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ABSTRACT

This report discusses the 1985 Highway Capacity Manual in relation to travel forecasting models.
It was found that important incompatibilities exist between the HCM and most travel forecasting
models; ways of reconciling these incompatibilities are suggested.

This report suggests parameters for speed/volume functions for uncontrolled road segments. For
controlled facilities, the reports suggests values for link speed and link capacity to be used prior to
network calibration. These speeds and capacities depend upon the type and manner of traffic
control.

The report also provides sample specifications for delay relationships that can make a travel
forecasting model consistent with the HCM. Separate specifications are provided for signalized
intersections, all-way stop controlled intersections, some-way stop controlled intersections, and two-
lane roads.
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I NTRODUCTION

The 1985 Highway Capacity Manua provides delay reations for awide variety of highway facilities.
Travel forecagting models dso mugt calculate estimates of delay. Delay isrequired for determining the
shortest paths through networks, the spatia digtribution of trips throughout the region, and the relative
advantages of one travel mode over another. It has often been suggested that travel forecasting moddls
should incorporate delay relations found inthe HCM . Potentidly, travel forecasts would be more
accurate and forecasted volumes would be more cons stent with operations-leve traffic models and with
accepted principles of highway design.

Unfortunatdly, incorporating HCM deay relationsinto travel forecasting moddsisnot easy. Not only

arethe HCM dday relations too complex for exigting software packages, but they dso are inconsistent
with available theory and algorithms. To properly accommodate the delay relations, both software and
theory would require subgtantid revison.

The purpose of this report is to find ways to make travel forecasts more consistent with the HCM .
Both preferred and dternative approaches are recommended.

Thisreport identifies properties and requirements of existing travel forecagting modds; it then ligts
deficiencies and problems with the HCM procedures. Full specifications are developed for
incorporating HCM-type delay relationsinto travel forecasting models. These specifications are
illustrated by a complete test forecast. Simple delay/volume functions are recommended where
possble. Findly, adviceis given to planners who must cope with existing software, particularly during
the network calibration process.

DEFICIENCIESIN AND PROBLEMSWITH THE HCM FROM THE STANDPOINT OF TRAVEL
FORECASTING

The 1985 Highway Capacity Manud is serioudy incompatible with traditiond travel forecasting models.
The principd reason for thisincompatibility isthe complexity of many of the dday reations, particularly
those relations which compute delay as afunction of more than asingle link volume or more than a
single turning movement.

Typical Limitations of Travel Forecasting M odels

There are many travel forecasting packages, their capabilities vary greetly. The most popular packages
have the following characteristics, which greatly limit users ability to determine redistic estimates of
delay.

1. Dday onalink may be afunction of volume only onthat link. Modds that can cdculate dday for
aturn do so by looking only & the volume for that single turn.

2.  Themos preferred method of equilibrium traffic assgnment, Frank-Wolfe decomposition, cannot
handle delay as afunction of many link volumes. Furthermore, the delay function must not contain
discontinuities, must be monotonically increasing (i.e., rictly increasing with volume), and must be
ableto be andyticdly integrated.



3. Many models permit only one functiona form for delay and only one set of parameters for that
function. This one functiond form (typicaly the BPR function) is built into the mode and cannot
be easlly user-modified; however most models permit dl the parameters to be varied.

4.  Many modds do not provide the ability to caculate turn pendties as a function of turning volumes.

Traffic assgnment agorithms tentatively estimate volumes greatly exceeding ultimate capacity
(LOSE), paticularly in early iterations of the calculation. Consequently, delay formulas must be
capable of estimating delay for volume-to capacity ratios far beyond 1.0.

6. Itisvery difficult to introduce user judgment during the assgnment process. Delay formulas must
be entirely sdlf-contained.

7. Some modds recommend setting " capacity” on alink to the service flow at LOS C, sometimes
referred to as the design capacity.

8.  Depending upon the nature of the path building agorithm, the existence of turn pendties or turning
delay functions within a network can grestly increase computation times.

Rdative to other parts of travel forecasting modes, the caculation of delay is not particularly time
consuming. If turn pendties can be avoided, additional complexity in dday relationships should not
cause unreasonable increases in computation time.

Data Limitations

Networks can have thousands of links and intersections, so there are severe limits to the amounts of
data that can be economicaly provided for each. A typica mode now requires only two pieces of
information about each link for the purposes of delay caculations: capacity and free travel time. Itis
important not to burden the user with additiona data requirements, unless the need has been firmly
established through gppropriate sengtivity tests of redigtic deay relaionships.

By their nature forecadts are done for future years, planners do not have very precise information about
many of the important traffic characteristics affecting delay. For example, a planner doing along-range
forecast would have little knowledge about .the type of traffic control at any given intersection. The
sgnd timing for sgnaized intersections would be essentidly unknown, and there would be only vague
information about the presence of pedestrians, bus operations, and parking maneuvers. Clearly, it
would be ingppropriate to construct delay relationships requiring data that cannot be obtained.

How the HCM Violates Model Limitations

The following list of violations does not include assessments of the accuracy of the estimates of delay. It
islikely that more redigtic and more trandferable modedls of delay can be devised, given sufficient time
and resources.

Basic Freeway Sections and Multilane Highways



1.

The shapes of the speed/volume functions for basic freeway sections and multilane highways differ
by facility type.

Two-Lane Roads

1.

2.

3.

Complete delay relations are not available for two-lane roads. Only a sketchy speed/volume
function is presented. This speed/volume function differs sgnificantly from those of other road
types or from those of traffic flow theory. Approximate speeds are given for each level of service
(HCM Table 8-1). These gpproximate speeds indicate that a different speed/volume function
would be required for each category of percent-no-passing and for each category of terrain.

The capacity of atwo-lane road is afunction of the directiond split, which complicatesthe
comparison of volume and capacity. A volume-to-capacity ratio could be calculated, but it
requires knowledge of traffic volumes in both the subject and opposing directions.

No mention is made about the applicability of the two-lane road procedures to lower-speed urban
facilities, including road segments between traffic controlled intersections. The HCM does not
discuss the effects of low-speed passing, turning at driveways, on-street parking, loading, €etc.
Better estimates of two-lane road capacity may be necessary on suburban arterids, especidly
where sgnd spacing is greater than 1 mile.

Weaving Sections

1.

Delay in asingle weaving section is afunction of up to four types of movements within the section.

All-Way Stop Controlled Intersections

1.

The 1985 HCM provides, at most, rough guidelines for the capacity of al-way stop controlled
intersections. Delay relations are not presented. More complete al-way stop models have been
developed (Richardson, 1987; Kyte, 1989) but have not yet been adopted.

Some-Way Sop Controlled Intersections

1.

The HCM provides procedures for calculating one-way and two-way stop capacity, but does not
include delay rdationships. Delay relations have been proposed (see Appendix A for an
example).

The relaionship between potential capacity and conflicting traffic (Figure 10-3 in the HCM) does

not span a sufficiently wide range of traffic conditions. No mathematica form or derivetion is
provided for this relationship.

Capacity of any one approach isafunction of turning and through volumes on al other
approaches.

No provision is made for traffic distribution across multilane gpproaches.

The subprocedure for determining gaps in platooned traffic streams is not well integrated with
other parts of the procedure.



Sgnalized Intersections

1. TheHCM provides conventiond guideines for setting cycle lengths and determining the lengths of
green phases, but does not incorporate these principlesinto its delay procedures.

2.  TheHCM provides only a sketchy discussion about the appropriateness of protected left turns; it
does not indicate when aleft turn should be protected, nor does it indicate how the protection
should be accomplished.

3. TheHCM does not give aclear indication of how left-turning traffic should be split between
protected and permitted phases for dl possible cases. The Highway Capacity Software, for
example, sometimes asks the user to determine this split.

4.  No guidanceis given on how to dlocate right turns to red phases.

There are discontinuities in the estimates of dday; i.e., samdl increases in volume can cause aorupt
increases or decreasesin delay. A mgor discontinuity isintroduced by the subprocedure for
determining whether a shared |eft lane is operating as an excdusive left lane.

6. Deday at an gpproach is affected by the amount of turning at this approach. Furthermore, delay at
an gpproach is affected by the amount of Ieft turns at the opposing approach.

7.  Thedday function can become undefined for volume-to-capacity retios only dightly grester than
1.0. Thisisdue to the denominator of the d1 term (uniform delay), which can become negeative
for large vaues of g/C (ratio of green timeto cycle length). This property of the HCM delay
function is unlikely to cause problems for practicing traffic engineers, but it can cause
computationd difficultiesin travel forecagting models.

