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Abstract~— Speed estimation plays an important role in many
components in Intelligent Transportation Systems (ITS). In
practice, traffic data from single loop detectors are one of the
dominant data sources. Speed estimation from single loop
detectors is mainly based on occupancy data, a conversion factor
from occupancy to density (which is potentially related to the
vehicle length), and the assumed relationship between flow, speed,
and density. This paper investigates the discrepancy between the
speed estimated with single foops and the speed estimated with
double loops. It was found that the discrepancy between the two
is mainly caused by the high variance in vehicle pace, which,
especially under congested traffic, is often accompanied with the
high skewness. Accuracy can be improved by computing
occupancy in a different way, using the median vehicle passage
time over the detector as opposed to the mean vehicle passage
time often used in the conventional method. The performance of
the enhanced speed estimation method is very promising. The use
of the median vehicle p ge time red the skewness of pace
data,

Index Terms — Traffic semsors, traffic flow theory, traffic
management systems, traveler information systems, and traffic
control.

. INTRODUCTION

ESTIMAT!ON of prevailing vehicle speeds for traffic streams
plays a crucial role in traffic management and traveler
information systems since speed is an important indicator
of traffic conditions. This is especially true for Intelligenmt
Transportation Systerns  (ITS), In recent years, many
algorithms and procedures developed for 1TS applications,
such as the variable message sign, ramp metering, and
dynamic traveler information systems, have been using vehicle
speed information in one way or another on a real time basis.
An improvement to the accuracy in speed estimation will
greatly enhance the performance of these algorithms and
procedures.
For the past decade or so, traffic surveillance technologies
have been improved at a rapid pace. Emerging sophisticated
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technologies have made it possible to capture the
characteristics of vehicles in ways that were not possible in the
past. Probes and other devices have been adopted for
collecting traffic data relevant to traffic conrol. However,
traffic data from loop detectors remain to be one of the
primary data source used in practice. There are two types of
loop detectors, double ioops and single loops. Though double
loops are better in capturing vehicle speed of a traffic stream,
detectors for traffic counts used in many places are
predominantly single loops. The focus of this paper is on
speed estimation with single loops. It is expected that the use
of loop detectors, especially single loops, will still be
dominant for traffic data collection in the foreseeable future.
Therefore, the study of how to obtain accurate speed
measurement from single loops is not only of imerest to the
research world, but also of interest to the field application. The
enhancement to the quality of loop detector data in estimating
traffic states has become a challenging task that many traffic
operation centers have to deal with on a daily basis.

It is often contended that the estimation of speed is very
challenging for congested traffic. When traffic is congested,
occupancy data become very noisy, making it difficult to
capture the relationship between flow, density, and speed. To
address this issue, various models were proposed in the past,
including the one suggesting a discontinuous flow-density
relationship [1]. For a detailed review of both recent and past
empirical research on congested flow, see {2]. Unlike speed
measurement using double loop detectors, speed measurement
using single loop detectors is indirect. In practice, speed
calculated from single loops is based on flow, occupancy, and
a conversien facter, g ie., the estimated speed = flow /
(occupancy * g), based on the assumption that occupancy is
linearly proportional to density. This assumption has been
challenged for the past two decades. Hall and Persaud argued
that the g value is not a constant [31. Rather, it is a function of
occupancy. A better fit can be obtained when g changes in
accordance with the change in the occupancy level. The data
used in their research are conventional data aggregated for a
pre-specified time interval. Cassidy and Coifman [4], however,
contended that a constant g is reasonable if traffic parameters
are measured in the manner consistent with the one defined by
Edie [5]. They suggested the use of non-conventional dara
aggregated on a pre-specified number of vehicles, which
effectively allows variable lengths for sampling intervals.

In this paper, we first show with the field data some
interesting features regarding the variance of some of the key
traffic parameters important for speed estimation at different
speed levels. We found that the high variance and the
skewness of the pace data under congested traffic have a
profound effect on the accuracy in speed estimation. Based on
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this finding, we proceed to propose a method that uses median
of the vehicle passage time of the detectors instead of the mean
of the vehicle passage time to represent the occupancy
information for speed estimation. This simple modification
reduces the skewness in data and yields more robust estimation
compared with the method using occupancy calculated in the
conventional way, The method appears to be promising when
tested with the limited data sets available to this study. It
consistently outperformed the method based on the occupancy
data processed in a conventional way.

