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Absrmcf- Speed estimation plays an important role in many 
components in Intelligent Transportation System (ITS). In 
practice, tmllic 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 dcnsily (which is potentially relntcd to the 
vehicle length), and the assumed relationship between flow, speed, 
and densily. This paper investigates the discrepancy between the 
speed estimated with single loops 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 pare, which, 
especially under congested traRc. is often accompanied aith the 
high skewness. Accuracy can be improved by computing 
octrrpancy in B 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 prssngc time reduces the skewness of pare 
data. 

index Term - Trallic scnsom, tramr flow theory. traIlic 
management systems. traveler information systems. and t ral l ic  
control. 

I. INTRODUCTION 
STLMATION of pre\,ailing vehicle speeds for traffic streams 
plays a crucial role in traffic management and traveler 
information systems since speed is an imponant indicator 

of traffic conditions. This is especially true for Intelligent 
Transportation Systems (ITS). In recent years, many 
algorithms and procedures developed for ITS 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 control. However. 
traffic data !?om loop detectors remain to be one of the 
primary data source used in practice. There are two types of 
loop detectors. double loops 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 he 
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 interest 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 hecome a challenging task that many traffic 
operation centers have to deal with on a daily basis. 

It is ohen contended that the estimation of speed is very 
challenging for congested traffic. When trafic 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 [I]. For a detailed review of both recent and past 
empirical research on congested flow, see (21. Unlike speed 
measurement using double loop detectors, speed measurement 
using single loop detectors is indirect. In practice, speed 
calculated from single loops i s  based on flow, occupancy, and 
a conversion factor, g. i.e., the estimated speed = flow I 
(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 141, however, 
contended that a constant g is reasonable if vaffic parameters 
are measured in the manner consistent with the one defined by 
Edie [j], They suggested the use of non-wnventional data 
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 trafiic 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 s e e  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 single 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 traftic 
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 arc summarized in Sec. 5 .  Sec. 6 
summarizes the proposed method and identifies the direction 
for future research. 

ILCONVEMIONAL 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 ofthe ith vehicle: 
v, :the actual space-mean speed; 
G, :the estimated space-mean speed; 
r, : the passage time over the detector for the ith vehicle: 
k : vehicle density (vehfdistance unit); 
4 : vehicle flow (vehitime unit); 
o : vehicle occupancy, percentage time detector is covered 

p, : the pace of ith vehicle. which is the reciprocal of the 

T :  time interval during which traffic parameters are 

by vehicles: 

vehicle speed; 

aggregated. 

With double loops, density and occupancy can be measured 
independently. Vehicle density for a specific time interval 7: 
in which there are n vehicles crossing the detector of concern, 
is calculated by: 

2; 
k =)il 

T '  
whereas vehicle occupancy is calculated by: 

The relationship between occupancy and density is as 
follows: 

functiong(,), we should be able to estimate the space-mean 
speed for a given time interval Tby: 

n 

time interval. However, with single loops. neither p)  nor 1, 
can be measured directly. Recognizing that g(.) is to 
approximate a linear combination of vehicle length weizhed by 
pace, it is natural to use the average vehicle length instead in 

&can be obtained off-line if we assume that the average 

length of vehicles on the road does not vary substantially at 
different sampling intervals. This is how speed is measured 
with a conventional approach. Note that an accurate 

n 

,i[, 
measurement of 111 would not necessarily lead to a good 

n 
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approximation of E - I , .  eYen if we were able to ip, I 
2 /, 

update ~ 2 -  at every sampling interval on a real-time basis. 

The variance structure of the pace would also affect the 
accuracy in speed estimation. I t  is not difficult to see that the 

n 

-7, 0 
L‘g n 

difference between 6 and 1 1 - ,: 11, should be small if 
n 

‘=I C P ,  
\ > E l  1 

I the variance of pace remains to be small since 1 -_ A 

t P ,  
1-1 

large variance in pace would increase the discrepancy between 
1 and -, which could potentially result in a large 
n 

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 veq large when traffic is congested. The skewness is 
also quite pronounced for the pace data under congested 
traffic. 

Ill. EMPRICAL EVIDENCE OF THE BEHAWOR 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 
Califomia, 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 ( fI and f 2  ) and downstream ( f 3  

and f 4  ) loops with its front and rear bumpers, respectively. 

vehicle lo 

upstream 
f 
detector loop 

f2 (0 

7. vehicle tail 
spacing 
( d )  front direction 

Fig. 1. Schematic representation of data collected from 
double loop vehicle detectors. 

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

vr =- (measured with the front bumper) 
. -. !3 -‘I I >,. . . 

or i; =- (measured with the rear bumper) 
14 - 1 2  

Vehicle length can be calculated by: 

/, = v , U 2  -11) 

or l i = v ; ( f d - f 3 ) .  

