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Example Analysis and Handling of
Uncertainty in the Highway Capacity
Manual with Consideration of

Traffic Diversion

Andrzej P. Tarko and Zong Tian

Dealing with uncertainty is inevitable when the performance of trans-
portation systems is estimated and predicted. Various sources of
uncertainty and how uncertainty can be handled are demonstrated. An
examplesingle stream at an unsignalized inter section isconsidered asan
illustration. Thedata collected in thefield wereused to present sour ces of
uncertainty and their contribution toprediction error. Interval valuesare
proposed torepresent the prediction uncertainty. Thisapproach isadvan-
tageousover rigorousstatistical estimation when distributionsof thevari-
ablesand inter actionsbetween them ar enot well specified. Also addressed
isdrivers adjusting behavior to changing traffic performance. A smple
volumeelasticity approach isused to addresstraffic diversion and topro-
vide realistic estimation of interval values of future delay. This study
should beauseful introduction to the uncertainty issuein traffic analysis
based on the Highway Capacity Manual.

Uncertainty about future traffic and its performance is inevitable.
Thereisagrowing interest among researchersto quantify and handle
uncertainty intraffic anaysis (1-3). Although handling and reporting
uncertainty in transportation studies requires caution, thesetechniques
are welcomed by the majority of Highway Capacity Manual (4)
(HCM) users and can promote more beneficial decisions (5,).

Itisnot easy to predict the number of vehiclesthat will passagiven
spot in the next 15 min. If the future mean is known, the predicted
number of vehicles cannot be stated as a single number but through a
distribution. Thesituation isworsewhen the mean val ueisalso uncer-
tain and it has to be expressed through its own distribution. In such a
case, uncertainty is affected by unexplained variability of individual
countsaround the mean value and by the uncertain value of the mean.

It may be said that if the mean value is to be predicted, the pre-
diction error islower and the prediction more certain than for indi-
vidual values. In thetraffic counts mentioned earlier, the variability
of individual counts does not affect the ability to predict the mean
count unless this variability does not allow for accurate estimation
of the recent mean. Fortunately, the HCM applications deal with
mean values (4). After al, public perception of traffic at some road
locationsis based on multiple experiences of many people. Although
the mechanism for formation of public opinion about some road facil-
ity is not well understood, consideration of mean traffic conditions
seems to be more justified than consideration of particular traffic
conditions that occur once.
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There are three primary sources of uncertainty in the results
generated by the HCM models (and any other models):

1. Model errorsthat occur even when al the inputs are correct,

2. Errorscaused by incorrect model parameters (same valuesfor
multiple locations), and

3. Errors caused by incorrect volume and other inputs.

Selected sources of prediction errors are discussed here, and one
method of dealing with uncertainty out of many possible methods,
namely, interval analysis, is presented. Interval analysis uses inter-
val values determined by their lowest and highest limits. Aninterval
value (sometimes called interval of possibilities) can be compared
with a confidence interval with a high confidence level. However,
statistical properties of the variable are not considered, which makes
this method ssimple and practical.

A stream of vehiclesturning left from aroad controlled by a stop
sign will be discussed in detail to illustrate a variety of sources of
uncertainty. Thisdiscussionistoillustrate thetopic of uncertainty in
traffic predictions, not to improve any of the existing traffic models,
in order to increase the appreciation of any effort aimed at handling
uncertainty in traffic predictions.

DELAY MODEL

Traffic delays experienced by motorists depend on the traffic demand
approaching aroadway facility and the ability of that facility to carry
the traffic (capacity). The HCM delay equation for unsignalized
streams includes these two inputs and nothing el se. In this section the
field measurements, eval uation of theexisting HCM delay model, and
amodel modified on the basis of the eval uation results are discussed.