The paper is organized as follows. In the next section, we
describe briefly how speeds are estimated using singie loop
detectors and the key factors that would affect the accuracy in
estimation. Sec. 3 provides some empirical evidence showing
the behavior of the variance of pace, speed, and occupancy
under different traffic conditions and how it would affect the
accuracy in estimating the prevailing vehicle speeds of a traffic
stream. Sec. 4 describes the proposed method for speed
estimation. Field data were then used to compare the
performance of the proposed method and the performance of
the conventional method based on the commonly used
performance measures, the mean squared error and the mean
relative error. The results are summarized in Sec. 5. Sec. 6
summarizes the proposed method and identifies the direction
for future research.

11. CONVENTIONAL METHOD FOR SPEED ESTIMATION USING
SINGLE LOOP DETECTORS

The following is a set of notation used in the paper:
{, :the length of the ith vehicle;

v, :the speed of the ith vehicle;

<

. -the actual space-mean speed;

<

, - the estimated space-mean speed;
: the passage time over the detector for the ith vehicle:

: vehicle density (velvdistance unit);
: vehicle flow (veh/time unit);

el

Do

o vehicle occupancy, percentage time detector is covered
by vehicles;

p, : the pace of ith vehicle, which is the reciprocal of the
vehicle speed;

T: time interval during which traffic parameters are
aggregated.

With double loops, density and occupancy can be measured
independently. Vehicle density for a specific time interval T,
in which there are » vehicles crossing the detector of concern,
is calculated by:
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whereas vehicle occupancy is calculated by:
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The relationship between occupancy and density is as

follows:
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time interval, However, with single loops. neither p, nor /,

can be measured directly. Recognizing that g() is to

approximate a linear combination of vehicle length weighed by
pace, it is natural to use the average vehicle length instead in
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different sampling intervals. This is how speed is measured
with a conventicnal approach. Note that an accurate
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The variance structure of the pace would also affect the
accuracy in speed estimation, It is not difficult to see that the
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variance of pace could be a key contributor to the accuracy in
speed estimation. Moreover, the strong skewness is usually
accompanied with a large variance. We will show in the
following section with empirical data that the variance of pace
is indeed very large when traffic is congested. The skewness is
also quite pronounced for the pace data under congested
traffic.

1. EMPRRICAL EVIDENCE OF THE BEHAVIOR OF PACE

The data available to this study is 1/60™ second data from a
4 mile-long stretch of freeway along Interstate 80 of
California, provided by the Berkeley Highway Laboratory.
They were collected from double loop detectors. The data
kept at the tick level provides very detailed information about
each individual vehicle as it crosses a given detector station.
As indicated in Fig.1, each record in the data file contains the
information of a single vehicle crossing a specific double loop,
including the information about the station number, the lane
number, and the four time stamps that track the times for the
vehicle to cross the upstream (¢, and ¢, ) and downstream (/5

and £, ) loops with its front and rear bumpers, respectively.

A downstream
/ % vehicle Io
/' ien
I,

upstream

tszleteclztor /{ loop
acin: -
(‘;,) g N tail vehicle
ot direction
Fig. 1. Schematic representation of data coliected from

double loop vehicle detectors.

With data of this resolution, we can get very detailed
information about each individual vehicle. Exact speed can be
calculated hy

d
=T (measured with the front bumper)
: 3Th - .

or v; = (measured with the rear bumper)

4 2

Vehicle length can be calculated by:

Li=v(ta-1)
or =vi(ty~15).

With data of this resolution, one can even obtain the
acceleration and deceleration information of vehicles when
they traverse the detector. A higher speed measured with the
front bumper than the on¢ measured with the rear bumper
suggests a deceleration process. In addition to individual
vehicle data, we can also produce aggregated data such as the
commonly used flow, occupancy, density, and speed within a
chosen sampling interval. The double loop data will be used
as the “ground truth” data in this study.

A Vartance of Speed and pace, under di ﬁ"erem tmﬁ" c
conditions "

When we compare the variance of the speed for congested
traffic and the variance of the speed for uncongested traffic,
we found that the difference between the two is not very large.
In many situations, the variance of the speed for congested
traffic tends to be only slightly higher than the variance of the
speed for uncongested traffic. Occasionally, we observed that
the variance of the speed for congested traffic could be
smaller, This is reasonable in part because when traffic
becomes congested, the room for drivers to freely control their
speeds also becomes very small, whereas during the free flow
traffic condition drivers tend to only loosely obey the speed
limit sigh and travel at their own desired speeds. However, the
variance of the pace under the congested traffic condition is
always much higher than that under the uncongested traffic
condition.
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F‘ig. 2: Plot of speed vs. time (each time unit = | minute).

