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Determination of Number of Probe Vehicles
Required for Reliable Travel Time
Measurement in Urban Network

KARTHIK K. SRINIVASAN AND PAUL P. JOVANIS

Several intelligent vehicle-highway system demonstration projects are
currently assessing the feasibility of using probe vehicles to collect real-
time traffic data for advanced traffic management and information sys-
tems. They have used a variety of criteria to determine the number of
probes necessary, but few generalizable algorithms have been developed
and tested. The described algorithm explicitly considers the time period
for travel time estimation (e.g., 3, 10, or 15 min), the number of replica-
tions of travel time desired for each link during each measurement period
(reliability criterion), the proportion of links to be covered, and the length
of the peak period. This algorithm is implemented by using a simulation
of the Sacramento Network (170 mi?) for the morning peak period. The
results indicate that the number of probe vehicles required increases non-
linearly as the reliability criterion is made more stringent. More probes
are required for shorter measurement periods. As the desired proportion
of link coverage in the network increases, the number of probes required
increases. With a given number of probes a greater proportion of freeway
links than of major arterials can reliably be covered. Probe vehicles appear
to be an attractive source of real-time traffic information in heavily trav-
eled, high-speed corridors such as freeways and major arterials during
peak periods, but they are not recommended for coverage of minor arte-
rials or local and collector streets or during off-peak hours.

Advanced traffic management and information systems (ATMISs)
represent an important set of systems within the Intelligent Trans-
portation System Program. ATMISs aim to achieve improved and
coordinated traffic control, incident management, and vehicle rout-
ing within the network. ATMISs are characterized by the collection
of real-time traffic data, responses to changes in traffic flow with
traffic management strategies, areawide surveillance and detection
systems, and integrated management of various functions.

Several technologies currently used for traffic surveillance for
ATMISs include fixed-location surveillance mechanisms such as
loop detectors, radar, and video image processing techniques. In
contrast to these fixed-location techniques, vehicles can be used as
traffic probes, experiencing travel times as they traverse various
links of the network and transmitting point-to-point travel time to a
traffic information center. Several demonstration projects for study-
ing the feasibility of using probe vehicles to obtain real-time traffic
data are under way. These include projects in Sydney, Australia (7);
the ADVANCE project in Chicago (2); the Pathfinder project, a field
trial of an in-vehicle real-time traffic information system in the
Santa Monica Freeway Smart Corridor in Los Angeles (3); and the
FAST-TRAC demonstration project in Michigan (4).

The cost of collecting travel time data depends on the number of
probes required. There is therefore an interest in estimating the
smallest number of probes required to measure link travel times in
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the network reliably and adequately. Various estimates of the
required number of probe vehicles have been provided by different
studies. In a study undertaken for the implementation of a travel
time measurement system for the Sydney metropolitan area mod-
eled with 200 nodes, a “majority” of 3,700 taxis was considered an
adequate sample (5). In another study it was estimated that about
200 to 300 probe vehicles would provide sufficient coverage in the
I-45 (North)-US-59 (Eastex) freeway corridor in Houston during
the morning peak period (6). Boyce et al. (7) have estimated that
about 5,000 probe vehicles are required to cover 60 percent of a
study area in the northwest suburbs of Chicago for a measurement
period of 10 min during the morning peak period.

The great disparity in the estimates from different studies is not
surprising because they depend on specific network characteristics
including link capacities and flow levels. None of these studies pre-
sents a procedure that can be used to obtain the number of probe
vehicles required that accounts for both the reliability of travel times
measured by probes and adequate coverage of the network by
probes, although the procedure suggested by Boyce et al. (8)
accounts for adequate coverage. In this paper a procedure that
explicitly considers the following criteria is developed:

1. Reliability corresponds to the number of replications of travel
times from probe vehicles for each link during each measurement
period desired in the estimate of the number of probes.

2. Adequacy relates to the proportion of links to be sampled at
least once (based on the reliability criterion) during the measure-
ment period.

Several additional factors are considered in empirical testing,
including trip length distribution and the mix of link classes (for
freeways, arterials, etc.).