Field Measurements

Traffic at the intersection of San Antonio Road and the Highway
101 exitin Mountain View, California, was videotaped on three dif-
ferent days during the weekday p.m. peak periods, between 3:00 and
5:00 p.m., for atotal of aimost 5 h. Theintersection layout is shown
in Figure 1. Thisintersection has only through traffic on the major
street (San Antonio Road). Only the stop-controlled left-turn move-
ment on the minor street was studied. The arrival times (joining the
queue), the time of moving to the first stop-line position, and the
departure times of vehicles turning left from the Highway 101 exit



Tarko and Tian

San Antonio Road

Paper No. 03-2662 41

1]

North

«—

S

sTopP j

HWY 101 Exit

FIGURE 1 Site map.

were collected manually from the videotapes. These dataallowed the
estimation of the following quantitiesfor 15-minintervals: capacity,
arrival rate, average delay, and initial queues at the interval onset.
These and other intermediate results are shown in Table 1.

In addition to the parameters shown in Table 1, the following
parameters were directly obtained from the database: the service
time, defined as the time that a minor-stream vehicle stays at the
stop-line position; the move-up time, defined asthe timeit takesfor
avehicleto movefrom the second-in-queue position to the stop-line
position; and thefollow-up time. These areimportant parametersfor
capacity estimation inthefield. The delay values are average delays
of vehicles that joined the queue during the interval. Some of the
vehicles arriving in the interval departed in the next interval.

The capacity values shown in Table 1 were estimated using the
same methodology documented in the NCHRP Project 3-46 Final
Report (6). The capacity estimation model isreentered as

TABLE 1 Volume and Delay Measurements for Study Site

Major Left
Street Tumn Measured Average Initial

Interval Volume Volume Capacity Delay Queue vic
No. (veh/h) (veh/h) (veh/h)
1 1132 344 357 83.0 10 0.96
2 1164 348 363 73.3 8 0.96
3 1140 308 328 48.6 6 0.94
4 932 320 419 225 4 0.76
5 1032 368 355 53.2 1 1.04
6 860 408 442 45.4 1 0.92
7 552 456 554 28.7 0 0.82
8 796 396 421 37.3 0 0.94
9 712 460 461 455 7 1.00
10 888 392 432 33.3 3 0.91
11 804 388 446 35.5 0 0.87
12 756 376 486 221 5 0.77
13 756 336 451 17.9 5 0.75
14 980 388 405 34.8 4 0.96
15 996 396 359 63.8 0 1.10
16 1108 384 380 93.4 12 1.01
17 1000 400 415 90.1 8 0.96
18 968 440 436 86.6 10 1.01
19 1008 472 460 79.6 8 1.03
20 904 392 405 95.7 11 0.97

/

_ 3600
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where

¢ = capacity for minor-stream movement (vph),
ts = average service time (s), and
t = average move-up time (s).

The above capacity estimation model proved to be valid under both
saturated and undersaturated conditions (6).

It should be noted that delay estimatesin thefield arelessreliable,
particularly when the queue islong. Accurate arrival time of vehi-
cles can only be observed when the queue is about 10 vehicleslong
or shorter. At thislocation, the queues on the minor-street approach
sometimes exceeded 10 vehicles. In this case, field delays could be
either dlightly overestimated or underestimated.

HCM Delay Model

A time-dependent version of the M/M/1 equation is used in the
HCM to predict the average delay:

3600 8-v/c D

d= s —— +900-T- g//c 1+\‘(v/c )+ —= T III +5 2

where T isthe analysistime period, here 0.25 h.

Figure 2 compares the measured delay with the delay estimates
calculated with Equation 2. It appears that the HCM delay model
overestimates delays lower than 75 s. This discrepancy can be
explained by lower randomness of traffic observed in the field than
that assumed in the model. It is not a surprise since the measured
delaysapply to known (read “fixed") volumes and capacities, whereas
the predicted delays apply to average traffic. Thus, the additional
variability is added to the predicted delays through volume and
capacity varying around their means. The second discrepancy isfor
delay values above 75 s when the predicted delays are significantly
lower than the measured delays. Thisdiscrepancy indicatesthat asig-
nificant delay factor for congested conditionsismissinginthemode,
probably theinitial queues.
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FIGURE 2 Measured delay versus HCM delay estimates.