Fig. 2 is a plot of vehicle speeds for a time petiod of 1200
minutes, covering both congested and uncongested traffic. One
can see that traffic has a high speed between t=410-t0:510,.and
low speed for t = 750 to 850. The ratio of the variance of the
speed for the time period (750, 850) to the variance of the
speed for the time period (410,510) is 1.26, whereas the ratio
of the variance of the pace for these two time periods is as high
as 316.8. Even if we consider the speed difference during
these two time periods and adjust the variance with respect to
the mean speed, we still get 3.37 for the ratio of the variance
of the speed and 103 for the ratie of the variance of the pace.
We have also tested some other data sets. [t appeared that in
all of the cases we have tested the variance of the pace grows
much more quickly than the variance of the speed as traffic
becomes more congested.

For the data set we use sometimes the average vehicle length
for light traffic is longer than that for congested traffic; the
variance tends to be larger as well. This is reasonable since a
large percentage of trucks is usually in full operation at
midnight or early in the moming due to regulations that
specifically prohibit trucks from using some major highways

during certain time periods, ooy wo ke o -

B. Variance of the vehicle passagé timé‘over detectors

The variance of the vehicle pace is closely related to the
vehicle passage time over detectors, a measure that can be
obtained with sing loops. By definition, vehicle passage times
aver the loop detector are used to compute occupancy. It is
well known that the plot of flow-occupancy data often exhibits
a well-clustered and smooth left regime (for uncongested
traffic) but a scattered and noisy right region (for congested
traffic). In other words, for the same level of flow, occupancy
exhibits a very small variance for uncongesthted traffic but 2
large variance for congested iraffic. In fact, one can easily find
the answer to this phenomenon by pletting the occupancy data
in a different way, showing the detailed vehicle times for each
individual vehicle over the loop detector. In the past, vehicle
times over loop detectors were rarely documented in the
literature  since they are the raw data, which are often
unavailable to users. ‘ .

Figs. 3 and 4 are plots for vehicle passage times over the
detector. Each horizontal stripe represents the vehicle passage
time over detectors. Each row is a collection of vehicle

passage times recorded from a single one-minute sampling
interval. To facilitate the comparison, the number of stripes at
each row is identical, suggesting the same level of flow for
each time interval. The number 1o the left is the average speed
for that time interval in the unit of miles per hour. Fig. 3 is a
plot for vehicles traveling at low to moderate speeds (< 45
mph), whereas Fig. 4 is a plot for vehicles traveling at high
speeds (> 55 mph). The two plots exhibit very different
patterns for vehicle passage time over the detectors. The
vehicle passage times shown in Fig. 4 for uncongested traffic
exhibit a smaller variance, whereas the vehicle passage times
shown in Fig. 3 fluctuate wildly for congested traffic. Note that
the vehicle passage time over detectors is calculated by //v. A

pair of similar vehicle passage time may come from a very
different combination of vehicle length and speed.

Fig. 5: Plot of times vehicles spent over loop detectors
(speed < 45 mph).
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Fig. 4; Plot of the times vehicles are over the loop detectors
(speed > 55 mph).
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. The relationship berween the variance in pace and the
accuracy in speed estimation

Ourdata-show that the variance in-pace is closelvirelated to
the accuracy in speed estimation.. The variance of page_can-be_
very large under-stop-and-go traffic_in-which some_vehicles
mav-wravel ar a speed much Jowerthan the prevailing speed of
the traffic stream at the moment they,cross.the loop-detectors.
The.poor-estimation of the_speed usually, occurs. when. the
variance_in- pace -is very. high; especially, when the paces of a_
small portion of vehicles, within, the, sampling interval are
exceedingly. large. A large -fluctuation- in,pace.would_in-tum-
jead to a large fluctuation-in the vehicle passage time_over.the.
detector, as.shown in Fig. 3: This. observation- is. the_key
motivation for the, development: ofvan,enhanced. method for
speed estimation propesed_in-the next section: .

1V, PROPOSED METHOD FOR:ESTIMATING VEHICLE SPEED
WITH THE MEDIAN VEHICLE PASSAGE TIME OVER DETECTORS

{,
Let r; =% be the passage time overthe detectorfor-vehicle,

J
i.and 7 be, theaverage. vehicle: passage. time,
occupaneyi as.follows:

" -]_.

We.rewrile_

As,shown:in,Fig: 4t o
traffic: conditions.,
vehicle:passage:times.over-derectors; 7, we:themhave.a,new

camhe. very, noisy, under, congested;
1f; we. replace. Fby. the: median: of; the:

estimatos-forrthe:space.-mean-speed::
" =. -—-—g(.) )
b T
[57]

where: r,,.is: the: median: of; 77, iie;,. B{r; <7y 121/ 2 andi

Pir; 2oy 20/ 20 Ifiry, = (1fw)y I 21 good) approximation; of

i /vy, then, the: estimation; of. the: space: meam speed:
becomes::
g(-)}

Mo

The. above: estimation; would; perform; well; if; the- following;
two conditions.are-satisfied:
(a) vy, varies; with) traffic. conditions; and) reflects, the.
prevailing traffic:speed;.and:
(b); . remains; relatively. stable: and! is; invariant: oft traffic.