A general procedure for the estimation of the number of probe
vehicles required is proposed. The implementation of this procedure
by using a computer simulation is then discussed. The results are ana-
lyzed, and a discussion of its implications for real-time traffic infor-
mation systems is presented. The findings of the study are summa-
rized and recommendations for future research are presented in the
last section.

METHODOLOGY FOR DETERMINING NUMBER OF
PROBE VEHICLES REQUIRED FOR RELIABLE
TRAVEL TIME MEASUREMENT

Reliable representation and an adequate sampling area are consid-
ered essential in the determination of the number of probes required.
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Definition and Formulation of Reliability Measures

The travel times measured by the probes must reliably represent
link travel times in the network. Two measures of reliability are
considered. The first measure defines reliability in terms of the
probability of the absolute error (given by |7, — . the difference
between the travel time of probe vehicles and the mean travel time
of all vehicles) not exceeding a threshold on €,. By using this crite-
rion the sample size for reliability n, is shown (9) to be

n, = (tsh/eu )2 ( l )

where ¢ represents the t-value for a chosen reliability level (say
90 percent), and s, is the standard deviation of probe travel
times.

May (9) observes that for traffic engineering travel time stud-
jes a sample size of between 50 and 100 is adequate. This is
a substantial requirement, however, for probe vehicles dur-
ing each measurement period for each link. For this measure
the allowable variance on larger values of travel times is more
stringent than that on smaller values of mean travel times. Further-
more, this measure ignores the possible dependence of the stan-
dard deviation on the mean travel time. Hence, its use is not
recommended.

The second measure of reliability (r) is defined as the mini-
mum probability that the absolute value of relative error (&) is
less than the maximum allowable relative error threshold (€q.ax)
(i.e., the percentage of time the relative error is less than maximum
allowable relative error). The g, of the probe travel times is defined
as the ratio of the difference between the mean travel time of
the probes and the overall mean travel time (of all vehicles travers-
ing the link) to the overall mean travel time. Thus, relative error
is given by

€, = (77: - ulr)/(uh) ’ (2)

From the definition of reliability,
Prie, < em} 2 7 €

Reliability can now be formulated in terms of the number of
probes required for a link 7 at time ¢ and a measurement period of
interest, fu:

Let p, be the expected travel time (all vehicles),

Let p.;, be the estimated mean travel time (all vehicles) based on
historical travel times,

Let 02, be the travel time variance,

Let o, be the estimated travel time variance based on historical
travel times,

Let n,, be the number of probe vehicles required to reliably mea-
sure link travel times,

Let T, represent the mean travel time experienced by n, probe
vehicles,

Let s, represent the sample standard deviation of the travel times
of the probe vehicles, and

Let n,, represent the minimum number of probes required to reli-
ably measure travel times during the measurement period; this n is
a lower-bound value for ny,.

Substituting for the relative error in Equation 3 gives
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Pri—€,, <[(T, =) ] < €n} 2 1 (4

Since T, is a sample mean of travel times of probe vehicles, an
invocation of the central limit theorem implies asymptotically,

(T, - w,)(0,/n, )]~ N(@©,1) = Z (5)

Substituting Equation 5 in Inequality 4,

P~ el (G /1) < Z < Equbil(Su/Nm)] 2 7 (6)

Z ~ N(O,1), ®(x) is the cumulative distribution function of Z
evaluated at x and @' is its inverse. By using symmetry of the
normal distribution, Inequality 6 is rewritten as

Emmlt, (6, /[0, ) = @7[(1 + r)/2] )
n, 2 @1+ 12V [E (B, /01 = 1y ®)

For example, if the desired r is 95 percent and Ena is 10
percent,

My = (@7 (1.95/2)/[0.1 (1, /o,)]Y

7 )
= [19.6/(n, /o, )}

Thus, the number of probe measurements on each link during each
measurement is proportional to the coefficient of variation squared.
The constant of proportionality depends on the desired r and €qa.
Since exact mean travel times and corresponding variances are not
known, an estimate of the ratio y,/o, obtained by using historical
data can be used in Equation 9, resulting in

N = [19.6/ (/S )Y (10)

