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Intersection Delay in Regionwide Traffic Assignment: 
Implications of the 1994 Update of the Highway Capacity Manual 
 

ABSTRACT 
The original 1985 Highway Capacity Manual provided, for the first time, widely 
recognized relationships for traffic delay that could be incorporated into travel forecasts.  
Applications of the original 1985 HCM procedures demonstrated that the use of such 
delay relationships were both technically feasible and beneficial.  In early 1995 the 
Transportation Research Board released the 1994 update to the Highway Capacity 
Manual, heavily revising the signalized and two-way stop intersection procedures and 
introducing a detailed all-way stop intersection procedure.  These new procedures have 
the potential to improve the accuracy of forecasts and to make forecasts consistent with 
other design practices. 

 Implementation of the 1994 HCM procedures into travel forecasts reveals that 
they required fewer adjustments to make them work within equilibrium traffic 
assignments.  The two-way stop procedure can be used nearly intact.  The signalized 
intersection procedure, while still requiring adjustments in places, allows a greater range 
of traffic conditions and phasing options.  The all-way stop procedure cannot be 
incorporated into travel forecasts because of its restrictions on allowable volumes and 
turning movements. 

 Tests of the 1994 HCM procedures in traffic assignments show that they produce 
noticeably different results (both volumes and link delays) than the original 1985 HCM 
procedures.  The possibility exists for multiple equilibrium solutions, but the differences 
between these solutions are small and manageable. 
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INTRODUCTION 
There has been a growing realization on the part of transportation planners that they 
could improve their regionwide travel forecasts  by better means of estimating traffic 
delay within traffic assignments.  Improvements are possible both to estimates of 
volumes and estimates of speeds and travel times, leading to better policies, designs, 
and estimates of environmental impact.  Only recently have realistic traffic delay 
relationships been incorporated into travel forecasts, and planners in major cities have 
yet to avail themselves of them.  Adoption of better traffic delay relations into software 
has also been slow. with only one major software package reporting to have made 
extensive use of the delay relationships derived from the 1985 Highway Capacity 
Manual [1].  These relationships were originally included into this particular software 
package for the purpose of site impact assessment, but many communities found them 
useful for regionwide travel forecasting.  Tests of traffic assignments with these 
relationships were reported in an earlier article [2]. 

 In early 1995 the Transportation Research Board released the 1994 update to 
the 1985 Highway Capacity Manual (henceforth referred to here as the 1994 HCM to 
distinguish it from the original 1985 HCM), heavily revising the signalized and two-way 
stop intersection procedures and introducing a detailed all-way stop intersection 
procedure [3].  The 1994 HCM also revised many of the procedures related to freeways 
and multilane highways, but these revisions less dramatically affect traffic assignment 
algorithms. 

 The new procedures were considerably more complicated than the ones they 
replaced.  The signalized intersection procedure, in particular, was lengthened to 
simulate a greater variety of traffic conditions, lane geometry, and signal timings.  The 
signalized delay formula was augmented to better represent platooning and to provide 
more accurate results when left turns are made on both protected and permitted 
phases.  For the first time, the two-way stop procedure included a delay formula.  The 
probabilistic underpinnings of the two-way stop procedure were more apparent, making 
it more understandable and extensible.  The all-way stop procedure replaced just a few 
sentences in the 1985 HCM, but this procedure had already been distributed as 
Transportation Research Circular 373 [4].  The all-way stop procedure also contained a 
delay formula. 

 The Highway Capacity Manual is the only widely recognized standard in the U.S. 
for evaluating level of service and estimating delay.  This author’s experience with travel 
forecasting applications over the past five years indicates that transportation planners 
want rigid adherence to the Highway Capacity Manual, but are resigned to a little less or 
something a little different.  Planners appear to accept the argument that certain 
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aspects of the Highway Capacity Manual cannot be made to work within our current 
understanding of equilibrium traffic assignment.  However, planners are intolerant of 
arguments that the HCM procedures are too complicated for travel forecasting or that 
the software developer has a better concept of traffic flow than the HCM.  Planners do 
not seem to mind augmentation to the HCM when it is justified by the needs of the traffic 
assignment algorithm or when it allows the procedures to be applied to a broader range 
of traffic conditions.  Frequently, users check the travel forecasting software against 
their computer implementation of the HCM (e.g., the Highway Capacity Software) to 
assure themselves and their clients that the two pieces of software are producing 
comparable results.  Even planners without a solid understanding of traffic assignment 
theory or traffic flow theory can readily employ this comparison to tell when something is 
amiss. 