8. Thetime period for oversaturated flow has been set a 15 minutes (Akcdlik, 1988); travel
forecadting is typicaly done for aminimum time period of one hour. The HCM does not indicate
how the time period may be changed for the purposes of travel forecasting.

1. Noexplicit provison is made for acceeration and decderation delays. These are included in the
1.3 factor between totd and stopped delay. Consequently, acceleration delay is insendtive to the

speed of traffic.

10. Under some circumstances, the procedure gives separate delays for the left, through, and right
moments. Under other circumstances, it does not.

11. No mentionis made of delay at freeway ramp meters.
General Issues

A more generd problem concerns the definition of LOS C, often taken as the definition of "design
capacity” in forecasting models. LOS Cislargdy subjective and is determined by different methods,
depending upon the type of facility or type of traffic control. Thus, there no longer exissasample
method of rdating LOS C to LOS E (ultimate capacity) that works across the full range of facilities or
traffic controls.

For example, LOS C on freeways is determined by traffic density, while LOS on two laneroads is
determined by percent time delay. The volume-to-capacity ratio for LOS C varies between 0.77



(freeway basic segment, 70 mph design speed) to 0.16 (two-lane road, mountainous terrain, 1 00% no
passing).

Minimum Requirements of Forecasting Models to Reasonably Approximate
HCM Delay Procedures

Asindicated in the preceding paragraphs serious incompatibilities exist between the HCM and existing
travel forecasting modds. The incompatibilities can be fully resolved only by extensve revisonsto the
forecasting models. The amount of effort necessary to make these revisons depends upon the structure
of the existing computer code.

1. Themoded must be cgpable of caculating intersection delay for each gpproach separately from
delay on the link that includes the approach. For some models, this delay could easily be
expressed as aturn pendlty, but there would probably be a Significant increase in computation
time. A better but more complicated solution isto add the intersection delay, once calculated, to
the delay for the gpproach link.

2. Attraffic-controlled intersections and at weaving sections, ddlay must be caculated considering dl
the movements. For example, delay for an approach at afour-way sgndized intersection is
related to dl 12 possible movements at the intersection.

Delay on two-lane roads must be calculated from both subject and opposing volumes.

Different dday functions must be avallable for freeways a various desgn speeds, multilane
highways at various design speeds, two-lane roads, and urban streets. If asufficiently genera
functiond form is available (for example, see Spiess, 1990), the differences between facility types
could be accommodated with aternate sets of parameters.

5. A method other than Frank-Wolfe decompogtion must be available for caculating equilibrium
traffic assgnment.

Sample Specifications for Models of Intersection Delay

In order to better understand the implications of the HCM delay procedures for travel forecasting, a set
of sample specifications was developed. Separate specifications were written and programmed for
delay at sgndized intersections, dl-way stop intersections, and some-way stop intersections. These
specifications were directly incorporated into atravel forecasting model. An atempt was made to stay
as close as possible to HCM procedures while providing routines that could successfully be interfaced
with the travel forecasting modd. Parts of HCM procedures that appeared to have little effect on delay
were abridged. Otherwise, the specifications follow the HCM quite closdly.

The specifications are used later in this report (1) to develop delay/volume relationships for forecasting
models that cannot be modified, (2) to demondtrate the feasibility of directly incorporating HCM
procedures into atravel forecasting model, and (3) to suggest vaues for link capacity and free speed to
be used prior to network calibration.

The sample specifications are fully described in Appendix A.



TRAFFIC ASSIGNMENT

Available Techniques

The HCM dday relationships are discontinuous, nonmonatonic, and nonintegratable. The only method
of equilibrium traffic assgnment known to be able to handle smilarly difficult delay rdaionships is most
often referred to as "one-over-kay" assgnment or "equilibrium/incrementa” assgnment or "method of
successve averages'. The method finds an unwelghted average of many dl-or-nothing assgnments,
where the delay found prior to any iteration (k+) is calculated from the average of volumes from the
preceding (k) assgnments. Equilibriunmvincremental assgnment produces identica results to Frank-
Wolfe decomposition (LeBlanc, &. d, 1975) on networks with smple (such asthe BPR) delay
relationships (Powell and Sheffi, 1982; Horowitz, 1990); however, convergence is dightly dower.

This agorithm has not yet been extensvely tested on networks where delay can be a function of severa
volumes.

A Test of Equilibrium/Incremental Assignment

The UTOWN network, origindly created for testing UTPS, was modified by incorporating signdized
intersection and two-way stops, primarily at freeway off-ramps. The modified UTOWN network is

shown in Figure 1.

- = -

Figurel. UTOWN Network with Traffic Control

Convergence to an equilibrium solution needs to be checked, but the standard methods derived from
Frank-Wolfe decompaosition will not work in this case. We are looking for a user-optimal assgnment.

In such an assgnment each trip is assgned to a shortest path between its origin and destination.
Therefore, it is possible to determine when equilibrium has been achieved by checking whether the used
paths are indeed the shortest paths. A smple test can be devised that compares total travel time
between two assgnments.

Step 1. Run the assgnment dgorithm through the desred number of iterations. Obtain estimates of
volumes. Recdculate thelink travel times. Compute totd travel time with the estimates of link volumes
and the new travel times.

Step 2. Using the new trave times and averaged trip table from Step 1, perform an dl-or-nothing
assgnment. Do not recdculate link travel times. Compute totd trave time.

Step 3. Compare the totd travel timesfrom Steps 1 and 2. Thetota trave time from Step 2 will aways
bethe smdled. If they are nearly the same, convergence to an equilibrium solution has been achieved.



If they differ Sgnificantly, there could be two causes: (1) more iterations are required; or (2) the
dgorithm falled.

Thistest isgamilar to one ("S1 - 2*) found in UTPS.

The test was performed on the UTOWN network (containing HCM delay relaionships) for varying
numbers of iterations of equilibrium/incremental assgnment. Asseenin Table 1, the
equilibrium/incrementa assgnment agorithm will produce an equilibrium solution on a network with
traffic controls. After 200 iterations the difference between Steps 1 and 2 was inconsequentia.
Equilibrium was effectively achieved after about 20 iterations. Thisrate of convergenceissmilar to
Frank-Wolfe decomposition.

A sgnificant body of research is being assembled on "asymmetric” traffic assgnment problems, which
include assgnments where delay isafunction of severd link volumes. It islikely that even faster (and
perhaps surer) agorithms will be developed within the next few years.

Tablel. Convergence of Equilibrium/incremental Assgnment on the UTOWN Test Network

Total Trawe! Tinme

An ingpection of the assigned volumes reveded that Smilar results would have been difficult to obtain
with conventiona delay/volume relationships. The assgned volumes on gpproximately hadf of thelinksin
the origind UTOWN network (without traffic controls) were considerably different from those of the
modified UTOWN network (Figure 1). For example, the volumes for one particular freeway link
differed by afactor of more than two. The other haf of the links had surprisingly smilar volumes across
the two networks. One driking difference between the two assgnments was the higher arterid
volumes on congested linksin the modified network. The dgorithm gave these links more green time,
thus more capacity. The origind network, of course, had to provide equd signdization priority to each
approach, regardless of need.

The UTOWN network is artificid and exaggerates problems with assgnment agorithms. Still, it
adequatdly demondtrates the importance of having precise estimates of intersection capacity.

Advantages and Possible Problems

A traffic assgnment involving complex intersection delay relationships, such asthoseinthe HCM, is
adaptive in the same sense as an actuated sSgnd, which can adjugt itsdlf to the exigting traffic volumes.
The dgorithm dlocates capacity to an gpproach according to its volume and competing volumes.
Approaches with relatively large volumes receive more green time, and thus capacity, than approaches
with smdl volumes. Theoreticaly, the maximum capacity of an gpproach isits saturation flow rate, less
any possible flow lost during phase changes. In practice, however, asmdl amount of green time must
be given to conflicting approaches, even when there is very little traffic.

Such an assgnment is quite redigtic, but there is one unfortunate sSde effect - the solution may not be
unique. Itisentirdy possible for an adaptive traffic assgnment to have two or more equadly vaid
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equilibrium solutions. Under such circumstances, one cannot judge which solution is the correct one.
Indeed, dl solutions may be correct. Differences would be due to smdl variaions in sgnaization -
something that isimpossible to predict.

