors will continue o play a major part in facility programming
and even in desigr, but realistic projected service analysis will lead 10 more
realistic priority programming.

Figure 21 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 PM peak would
also be checked,

Step 2 -~ Determine interchange requirements. It is important that this
be dore before freeway main lane requirements be investigated
because the number of ramps depends on the choice of inter-
change. Thus, a cloverleafl interchange and a directional inter-
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change may have one or two entrarnce ramps and one or 1two exit
ramps ir each direction; whereas diamord intercharges have ane
entrance ramp ard one exit ramp ir each directiorn, I the inter-
change is to be signalized, a capacity check is made 10 see if
the planned ifacilities will handle the tratfic with reasorcable
cycle lengths (See Figures 22 and 23), Should a facility be
apparently underdesigned, additioral approach lares may be
added or a higher type facility be substituted in its place.

Step 3 -~ The number of main lanes deper.ds on the service volume value
chosen for design., The freeway design service volumes In
Table 3 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 tlow conditions during the peak
5-minute period. For the purposes of this example a service
volume of 1700 vph is choser, To insure palanced desigr the
operating conditions at critical locations must be checked to
insure thai the desigrated level of service is met at every
peint on the freeway. The critical sections considered in this
paper are merging and weaving section. Figure 3 and 5 provide
the basis for determining if the merging capacities at entrance
ramps are exceeded, where the merging capacity i1s defined
as the service velume chosern in Table 3, Thus, since a total
hourly volume of 1700 vph is used as 7he basis for determining
the number of lanes, then 1700 vph would repregent the
merging capacity in this procedure, Figure 10 provides the
basis for determining if weaving sections on the freeway meet
the designated level of service,

Step 4 ~ Alternate desigas should always be considered, in Figue 21,
one alternative is illusiraied by merelv reversirg the order
of entrance and exit ramps. resulting in 3 lares in each direction
instead of 4 lares. ’

The level of service should be “in harmony™ along the stretch of freeway
being considered., Since operational problems at one poirt are reflected
along the freeway for a distance depending on the volume-capacity relation-
ship, 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 botileneck point, This corcept 1s referred 70 as
"balanced design’ and it is a must for freewavs.

Freeway Surveillance and Control

Freeway design does not always eliminate the need tor sound trattic
regulation. A reasonably homogeneous trafiic stream, pariicularly with res-
pect to speed, is essential for efficient freeway operations. Pedesirians.
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picycies, animals and animal-drawrn vehicles are excluded from freeways. Motor
scooters, nonhighway {farm and consiruction! vehicles and processions, such

as tunerals, should generally be prohivited, Towed vehicles, wide loads or other
vehicle combinations such as trailers drawn by passenger vehicles which im-
pede the normal movement of traffic should be barred during the peak traffic
hours or during inclement weather,

Minimum speed limits are being used more irequerily and have been found
of great benefit, particularly on high-volume sections, The effect of this type
of conirol 18 1o reduce the number of lane change marneuvers. The effects of
slow-movinrg vehicles on toth capacity and accident experience are sc pronounced
that a greater use of minimum limits appears prokbable, There is a need to
elimirate all vehicles incapable of compatible freeway cperation.

[ncreasing attention has been givern tothe possibility of and need for using
variable speed cortrol on whbar freewayv sections as a means of easing the
accordion effects ir a traffic stream as congestion develops. Drastic speed
variations might be dampenred by automatically adjustied speed message signs
ir: advance of bottlenecks.  *

A properly designed enirance ramp with provision for adeguate acceleration
should allow the entering driver adequate disiance to select a gap and enter
1he oulside lane of the freeway ai the speed of iraffic in the lane, These
merging areas operate besi wher there is a mutual adjiusimert between vehicles
twom both approaches. "Yi
under the laws ot a number of startes ithus causing operational proplems. and
are ~o longer mandatory on the Intersiate svstem, 11 is gere-ally felt that
aryv speed resirictior or arbitrary assigement of right-of-way should be avoided
uvies8s inadequacies In the desigr make it imperaiive,