It is assumed there are enough probes (n, > 25) for the cen-
tral limit theorem to be applicable. This requirement may be satisfied
in very heavily traveled corridors over long measurement periods
(more than 10 min) but not in corridors where the traffic is light. if
this requirement is violated, the exact mean travel time distribution
of the probes, T}, may be determined by convolution or other statis-
tical procedures. Let the probability density function of the mean
travel time T},(y) of all probes in link / during a measurement period
starting at ¢ be given by g(©, n,, ¥), where © is the vector of para-
meters determining the distribution of the travel time of an individ-
ual probe vehicle. Then Inequality 4 can be written as

Pri-p, (1 - €o) < T, <, (14 Em )] 2 7 (4a)

and simplified as

j@g(e, np, y)dy 2 r (4b)
where x, is equal to — 1, (1 — €q.). and x» is equal to p, (1 + €q)-

For fixed values of €, and r. Inequality 4b can be solved for
obtaining values of n, = n,,. For many trave! time distributions. this
cannot be solved analytically. There is a trade-off between the cen-
tral limit theorem approximation and the computational complexity
in solving Inequality 4b, assuming that the distribution of T}, can be
found analytically.
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Adequacy of Aven Coverzge by Probe Vehicles

ond mujor 4spest “ir a=termining the total number of probe
The.scc quired is adec: zrea coverage. This is a design para-
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me(erofm“‘“"‘k; as possiTuz =ith a given number of probes. Area
o manc):m be defined 1= zzrms of the proportion of links in the
etM:micrclithv covere: Zx2 probe vehicles. The travel times on
:::;;:]ink clxts:s'cs such zs Zrz2"ways and major arterials are arguably
of a higher value than : =2 on other road classes. Hence, area
1 also be dem-=Z in terms of the proportion of links

coverage cun als ¢
covered in cuch link class. |
The objective. then. is ©o 3ztzrmine the number of probe vehicles

N required in the network —ven thata (;lesired proPonion (p) of the
links be covered reliably i5 2 peak period of D minutes for a fixed
measurement period of 1 minutes.

The problem of adequzie area coverage involves the considera-
tion of spatial and temporz: overlaps in the paths of the probes. For
example, the probes stay on the network for different durations and
may cover more than one link during a measurement period. Probes
between different origins and destinations could traverse the same
links during the same or different measurement periods. The
adequate area coverage will therefore be influenced by the trip
length distribution, the mix of link types such as freeways and
arterials, and their speed differences, network characteristics, and
probe trip characteristics such as origin, destination, and departure
time. This problem of adequate area coverage of the probe vehicles
is not tractable in a closed form.

Boyce et al. (8) have suggested the following procedure for
estimating the number of probes required: sample N probe trips at
random from the pool of all vehicle trips and assign them to the net-
work by using a static user-optimal route choice model for the peak
period. For a fixed measurement period tabulate the number of links
traversed by at least one probe and plot that number against the total
number of probes N.

Although this approach is attractive regarding the handling of
adequate area coverage, it has some serious limitations. It ignores
the reliability requirement by assuming that if a link is traversed by
at least one probe vehicle the link travel times experienced by the
probe vehicles reliably represent the travel times on the link. The use
of a static, user-optimal route choice model constrains the optimal
route to be fixed throughout the peak period resulting in possibly
nonoptimal routing.

The following procedure is proposed. An appropriate mechanism
for sampling the probe vehicle trips from the pool of all vehicle trips
must be adopted. Random selection or suitably weighted selection
of origins, destinations, and departure times of probe vehicle trips
may be considered. Instead of the static user-optimal route assign-
ment, a stochastic or dynamic route assignment process is sug-
gested. Several possible criteria could be used for the route assign-
ment model. However, it is not clear whether there exists a unique
routing strategy that can always achieve the minimum number of
probes. Further investigation is required to examine this issue.

The estimate of the number of probes would vary with the route
assignment criterion, depending on the context of usage. For
instance, when the traffic controller has no control over the routing
decisions, origins and destinations, and paths of the vehicles, a ran-
dom selection of probes is reasonable and it is presumed that users
take the paths with the shortest times. In this case the need to spec-
ify desired link traversal proportions for different link classes is
obviated. However, if the goal is to maximize link coverage with a
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given fleet of probes, then criteria such as the minimum capacity-
to-links ratio may be used, in which the capacity on a path is the
maximum number of probes required on any link on that path.
Therefore, the vehicles would be assigned to paths that have the
maximum number of links covered by the minimum number of
probes (r). Because the controller has some control over the routing
decision of the probes, fewer probes will be required. However, here
it might be necessary to consider prespecified requirements for link
coverage proportion for each link class.