 Furthermore, planners expect their travel forecasting models to be fully up-to-
date.  As new HCM procedures are published, there is considerable pressure to 
incorporate these new procedures into models.  At the same time backward 
compatibility to all previous implementations of the HCM must be maintained.  This level 
of user expectation may be unreasonably high, giving some software developers ample 
justification for not including any HCM-like procedures into regionwide traffic 
assignments.  However, once a software package is committed to this direction of 
development, there is no option but to attempt to meet these expectations. 

 Adding the 1994 updates to software is a significant undertaking.  Planners and 
software developers should fully understand the obstacles to be overcome, the value of 
the revisions once implemented, and the places where results can be less than ideal.  
This paper describes the implementation of the 1994 HCM procedures into a travel 
forecasting software package, discusses strategies and assumptions, and provides 
results on a small test network (Utown), a large regionwide network (Cedar Rapids), 
and a subarea focused network (State College). 

APPLICATION OF THE ORIGINAL 1985 PROCEDURES 
Although the 1985 Highway Capacity Manual was not the first comprehensive set of 
intersection models, many observers now conclude that it was the first to gain nearly 
universal acceptance among traffic engineers and planners.  By 1990 the HCM 
procedures were being widely applied to facility planning, site impact assessment, and 
traffic control, but they had yet to be tried in an equilibrium traffic assignment.  The 
addition of the 1985 HCM procedures to an equilibrium assignment algorithm provided 
many challenges.  The authors of these procedures had given little consideration to the 
needs of travel forecasting.  They narrowly focused on the determination of levels of 
service for the purposes of assessing traffic conditions and facility design.  They left 
many gaps in theory, and presented some relationships that would behave poorly within 
a traffic assignment algorithm.  Nonetheless, it was found that these problems could be 
resolved and credible solutions could still be delivered [5]. 

When implementing the 1985 procedures, these principles were adopted. 
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A. The algorithm should require only data that are readily available to the planner, and 
data requirements should not be substantially greater than those for previous traffic 
assignment techniques. 

B. The algorithm should not require inputs about the traffic system that depend upon 
the amount of traffic to be determined as part of the forecast.  For example, the 
algorithm should subscribe to the traffic engineering practice of determining the 
length of phases after obtaining knowledge of existing volumes, not vice versa. 

C. The algorithm should fully use data created internally by the whole travel forecasting 
model, including the levels of opposing and conflicting traffic and the size of turning 
movements. 

D. User judgment cannot be introduced into the simulation once it starts; the algorithm 
must be entirely self-contained. 

E. The method of equilibrium assignment must be able to cope with exceptionally 
complex delay relations.  The delay relation cannot be assumed to be monotonically 
increasing in volume; it cannot be required to have a closed-form integral; it may 
contain discontinuities; and each of its calculated values could potentially depend 
upon the levels of all through and turning movements at an intersection.  The 
resulting algorithm must be capable of consistently finding equilibrium solutions. 

F. If the assignment algorithm is incapable of handling the delay relation (e.g., because 
of a severe discontinuity), the delay relation must be made more tractable. 

G. Delay relations must be capable of handling any set of traffic volumes at an 
intersection, even volumes that are grossly unrealistic. 

H. Delay relations must be capable of handling all common intersection geometries and 
controls. 

I. Prevalence of multiple equilibrium solutions should be minimized. 

J. Computation times and memory requirements should not greatly exceed those 
experienced with assignment algorithms that do not include intersection delays. 

K. The essential theory and structure of the HCM procedures must remain intact. 

These same principles apply to the implementation of the 1994 HCM updates.  Space 
does not permit a full exposition on the various adjustments and extensions to theory, 
as some of them are now of only historical interest.  However, a few of these changes to 
the HCM procedures persisted into the latest revisions, so they will be briefly described. 

Equilibrium Assignment Algorithm 
The HCM delay relationships are discontinuous, nonmonotonic, and nonintegratable.  
The only method of equilibrium traffic assignment known to be able to handle similarly 
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difficult delay relationships is “equilibrium/incremental” assignment or “method of 
successive averages”.  The method finds an unweighted average of many all-or-nothing 
assignments, where the delay found prior to any iteration (k + 1) is calculated from the 
average of volumes from the preceding (k) assignments.  Equilibrium/incremental 
assignment produces identical results to Frank-Wolfe decomposition [6] on networks 
with simple (e.g., BPR) delay relationships [7, 8]; however, convergence is slightly 
slower.  A simple test is available to determine when and if an assignment has reached 
an equilibrium solution [2].  The algorithm has consistently worked well, without any 
serious convergence problems encountered on test networks. 