Modified Model

To take care of the two weaknesses, Equation 2 has been modified
asfollows:

1. The value 8 was replaced with the expression (4 — 2Q,/3),
where Q, stands for the initial queue in vehicles. The expression
(4 - 2Q,/3) was obtained by fitting the delay equation to thefield
data. The expression returns values lower than 8 and represents
lower traffic randomness.

2. A third term, ds, was added, estimating the additional delay
caused by an initial queue. The expressions published in the HCM
for signalized intersections were used.

The new equation is asfollows:

_ 3600
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where d; is unmet demand delay (effect of initial queue).

Figure 3 comparesthe delays measured in thefield and the delays
estimated from Equation 3. The spread of points around the regres-
sion line may be caused by the measurement error and by variabil-
ity of delay. The spread of pointsis growing with the average delay
(heteroscedasticity). The maximum likelihood-based fitting of the
model to the data points indicated that the standard deviation of the
points from the regression line is 24% of the mean value estimated
with Equation 3. In other words, in 95% of casesthe actual valueis
somewhere between 0.5d and 1.5d (or d+t0.24d), wheret isthe Stu-
dent’ s statistic value for 95% confidence and model degrees of free-
dom and d isthe value cal culated with Equation 3. Such strong delay
variability in short intervals for known volume, capacity, and initial
gueue is possible at urban intersections where vehicles form pla-
toons. High average delay occurswhen the platoons on the minor and
major approaches arrive simultaneously, whereas low delay occurs
when the platoons “miss’ each other.

It should be noted that the 0.5d-1.5d intervals apply to individual
15-min observationswhile the mean values are of interest. Thevari-
ability range applicable to the mean valuesis narrower. For the pur-
pose of further analysis, the confidence interval for the mean is
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FIGURE 3 Measured delay versus delay estimated with
modified HCM equation.

estimated as0.850-1.15d (or d + t-0.24d//f ), wheretand d are
asdefined in the previous paragraph and f is the degrees of freedom
of the delay model. It must be stressed that this variability is caused
solely by the deficiencies of themodel and doesnot include the effect
of uncertain input since the volume and capacity were assumed to
be perfectly known.

CAPACITY PARAMETERS

The previously discussed delay prediction was based on known vol-
ume and capacity. The situation dramatically changeswhen volume
and capacity are to be predicted as a part of the delay prediction.
Typicaly, capacity is calculated using default values of capacity
parameters: critical gaps and follow-up times are used, since their
observation is not easy.

“Local” valuesof critical gap and follow-up timefor the example
flow were estimated from the field data. The average observed val-
uesaret.=5.2sand t; = 3.6 s. Figure 4 shows the capacity curves
calculated withthe HCM equation and using the obtained locd param-
eters (upper curve). The observed capacity values (open squares)
are also shown. As can be seen, the HCM capacity curve with the
local parametersfits the field-measured capacity well. Some incon-
sistencies exist and are caused partly by unexplained variability of
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FIGURE 4 Local capacity parameters and local capacity.



Tarko and Tian

300 -
Minor Stream Volume = 300 veh/h
250 4
Delay for default
w capacity
> 200 A parameters Y
8 150
g :Dele}y for it Overestimation
S 100 A oca ca{)am Y caused by use of
o parameters default capacity
< parameters
50 4
0 T T T T T T T

400 500 600 700 800 900 1000 1100 1200
Major Street Volume (veh/h)

FIGURE 5 Bias caused by using default capacity
parameters instead of local values.

capacity and partly by the decreasing value of thecritical gap for long
delays (7). For comparison, the capacity curve for default parameter
values(t.=7.1s,t; = 3.5) recommended by the HCM is also shown.
The capacity underestimation is obvious. This capacity estimation
bias transfersto a strong overestimation of delays (Figure 5).