Therefore, the use of a generic stochastic or dynamic route is
suggested. A more realistic route choice and selection mechanism
will lead to accurate estimates of the number of probes required.

General Heuristic Algorithm for Estimating Number of
Probe Vehicles Required in Network for Reliable
Travel Time Estimation

The following general algorithm is proposed:

1. Determine n,,, the minimum number of probe vehicles
required from the reliability criterion (Equation 10 or Inequality 4b)
on each link / during each measurement period ru.

2. Solve a stochastic or dynamic route assignment model for the
network.

3. Sample N probe vehicle trips from the pool of all vehicle trips
occurring in the network during the peak period.

4. Assign these N probe vehicle trips by using the route assign-
ment model from Step 2.

5. Determine the proportion of links p, covered reliably by probes
(links in which the number of probes in the measurement period
starting at time s at least n,,). Average the link coverage p, over all
measurement periods in the peak period to obtain the average pro-
portion of link coverage p.

This simulation is repeated for a given N and measurement period
tu to obtain a confidence interval for p. This entire simulation is
repeated for different values of N until the desired proportion of the
links p, is covered, that is, p = p,. If different desired proportions
are specified for each link class, the algorithm continues until the
coverage requirement of each link class is satisfied.

SIMULATION MODEL FOR IMPLEMENTING
ALGORITHM

The general algorithm is implemented by using a simulation proce-
dure. It is assumed that the traffic controller has no control over the
origins and destinations and routes of the probes but can monitor
their paths as they traverse the network. The general algorithm has
been simplified as follows because of the lack of reliable and
detailed data, such as the means and variances of travel times for all
of the links for measurement periods as short as 5 min.

May (9) notes that the coefficient of variation (o,/u,,) is in the
range of 0.08 to 0.17, which corresponds to n values of 2 to 11 (for
r = 95 percent and €,,, = 10 percent). This is used as a basis for the
reliability criterion; n values of 1. 2. 3, 5, and 10 are used in the sim-
ulation. It is assumed that /o, is constant across all links and for
all the time periods.

In the simulation probe trips are selected at random with respect
to origin, destination, and departure time. If some origins. destina-
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tions, and departure times in a city are more attractive than others,
then randomization can be performed by giving suitable weights to
result in a more representative selection of probe vehicle trips.

A stochastic shortest-path-route assignment model is used with
the algorithm. The rationale is that a majority of the users will
choose paths that minimize their travel times. Hence, random selec-
tion of origins and destinations and shortest-path-route assignment
would lead to a representative selection of probe vehicle trips from
the pool of all trips.

The route assignment procedure is based on normally distributed
travel times. McShane and Roess (/0) note that normal distributions
are often fitted to observed travel times, speeds, and delays. For this
distribution the procedure for determining n,, becomes exact even
for small samples. Alternatively, travel times can be generated from
normally distributed speeds. Convolution procedures can be used if
some other analytical distribution is assumed.

The Sacramento network, with an area of about 170 mi? is used for
the simulation. This network has 174 nodes and 248 links (73 free-
way and 175 nonfreeway links). Only major arterials and freeways
are included in the network, and a 2-hr peak period is considered.

The simulation model is used to calculate p for given values of N, n,
and tu. The proportion of freeways and arterials covered by the probes
is also computed. This simulation is repeated for various combina-
tions of nof 1,2,3,5, and 10 vehicles per link per measurement period
and ru of 5, 10, 15, and 20 min, respectively, for N values of 500,
1,000, 1,500,and so forth. For each combination of design parameters
five replicates are performed to obtain a confidence interval for p.