Adaptive Nature of Signalization 
The HCM signalized intersection procedure requires a complete specification of signal 
timing, including number of phases and length of each phase.  Since it is unreasonable 
to ask planners to provide signal timing inputs without first having any knowledge of 
traffic volumes, the HCM delay procedure was enhanced with an elementary signal 
timing algorithm.  Just two phase sequences were allowable for any pair of opposing 
approaches:  [(LTR, LTR)] or [(L, L) then (LTR, LTR)].  A protected left phase would be 
given to both approaches if either approach lacked sufficient capacity to handle all of its 
left turns without the protected phase. 

 Green time is allocated according to the HCM recommended procedure -- in 
proportion to critical flow ratios -- once the phase sequence has been determined.  
Since the HCM step for calculating saturation flow rates is dependent upon green times, 
an iterative algorithm is required to find a set of green times and saturation flow rates 
that are in agreement. 

 The signal timing thus produced would not be optimum.  Most experienced traffic 
engineers probably would do better using the same data.  The question of the correct 
amount of signal optimization has not been properly resolved, as there is no easy way 
to determine the degree of signal optimization in an existing traffic network. 

Protected-Plus-Permitted Phasing 
The original 1985 HCM was ambiguous as to the correct method of estimating left turn 
delay when both permitted and protected phases are available.  A method that departed 
from the HCM was adopted instead, many elements of which were retained for the 
implementation of 1994 updates.  First, trial green times were estimated.  Second, left 
turn volumes were split between protected and permitted phases by filling the permitted 
phase to its left turn capacity.  The remaining volume was given to the protected phase; 
this volume became part of the criteria for subsequently allocating green time.  Third, a 
saturation flow rate and a delay were estimated separately for each phase, delays for 
both phases being calculated with the standard formula. 
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Particularly Problematical Signalized Delay Relation Behavior 
Tests revealed the possibility of problematical discontinuities in the delay relations.  The 
biggest discontinuity was caused by the HCM check for defacto left lanes.  To avoid this 
discontinuity, the HCM defacto left lane check was eliminated; an intersection approach 
could be given a defacto left lane only when it received a protected left phase, another 
source of a discontinuity.  These two discontinuities, when introduced at the same time, 
tended to cancel each other. 

 Under conditions of severely unbalanced flows across conflicting approaches, the 
delay relation may give decreasing values of delay with increasing volumes.  This 
behavior of a delay relation could lead to very unrealistic traffic assignments.  To 
mitigate such bad behavior, limits were placed on the range of values allowed for the 
critical flow ratio in the calculation of green times.  After much trial and error, it was 
determined that the best results could be obtained by limiting the critical flow ratios to 
values between 0.3 and 1.0. 

One-Way and Two-Way Stop Procedure 
The 1994 HCM procedure for one-way and two-way stops completely overrides the 
1985 HCM procedure.  Nonetheless, observations about the implementation of the 1985 
HCM procedure are pertinent. 

 The capacity at a signed approach is very sensitive to conflicting traffic.  It is 
entirely possible for capacity to be near zero when the first of the all-or-nothing 
assignments is giving the approach link a very large volume.  It may take many 
equilibrium iterations to force the volume down to capacity.  A simple numerical 
example may help explain the problem.  Suppose that at a sign, the equilibrium capacity 
is known to be 50 vehicles per hour, and the first all-or-nothing assignment gives the 
link 2000 vehicles.  In order to reach the capacity of 50 vehicles per hour, the 2000 
vehicles must be averaged with at least 39 zero-volume assignments in subsequent 
iterations.  This number of iterations would be considered excessive by most planners. 