{1 18 generaliy agreed that ore key 1o signitican. progress ir operation of
urparn freeways lieg in improved suwrvelllarce technigue., in its most basic form,
urpan freeway surveillance is limited 1o moving police patrols., Recently,
nelicopiers have bheen used for freewav surveillance in Los Angeles and other
commurities. Efficient operation of high density freeways is, however, more
iharn krnowing the locations or siranded vehicles: it may require closing or
metering enirance ramps, a technique which has been proved effective for
freeway tratfic conirol:® or i1 may require excluding certair classes of vehicles
during short peak periods. Therefore, what is needed i3 a reliable, all weathe
saurce of surveillance intormatios with rno excessive time lag.

Experimentation. with closed circuit television as a surveillance tool was
iritiated on the Johr C. Lodge Freeway in Deiroit, This oifers the possibility
of seeing a loag area of highway ir. a short or instarianeous period of time,
made possikble by spacing cameras alorg the freeway so that a complete picture
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carn be obtained of the entire section of roadway. Evaluatior o! the freeway
operation depends mostly on the visual interpretatiorn of the ouservers. However,
many iraffic people believe that this is rot ercugh. The Chicago Surveillarnce
Research project, for example is predicaied on the assumpiior thar irained
observers offered no uniform objectiviiy, Ir other words. if ar expresswav Is
operating well, this dquality can te detected by observing operating characieristics,
When the characteristics drop below a predeiermined level, actior may ve taken,

A wraftic surveillance system should irvolve the coritiruous sampling or
basic traffic characteristics for interpretation vy established corntrol para-
meters, in order to provide a quantirative krowledge o: operaiing coaditiors
niecessary for immediate rational corirol and furure design. Tne corntrol logic
of a surveillance system, or any sysiem for that matter, is that combination of
lechnriques and devices emploved to regulate the operatior of thar system,

The aralysis shows what informatior is needed ard where it will be obtaired.
Then, and only thern, can the concepiior and design of the processing and

ralyzing equipment necessary 10 converr data irio operatiosal decisiors ard
geometric design warrants be described.

In research conducied during the past year by ihe Texas Trargportation
Institute on the Gulf Freeway Surveillance Project, the applicatior of many
conirol parameters to the description and eventual corntrol of freeway congestion
was explored, Figures 1l and 12 illustrate the operation of the three inboird lares
of some six miles of the facility during the morning peak hour as obraired from
time-lapse aerial photographic studies. Four zorirol pararerers. derived in
the previous sectiorn, are superimposed o0& the cortour maps: .| rthe speed
at possibie capacity, U 2} the dersity at possivle capacity k - 3i the
speed at the optimum service volume u' ; and {4} 1be dersity at thqé optimum
service volume k' ;. These paramerers Biford a ratioral. quantiiaiive meanrs
for describirg the level of operation on the facility: stable flaw. ursiable
tlow and forced flow,

Figure 24 illustrates coniinucus profiles of the possinle capacity. A -
and the optimum service volume. q“mé which were derived by applvirg the
momerntum-energy analogy to speed-density data taker from aerials of the
facility. Thus, if stable flow is to be mairtained or the facilitv. demand mug:
be kepr below the opiimum service volume. Use of possible capaciiv as a
basic for ramp metering or corirol plazes operatior ot ike facility ir the
unstable zore of operatior, and provides absclutely <o satery facior aga nst
breakdowns due 1o statisiical variability in demanrd.