It should be noted that such bias caused by local parametersis
unknown if the local parameters are unknown. In such a case, the
parameters can be represented by their distribution or by reasonable
ranges of values (interval values). The potential range of capacity
predictions could then be estimated further through a range of pos-
sible mean delays. Thisis the way uncertainty about true capacity
parameters will be handled in this paper.

This part of the discussion should be closed with a methodol ogi-
cal conclusion. Significant sensitivity of modelsto their parameters
should prompt model developers to provide sufficient information
about parameters’ variability to help HCM usersin handling uncer-
tainty in areasonable manner. If theimpact of uncertain parameters
istoo large, it should warrant local studies of the parameters by the
HCM users. On the other hand, if local studies were prohibitively
expensive or complex, research would be justified to improve the

TABLE 2 Ranges of Volume for Example Site
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models by providing a method of predicting the parameter values
for local conditionsin lieu of fixed default values.

TRAFFIC VOLUMES

Predicting traffic volumes, particularly for aremote design period, isa
challenging task. Variahility of traffic, uncertainty about future land
development, and travelers' behavior contributeto thisdifficulty. Most
sources of uncertainty about future volume at acertain location do not
pertain to that location since the roadway network is a system of con-
nected links, and changesin one part of the network may considerably
influence volumes somewhere el se. Transportation planners approach
this problem by predicting network volumes for various scenarios. A
range of possible future volumesis obtained from this exercise.

It is assumed, for the purpose of further discussion, that multiple
planning scenarios of the highway network, including the considered
example of left-turn flow, have returned arange of possibleflowsfor
atypical afternoon peak hour of atarget year (Table 2). The differ-
encein the results stems from assumed various levels of traffic gen-
eration by anew development. The last column of Table 2 givesthe
average delay predictions from Equation 3 (modified HCM delay
model with assumed zero initial queue and, consequently, d; = 0).

DELAY PREDICTION
Delay Prediction Without Traffic Diversion

The delays shown in Table 2 reflect the variability of input volume,
but they do not include the effect of uncertainty associated with the
model and capacity parameters as presented in the previous sections.
One may attempt to incorporate these additional uncertainties by
recalculating delay for various possible capacity parameters and by
multiplying the obtained delay values with model factors 0.85 and
1.15toincorporate the model-inflicted uncertainty of themean delay.

It is assumed that values of the critical gap vary between 4.9 and
5.5 s, and the follow-up time is between 3.4 and 3.8 s. Example
results of this approach are given in Table 3. Only combinations of

Scenario Major Street Volume (veh/h) Left-turn Volume Average Delay (s)
(veh/h)
Low demand 1000 255 244
High demand 1150 289 474

TABLE 3 Delay Predictions Without Traffic Diversion

2 &
Delay Interval £ = z g 5 %
Limits 3 £ > < § = ki 3
> % c % o >
[ = © > ©
S 2 2 2 o T o
g 2 = |5 |8 | %
= T @} = o
s
Bottom 1000 255 4.9 34 0.85 17.0
Upper 1150 289 55 38 1.15 89.2
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input valuesthat produce the lowest and the highest delays are pre-
sented, representing two extreme conditions that can be encoun-
tered. The approach adopted here is rather crude since it does not
include dependency between some of the inputs and parameters.
For example, the critical gap tends to be lower while the delay is
growing (higher major volume). Such dependencies, if known, can
be reflected when combinations of input and parameter values are
generated.

Thedelay interval isquitewide. More important, the upper limit
issohighthat itislikely to be unacceptableto drivers. Some diver-
sion of traffic to less-congested routes may be expected, and
the obtained high delay may not be possible. Traffic generation
and diversion induced by changes in the infrastructure are well
known and have been described (8). The phenomenon of driv-
ers adjusting to traffic conditions through diversion should not
be overlooked when the reasonable range of possible delays is
determined.