 In the implementation of the 1985 HCM procedures, an arbitrary decision was 
made that there could be only one delay value for each intersection approach; i.e., 
delays for through and turning movements would be averaged together.  This averaging 
did not cause problems at signalized intersections, but it did cause problems at signs.  
Many signed approaches effectively have an exclusive right turn lane (typically a 
shoulder, an unoccupied bus stop, or a few empty parking spaces).  Also, the delay for 
right-turning vehicles is often substantially less than for through or left vehicles due to 
fewer conflicts.  The averaging of delays gives the path-building algorithm a false 
impression that right turns are experiencing the same large delays as left and through 
vehicles.  Fortunately, it is possible to segregate right turning vehicles by giving them 
their own link.  Network size increases slightly with this strategy, but the affected signed 
approaches better correspond to reality. 
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Oversaturated Conditions 
The original HCM signalized delay formula was not intended for greatly oversaturated 
conditions, so it was necessary to adjust the formula so that it would work for all 
possible values of volume-to-capacity ratios.  Even with the adjusted formula, the 
assignment technique seemed to be very intolerant of severely oversaturated conditions 
at many adjacent intersections.  For example, one planner discovered that odd 
assignments would result when she doubled the generated traffic on an already 
congested network.  The algorithm responded by favoring a few selected major streets 
with their maximum allocation of green time and giving little green time to cross streets.  
On reflection, the planner realized that the algorithm’s response to her artificial crisis 
was not irrational; many traffic engineers would choose to take the same actions.  
Unfortunately, she was not trying to create a crisis but to do a simple deficiency 
analysis, which had performed well with her old standby BPR curve.  (The BPR curve is 
a simple formula often used by transportation planners to approximate delay on a wide 
variety of network links.  The curve finds link travel time as a function free travel time 
and the link’s volume-to-capacity ratio.)  She learned that a realistic network assignment 
algorithm cannot cope with unrealistic demands. 

Data Requirements 
Signs and signals can be added to the network with surprisingly little data beyond a 
traditional travel forecast.  Signalized intersections need a cycle length.  Links 
representing intersection approaches require up to three codes:  (1) a through traffic 
code that allows the path building algorithm to find opposing and conflicting approaches 
and to identify turning movements; (2) a code indicating the presence of signs and 
exclusive lanes; and (3) a code for the HCM arrival type. 

Assessment of the 1985 Procedures 
On balance the implementation of the 1985 HCM procedures worked well for most 
networks.  However, there remained some serious problems with long convergence 
times and multiple equilibria, and the many adjustments gave an unsatisfying feel to the 
whole assignment algorithm. 

 Full-scale tests of networks showed excellent agreement with ground counts and 
trip times [9, 10], yielding better results than could be obtained by previous methods. 

CRITIQUE OF THE 1994 HCM FROM THE VIEWPOINT OF TRAVEL FORECASTING 
Although some planners may find the newest HCM procedures very difficult to 
understand, many aspects of these new procedures should lead to improved travel 
forecasts. 
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All-Way Stop Procedure 
The 1994 HCM for the first time contains a model of delay at all-way stop controlled 
intersections (AWSC).  The model consists of only two equations:  (1) a linear equation 
to estimate approach capacity from traffic volumes and intersection geometry; and (2) a 
formula for estimating delay as a function of the volume-to-capacity ratio.  Unfortunately, 
the range of traffic conditions handled by the model is limited.  Table 1 is an excerpt 
from Table 10-7 of the 1994 HCM.  Traffic volumes outside these ranges must be 
scrupulously avoided. 

TABLE 1 Excerpt from Table 10-7 of the 1994 HCM, Showing Limits on the AWSC 
Intersection Procedure 
 Limits 
 

Traffic Variable 
Minimum 

Value 
Maximum 

Value 
Proportion of Volume on Subject Approach 0.20 0.50 
Proportion of Volume on Opposing Approach 0.00 0.50 
Proportion of Volume on Conflicting Approaches 0.20 0.80 
Proportion of Left Turns on Opposing Approach 0.00 0.36 
Proportion of Left Turns on Conflicting Approaches 0.00 0.71 
Proportion of Right Turns on Opposing Approach 0.00 0.62 
Proportion of Right Turns on Conflicting Approaches 0.00 0.52 
 

Although these ranges cover many common intersection conditions, they cover just a 
small fraction of the possible volumes and turning movements that could be 
encountered during a traffic assignment.  Hence, the AWSC procedure from the 1994 
HCM cannot be used for travel forecasting. 

 However, An HCM-like AWSC model is available that can be used.  Richardson 
[11] developed a AWSC model specifically for travel forecasting from queuing theory, 
describing it as an M/G/1 model.  Richardson’s model was later enhanced by Horowitz 
[12], who showed that it could be made to behave similarly to the one presented in 
Transportation Research Circular (TRC) 373 (now the 1994 HCM) over the TRC 373’s 
valid range of traffic conditions.  The M/G/1 model is derived from traffic theory, and it 
can handle all possible traffic conditions, giving accurate extrapolations beyond the 
ranges shown in Table 1. 