RESULTS FROM SIMULATION MODEL

The simulation is used to examine the nature of relation-
ships between the design parameters and the number of probes
required and to identify possible design trade-offs, including the
following:

1. The effect of the reliability requirement (1) on N.

2. The effect of measurement period tu on N.

3. How the proportion of links traversed by the probe vehicles
influences N.

4. Given a number of probes, analysis of how the proportion of
link coverage by the probes varies with link classes.

The plot between N and » (Figure 1) indicates that as the require-
ment of n (on each link per measurement period) increases, N
increases almost linearly for each value of ru. This suggests that if
the variance in travel times on a link is small, then fewer probes are
adequate to reliably represent travel times.

The plot of N versus tu (Figure 2) for a p value of .6 and n val-
ues of 1, 2, 3, 5, and 10 indicates that as the measurement pe-
riod decreases the number of probes increases nonlinearly. Interest-
ingly, there is a “knee” at a tu of about 10 min, particularly for high
values of n. So measurement periods of less than 10 min in dura-
tion carry a premium in the requirement for . For measurement
periods longer than 10 min the relationship between N and ru is
nearly linear.

The narrow joint confidence intervals (90 percent) for an n value
of three probes per link per measurement period and a tu of 10 min
(Figures 3 and 4) indicate that the point estimates of N have small
variations around their mean values.

As the desired proportion of link traversals p increases, more
probes (N) are required. The proportion of links traversed increases
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at a decreasing rate with increasing N. There appears to be a knee
beyond which large increases in N are required for a moderate
increase in p. The level of N at which the knee occurs depends on
other design parameters (such as n).

The results also indicate that the freeways have signifi-
cantly (statistically) higher link traversals than the arterials for
given values of N and tu. For small values of N the probe vehicles
are attracted to freeways because of their higher speeds, result-
ing in higher p values. As the number of probes increases the
p value for freeways increases rather slowly. For nonfree-
ways, however, with an increasing value of N, the value of
p increases at a decreasing rate and finally levels off to a satura-
tion value. This is natural because the user-optimal route choice
model results in the drivers choosing the faster routes (freeways)
over the slower routes (arterials). However, some drivers may
prefer marginally slower routes, which have smaller variances
in travel times than the high-speed routes (//). Hence, it appears
viable to use probes in heavily traveled corridors such as freeways
instead of major arterials.

For reliability requirements with # values of 1, 3, and 10 probes
per link per measurement period (r = 95 percent; a/p,, = 0.06, 0.09.
and 0.16; €, = 0.1; ru = 10 min; p = 80 percent) about 1,200.
3,500, and 10,000 probe vehicles, respectively, are required. If the
reliability requirement is not considered, the estimated number of
probe vehicles could be underestimated by a factor between 2
(n = 2) and 8 (n = 10). An underestimate in the number of probes
results in a reduced reliability of the travel times or a reduced
proportion of link coverage for a given reliability level.

For an n value of three probes per link per measurement period
(p = .8) about 6,500, 3,500 and 2,500 probes are required for mea-
surement periods of 5, 10, and 15 min, respectively. The use of a
5-min measurement period requires substantially more equipped
vehicles than a 10-min measurement period, and hence, 10 min
seems a reasonably appropriate measurement period in travel time
monitoring systems with probes.

For a reliability requirement of three probes per link during each
measurement period of 10 min, the total number of probes required
is about 900 for a 40 percent link traversal proportion, 1,200 for a
60 percent link traversal proportion, and 3,500 for an 80 percent link
traversal proportion.

The adequacy criterion of 80 percent overall link coverage is rea-
sonable since most of the freeways (97 percent) are covered and 74
percent of nonfreeways are covered. A 60 percent overall link cov-
erage results in 90 percent of freeways and but only 49 percent of
nonfreeways being covered. This is because as the speed declines.
each probe covers fewer links in any measurement period; hence.
more probes are required.

An empirical model is fitted to the simulation resuits to study the
simultaneous variation between N and other design factors includ-
ing p, tu, and n. The linear regression on the logarithms of the vari-
ables of interest is performed:

logN =a+blogn+clogp+dlogtu+¢ (1
where € ~ iid N(0,0?%). The calibrated model is

logN =910+ 1.16 log p + 0.8 log n — 0.7 log tu

This yields

N = 8, 947(p)l|6 (n)()s(tu)-(ﬂ
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FIGURE 3 Plot of p versus N (measurement period = 10 min; n = 3).