Volume Function

In the current HCM procedures, volume is a fixed input. If this
assumption is relaxed and it is postulated that traffic volume can
change in response to various delay values, such arelationship is
called avolumefunction. To illustrate avolume function, asingle
origin—destination (OD) network isshown in Figure 6. In the high-
demand scenario, a total number of 600 vehicles travel during
the design hour to the destination using Routes 1 and 2. Route 1
includes the considered left turn. The generalized OD travel time
in minutesist = 5.5 + 20v2 + d/60, where v is the flow using this
route in thousands of vehicles per hour and d is the average delay
of the left turn in seconds. Route 2 represents all other alternative
routesthat vehicles can taketo divert from Route 1. Itstravel time
in minutesist = 7.0 + 10v2. This generalized route is longer than
Route 1, and thus the free-flow travel time of 7 minislonger than
it is along Route 1, but the travel time growth with volume
increase is slower. The total OD flow splits between the two
routes in away that equalizes the travel times along both routes.
For 600 vehicles traveling between the origin and the destination,
289 vehicles use Route 1 and 311 vehicles use Route 2. Thetravel
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FIGURE 6 Example single OD pair network

(v = flow along route in thousands of vehicles per
hour, d = delay of left turn in seconds, t = travel
time between O and D in minutes).

timeis 7.97 min (the same along both routes) and the delay of the
left-turn flow is47.4 s.

Because of some unknown factors other than demand, the delay
of theleft-turn stream can be different from the predicted delay: for
example, major-street volume may be different, critical gap may be
shorter. Table 4 shows assumed various sets of inputs different
from the original input values. The model multiplier in the fourth
column incorporates changes in the delay caused by other factors
not included in the input, for example, the effect of adjacent sig-
nalized intersections. The left-turn volume and the delays were
recalculated for the new data inputs and are presented in Table 4
and Figure 7. The obtained relationship represents the volume-
adjusting abilitiesto the changesin the delay conditions. Thisnear-
linear relationship is the volume function mentioned earlier. As
could be expected, the higher delays caused some driversto divert,
and thustheleft-turn volume drops. The volume curve slopeis-0.97,
or, in other words, a 1-s increase in delay caused a 1.0-veh/h
reduction in volume. Similar analysis for the low-demand scenario
(400 veh/h OD flow) indicated that the volume elasticity was
1.3 veh/h per second. It must be stressed that the volume functions
were obtained only for illustrative purposes and that actual volume
functions may vary from case to case.

TABLE 4 Delay Model Inputs and Resulting Volume and Delay for High-Demand Scenario

Input Set Major Critical Model Route 1 Left Turn
Volume Gap Multiplier VVolume Delay

0 1150 5.0 1.0 296 40.3
1 1000 5.0 1.0 307 28.2
2 1300 5.0 1.0 279 58.4
3 1150 4.0 1.0 315 20.1
4 1150 6.0 1.0 254 84.1
5 1150 50 0.5 312 234
6 1150 5.0 20 272 66.1
7 1000 4.0 0.5 325 8.7
9 1300 6.0 2.0 193 144.6
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FIGURE 7 Volume function for the high-demand scenario.

Delay Prediction with Traffic Diversion

Two functions are needed to predict the volume and the delay:

1. Delay function of volume (supply function), and
2. Volume function of delay (demand function).

TheHCM providesthe delay function, whereas the volume func-
tion hasto be derived from the network modeling results or from a
simplified analysis of opportunity for diversion. Table 3 has been
amended with the additional information about volume elasticity.
The extended input set is shown in Table 5. The last three columns
define the volume function for each scenario. The volume function
takes the form of a straight line with the slope equal to the corre-
sponding elasticity and passing through a point representing the
left-turn volume and the corresponding average delay.