 In both the HCM and M/G/1 models, the capacity and delay at a subject 
approach are dependent on the traffic conditions at all other approaches.  However, the 
capacity of a subject approach does not vary greatly with conflicting and opposing 
volumes (roughly between 400 and 1000 vehicles per hour per lane), so AWSC 
intersections are usually well behaved in equilibrium traffic assignments. 
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Two-Way Stop Procedure 
The two-way stop procedure is derived from traffic theory and applies to the full range of 
traffic conditions, even to volumes exceeding capacity.  To the 1994 HCM authors’ 
credit, they provided equations for all the steps in the procedure. 

 The 1994 HCM procedure can cause the same convergence rate problems as 
the 1985 HCM procedure, so planners must carefully monitor the performances of their 
signed approaches.  The number of two-way stops should be kept to a minimum in any 
case.  Signs are most often found on streets that are too small to warrant inclusion in a 
regionwide network.  Signed approaches should be placed in a network only where they 
are justified by need for highly accurate delay estimates or to properly show network 
continuity (such as, at the end of freeway exit ramps). 

 The two-way stop procedure still does not properly recognize platooning 
conditions on conflicting streets.  This omission could cause a serious underestimate of 
capacity at many signs, especially for right-turning vehicles.  One partial solution is to 
allow the planner to specify a minimum capacity for signs at selected intersections. 

 The two-way stop procedure also fails to deal with the distribution of through 
traffic across lanes at signed approaches with more than one shared lane.  An 
adjustment can be easily applied for the purposes of travel forecasting, but the authors 
of the HCM should consider an enhancement to the procedure that could be used for all 
applications. 

 The two-way stop procedure does not mention deceleration or acceleration 
delay, which should be considered in travel forecasts. 

Signalized Intersection Procedure 
From the viewpoint of travel forecasting, the signalized intersection procedure (the full, 
operational analysis procedure found in Chapter 9 of the 1994 HCM) has been vastly 
improved, but these improvements may escape most planners because of the 
procedure’s complexity.  Refinements include:  (1) better use of information about 
progressive flow; (2) improvements to the permitted left turn step, including proper 
recognition of the left turning behavior at single-lane approaches; (3) a formal method 
for approximating delay for left-turning vehicles under protected-plus-permitted phasing; 
(4) the ability to deal with different phase lengths on opposing approaches; and (5) a 
new check for defacto exclusive left turn lanes.  These refinements help eliminate 
guesswork (by the planner or by the assignment algorithm) when faced with unusual 
intersection geometry, phasing, or turning movements.  Adjustments are still required, 
but they are more modest and less destructive to the integrity of the HCM procedure. 

 The delay formula for the 1994 HCM had been changed to be properly sensitive 
to progressive flow, as expressed by the HCM’s arrival type.  A welcome byproduct of 
this change was elimination of the problem of undefined (or seriously incorrect) delay 
values for certain modestly oversaturated approaches.  The HCM does not recommend 
the formula for volume-to-capacity ratios greater than the reciprocal of the peak hour 
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factor (typically, about 0.9), but the formula is still mathematically well-behaved for all 
traffic conditions, even severely oversaturated conditions.  However, the formula can 
sometimes give inconveniently large delay values in the early iterations of a traffic 
assignment. 

 The check for defacto left turn lanes, while better from the standpoint of traffic 
theory, still can cause a discontinuity is the volume/delay relation.  The discontinuity 
does not appear to be as severe as in the original procedure, and the defacto left lane 
check is more consistent with logic for determining when protected phases are needed.  
It is an questionable as to whether the defacto left lane check will greatly interfere with 
finding good equilibrium solutions.  Further tests are needed. 

 The 1994 HCM signalized procedure permits additional phasing options beyond 
the 1985 HCM.  Overlapping phases are now possible, but there may be undesirable 
consequences on finding good, stable equilibrium solutions.  Traffic engineers often 
employ an overlapping phase sequence when protected left phases are needed on a 
pair of opposing approaches and when one approach has significantly greater left turn 
and through volumes than the other.  Unfortunately, an overlapping phase sequence 
rewards the higher-volume approach with more green time and, consequently, lower 
delay.  Thus, the introduction of an overlapping phase violates our strong preference for 
monotonically increasing volume/delay relations.  Overlapping phases can be quite 
beneficial in real traffic systems, but they can cause convergence problems in traffic 
assignments. 

