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In the past, detailed analyses of the traffic flow on free-
ways have been hampered by the cost of acquiring large
samples of vehicle trajectories along the freeway sec-
tions of interest. The analyst has been forced to spend
hours laboriously studying aerial photographs or per-
forming numerous floating-automobile runs to obtain
the required level of detail.

The use of freeway surveillance systems has been
restricted by the inability of real-time surveillance sys-
tems to measure traffic flow over a continuous segment
of roadway. The use of point sensors (usually imple-
mented as loop detectors) in these systems has prevented
them from being effectively applied to surveillance ap-
plications such as incident detection.

The purpose of this paper is to describe a technique
that permits the derivation of individual vehicle trajec-
tories from sensor data. This technique was developed
by using data that were collected on a freeway surveil-
lance and control system in the Los Angeles area and
supporting data that were collected on the John Lodge
Freeway in Detroit.

THEORETICAL BACKGROUND

This research is based on the application of sampling
theory that has long been used in the communications
field. A mathematical derivation of this theory is given
elsewhere (1,2).

Spectral Characteristics

One of the basic theorems of engineering analysis states
that any arbitrary function of time [f(t)] can be de-
scribed in terms of an infinite summation of sinusoidal
components. If f(t) is periodic, the frequency of its si-
nusoidal components will be required. The description
of a waveform in terms of its frequency spectrum rather
than of its variation in time is known as the Fourier
transform. It is the Fourier transform analysis that
forms the basis for the development presented below.

Sampling Theory

It is a basic theorem of communications theory that (1)

If a signal whose highest frequency is W cycles has been sampled at a
rate of 2W samples/s, the samples are in the form of impuises whose
area is proportional to the magnitude of that instant, the sampled sig-
nal may be reconstructed by passing the impulse train through an
ideal low-pass filter whose cutoff frequency is W cycles.

The process described by this theorem is shown
graphically in Figure 1 (1, p. 24). This figure shows
an arbitrary function of time [f(t)] being sampled by a
commutator switch and then passed through an ideal
low-pass filter where x(t) is reconstructed and matches
f(t). Thus, the low-pass filter is a device that will pass
only those frequency components of a time-varying wave-
form that are less than W cycles/s.

Black (2) has further extended this theory by a theo-
rem that states that, if derivatives of f(t) are available,
the sampling rate (At) must be

At = (R + 1)/2fc )

where R = number of derivatives available and fc = cut-
off frequency (the highest component frequency) of input.
Thus, the frequency with which a function must be sam-
pled in time is inversely proportional to the number of
derivatives used in the sampling process and directly
proportional to its cutoff frequency.

Translation to Sampling in Space

To be useful for this application, it is necessary that
the sampling theorem be modified to take into account
the fact that the sampling is occurring in space rather
than in time. Thus, by substituting space (s) for time
(t) in the original theory, we obtain the overall version
of the sampling equation as

fs) = D, {f(kAs) + (s - kAs)f'(kAs)
k=-o

+ [(s -kAs)2/2!1] £/ (KAs) + ... + [(s - kAs)R /R £R) (kAs)}
x {sin [(w/As)(s - kAs)] [(m/As) (s - kAs)) 2)

In equation 2, s is the location on the freeway at
which the speed is being computed, kAs refers to the
detector location (assuming equal detector spacing),
and (s - kAs) is the distance between the location at
which the speed [f(kAs)] is being estimated and the de-
tector from which the data is being used at a given in-
stant of time. These relations are shown in Figure 2.
Equation 2 shows that the further a detector is from s,
the lower its influence will be on the overall speed com-
putation. Thus, although the summation indicates that
an infinite number of detectors must be sampled to re-
construct the speed at all points along the freeway, it
will be possible to use a more limited number of detec-
tors in the vicinity of s.



The required detector spacing (As) can similarly be
derived by translating Equation 1 from the time domain
to the space domain to give

As=(R+ 1)/2fc 3)
where fc = cutoff frequency of the traffic-stream speed
variations in space. The actual values of fc and As are

discussed below.

Computing Derivatives

Examination of the terms in Equation 1 for the recon-
struction of speeds based on speeds measured by indi-
vidual sensors shows that a potential problem is created
because it is necessary to compute derivatives of the
speed [£'(kAs)] at each of the sensors. This problem
arises because the derivative is a function of space
rather than of time; i.e.,

f' (kAs) = df (kAs)/ds (4a)
and
" (kAs) = d2f (kAs)/ds? (4b)

Obviously, a point sensor such as a loop detector is not
capable of measuring speed changes in space because,
by definition, this equation is capable only of measuring

Figure 1. Sampler and low-pass filter for reconstruction of
signal (delay of low-pass filter neglected).
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Figure 2. Relationships used in sampling of speed data.
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data at a particular point along the roadway. Yet the
analysis of cutoff frequency discussed below indicates
that, to arrive at feasible sampling rates, it is neces-
sary to compute at least the first and second derivatives
of the speed change in space.