DELAY FUNCTIONSFOR UNCONTROLLED ROAD SEGMENTS
Functions and Standards
The most widdy used delay function for both controlled and uncontrolled road segmentsisthe BPR

function:

where X isthe volume-to-capacity ratio, to isthe free travel time, and aand P are empirical coefficients.
Many practitioners recommend that capacity be taken as the design volume for the link, normally LOS

C. Other practitioners recommend computing X with ultimate cgpacity. When X is caculated with

ultimate capacity, it is possible to approximate a from the free speed, s0, and the speed at capacity, Sc.

That is.

thereby effectively reducing this function to one with asingle parameter, P.
Spiess (1990) has identified seven standards for speed volume functions:

1. Thefunction should be gtrictly incressing with volume; i.e,, it is monotone.

2. Thefunction should yield the free travel time for zero volumes and twice the free travd time for
volumes a capacity.

3. Thederivative of the function should exist and be strictly increasing; i.e, the origind functionis

CONvex.

The function should have only afew and well defined parameters.

The function should be finite for dl volumes

The function should have a positive derivative a zero volume.

7.  Theevduation of the function should require less computation time than the BPR function.

SPENCLES

If these standards are met, then it is assured that an equilibrium can be found with Frank-Wolfe
decompogtion, that the modd is easly calibrated, and that the computationd effort will be modest. The
BPR function meetsthefirst Sx sandards.

Standard 2 assumes that speed at capacity is aways one-haf of free speed. Unfortunately, Spiess
ignored the rest of the speed/volume function, so standard 2 should be revised to read:

2. Thefunction should provide redigtic vaues of delay acrass the range of volumes from zero to
capacity, especialy at zero volume and at capacity.

10



The revised second standard is required to retain redistic assgnments and to provide good path travel
times for the trip distribution and mode split steps. Spiess third and seventh standards are unnecessary
and would beinhibiting, if accuracy is of paramount importance.
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Spiess proposed an dternative to the BPR function,

which may fit the various HCM dday/volume relationships more closdly:

and X isthe volume-to-capacity ratio. Thisfunction dwaysyiddsatrave time at capacity of twice the
freetravel time - something which may not aways be desrable. This function has the generd shape of a
hyperbola, and is referred to by Spiess as a conicd delay function. It isvery smilar to adeay function
developed by the Traffic Research Corporation in 1966 (Branston, 1976).

Still another dternative function with a sngle parameter has the form:

Like the BPR function, Equation 5 is assured to exactly fit the dday/volume curve at zero volume and
capacity. This equation was proposed by Overgaard (1967). It meets Spiess first Six standards.

Definition of Capacity

Networks origindly prepared for Planpac and UTPS largely relied on the default coefficients of the
BPR function (a=0.15 and b=4.0). With these coefficients, link capacity was set to design capacity,
normally taken to be LOS C in earlier editions of the Highway Capacity Manual. More recent
travel forecasting packages have generally retained these traditional coefficients and definition of
link capacity. Technically, design capacity should be interpreted as the volume that causes free
speed to drop by 15 percent. There are valid reasons for trying to retain this definition of capacity
in previously calibrated networks.

Unfortunately, the 1985 Highway Capacity Manual does not provide a similarly simplistic
relationship between service flow at LOS C and speed. In order to continue using the "design
capacity" definition of link capacity, it would be necessary to establish a set of procedures to (1) find
it and (2) assure that it yielded reasonable estimates of speed (or delay) at all feasible volumes.

It is possible to develop new parameters for the BPR curve (or another speed/volume function)
using any reasonably consistent definition of capacity. There would be little difference in the
quality of fits to speed and volume data. Consequently, the choice of a definition for capacity must
be made on the grounds of convenience. There are four important arguments for defining link
capacity to be ultimate capacity (LOS E for most facilities).
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1. Ultimate cgpacity has a condgstent meaning across dl facility types, while design capacity does not.
For example, it isardatively smple matter to relate the capacity of an intersection to the capacity
of the street approaching that intersection.

2. Ultimate capacity is dways easer to compute than design capacity. Finding the design capacity of
adggndized intersection is especidly difficult.

3.  Ultimate capacity can be more easlly related to traffic counts than design capacity, which would
also require estimates of density, percent time delay, reserve capacity or stopped delay.

4.  Ultimate cgpacity is the maximum volume that should be assigned to alink by the forecasting
moded. Desgn capacity does not give such firm guidance during calibration and forecasting.

Parameter Estimation

All three delay functions (Spiess', BPR, Overgaard's) were fit to the speed/volume relationships
contained in the Highway Capacity Software, Version 1.5, which closely approximate those in the
HCM. The coefficient, a, in the BPR function was determined by forcing the curve to fit the
speed/volume data at zero volumes (free speed) and at capacity (LOS E). The second coefficient,
b, was found by nonlinear regression. The single coefficients of Spiess' function and of Overgaard's
function were also found by nonlinear regression. Table 2 summarizes the best coefficients.

It is seen that all three functions performed well, as judged by the standard deviation of the
residuals, sv, and the percent of variance explained, R2. The quality of the fit varied with the
facility type and design speed. In general, it was easier to fit speed/volume functions when the
design speed was 50 miles per hour. Spiess' function produced the most consistent results,
explaining about 97% of the variance for all six facilities. It is likely that Spiess' function would
yield even better results if the assumption about speed at capacity (Spiess' original standard 2) could
be improved. Appendix B shows the HCM speed/volume functions for each facility and the best
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The HCM provides three slightly different speed/volume curves for freeways with 70 mph design
speeds - one each for 4-lane, 6-lane, and 8-lane segments. The curves for 4-lane and 8-lane
segments differ from the one for 6-lane segments (used here) by at most 1 mile per hour.
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Consequently, there is little advantage to having three separate speed/volume functions for 70 mph
segments.

Application to Delay/Volume Relations at Signalized Intersections

It is possible to estimate delay at traffic controlled intersections with any of the three curves
discussed in the previous section. Instead of fitting a speed/volume relationship, it is necessary to
fit a travel-time/volume relationship, where travel-time is taken from the HCM signalized
intersection delay formula. Examples of some nonlinear least-squares fits to HCM's delay formula
are seen in Figure 2. The HCM delays are for an intersection with a 90 second cycle length, a 60
second green time, and a saturation flow rate of 5400 vph. It is seen that the BPR and Overgaard's
functions can reasonably approximate the HCM formula, but Spiess’ formula performs badly.
(The BPR function parameters were a=5.0 and P = 3.5.)

Although it is possible to fit a BPR curve to the HCM delay function, doing so would be
undesirable for the following reasons:

1. A different st of parameters would be required for every combination of cycle length, green time,
saturation flow rate, and arrivd type.

2. TheBPR curve differs subgtantialy from the HCM delay function for oversaturated conditions,
i.e., when the volume-to-capacity ratio exceeds 1.0.

3. Network coding would be more difficult, because an additiona link would be required for each
approach.

4. Accderdaion delays areignored.

A better approach, but one that requires considerable rewriting of software, isto calculate intersection
delay directly from the HCM procedures, as described in previous sections and in Appendix A.
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Figure2: Least Square Fitstothe HCM Deay/Volume Function

CALCULATING INTERSECTION DELAY ACCORDING TO HCM PROCEDURES

Results of Signalized Intersection Simulations

The signalized intersection delay specification, described in Appendix A, was implemented in a
travel forecasting model (a specially modified version of QRS 11) and tested. An attempt was made
to extract the implied delay/volume relationship while letting the model determine the phasing and
green times. Since green times are no longer exogenous variables, the possibility exists for a
simpler means of calculating delay.
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Figure 3 shows three delay/volume curves for the same intersection. The curves show the delay on
all approaches (subject, opposing, and conflicting) when the volume on just one subject approach is
varied. This intersection has a high percentage of turns (25% lefts and 25% rights at all
approaches). It is readily seen that the delay on any approach depends on the volumes for the
other approaches. For instance, the delay for both the subject and conflicting approaches are
nearly the same, even though the conflicting volume was held fixed at 800 vph. The delay on the
opposing approach is more complex - first rising gradually, peaking at 2400 vph on the subject
approach, and then declining. The reason for the declining delay is the increasingly ample green
time available to handle the 800 vph on the opposing approach.

Figure 3: Delay on All Approaches of a Signalized Intersection as a Function of
Volume on a Single Approach

(25% Right Turns, 25% Left Turns, 800 VPH at Opposing and Conflicting
Approaches, No Exclusive Lanes, 3600 VPH Ideal Saturation Flow Rate, 20 mph

Figure 4 is similar to Figure 3, except that there are no turning vehicles. The subject and
conflicting delay curves have similar shapes, but do not coincide. It is again seen that the delay on
the opposing approach declines, in this case after 800 vph on the subject approach. Figure 4 also
shows that the delay on the subject approach is not necessarily monotonic (i.e., steadily increasing
with volume). The delay rises to a local maximum at 800 vph (the fixed volume on the conflicting
and opposing approaches), then declines to a local minimum at 1600 vph, before increasing again.