 The 1994 HCM procedure permits a slightly greater variety of phase sequences, 
while still excluding overlapping phases.  Consider the following phasing options. 

  (LTR, LTR) 
  (L, L) then (LTR, LTR) 
  (LTR, ---) then (LTR, LTR) 
  (---, LTR) then (LTR, LTR) 
 
This choice of possible phase sequences still wastes some green time, but the signal 
timing is better than could be achieved with the original 1985 HCM procedure. 

 The procedure in Chapter 9 of the 1994 HCM is still silent on the correct method 
of establishing deceleration and acceleration delays.  Chapter 11 insists that 
acceleration delay is 30% of stopped delay, a rather crude assumption by the standards 
of Chapter 9.  Surely, acceleration delay is influenced by the speed of traffic, the quality 
of progression, and the volume-to-capacity ratio.  A better means of approximating 
acceleration delay is needed. 

 There are other, less-important problems with the revised procedure.  For 
example, the right turn adjustment factor for single lane approaches (Case 7) has an 
unnecessary discontinuity.  Contrary to the HCM’s recommendation, lane utilization 
factors should not be used, as planners are interested in obtaining an average delay 
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across all lanes at the approach.  These problems are easily corrected, but each 
adjustment can cause another slight deviation from the HCM. 

OTHER ISSUES RELATED TO IMPLEMENTING HCM RELATIONS IN 
ASSIGNMENTS 

Delay on Uncontrolled Link Segments 
A travel forecasting model also needs good estimates of delay on uncontrolled portions 
of streets and highways.  In some cases an uncontrolled highway segment may be 
shown without traffic controls at either end (as would be the case for urban freeways 
and many rural highways).  In other cases, an uncontrolled street segment may be 
represented by a link that is terminated at one or both ends by a node containing traffic 
controls.  The delay for such a link would be the sum of the delay encountered along the 
uncontrolled portion and the delay encountered at the intersection approach. 

 Good delay relations for freeways and multilane highways (in the absence of 
traffic controls) can be constructed from the BPR curve with appropriate parameter 
changes to match the speed/volume relations in Chapter 3 and 7 of the HCM [5].  The 
delay relation for rural two-lane roads, as described in Chapter 8, can also take a form 
similar to a BPR curve, but it should include a term for the amount of opposing traffic.  
For example, the following formula can be used for link travel time in two-lane rural 
roads, 

 ( )ab
ab ba

mt t
q q

q= +⎡
⎣⎢

⎤
⎦⎥

+
0 1 α γ β

     , 

where tab is the travel time in the subject direction, t0 is the free travel time, qab and qba 
are the flows in the subject and opposing directions, qm is the capacity in a single 
direction, and α, β, and γ are parameters.  A value of γ of about 0.4 gives volume-to-
capacity ratios consistent with Chapter 8. 

 Where there are many signs and signals, uncontrolled segments of multilane 
highways and two-lane roads operate considerably below capacity.  Practically 
speaking, great accuracy is not needed to estimate the small amount of delay that 
occurs between intersections. 

Two Lane Urban Roads 
One major deficiency in both the 1985 HCM and the 1994 HCM is the lack of a 
procedure for two-lane urban roads.  A related but less important deficiency concerns 
the capacity of continuous center turning lanes.  These geometries are frequently found 
in urban networks, but planners are currently unable to properly represent their 
performance in forecasting models. 



Horowitz  11 

 The capacity of a two-lane urban road is governed by the number of left turns 
and the amount of opposing flow.  A left turn has the potential to completely block traffic.  
Also, any left turn in opposing flow creates upstream gaps for left turns in the subject 
direction.  A simple modification of the BPR curve will not work.  However, a delay 
relation developed from the gap-acceptance theory of two-way stops might give 
reasonably good results. 

Delay at Ramp Meters 
There is a growing interest among traffic engineers and transportation planners in 
assessing the effects of freeway control strategies, particularly those that involve ramp 
meters.  The HCM does not yet provide delay relationships for ramp meters.  Because 
ramp meters are rather elementary traffic control devices, delay relationships should be 
readily derivable from queuing theory. 