All the variables are highly significant (p < .0001) and have very
small standard errors of estimates, and the model appears to be a
good fit (adjusted R? = 0.83). The diagnostic analysis indicated that
the major assumptions of normality and heteroscedasticity are sat-
isfied. The model, however, is likely to contain some amount of ser-
ial correlation because of both the randomization and assignment
processes.

This model suggests that the variation between N and n is non-
linear and increasing but at a decreasing rate, which was not clear
from the N-versus-n plots. The model is consistent with the plots,
because it suggests a nonlinear and decreasing relationship between
N and fu and a nonlinear relationship between N and p that increases
at an increasing rate.

The simulation model was run for values of n of 4, tu of 10, n of
6, and fu of 15 (not used in the calibration) and various values of N
to determine p values. The regression model applied to the predic-
tion data set yielded a high R? value of 0.86. Thus, the empirical
model is a good approximation of the simulation results. However,
the constant is likely to be network specific and will be influenced
by the percentage of freeways, arterials, and collector streets in the
network.

The scenario-based analysis (i.e., for a range of p and ru values)
can be used to select reasonable values of the measurement period
(from N-versus-fu curves), proportion of link coverage (from the
N-versus-p curve), and the number of probe vehicles required for a
given reliability requirement (n). This also permits a sensitivity
analysis of the estimate of the number of probe vehicles when design
parameters are varied (in particular, the coefficient of variation
could vary with time of day, season, etc.). Other networks of a sim-
ilar scale can be simulated with appropriate n values.

Three simplifying assumptions in the simulation are the normal-
ity of travel time distribution, constant p/c ratios over all links, and
constant p/o ratios over all measurement periods. Because a con-
stant /o ratio over time is used, it is considered that this ratio is the
average ratio [(u/o)ave] during the peak period. This results in an
nave value that is between the upper and lower bounds for the relia-
bility requirement. If the proportion of time that the y/o ratio is close
to the average ratio is low, then the bounds of n values can be
suitably weighted to get a better estimate of N. This assumption is
therefore not very restrictive.

Let the p/o ratios be different for freeways and nonfreeways,
resulting in N; and N, respectively. The lower value would result
in an overestimate, whereas the larger value would result in an
underestimate of the number of probes. On the basis of the propor-
tion of freeway links to nonfreeway links, an appropriate weighting
strategy could be used to obtain an estimate that is arbitrarily close
to the actual number of probe vehicles necessary.

In the absence of actual travel time data it is not clear how the nor-
mal travel time distribution assumption would affect the simulation
results. If the normal approximation is untenable, then the appro-
priate distribution (obtainable from traffic engineering studies or
from ATMIS data covering only a portion of the network) could be
used for the assignment procedure. The effect of this assumption is
not likely to be serious with respect to N versus » and tu, since they
are input parameters for the simulation. However, this assumption
1s likely to affect the relationship between N and p, because p is
determined by the stochastic assignment procedure.

Therefore, it appears that the assumptions will not adversely
affect the quality of the results. However, the assumptions used must
be validated. The empirical model fits well, indicating that the qual-
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FIGURE 4 Ninety percent joint confidence intervals for p versus N plots (measurement period = 10 min; n = 3).

itative relationship between N versus n, p, and tu is reasonably valid.
Because a range of n values between 1 and 10 vehicles per link per
measurement period is used, the actual estimate is likely to be
bounded by these endpoints. The use of reasonably approximate n
values of about two to five would yield realistic estimates of the
number of probes required.

IMPLICATIONS OF SIMULATION RESULTS FOR
REAL-TIME TRAFFIC INFORMATION SYSTEMS

The system configuration required for monitoring the probes could
be used to provide drivers with real-time information.