This problem is solved elsewhere (3); the relation-
ship between the derivatives in time (t) and space (s) is

du/ds = (-1/uy)(du/ot) (5a)
and
3%u/3s? = (1/uy)? (3%u/at?) (5b)

where u = speed and u, = speed-propagation rate.
u, is related to the slope of the freeway flow (q) ver-
sus density (k) curve and can be expressed as

uy =dq/dk (6)

Thus, for a particular section of freeway, it will be
necessary to calibrate a flow-density curve as a part

of the implementation process. Then, a value of u, can
be estimated by using the vehicle flows measured by the
detectors. By knowing u, and computing du/3t directly
from the vehicle speed data, we can calculate the deriv-
atives of speed with respect to space.

The use of this approximation permits the substitu-
tion of the derivative of speed with respect to time for
the derivative of speed with respect to space. This de-
rivative with respect to time is readily computed from
the detector data.

FEASIBILITY OF APPLYING PROCESS

From the above discussion, it is obvious that the sam-
pling theorem can be applied to the case of freeway-
traffic-speed estimation only if the cutoff frequency of
the speed profiles is low enough to permit a reasonable
detector spacing as computed by Equation 2, To deter-
mine the minimum acceptable detector spacing, it was
necessary to determine the frequency spectrum for
actual freeway speeds as recorded during floating-
automobile runs. Two sources of data were used for
this determination—some collected on the John Lodge
Freeway in Detroit at or near the Calvert, Chicago,
Hamilton, and Gladstone overpasses and some were
collected for this project on the 67-km (42 -mile) loop
in Los Angeles.

By using the worst-case frequency obtained from
these sources, we can then determine the detector spac-
ing (assuming that the first and second derivatives are
computed) necessary to perfectly reconstruct vehicle
speed in the following way: s = (R + 1)/fc = 3/0.002 =
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1500 ft (457 m). This spacing would be required to pro-
vide accurate estimates of vehicle speeds. It should be
used when there is a desire for reliable incident detec-
tion or other types of speed estimation. Thus, the spec-
tral analysis represented can be used as a tool for the
estimation of required detector spacing.

Raw detector data obtained from the California De-
partment of Transportation were used in an attempt to
demonstrate the [easibility of processing detector data
to develop estimates of the equivalent of floating-
automobile speeds. Unfortunately, the detector spacing
exceeded that computed above and, as a result, a reli-

able validation of the process discussed was not possible.

CONCLUSIONS

The discussion above has described an approach to the
derivation of vehicle speed profiles from point surveil-
lance data. Unfortunately, the limitation of the avail-
able data precluded a comprehensive evaluation of the
procedure,

All indications are that this process can be success-
fully used for freeway applications. It is recommended,
therefore, that further validation of the process be pur-
sued. This validation is especially important because

of the possible errors introduced by variations in vehi-
cle lengths, difficulties in estimating speed propagation
rates, and lane-changing maneuvers between the detec-
tors. Currently, variations in vehicle length are com-
pensated for by smoothing the input data to reduce the
impact on speed processing, but this also introduces
errors in the computation process.
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The purpose of this paper is to describe an analytical procedure for the
synthasis and analysis of the speed profiles of typicai vehicies traveiing
on urban freeways. Much past research has been conducted in this area
in an attempt to define and describe traffic operating characteristics on
urban freeways; this paper represents an extension of the past research
and as such develops new analytical tools and relies on an additional
data-collection effort. The paper includes a detailed discussion of the
floating-automobile experiments and the data-collection procedures

that were used and a description of the results that were obtained, This
deseription includes a discussion of the variables found to be important
in classifying freeway segments and a summary of the results of the data-
collection effort, The paper concludes with a description of the method-
ology developed for using the results of the analysis to generate (in either
a manual or an automatic mode) typical speed profiles for vehicles travel-
ing on any section of urban freeway.

The urban freeway is a major component of the total
urban transportation network. From a service point of
view, urban freeways can offer relatively high average
travel speeds to a very large volume of traffic; today's
urban [reeways carry an estimated 13 percent of the
annual urban travel although they represent only 2 per-
cent of the total urban street length available. Because
of the important part that freeways play in the overall
transportation network, a great deal of effort has been
expended in an attempt to understand and describe free-
way traffic flow patterns.

The purpose of this paper is to describe an analytical
procedure for the synthesis of the speed profiles of typi-
cal vehicles traveling on an urban freeway. Much re-
search hag been conducted in this area in an attempt to
define and describe traffic operating characteristics on
urban freeways (1); this paper represents an extension
of this past research and as such develops new analytical
tools and relies on an additional data-collection effort.
The paper begins with a rather detailed discussion of
the floating-automobile experiments and data-collection
procedures and continues with a description of the re-
sults that were obtained. This description includes a
discussion of the variables found to be important in classi-
fying freeway segments and a summary of the results
of the data-collection effort. The paper concludes with
a description of the methodology that was developed to
use the results of the analysis to generate (in either a
manual or an automatic mode) typical speed profiles of
vehicles traveling on an urban freeway.

FLOATING-AUTOMOBILE EXPERIMENTS
AND DATA-COLLECTION PROCEDURES

The purpose of this section is to provide a detailed de-
scription of the floating-automobile experiments used
in collecting the data for the freeway analysis. Cur-
rently, only a rather limited set of urban freeway data