The delay curves of Figures 3 and 4 are very consistent with the theory and procedures of Chapter
9 of the Highway Capacity Manual. Consequently, it can be concluded that the results are realistic.
However, these results could cause difficulties for traditional travel forecasting models. Delay
cannot be a declining function of volume without introducing the possibility of multiple, equally
valid, equilibrium solutions. Whether multiple equilibria could occur in real, full-scale networks
has not yet been established.
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Figure 4: Delay on All Approaches of a Signalized Intersection as a Function of
Volume on a Single Approach
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(0% Right Turns, 0% Left Turns, 800 VPH at Opposing and Conflicting Approaches,
No Exclusive Lanes, 3600 VPH Ideal Saturation Flow Rate, 20 mph speed)

The signalized intersection delay specification was extensively exercised, varying the percentage of
turns, the cycle length, the approach type, the presence or absence of exclusive lanes, and the levels
of opposing and conflicting volumes. A selection of these delay/volume curves are shown in
Appendix C. A review of these curves indicate that no simple relationship, such as the BPR
formula, can accurately estimate intersection delay.

Methods of Approximating Capacity

Flow Ratio Method. The best that can be offered for models dependent on the BPR formula is a
weak approximation to these simulation results. Assumptions must be made about the amount of
traffic at all approaches, the cycle length, the number of phases, and the saturation flow rate of all
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approaches, including the effects of turns. A capacity, c, for the approach is approximately,

A practical use of Equations 6 and 7 would require capacities to be computed after volumes have
been assigned to the network, rather than given as data.

Equal Greens Method. In the absence of information about opposing and conflicting volumes, it
would be necessary to assume that the flow ratios are identical at all approaches. Under such a
situation the green times would be approximately equal on all approaches. Equations 6 and 7
reduce to a single equation,

¢ = Ss(1/2)(C - L)/IC

Equation 8 is similar to methods currently used by planners prior to network calibration. Because
Equation 8 ignores signal timing, it is not a desirable method for estimating capacity.
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Graphical Method. A related method of calculating the capacity of an approach is to use the
information such as that contained in Appendix C and in Figures 3 and 4. The first parameter of
the BPR formula would be set so that delay at capacity is exactly twice delay at zero volume (a =
1.0). Asseen previously, this setting for a is approximately correct for most uncontrolled road
segments. The capacity would then be defined at the volume on the subject approach that exactly
doubles delay. This capacity can be directly read from one of the graphs, or interpolated from two
or more graphs.

For example, in Figure 3 the delay for the subject approach at zero volume is 18 seconds.
"Capacity" would therefore be slightly less than 1200 vph (Figure 3 shows the delay at 1200 vph to
be about 38 seconds). In Figure 4, "capacity" is seen to be slightly more than 2400 vph. This result
can be compared with Equation 21, assuming Vs 2400 and L = 6,

¢ = 3600 [0.667/(0.667 +0.222) ] (90 - 6)/90 = 2524

The results of these methods appear to be reasonably consistent. The graphical method could best
be viewed as an aid to hand calibration of networks.

Drawbacks. All three methods are clumsy. They require prior assumptions about volumes and
require a considerable amount of user intervention, especially for the calculation of saturation flow
rates. Furthermore, the three methods deviate to varying extents from the HCM.

Estimating Delay from Volume and Capacity

Once capacity has been calculated, it is possible to estimate delay from the BPR or a related
function. Figure 5 shows the best fits of the BPR, Spiess' and Overgaard's functions to the subject
approach delay from Figure 4 (Ss = 3600, 0% turns). As described in the last section, capacity was
taken to be the volume that doubles delay. Therefore, the value of a was set to 1.0 in the BPR
function; no changes were required of Spiess' function. It is seen that the BPR and Spiess' functions
fit well; the Overgaard function misses badly at volumes exceeding capacity. The best fit of the
BPR curve was obtained with = 5.3; the best fit of Spiess' curve was obtained with a = 7.4.
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Figure 5: Least-Squares Fit to Signalized Intersection Specification

GENERALIZED ADAPTIVE INTERSECTIONS

Nature of a Generalized Intersection

An adaptive intersection is one in which the capacity of all approaches can be adjusted to provide
better or fairer traffic flow. In reality, all signalized intersections are somewhat adaptive, because
signal timing can at least be manually adjusted to better serve existing volumes.
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At very low volumes, a signalized intersection would impose greater delays than a stop-controlled
intersection or an uncontrolled intersection. Therefore, if the assignment is completely adaptive, it
also should be able to change the nature of the traffic control (such as adding or removing signals
and signs, changing to four-way flash, etc.) Such a highly adaptive assignment algorithm would
design the traffic controls as it loads traffic to the network. Although it would be significantly
slower, this type of algorithm would not be particularly difficult to accomplish. The computer code
written for the tests in the above paragraphs could be easily so modified. The question of whether a
highly adaptive assignment is desirable cannot yet be completely answered.

Estimating the Effects of Adaptation. Planners, however, may choose to modify the nature of the
traffic control after they see the assigned volumes - in essence adapting their networks. To do this
properly, they would need information about delays at stop-controlled intersections. Figure 6
shows the relationship between volume and delay at a two-way stop-controlled intersection, a four-
way stop-controlled intersection, and a signalized intersection. The lane geometry and volumes
were the same in all three cases. In this figure, the subject and opposing volumes were varied
together, while the conflicting volumes were held constant. The delays at each approach are shown
in Appendix D.

Figure 6 shows that the three types of traffic control perform almost equally well at a volume of 400
vph on the subject and opposing approaches. Below 400 vph the two-way stop is superior; above
400 vph the signal is superior. Other tests show that the point at which all controls are equally
effective varies with the amount of conflicting volume. This point is at about 100 vph when the
conflicting volume is a 600 vph; it is at about 200 vph when the conflicting volume is 400 vph. In
no circumstances did the four-way stop outperform the combination of the signal and the two-way
stop, suggesting that the four-way stop need not be considered any further. Rules, similar to the
signal warrants in the Manual on Uniform Traffic Control Devices, could be used to select the type
of traffic control.

In a highly adaptive network, low volumes on one or more approaches might indicate a need for a
two-way stop. The effect on the delay/volume curve depends upon whether the subject approach is
signed or unsigned. At very low volumes, a vehicle at a signed approach experiences a delay
consisting of about 2 to 4 seconds plus any time lost to acceleration (typically 4 to 7 seconds; see
Equation A.1 in Appendix A). Vehicles at unsigned approaches experience almost no delay.

The concept of a generalized intersection implies that the delay values in Appendix C for signalized
intersections are excessively large for very low volumes on the subject approach. Planners need to
be aware of this possibility while calibrating their networks and performing forecasts.

Figure 6: Total Delay on All Approaches for a Four-Way Stop, a Two-Way Stop and
a Signal (Opposing Volume Same as Subject Volume, Conflicting Volumes at 200
vph, 25% Right Turns, 25% Left Turns, One Lane at All Approaches, 20 MPH
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Levels of Adaptation

Planners need to seriously consider the appropriate amount of adaptation for their networks. Even
if their assignment algorithm is not formally adaptive, planners indirectly introduce adaptation as
they calibrate their networks or choose their assignment algorithms. Although the Highway
Capacity Manual does not discuss adaptive assignment, it does indicate how adaptation can occur.
The following levels of adaptation could be invoked, to various degrees, for any given network.

Level 0. No adaptation. Capacity is rigidly fixed on all streets and intersection approaches.

Level 1. Low cost traffic engineering improvements for isolated intersections without changing the
type of traffic control. Capacity varies with the amount and nature of conflicting and opposing
traffic. (Examples: signal timing; conversion of a through lane to an exclusive lane.)

Level 2. Major traffic engineering improvements for isolated intersections. Capacity varies with the
amount of and nature of conflicting, opposing, and subject approach traffic. (Examples: installation
of signals, rearrangement of signs, relocation of bus stops.)

Level 3. Traffic engineering improvements involving a system of intersections. Capacity and delay
vary with the nature of traffic at surrounding intersections.

(Example: signal coordination.)

Level 4: Geometric changes at isolated intersections. Capacity varies principally with volume on
the subject approach. (Examples: adding exclusive lanes, removal of on-street parking, increasing
curb radii.)