Etforts 1o measure freeway operational efticierncy in rerms of trattic
"throughput” {momentum}) are not consistent with the level of service ‘energy]
concept, since maximum throughpul must necessarily pe achieved with a
high traffic stream dersity, a low iraffic stream speed, and a level of operation
typified by "unstable flow,"” O the other hand, the opiimum service valume
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provides for speeds 33% higher, densiiies 33% lower, a level oif operation typ-
ified by "stable flow, " and with only a 10% reduction in flow. Actually. because
there is less probability of attaining "forced flow" {(cergested flow irevitably
accompanied by complete breakdown), the "throughput" from day to day might
very well be higher because of less frequent breakdowns,

Signalized Intersection

A procedure for use within the capacity~desigrn of high-1ype intersectiors
and interchanges has been discussed, This procedire has the followirg de
sirable features:

(1} It permits consideration of lane design in place of total approach width,

(2) It considers all approaches of the intersection as a sirgle uni? 1
the design procedure, thus insuring better balarice,

(3) [t gives consideration to peaking characteristics,

(4) It gives consideration in the design procedure to the phenomeno-
of random vehicle arrivals.

(5) It permiis the evaluation of a wide range of possible desigr ard
operaiing conditions.,

It is believed, therefore, that this procedure should be used whrere ap-
plicable as a supplemeri to the Highway Capacity Marnual procedure fur deter .
mining intersection capacity and level of service,
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TABLE 4

VARIOUS SIGNAL CYCLE LENGTHS

C = 25 seconds
Phase Avg. Arrivals Per cent of Phase
o per cycle "m" Failure Length
A 2.9 65 7
B 2.3 65 6
C 2.6 65 7
D 1.5 65 5
25 OK
C = 35 seconds
Phase Avg, Arrivals Per cent of Phase
¢ per cycle "m" __Failure Length
A 4.2 54 11
B 3.2 54 9
C 3.6 54 9
D 2,0 54 6
35 OK
C = 45 seconds
Phase Avg, Arrivals Per cent of Phase
0 per cycle "m" __Failure Length
A 5.3 48 14
B 4.1 48 11
C 4,6 48 12
D 2.6 48 _ 8
45 OK
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Phase

Phase

Phase

TABLE 4 continued

C =55 seconds

Avg, Arrivals
per cycle "m"

6.5

5.0

5.7

3.2

Percent of
Failure

44

44

44

44

C = 75 seconds

Avg, Arrivals
per cycle "m"

8.9

6.8

7.7

4.3

Percent of

Failure

34

34

34

34

C = 85 seconds

Avg. Arrivals
per cycle "m"

10.1

7.7

8.8

4.9
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Percent of

Failure

30

30

30

30

Phase
Length

16
14
15
10

55 OK

Phase
Length

23
19
20
13

75 OK

Phase
Length

26
21
23
15

85 OK



Phase

Phase

Phase

TABLE 4 continued

C = 95 seconds

Avg. Arrivals Percent of
per cycle "m" Failure
11.2 28
8.6 28
98 28
5.5 28

C = 105 seconds

Avg. Arrivals Percent of
per cycle "m" Failure
12.4 26
9.5 26
10.8 26
6.1 26

C = 115 seconds

Avg. Arrivals Percent of
per cycle "m" Failure
13.6 24
10.4 24
11.8 24
6.7 24
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Phase
Length

29
23
26
17

95 OK

Phase
Length

32
26
29
18

105 CK

Phase
Length

35
28
32
20

115 OK



Phase

-2

Phase

R

TABLE 4 continued

C = 125 seconds

Avg. Arrivals Percent of
per cycle "m" Failure
14,8 21
11,4 21
2.9 21
7.2 21

C = 135 seconds

Avg, Arrivals Percent of

per cycle "m" Failure
16.0 20
12,3 20
13.9 20
7.8 20

C =145 seconds

Avg, Arrvivals Percent of

per cycle "m" _Failuwe
17,2 i8
13.2 18
14,9 18
8.4 18
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Phase
Length

39
31
34
21

125 OK

Phase
Lergth

Phase
Length

44
36
40
25

145 OK



Phase

TABLE 4 continued

C = 155 seconds

Avg. Arrivals
per cycle "m"

18.4

14.1

16.0

9.0

Percent of

Failure

16

16

16

16

C =165 seconds

Avg. Arrivals
per cycle "m"

19.6

15.0

17.0

9.6

- 56 -

Percent of

Failure

15

15

15

15

Phase

Length

48
38
42
27

155

Phase
Length

51
41

45

165

OK

28

OK
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