Mixing Old and New Styles in the Same Network 
It is possible to include a few traffic controls into a network that had previously relied 
exclusively on the BPR curve (or similar delay function) for estimates of link travel time.  
While unsatisfying in a regionwide network, this mixing of styles could serve a useful 
purpose in networks designed for site impact or corridor analysis where precise delay 
estimates are required to simulate route choice behavior within a small geographical 
area. 

Multihour Assignments 
The HCM procedures can deal with no more than one hour of traffic.  Multihour 
assignments must be somehow broken into smaller time intervals.  The preferred 
method is to run a separate assignment for each time interval of one hour (or an 
appropriately shorter time interval with dynamic traffic assignment).  A much faster 
alternative method is:  (1) run a single assignment for all hours, (2) factor the through 
volumes and turning movements into each time interval, (3) estimate the delay for each 
interval, and (4) average the delay across intervals. 

Designing Future Traffic Systems 
The inclusion of realistic traffic controls in travel forecasting networks affects many of 
the strategies for assessing build alternatives and future scenarios of demand.  
Previously, planners would develop n build alternatives and m demand scenarios.  
Then, they would run exactly n times m forecasts, testing each alternative against each 
scenario.  Planners would not be terribly concerned if volumes exceeded “capacity”.  
After all, their “capacity” was known to be highly artificial (often chosen as a LOS C 
design volume) and insensitive to a large portion of the important determinants of 
capacity identified by traffic engineers.  In many networks, “capacity” is a number to be 
manipulated (calibrated?) to obtain a desired volume in the base-year network, bearing 
little relationship to physical properties of the facility or to traffic conditions .  Now 



Horowitz  12 

“capacity” has importance beyond simply fitting base-year volumes; it is a true measure 
of the limits to the traffic system. 

 No longer can traffic assignments tolerate sloppiness in the expression of future 
traffic conditions.  Each build alternative must contain a well-grounded scheme of traffic 
controls that considers the amount of traffic to be served.  Often, the traffic control 
strategy can only be ascertained after trial traffic assignments to find oversaturated 
conditions. 

COMPUTATIONAL TESTS OF THE 1994 HCM PROCEDURES IN TRAFFIC 
ASSIGNMENTS 

Comparison of 1994 HCM Procedures to the 1985 HCM Procedures 
The 1994 HCM procedures change the way delay is calculated, but the significance of 
the changes to traffic assignments should be empirically investigated.  Tests are 
performed on the Cedar Rapids networks, which fully implements traffic controls.  The 
Cedar Rapid network contains 398 zones, 1477 intersections, and 1967 links (one-way 
or two-way).  The Cedar Rapids network contains 552 signalized and signed controlled 
intersections, covering all common lane geometries.  The assignment had elastic-
demands; i.e., trip distribution was recalculated at each assignment iteration. 

 The effect of the differences in delay procedures (1994 v. 1985) can be isolated 
when running an all-or-nothing assignment.  Figures 1 and 2 illustrate this comparison. 

 Figure 1 shows the delay at the 592 signalized intersections approaches.  The 
points are clustered close to a 45 degree diagonal line, indicating that the 1994 HCM 
procedures are giving almost the same results as the 1985 HCM procedures on nearly 
all approaches.  There are several points lying above the diagonal.  The positions of 
these points can be explained either by the additional phasing options or the superior 
defacto left lane check in the 1994 HCM. 
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FIGURE 1 Comparison of Delays from All-or-Nothing Assignments 
using the 1985 and 1994 HCM Signalized Procedures on the Cedar 
Rapids Network 

 Figure 2 shows the delay at 611 stopped controlled approaches or at major lefts 
at signed controlled intersections.  The points are tightly clustered, but the 1994 HCM 
procedure produced lower values of delay in all but a few cases.  It is important to note 
that the original 1985 HCM procedure did not contain a delay function.  The delay 
values identified as being from the 1985 HCM in Figure 2 were calculated from the 
formula for an M/M/1 queuing model, essentially the reciprocal of the “reserved 
capacity”. 
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FIGURE 2 Comparison of Delays from All-or-Nothing Assignments 
using the 1985 and 1994 HCM Two-Way Stop Procedures on the Cedar 
Rapids Network 

 Figure 3 compares the volumes from two equilibrium/incremental assignments, 
showing the effects of the 1994 HCM procedures.  Each assignment was run for 30 
iterations, averaging 31 all-or-nothing assignments.  Convergence is satisfactory in both 
cases, there being less then a 1 vph RMS difference between the 29th and 30th 
iterations (0.650 vph for the 1985 HCM and 0.841 vph for the 1994 HCM).  A more 
precise test of equilibrium is described in references [2] and [5].  Without going into 
details here, the test compares two total travel times, one from the equilibrium 
assignment and the other from an all-or-nothing assignment.  When the two travel times 
are the same, a perfect equilibrium solution has been achieved.  For the 1994 HCM 
assignment the two total  travel times are in agreement to a very acceptable 0.1% after 
30 iterations (354597 minutes vs. 354203 minutes). 