Only Level 1 has been tested here (see the previous discussion of the UTOWN network). Any
combination of the levels of adaptation could be mixed in a single assignment.

Levels 1, 2, and 3 are now included in forecasts through the process of network calibration.
Because these levels reallocate resources between facilities, inclusion of one or more of them can
result in multiple equilibrium solutions.

Level 4 is now included in forecasts by proposing alternative projects. If all levels of adaptation are
included in the forecast, the assignment would be constrained only by cost or operational
limitations.

All long term forecasting should be adaptive to the extent that obvious design flaws in the highway
system are eliminated. A good working assumption is that continuing efforts will be made to
eliminate bottlenecks due to poor geometry or operations, especially those with low-cost solutions.
An important implication of adaptation is that planners may be able to ignore many small and
isolated reductions in capacity when building and calibrating their future year networks.

Two-LANE ROADS

Most two-lane streets in urban areas operate well below their uncontrolled capacity, so delay
relationships for this type of facility are not critical to a forecast. Nonetheless, it is possible to make
a simple change to the BPR formula (or a similar relationship) to obtain better estimates of delay.

With no opposing volume, the HCM states the capacity to be 2000 pcph. However, the capacity of
a subject direction on a two-lane road depends upon its opposing volume. With a 50/50 directional
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split, the capacity drops to 1400 pcph. The HCM does not indicate whether this dependence on

directional split holds for urban streets.

where V: is the volume in the subject direction, V., is the volume in the opposing direction, and t is
an empirical constant. The adjusted volume, V., would then be used in the BPR formula when
finding the volume-to-capacity ratio. The capacity would be taken to be slightly less than 2000
pcph (appropriately adjusted for heavy vehicles, terrain, narrow lanes, restricted-width shoulders,
and other local circumstances).

Based on Table 8-4 in the HCM, a value of t = 0.4 is approximately correct for rural roads.
Further research is required to properly determine this constant for urban streets.

INITIAL SETTINGS FOR CAPACITIES AND FREE SPEEDS

Initial Capacities

Ideally capacities should be set according to those obtained from the Highway Capacity Manual or
from the Highway Capacity Software or similar programs. However, separately setting capacities
on every link or on every intersection approach can be quite tedious, especially considering that
many of the values may change during network calibration. Many planners prefer to start with
rough estimates of capacities and then to refine these estimates during calibration.

Depending upon the forecasting software, the capacities can be entered in a variety of ways. For
example, UTPS and similar packages require that capacities be computed as a function of area
type, facility class and number of lanes. A look-up table must be prepared giving the maximum
lane volume as a function area type and facility class. The software determines the capacity of the
link by multiplying the looked-up maximum lane volume by the number of lanes. Other software
packages allow capacities to be set for individual links, thereby providing the user with more
flexibility during calibration.

The following capacities are recommended for starting values. Where they are given as total
directional capacities, they can be divided by the number of through lanes to obtain maximum lane
volumes. These values should not be varied by more than £20% unless justified by abnormal
deviation from ideal conditions.

Suitouaressr Rollimng 1T So R E=T=1

19



Table <

mitial Capacities for Multilane Higheways, Each Lane — Design Coapacity
S0, TO e SO naEEs
Diwvictec EE="T-] 1 =200
Rzl E=CTa] ars
LArvctiwict e ol - =oo 1I=s
|ars aso
Diawviciea s 1050
Suburtsar, oo =1
U ctiwicl et To=s S50
SO Eg=1=1

Table S
mitial Capacities for Freeways, Each Lame —
SO, O naE e

EE=-2ta]
EE-T7.1

Uinarnate o e cite:
S50 raEE
R le=t=

Lenwel Terrair
1 =S50

Froilimes Terraim

Table &
oS for Froeoways. Each Lane — Uitimate Casacit
SO, TO R SO nAaE

=SS0 et

o500 ars

L e

Leswel Terrair
Frollimcs Tearroim

Table 7

tniEtial Capacities for Two-Lane Roads — Uitirmate Capacity
et Roilima
Peakc Littie Plo Passino 1 s00 1 oso
Extemsive MNo Passimg 1 soo oso
OFF Peakc Little PNo Passimc 1 =oo |Boo
Extensive Mo Passirg T =oo SO
Tabie &

ial Capacities for Two-Lane Aoads — Design Capacity
Lenred Fciltima
Peai Littie Mo Passing 1 oS0 SO
g o =1 1 oS0 s
O Peak Little Mo Passina aso sSs0
aso sS=5

Extensive hMo Passimog

Tkl o
Capacities for Single-Lane. Signalized INtersecticmn M proache
ListRrmate Cois ety

Lo Taarmes High Turms
e PO ity sSso SO
Mo Exciusiee Left L i e e T= T Lo a=s sSso
i P o LR E="-1 sSoo
Lo o ity sSso sSso
Exclusive Left PaectiurT FPricrit: a=s aos
Eficny e i a4 Too 1100

Taiole 10
es for Single-Lane. Signalizad
Desian Camacitw

INersection ApEroaches

Iitial S

Lo Tarms High Tusrms
L P ricritye SO = S0
o Exclusive Left e ctiLErT ot SsSo SO
Hicah P ric it =s Soo
Lo FPricritye ssSo SO
Erchusive Lottt PAS I it sso sSso
i P ricrime T=s Ca——1

Tatsle 11
Imitial Capacities for Two-Lame. Sio i
it ate Cap ety

o AEDroaC e

Lo TS High Turms
s Fri iy, 1 oo SsS0
o Exclusinre Left oS i PO i 1SS0 Soo
O P oo oo oo
Lo FPricrit: 1 oo aso
Erxciusire Laeft MAechiLmm P rio it 1 eSO 1O
g Pricrite =m0 2000

Table 12. Initial Capacities for Two-Lane, Signalized Intersection Approaches
Design Capacity (not available at this time)

Table 13. Initial Capacities for Each Lane Beyond Two, Signalized Intersection
Approaches Ultimate Capacity (not available at this time)
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Assumptions and Extensions for Initial Capacity

The initial capacities for uncontrolled road segments assume 14% trucks, 4% RV's and 0% buses,
as suggested for default by the HCM for two-lane roads. The forecast period is one hour.
Otherwise, ideal conditions were assumed.

Priority of signal controlled intersections relates to percent of available green time for the approach
as follows: low=33%; medium=50%; high=67%. Turns relate to the percentage of traffic: low turns
= 0%; high turns = 25%. The lane count does not include exclusive lanes, if applicable.

Consistency of priority should be maintained for all approaches at any given intersection. For
example, it would be inappropriate to have more than two high priority approaches at an
intersection.

Initial capacities for a medium amount of turns may be interpolated from the values for low and
high turns.

Additional ultimate capacity for a exclusive right lane should be provided as follows for each
through lane: 0 vph for low turns; 75 for medium turns; and 150 for high turns. Additional design
capacity for a exclusive right lane should be provided as follows for each through lane: 0 vph for
low turns; 50 for medium turns; and 100 for high turns. For example, the initial ultimate capacity
for an approach with two through lanes, both exclusive left and right lanes, high priority and high
turns should be 2300 (i.e.; 2000 + 2xI150).

For signalized approaches with three or more lanes, it is necessary to extrapolate from the data for
one and two lanes. For example, the initial capacity for a three lane approach with high turns,
medium priority, and an exclusive left lane may be computed as follows:

Two lanes, exclusive left, med. priority, high turns 1300
One lane, exclusive left, med. priority, high turns 825
Additional capacity for each lane beyond the first 475
Total capacity of three lane approach 1775

Some-way stops are seldom included in region-wide networks. For signed approaches at a some-
way stops capacity varies greatly with the amount of conflicting traffic. Ultimate capacity for each
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lane should not exceed 1000 vph. See Chapter 1 0 of the HCM for more information about
some-way stops.

For travel forecasting packages which explicitly allow signs and signals in the network, consult the
software reference manual. For example, QRS 11 requires that the capacity be set to the total
saturation flow rate of the through lanes at the approach, without adjusting for signalization
priority (amount of green) or amount of turning.

For links containing multiple intersections, choose the smallest capacity.

Adjusting Initial Capacity for Old BPR Parameters

in order to obtain design capacities. The exponential term takes the fourth root of the expression
in brackets; this is easily accomplished on a hand calculator by taking two successive square
roots. In this equation a is between 0.56 and 1.0, depending upon the facility type (see previous
discussions, Table 2 and Equation 2). This translates into values Of fold of between 0.72 and
0.62. A value of a of 0.63 (yielding a value Of fold Of 0.70) was used to construct the initial
design capacities contained in the preceding sections.