:_v
M

conditions.
Based: om condition (b);, we-can:simply, use: 2, constant: g-asa,
representation for /,,,. The-use:ofj the: mediam vehicle: passage:

time over the detectors. would effectively. reduce the skewness,
of - pace. that- would rarise_under. stop-and-go, traffic. and; the.
presence of long vehmies A variation. of this. scheme isto.use

with. ﬁ.eld‘data.. For the.h.m_l.t@si,,d‘ata S.e;shwe.l@.@, .tbs.gé}.n .19\\
this variation. over- the - median- method. scems; 10 be. very,
limited. )
In-Fig. 5; we compare the_ result,from the proposed:method.
with-the result from.the conventional method based-on-the one-.
minute data, The plots.were generated w'th data sets, from lane
3.atstation-3: As shmm in- the Figure, our.method (labelcd as,
the. median_method), performs sxgmf antly, b_e;t_g[— than. lbg_
conventional method (fabeled a.the mean meihod),

mean methed,

ear—

meanmethod)..

V:RERFORMANCE-EVALUATION;

We. compare; the. proposed; model; with, the. conventional;
method; based_; on‘ the~ twa, comr Iy,

........ ata, sels
\'ere-used’ The resulls for—MRE and_; MSE are drsplayed_] in,
Tables, Ii andj 2 respectwely Eor, the- mean, reiatwe erroty

the two,lmsome cases arc morc sxgmf cant

priaedd fhips

mean, squaredj eITory measuremem the. etfecuveness ofr the

deceleratlon» of vehlcles orr exccsswely ‘ 1c;ng venicl
introduce:excessive long; passage time: (long pace.as well) Yet.
the:use: ofgmedlan\preserves the: preva:lmg passage time,



Table 1: Comparison of the results from the proposed model
and the conventional model; Mean relative errors (MRE).

Data The proposed The conventional
method method
Station 5, lane 3 0.133 0.199
Station 5, lane 7 0.110 0.228
Station 3, lane 7 0.068 0.202
Station 3, lane 3 0.036 0.107
Station 6, lane 2 0.158 0.169
Station 6, lane 4 0.106 0.141
Station 1, lane 3 0.0981 0.151

Table 2: Comparison of the results from the proposed model
and the conventional model: mean squared error (MSE).

Data The proposed The conventional

method method
Station 5, lane 3 31.233 83.713
Station 3, lane 7 16.226 94.458
Station 3, lane 7 5.683 86.116
Station 3. [ane 3 3.844 52.576
Station 6, lane 2 27.019 28.534
Station 6, lane 4 22.842 49.111
Siation 1, lane 3 18.687 63.799

V1. CONCLUSION AND FUTURE RESEARCH

This paper proposes an enhancement to the existing
methods for estimating speeds using single loop detectors.
Like most existing methods, it computes the speed by
converting occupancy to density first and then making use of
the fundamental relationship between flow, density, and speed.
The proposed method departs from the existing methods in
that: instead of using the average vehicle passage time over
detectors for computing occupancy, it uses the median of the
vehicle passage time over detectors. This simple modification
vields speed estimation with smaller mean relative errors and
mean squared errors compared with the estimation generated
from conventional methods. For the test cases shown in the
paper, the proposed method consistently outperforms the
conventional method. The proposed methed requires the raw
data to be processed in a non-conventional way. The
requirement, however, can easily be incorporated into the
microprocessors in the controller box for processing loop
detector data.

In the paper, we use a constant g{=13} as a conversion
factor to represent the median vehicle length. The results from
our preliminary studies {not shown in this paper) indicate that
the choice of g might be related to the detector spacing, which
could lead to a bias in the “ground truth” speed data from
double loops, which subsequently, would affect the resuls
displayed in Tables 1 and 2. Studies are ongoing to explore
this issue. For future research, we will explore the potential use
of g as a function of occupancy as suggested in [3]. We will
also explore the use of variable sampling length as suggested

in [4]. Though the proposed method outperforms the
conventional method, its performance seems to vary quite
substantially with different data sets obtained at different
locations.  Studies are ongoing to investigate this large
variation. We also need to explore further the situation in
which the use of median information to represent the
prevailing traffic is not satisfactory, i.e., the situation in which
(/v))4 is not separable.
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