Many studies have noted that as the fraction of drivers with infor-
mation increases, the efficiency of the system goes down. Mahmas-
sani and Herman (12) observed that there is an optimal fraction of
drivers who should receive route guidance advice. Mahmassani and
Jayakrishnan (/3) argue that about 20 to 25 percent of the drivers
should be provided with information to have a maximum reduction
in network travel times. It is therefore of interest to compare the
estimate of the number of probe vehicles in terms of the optimal
fraction of vehicles that should be instrumented. From the simu-
lation, for a link coverage proportion of 80 percent with a 10-min
measurement period and reliability requirement of three probe vehi-
cles per link per measurement period, about 3,500 probe vehicles are
required for the Sacramento network. This amounts to less than 5
percent of vehicles traveling the network during a 2-hr peak period
and is well below the optimal percentage of drivers who should

receive information. The provision of real-time route guidance
information to all the equipped vehicles would not result in a
significant deterioration of network performance in terms of travel
time savings.

It is clear that the freeways require a smaller number of probe
vehicles than the arterials for a given p. This is clear evidence of the
concentration phenomenon discussed by Ben-Akiva et al. (/4).
Analogously, it can be inferred that the number of probe vehicles
required in minor arterials and collector streets would be higher for
a given link traversal proportion. Therefore, the use of vehicles as
probes will not be effective for determining link travel times on
minor arterials and collector streets. During the off-peak periods,
with fewer vehicles and probes on the road, a greater proportion of
probe vehicles would be required.

Even though the fraction of probe vehicles is small, the estimated
number of probe vehicles could still produce congestion in com-
munication networks. This effect of the probe vehicles on the
communication network needs further investigation.

CONCLUSIONS

Probe vehicles have been proposed as an attractive source of real-
time travel times. They can directly measure congestion, delays, and
incident clearance times.

A heuristic algorithm has been developed for determining the
number of probe vehicles required to estimate link travel times
during a peak period, considering both reliability and adequacy
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requirements. This generic algorithm is the first to comprehensively
consider design requirements, such as the proportion of links cov-
ered, the number of repeated observations of link travel time, and
the length of the measurement period. It is also flexible because the
choice of specific procedures such as route assignment and selection
of probes from a pool of all trips is left to the user.

A simulation model was developed to test the algorithm for the
Sacramento network. This model can be used in several other net-
works by suitably modifying the design parameters. The simulation
is used to analyze the interrelationship between the design parame-
ters 7, tu, p, and N. The variation between N and 7 is nonlinear and
increasing, but at a decreasing rate with increasing n. There appears
to be a nonlinear and decreasing relationship between N and tu, and
the relationship between N and p is nonlinear and increasing, but the
rate decreases as N increases. The narrow confidence intervals for
the plot between N and p indicate reasonably accurate point esti-
mates. The plots between N versus tu and N versus p indicate the
presence of knees, which can be used to identify trade-offs between
the design parameters tu and p. Furthermore, with a given number
of probes a substantially greater proportion of freeway links than
arterials can reliably be covered.

It appears that a substantial number of probe vehicles would be
required to estimate link travel times if all the classes of links includ-
ing minor arterials and local and collector streets are to be covered
adequately. However, the heavily traveled high-speed routes, such
as the major arterials and freeways, require a much smaller fraction
of probe vehicles. For a 10-min measurement period and an ade-
quacy requirement that 80 percent of major arterials and freeway
links be reliably covered with a minimum of three probe vehicles in
each link during each measurement period, about 3,500 probe vehi-
cles are required for a 2-hr peak period for the Sacramento network.
These probe vehicles constitute less than 5 percent of the total peak
period volume. If this fraction of drivers were provided with infor-
mation, it would not result in a significant deterioration of network
performance.

The use of vehicles as probes is an attractive option for collect-
ing real-time information only in heavily traveled corridors and
high-speed roads, such as freeways and major arterials, and during
specific periods, such as the peak period. However, probes cannot
be used as a stand-alone source of travel time information, espe-
cially during off-peak periods and on lightly traveled corridors and
low-speed roads, such as local and collector streets and minor arte-
rials. It is necessary to explore other sources of travel time data
for these.

To minimize the cost of instrumenting the probe vehicles and to
minimize possible problems from the simultaneous use of limited
communication links, it is desirable to use as few probes as possi-
ble. This could be achieved by using the report by exclusion princi-

TRANSPORTATION RESEARCH RECORD 1537

ple, in which the probe vehicles report only abnormally large devi-
ations from the mean travel times. Further research is required to
determine the effect of report by exclusion on the estimate of the
required number of probe vehicles.
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