Initial Free Speeds

The other important link attribute is the free speed. The following free speeds would be
approximately correct for uncontrolled highway segments.

Two-lane roads
level terrain 58
rolling terrain 57

Freeways and rural multilane highways

50 mph 48
60 mph 55
70 mph 60

Free speeds should not be set higher than observed speeds under uncongested conditions (LOS
A).

It has frequently been observed that drivers in smaller communities choose routes as if freeways
were slower than their actual speeds. Consequently, it may be necessary to reduce free speeds for
freeways by a significant amount to obtain good agreement with ground counts.

The initial free speed for a long segments of uncontrolled urban streets should be set to no higher
than the speed limit, unless evidence to the contrary has be obtained through spot speed studies.
The initial free speeds for links containing traffic controlled intersections must be calculated from
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the time necessary to travel across the link and the amount of intersection delay. Perform the
following steps.

Step 1. Determine the length of the link in miles, the average speed of free flowing traffic (speed
limit or speed of progression, whichever is applicable), the cycle lengths of signals, and the quality
of signal coordination. Express signal coordination as an "arrival type" between 1 to 5, with 5
corresponding to perfectly good progression and 1 corresponding perfectly bad progression (refer
to the HCM's definitions for "arrival types"). Assume values for signalization priority according to
the expected share of available green time (low=33%; medium=50%; high=67%).

Step 2. Calculate the free flow travel time in seconds. That is,
tf = (3600) (link length)/(free flow speed)

Step 3. Choose a value for intersection delay in seconds, tg, from Table 17 for each signalized
intersection. Use between 10 and 14 seconds for all-way stops, depending upon the amount of
conflicting traffic.
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Table 17. Free Delay at Signalized Intersections

Step 4. Find the total intersection delay for signalized intersections only, ts, by totaling the values
of tg and multiplying by the progression factor, as indicated below.

Arrival type 1 (poor coordination) 1.85
Arrival type 2 1.35
Arrival type 3 (no coordination) 1.00
Arrival type 4 0.72
Arrival type 5 (excellent coordination) 0.53

Choose a value for the progression factor of 1.00, if the arrival type is unknown or if the forecast
is long-term. Be sure that the signalization priority and arrival type are consistent with one
another. For example, it would be unusual to have low priority for green time while also having
good coordination.
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Discussion of Initial Free Speeds

Signal Timing. If signal timing is essentially unknown, then assume each signal adds 20 seconds
of delay to free travel time. For different values of green time, g, and cycle length, C, the
following equation from the HCM can be used to estimate delay when traffic volumes are low:
(not available at this time)

Some-Way Stops. Consistency should be maintained between the capacity of a single lane at
some-way stops and the delay under low volume conditions. Intersection delay is approximately,

tg = 3600/(lane capacity) + acceleration delay ,
when there is little traffic approaching the sign.

CONCLUSIONS

Current travel forecasting models are quite limited in their ability to estimate delay on links or at
intersections. It is unlikely that good delay estimates can be calculated without substantial
rewriting of software.

The 1985 Highway Capacity Manual was not developed for the purpose of travel forecasting, so
many important relationships were omitted. Furthermore, HCM's delay relationships violate
strict mathematical requirements that are necessary for the most widely adopted equilibrium
traffic assignment algorithm, Frank-Wolfe decomposition.

For uncontrolled, multilane road segments, link delay can be adequately calculated with the BPR
speed/volume function or with alternative functions proposed by Spiess and Overgaard.

Some models, including UTPS, calculate link capacity from a preset capacity for each lane,
which can vary only by location in the region and by facility type. The complexity of the HCM
procedures suggest that it is not possible to accurately calculate capacity within this type of
modeling framework.

Complicated delay relationships are required for signalized intersections, unsignalized
intersections, weaving sections, and two-lane roads. For these situations, delay on a single link is
a function of volumes on two or more links.

It is possible to build a travel forecasting model that contains intersection delay relationships very
similar to those in the HCM. One algorithm, sometimes referred to as equilibrium/incremental
assignment, is available for finding an equilibrium solution. Strict application of the HCM
procedures would result in networks with multiple equilibrium solutions. It is likely that the
burdens of network calibration will be considerably reduced with such a model.

Levels of adaptation are important to the results of travel forecasts. Adaptation is a principal
justification calibrating a network. The HCM provides sufficient information about the
relationships between volume, capacity and delay to build assignment algorithms that are highly
adaptive.

RECOMMENDATIONS

The BPR function fits the various delay/volume relations in the HCM with good consistency. If
only one curve can be chosen, the BPR function is preferred to Spiess' and Overgaard's.
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Capacity is the most important variable when estimating volumes on congested highways. Since

the definitions of levels of service vary greatly by facility type, "capacity" in delay/volume functions
should be set at LOS E, ultimate capacity. Design capacity should be phased-out as a variable in

delay/volume functions.

Because of the large number of factors affecting capacity of uncontrolled road segments, capacity
should be separately determined for each link. The Highway Capacity Manual provides
procedures for most types of facilities, and these procedures should be followed.

If only one set of parameters can be chosen for the BPR function, then the volume-to-capacity
multiplier, a, should be approximately 0.83 and the volume-to-capacity exponent, b, should be
approximately 5.5.

Additional research is needed on capacity of two-lane streets in urban areas.

Travel forecasting software should contain procedures, similar to those in the HCM, in order to
achieve more precise estimates of capacity and delay at intersections.

In the absence of such software, planners can still improve their forecasts while calibrating their
networks. Planners should adopt one of the methods presented in this report to better specify
capacity at intersection approaches.

During calibration, planners need to achieve consistency between their assigned volumes and the
nature of traffic control at intersections. This can be done by referencing signal warrants from the
Manual on Uniform Traffic Control Devices or by comparing total delay from alternative traffic
control strategies. Planners need not consider the possibility of all-way stop controlled
intersections, unless this form of traffic control is required for purposes other than minimizing
delay.

Network calibration, as now practiced by planners, appears to be a means of overcoming
deficiencies in existing delay/volume relationships. It is important that the same calibration
process, which is applied to the base network, also be applied to future-year networks.
Specifically, planners need make sure that their values of capacity are consistent with the
distribution of traffic at intersections, at weaving sections, and at two-lane roads. It is not possible
to assume that values of capacity set for the base-year network also hold for future-year networks.
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APPENDIX A: SAMPLE SPECIFICATIONS FOR INTERSECTION DELAY

The following specification of intersection delay models assumes prior knowledge of the HCM.
References are made to equations, tables, and figures from Chapters 9 and 1 0 of the HCM.

Signalized Intersections

When a signalized intersection is included in a network, the model should only require
information about:

the cycle length;

the saturation flow rate for the through lanes of each approach;
the existence of exclusive lanes at each approach;

the link's arrival type; and

the link's speed.

P00 T

The model should be able to calculate all other intersection information that normally would be
part of a capacity/delay analysis.

The signalized intersection specification follows the HCM, except as noted here.

Adjustment Factors. The model not does not necessarily have to make adjustments for lane
width, grade, parking, buses, heavy vehicles, and/or area type. For example, deviations from
ideal conditions can be incorporated by the user into the saturation flow rate for the through lanes
at the approach.

Green Times. The model should determine whether protected left phases are required and
should determine the amount of green time to be allocated to each phase. When a protected
phase is warranted the model should always adopt the phase sequence [(L + L),(LTR + LTR)],
sometimes referred to as dual leading lefts with overlap. The model should not determine
optimal green times. Rather, the model adheres to standard traffic engineering practice by
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allocating time to a phase in proportion to the maximum flow ratio (ratio of volume to saturation
flow rate) during that phase.

Protected Lefts. The model should introduce a protected left phase, if there is insufficient
capacity to process all left-turning vehicles without one. In ascertaining this capacity, the model
should consider the number of gaps available during the unblocked green time and the number of
sneakers. The protected left phase is given only sufficient time to process vehicles that cannot be
handled during the LTR phase of the worst approach. The model then divides left turning traffic
between the L and LTR phases for all approaches, nearly filling the protected left phase with
traffic. The saturation flow rate for the LTR lane group includes the left lane capacity, if the left
lane can be shared.

Left Lane Saturation Flow Rate. The left turn factor for exclusive lanes should be calculated
according to Cases 1 or 2 from Table 9-12. The model should be able to modify the saturation
flow rate for left turn lanes by using the implied reduction from the ideal saturation flow rate for
the through lanes (e.g., for heavy vehicles and grades).