 There are 3458 points in this figure, tending to obscure their tightness to a 45 
degree diagonal.  The RMS deviation between the two sets of volumes is only 40 
vehicles per hour.  A volume difference of this magnitude is small compared to the 
errors experienced with most travel forecasts. 
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FIGURE 3 Comparison of Volumes from Equilibrium Incremental 
Assignments using the 1985 and 1994 HCM Controlled Intersection 
Procedures on the Cedar Rapids Network 

Potential Convergence Problems with Traffic Controls in Traffic Assignments 
When networks have oversaturated intersections there is a strong possibility of multiple 
equilibrium solutions.  The problem can be illustrated with the Utown test network.  The 
Utown network, modified with traffic controls, contains just 83 nodes, 124 links, and 5 
zones.  The Utown network is well known for its hostility to traffic assignment 
algorithms.  Convergence problems, when they exist, are accentuated.  Figure 4 
compares the assigned volumes from two runs on the Utown network, both with the 
1994 HCM procedures.  They are identical except for their starting link travel times.  The 
first model run used free link travel times for the initial all-or-nothing assignment.  The 
second model run used the equilibrium link travel times obtained from the first model 
run.  Both model runs consisted of 1000 assignment iterations, enough to almost 
eliminate convergence error from insufficient iterations.  Both runs included the defacto 
left lane check and the full range of phasing options. 

 As might be expected there is very little difference in total travel time between the 
two simulations, only 0.02% (392441 vehicle minutes v. 392370 vehicle minutes).  The 
slight difference in volumes cannot be readily seen in Figure 4 -- the RMS difference 
being only 3.9 vph.  However, the size of the difference is a bit larger than would have 
been expected after 1000 iterations had the solutions been identical -- 2.8 vph. 
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 A similar test on the Cedar Rapids network produced a 14.2 vph RMS difference 
after 30 iterations.  The RMS deviation in volumes that would be expected from 
convergence error alone is only 6.1 vph, so the two assignments appear to give slightly 
different equilibrium solutions. 
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FIGURE 4 Comparison of Volumes from Two Different Starts on the 
Utown Test Network 

 Still another similar test on the State College network (30 signalized 
intersections, 23 some-way stop intersections, 1749 links) showed excellent agreement 
between the two starting points after 100 equilibrium iterations.  The RMS difference 
was only 0.8 vph. 

 The presence of multiple equilibrium solutions in networks, while of theoretical 
concern, appears to more of a nuisance than an obstacle.  Small differences in 
solutions can result with different starting conditions.  Consequently, planners need to 
be absolutely consistent on how their networks are prepared, perhaps by running 
preliminary equilibrium assignments so they can start with loaded link travel times. 
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CONCLUSIONS 
Good traffic theory should be compatible with regionwide traffic assignments.  As traffic 
models are improved, there is an excellent chance of these improvements being 
successfully incorporated into travel forecasts. 

 The 1994 revisions to the HCM are uniformly better than previous editions from 
the standpoint of travel forecasting.  The revised procedures require fewer adjustments 
to work with travel forecasting models, so delay estimates are more authentic.  
However, the AWSC delay relations still cannot be used.  The 1994 HCM procedures 
produce noticeably different results (both volumes and link delays) than the original 
1985 HCM procedures. 

 Given the availability of second generation delay relations that are based on a 
national standard, recalibrated BPR curves or other simplistic delay formulations are no 
longer acceptable substitutes to intersection simulations. 

 Realistic relationships for determining capacity and delay require that traffic 
volumes be reasonable and consistent with the traffic control strategy. 

 One-way and two-way stops should be used selectively to avoid a large number 
of iterations to reach convergence. 

 Multiple equilibrium solutions can be shown to exist in test networks, but their 
presence should not cause problems for planning applications. 
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