Figure 8 explainsthe way the correct upper limit of thedelay inter-
val can be calculated for the high-demand scenario using the input
datain Table 5. Curve A is the average delay without uncertainty
consideration. Point 1 on thiscurveisthe prediction of delay (47.4 S)
for the corresponding volume of 289 veh/h givenin Table 2. Curve B
isthe upper limit of the delay curve obtained by assuming along crit-
ical gap and long follow-up time and multiplying the obtained delay
by amodel factor of 1.15. The corresponding estimated delay, 89.2 s,
for the volume of 289 veh/h is marked as Point 2 (see Table 3).
Curve C isthe volume curve constructed by using information given
for the high-demand scenarioin Table 5. A straight linewith aslope
—0.97 has been drawn through the point (volume = 289 veh/h, delay
= 47.4 s). The intersection point of Curve C with Curve B gives
Point 3 (volume = 268 veh/h, delay = 68.5 s), which is the sought
solution and correct prediction of the upper-limit delay and the cor-
responding volume. The same technique was used to obtain the bot-
tom limit of delay for thelow-demand scenario. Table 6 summarizes
the final delay predictions. The range of possible delays is consid-
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erably narrower than the range obtained without traffic diversion
consideration (Table 3).

Thesolution presented graphicaly in Figure 8 can easily be obtained
by solving the following equation for delay:

d = f[v(d)] (4)

where f(v) isthe HCM delay model and v(d) is the function of the
volumeas

vV, +e-(d-d,) )

where v, ismean volume, d,ismean delay, and eisvolume elasticity.

CONCLUSIONS

Various sources of uncertainty in delay predictions caused by model
imperfection, variability of capacity parameters, and variability of vol-
ume have been illustrated. The uncertainty was represented through
interval values. This simplified method of representing uncertainty
considers neither distribution of variables nor their covariance. Itis,
however, practically attainable.

The method produces the best and the worst scenarios that repre-
sent possibleranges of traffic conditions. An optional approach could
be proposed inwhich the average conditions are considered aprimary
solution, and the worst scenario is checked for the uncertainty effect.

The strong effect of capacity parameters was demonstrated for
the case in which the volume-to-capacity ratioiscloseto 1. Insuch
cases, alowing for variability of capacity parameters, together
with other variability, may yield delays too high to be reasonable.
Driverswould simply divert to other routesto avoid the congested
road. Diversion of traffic is an important part of uncertainty han-
dling, and it should be considered to obtain valid results. Drivers’
diversion mitigates the effect of uncertainty and narrowsthe delay
interval produced.

A simpleway of representing the diversion behavior of driversis
volume elagticity, defined here asaslopein thelinear volume-delay
relationship. The volume elasticity tells how much volume diverts
(or arrives) with a unit change in delay. The use of the HCM delay
function and the volume functions as determined by elasticity ispro-
posed to find valid delay interval values that take into account the
diversion behavior of drivers.

To be able to apply the proposed approach, more research is
needed, including the following topics:

1. Variahility of the field values around HCM-generated results
should be quantified to allow incorporating the effect of model
imperfection into the assessment of resultsuncertainty. Thisexercise
is sometimes called model validation.

TABLE 5 Input Data for Predicting Delay with Traffic Diversion

Scenario Major Street Left-turn Volume | Average Delay Volume
Volume (veh/h) (veh/h) (s) Elasticity
(veh/h/s)
Lowvolume 1000 255 244 1.3
High volume 1150 289 47.4 1.0
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FIGURE 8 Predicting delay when traffic diversion
is considered.

2. Senditivity of the HCM modelsto input and parameters should
be investigated to determine what input and parameters have the
strongest impact on the results quality.

3. Investigation of intersite variability of most “influential”
parametersis needed to check a potential impact on the results. The
parametersthat influence the results strongly and are difficult to esti-
mate by HCM users should be associated with methods of their pre-
diction more elaborated than default values. Equations for critical
gap and follow-up time prediction are good examples.

4. Further thought should be given to the concept of volume elas-
ticity for estimating the effect of volume inaccuracy on the HCM-
generated results. The idea of default values of volume elasticity
should be checked. It is interesting to consider whether a set of
default values could be proposed as a more practical option than
requesting case-specific values for each anaysis.

5. Theinterval-based approach of handling uncertainty in cal-
culations should be tested for more complex models to check its
usefulness.
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