Shared Left Lanes Acting as Exclusive Lanes. To avoid discontinuities in delay, the model
should create an exclusive left lane from a shared LT lane, only if a protected phase is warranted.
The HCM's procedure for determining defacto left lanes should not be used.

Exclusive Right Lanes. The model need not create a separate lane group for an exclusive right
turn lane. Rather, the saturation flow rate for the LTR or TR lane group can be adjusted upward
to reflect the additional lane. The model should add sufficient capacity to just accommodate the
right turning vehicles, with a maximum adjustment equal to a single lane's saturation flow rate.

Right Turns from Shared Lanes. The model need not provide for pedestrians. Consequently,
the right turn adjustment factor would be calculated according to Case 4 on Table 9-1 1.

Period of Analysis. Because the model forecasts travel during whole hours, the peak-hour-factor
is unnecessary. For multihour assignments, the model should take a volume-weighted average of
the delay in each hour.

Delay Function. The model should calculate stopped delay from the HCM delay function (i.e.,
total delay divided by 1.3). The HCM delay function can become undefined for volume-to-
capacity ratios only slightly greater than 1.0. Consequently, the model can use the HCM delay
function only up to a volume-to-capacity of 1.0. Beyond 1.0, delay should be calculated as a linear
extrapolation of the delay at a volume-to-capacity ratio of 1.0.

Acceleration Delay. The model should estimate the fraction of stopping vehicles and add
acceleration delays for those vehicles. The fraction of stopping vehicles depends upon the arrival
type and the volume-to-capacity ratio. The acceleration delay depends upon the link speed. For
stopping vehicles,

Acceleration Delay
(Speed/2)(I/Acceleration Rate + 1/Deceleration Rate)

As a convenience, the speed can be taken from the link constituting the approach. For the
simulations of this report, acceleration rate was set at 3.5 mph/second and deceleration rate was
set at 5.0 mph/second.

Fraction of Stopped Vehicles. The model can determine the number of stopped vehicles by
interpolating between 1.0 (at the value of the volume-to-capacity ratio, X, where all vehicles are
assumed to have stopped, e.g., 1.2) and the fraction assumed to stop when the volume-to-capacity
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ratio is zero. This latter value will be referred to as the lowerbounds, L. There are separate
lowerbounds for each possible arrival type. For an arrival type of 1 (least favorable progression),
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all vehicles must stop. So,

The lowerbound for arrival type 2 is found from averaging the lowerbound for arrival types 1 and
3. Similarly, the lowerbound for arrival type 4 is found from averaging the lowerbound for arrival
types 3 and 5.

Regardless of the arrival type, all vehicles are assumed to stop when the volume-to-capacity ratio
exceeds the user-specified value of the volume-to-capacity ratio, X.

It should be noted that the fraction of vehicles stopping at a signalized intersection under arrival
type 3 can be easily derived from elementary traffic flow theory. The resulting nonlinear
relationship is closely approximated by application of Equation A.3, above. A linear relation was
chosen for consistency with the other arrival types.

Lane Utilization. Because the model calculates average delay across all lanes, a lane utilization
factor is not needed.

Progression Adjustment. Like the HCM, the model should adjust delay as a function of the
arrival type and the volume-to-capacity ratio. To avoid discontinuities, the model should use a set
of linear equations to estimate the adjustment factor - one equation for each arrival type. The
linear equations range from a volume-to-capacity ratio of 0.0 to a volume-to-capacity ratio of 1.2
(or another user-supplied parameter value), where the progression adjustment factor always
becomes 1.0 (equivalent to no adjustment). Beyond a volume-to-capacity ratio of 1.2, no
adjustment to delay is made. No adjustment is made to delay for vehicles in exclusive left-turn
lanes.

Define F as the lowerbound value of the progression factor, i.e., when X is zero. For an arrival
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type of 1 (least favorable progression) the value of delay must be increased. Consequently,

For values of the volume-to-capacity ratio less than the user-specified maximum, the model
interpolates between the lowerbound, F, and 1.0. The progression factor when the arrival type is
2 is found by averaging those for 1 and 3. The progression factor for a arrival type of 3 is found
by averaging those for 3 and 5.

Overflow Time Period. Unlike the HCM, the model must allow the user to vary the overflow
delay time period, T, fixed at 0.25 hours in the HCM. In addition, it should be possible to vary

the ratio of total to stopped delay, h, fixed at 1.3 in the HCM. These changes affect the three
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constants in Equation 9-18. (See Akcelik, 1988, for a technical analysis of the HCM delay
function.) The constant leading the first term (seen as 0.38) is found from:

First Constant = 0.5/r7
The constant leading the second term (seen as 173) is found from:

Second Constant = 900T/h
The last constant appears within the radical (seen as 16), and is calculated from:
Third Constant = 4/T

Some-Way Stop Intersections

In order to calculate delay at some-way stop intersections, the specification requires information
about the locations of stop signs and the lane geometry at approaches with signs. Three types of
lane configurations can be readily handled: one LTR lane; one LT and one R lane; and one LT
and one TR lane. The model also needs the speeds of traffic on all links at the intersection.

The some-way stop model is consistent with the unsignalized model in the HCM, except as
follows.

Potential Capacity Curves. The curves for potential capacity as a function of conflicting volume,
Figure 10-3 in HCM, must be extended to handle any amount of conflicting volume (Baass,
1987). Figure 10-3 suggests that there should be a minimum capacity of 33 vehicles per hour,
regardless of the amount of conflicting volume. The user should be able to change this minimum
for all intersections or for any given intersection.

Treatment of Left Turns. The model need not make a distinction between left and through
vehicles at signed approaches. Consequently, a left-turning vehicle would not impact the capacity
of its opposing approach. However, the model should be consistent with the HCM in its
treatment of left turns from unsigned approaches.

Acceleration Delay. The specification provides for acceleration delay for all vehicles at signed
approaches and for left-turning vehicle at unsigned approaches. The acceleration delay depends
upon the link speed.

Right-turn Lane Geometry. The model can consider right-turn lane geometry. For example, the
user should be able to make adjustments to the acceptable right-turn gap at signed approaches.

Number of Lanes for the Major Street. The number of lanes for the major street can be
determined by observing the capacity (or saturation flow rate) of the unsigned approaches. The
number of lanes may be found by dividing the capacity by the ideal saturation flow rate and
rounding to a whole number. The number of lanes is taken to be the maximum over all unsigned
approaches.

Capacity. Capacity of a movement is computed by the German method as summarized by Baass
(1987). This method produces almost exactly the same results as the HCM, but permits any
value for the critical gap and any value for conflicting traffic.

Stopped Delay. The HCM provides relationships for estimating the capacity of some-way stops,
but does not provide relationships for estimating delay. The specification includes queuing delay
for all vehicles at signed approaches and for left-turning vehicles at unsigned approaches.
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Following the Swedish Highway Capacity Manual (Hansson, 1978), the model estimates delay,
D, for any lane assuming Poisson arrivals and exponential service times:

D=1/(VI-c)

where D is measured in seconds, V1 is the lane volume (in vehicles per second), and c is the lane
capacity (in vehicle per second). Equation A.11 is used for volume-to-capacity ratios less than or
equal to 0.9. For greater volume-to-capacity ratios the model should compute delay from the
tangent to Equation A.11 at a volume-to-capacity ratio of 0.9. Thus, delay can still be calculated
even when volume exceeds capacity.

Distribution of Through Vehicles Across Lanes. At signed approaches with two shared lanes, the
model must divide the through traffic between the LT and TR lanes. An attempt should be made
to equalize the volume-to-capacity ratios of the two lanes. To do this, the model calculates the
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proportion of through to be allocated to the right lane, PR

If P= is greater than 1 or less than 0, all through vehicles are allocated to either the right or left
lanes, respectively.

All-Way Stop Intersections

The HCM does not contain methods for estimating capacity or delay at all-way stop intersections.
Consequently, the model must adopt other procedures for delay at all-way stop intersections. An
enhanced version of Richardson's M/G/1 queuing model is chosen. Unlike Richardson's original
formulation, the specification considers delays due to turning and delays caused by the need for
coordination between drivers on the same and opposing approaches.

Definition of Processing Time and Service Time. The M/G/1 model estimates delay at an
approach from the rate of arriving vehicles and from the mean and variance of the amount of
time it takes for vehicles to pass through the intersection, referred to as the service time. The
service time for an approach is equal to the sum of the time necessary to process a vehicle
through the subject approach and the time necessary to process a vehicle through a conflicting
approach, provided there is a vehicle at the conflicting approach. Both of these processing times
(subject and conflicting) are computed by the same method, although they will have different
values because of differing traffic characteristics. A typical processing time is about 4 seconds, so
a service time is either about 4 seconds or about 8 seconds, depending upon the absence or
presence of a conflicting vehicle.

Capacity in Relation to Service Time. The capacity of an intersection is inversely related to
service time. For example, a single-lane approach at an intersection with heavy traffic in all
directions would have a uniform service time of about 8 seconds, because there will always be
conflicting vehicles. The capacity of such an approach would be 1/8 vehicle per second or 450
vehicles per hour.
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Factors in Processing Time. For single lane approaches, the processing time depends upon (1)
the presence or absence of right and left turning vehicles on the subject or opposing approaches
and (2) the presence or absence of any vehicle on the opposing approach. This is handled by
adding and subtracting constants for each effect. In general, left turns increase processing time,
while right turns decrease processing time. For two lane approaches, the processing time also
depends upon the presence or absence of a second vehicle on either the subject or opposing
approaches. These additional vehicles introduce a need for coordination among drivers and,
therefore, tend to increase processing time.

Lane Distribution. Each vehicle arriving at an approach has a different service time, but the
average service time is assumed to be the same for all vehicles, regardless of their turning
behavior. Consequently, traffic is distributed across lanes, at multilane approaches, as evenly as
possible (taking into consideration the required lane assignments for left and right turning
vehicles).

Lane Configurations. Possible lane configurations for approaches at all-way stops are the same as
for some-way stops.

Acceleration Delay. Since all the vehicles stop, the model must add an acceleration delay to the
queuing delay found from the M/G/1 model.

Stopping Delay. One of two delay relations could be used, depending upon user preference.
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First, delay can calculated from the following relation for each lane (Kyte, 1989),

Equation A.15 differs from Richardson's (1987) by including terms for coordination of vehicles
on the subject and opposing approaches. This expression for variance is an approximation
because it only includes variation due to the presence or absence of conflicting traffic, ignoring
variation due to turning and due to the presence or absence of other vehicles on the subject
approach or opposing approach.

Delay for a lane is computed by the following equation for values of less than or equal to 0.9:

For values of X greater than 0.9, the model should take the delay from the tangent to Equation
A.16 at a value of X of 0.9. This second method was used for the simulations in this report.

Parameters. The parameters of the all-way stop model consist of "waits" in units of seconds. The
following "waits" affects processing time.

a.  Subject Unit Wait = 3.6
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(Processing with no other vehicle present.)
b. One Left Wait = 1.
(

Additional processing time if there is exactly one left turning vehicle on the subject or opposing
approaches.)

c. Two Lefts Wait = 1.

Additional processing time if there is exactly two left turning vehicles on the subject and opposing
approaches.)

d. One Right Wait=-0.5

Additional processing time if there is exactly one right turning vehicle on the subject or opposing
pproaches.)

. Two Rights Wait = -1.

(Additional processing time if there is exactly two right turning vehicles on the subject and
opposing approaches.)
f

. Another Lane Wait = 1.
Additional processing time if there is a second vehicle at the subject approach.)

d
e

g. One Opposing Lane Wait = 0.25

Additional processing time if there is exactly one vehicle on the opposing approach.)

h.  Two Opposing Lanes Wait = 1.

(Additional processing time if there is exactly two vehicles on the opposing approach.)
The remain "waits" affect service time, only if there is a vehicle at an conflicting approach.
i.  One-Lane Added Wait =-0.5

(Additional service time when the subject approach has one lane.)

j One+ Right Added Wait = 0.

(Additional service time when the subject approach has one left/through lane and one right lane.)
1.  Two-Lane Added Wait = 0.5

(Additional service time when the subject approach has two lanes.)

These parameters were selected to match data collected by Kyte (1 989).
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APPENDIX B: BEST FIT SPEED/VOLUME FUNCTIONS

Appendix B
Best Fit Speed/Volume Functions
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Figure B.1: Best Fit Speed/Volume Curves for Freeways, 70 MPH Design Speed
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Figure B.2: Best Fit Speed/Volume Curves for Freeways, 60 MPH Design Speed
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Figure B.3: Best Fit Speed/Volume Curves for Freeways, 50 MPH Design Speed

Figure B.4: Best Fit Speed/Volume Curves for Rural Divided Multilane, 70 MPH
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Figure B.5: Best Fit Speed/Volume Curves for Rural Divided Multilane, 60 MPH
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Figure B.6: Best Fit Speed/Volume Curves for Rural Divided Multilane, 50 MPH
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APPENDIX C: SELECTED DELAY/VOLUME RELATIONSHIPS FOR SIGNALIZED
INTERSECTIONS

Figure C.1: Delay on All Approaches of a Signalized Intersection as a Function of Volume on a
Single Approach (25% Right Turns, 25% Left Turns, 1 000 VPH at Opposing and Conflicting
Approaches, No Exclusive Lanes, 3600 VPH Ideal Saturation Flow Rate, 20 MPH Speed,
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Figure C.2: Delay on All Approaches of a Signalized Intersection as a Function of Volume on a
Single Approach (25% Right Turns, 25% Left Turns, 600 VPH at Opposing and Conflicting
Approaches, No Exclusive Lanes, 3600 VPH Ideal Saturation Flow Rate, 20 MPH Speed,
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Figure C.3: Delay on All Approaches of a Signalized Intersection as a Function of Volume on a
Single Approach (25% Right Turns, 25% Left Turns, 200 VPH at Opposing and Conflicting
Approaches, No Exclusive Lanes, 3600 VPH Ideal Saturation Flow Rate, 20 MPH Speed,
Arrival Type = 3, 90 Second Cycle)
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Figure C.4: Delay on All Approaches of a Signalized Intersection as a Function of Volume on a
Single Approach (25% Right Turns, 25% Left Turns, 1 000 VPH at Opposing and Conflicting
Approaches, Exclusive Left, 3600 VPH Ideal Saturation Flow Rate, 20 MPH Speed, Arrival
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Figure C.5: Delay on All Approaches of a Signalized Intersection as a Function of Volume on a
Single Approach (O% Right Turns, 0% Left Turns, 1 000 VPH at Opposing and Conflicting
Approaches, No Exclusive Lanes, 3600 VPH Ideal Saturation Flow Rate, 20 MPH Speed,
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Figure C.6: Delay on All Approaches of a Signalized Intersection as a Function of Volume on a
Single Approach (25% Right Turns, 25% Left Turns, 600 VPH at Opposing and Conflicting
Approaches, No Exclusive Lanes, 1800 VPH Ideal Saturation Flow Rate, 20 MPH Speed,
Arrival Type = 3, 90 Second Cycle)
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Figure C.7: Delay on All Approaches of a Signalized Intersection as a Function of Volume on a
Single Approach (25% Right Turns, 25% Left Turns, 600 VPH at Opposing and Conflicting
Approaches, Exclusive Left, 1800 VPH Ideal Saturation Flow Rate, 20 MPH Speed, Arrival
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Figure C.8: Delay on All Approaches of a Signalized Intersection as a Function of Volume on a
Single Approach (25% Right Turns, 25% Left Turns, 600 VPH at Opposing and Conflicting
Approaches, Exclusive Right, 1800 VPH Ideal Saturation Flow Rate, 20 MPH Speed, Arrival
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APPENDIX D: GENERALIZED INTERSECTION DATA FOR TwWoO-WAY AND
FoOur-WAY STOPS

Figure D.1: Delay on Subject and Conflicting Approaches for a Four-Way Stop (Opposing
Volume Same as Subject Volume, Conflicting Volumes at 400 vph, 25% Right Turns, 25% Left
Turns, One Lane at All Approaches, 20 MPH Speed)
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Figure D.2: Delay on Subject and Conflicting Approaches for a Four-Way Stop (Opposing
Volume Same as Subject Volume, Conflicting Volumes at 600 vph, 25% Right Turns, 25% Left
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Figure D.5: Delay on Subject and Conflicting Approaches for a Two-Way Stop (Opposing
Volume Same as Subject Volume, Conflicting Volumes at 400 vph, 25% Right Turns, 25% Left
Turns, One Lane at All Approaches, 20 MPH Speed)
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Figure D.6: Delay on Subject and Conflicting Approaches for a Two-Way Stop (Opposing
Volume Same as Subject Volume, Conflicting Volumes at 600 vph, 25% Right Turns, 25% Left

- Subiect T Conficting
250 —

=00

150

Dela
(Seconds)
100

s0 T
L
wolurme on Subiect ADnoroach WP

Turns, One Lane at All Approaches, 20 MPH Speed
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