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 one 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 flouz, occupancy, density, and speed within a 
chosen sampling interval. The double loop data will be used 
as the “ground truth” data in this study. 

When we compare the variance of the speed for congested 
traffic and the variance of the speed for uncongested trafic, 
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 trafic could be 
smaller. This is reasonable in pan 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 sign and travel at their own desired speeds. However, the 
variance of the pace under the congested trafic condition is 
always much higher than that under the uncongested traffic 
condition. 
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Fig. 2: Plot of speed vs. time (each time unit = I minute). 

Fig. 2 is a plot of vehicle speeds for a time period of 1200 
minutes, covering both congested and uncongested traffic. One 
can see that traffic has a high speed between t=410 to.5lO,.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 (4l0,SlO) 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 durinz 
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 ratio of the variance of the pace. 
We have also tested some other data sets. It 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 morning due to regulations that 
specifically prohibit trucks from using some major highways 

B. Variance of [he vehicle &sage rime.over derecrors 

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 
over 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 tlow, occupancy 
exhibits a very small variance for uncongesthted traffic but a 
large variance for congested traffic. In fact, one can easily find 
the answer to this phenomenon by plomng 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 smpe represents the vehicle passage 
time over detectors. Each row is a collection of vehicle 

during ten+ time P:@$,,! 3o . ,;oc? k. . .  L . 

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 to 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 
pattems 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 I /v . A 
pair of similar vehicle passage time may come from a very 
different combination of vehicle length and speed. 

Fig. 3: Plot of times vehicles spent over loop detectors 
(speed < 45 mph). 

. . . . . . . . . . . . . . . . .  

. . . . . . . . . .  

5p - . . .  -. . .  ._ . . . . . . . . . . . .  

Fig. 4: Plot of the times vehicles are over the loop detectors 
(speed> 55 mph). 
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C. The reiarionship beFJeen the vaTiance ingace and 1/1e 
accurac)s.in speed eslimarion 

Our data show that :the.\,ariance.in-pa_ce.is c!ose!y,re!a!ed.to. 
the.accuracy .in speed estimation. ,The:varjFce.of pacecg;be. 
very large.under-stopandrgo trafilc. in :which some.vehic!es 
may trave! at pspeed much. lou,er:than-the.preva~li.ng speed.of 
the traffic stream at the.moment fhey,cross.the.lo.op:detectors. 
The,poor-estimation of,the. speed .usually, occurs~when the 
variapce.in pace .is .veN. high;.especiaIly when the.paces of a. 
ma11 portion of vehicles, within, the, sampling- interval are 
er;ceedingl!; large. .4 ,large~.fl.uctuayion. in ,pace:would. i n - t e  
iead to a l a ry  fluctuation-in the vehic!e:p~sage.ti.me.o~~e~the. 
detector, as.shown in. Fig. 3: This. observalion- is. the. key 
motivation for the. deyelopment: of; an,,ehanced. mehod. for 
speed-estima!ion.proposed.in the.ne\-tsec!ion,:.. 

I\', PROPOSED METHOD F0R:ESWATMG VEH1C.g  SPEED 
WITH ,WE M E D i h N  VEHICLE PASSAGE T.&IE OVER DETECTORS 

Let ri =:-I / be.the. p,qsa~~.ii.m.e.o?er.the.d~Ie~!or:for.\e_hle. f s  I 
v, 

As, shawo: in. Rig;.4:, r; can,be:ve~y* no.isy. und.errconges!edi 
trafik conditions, 1f:'we: rep,lace: ??by the: median! off the: 
vehicle:Rassag~:timesiqvel. detectors,, ch,, ~ .u,e:then!ha!'e:a,ney, 
estimatorrfor,the:space:mewspeed:: 

.. g o  

7, I 

,Z< %-.,, 

where: rA,,is. the: median: of( r; ire:,, 4(ri, <~iA,.):41!/2~ and! 
p(r ;  x , & p /  21.. IfirM!=(l/v,)A,js; a! good] approximation, of.' 
Ih/vM:, then the: estimation) of. the; spac.e: meanl sF.ed: 
becomes:: 

^. g(.h 
[M: 

Y .  =.l,,w 
I 

The: above:estimation: would; Qerform; well: ifi the.following, 
two conditions are:satisiied:. 
(a), Y.~,. varies; With, trafic. conditions; andl reflqcts, the: 
arevailing traffic:sgeed;.and: 
(b), /~b, remains, relatiyely stable; and! is; invariant ortraffic: 
conditions. 

Based!onlconditioni(b);,we.canisimpl~, use;a,c.onstant:g.as:a, 
representation, for;. /W. The.use,ofi the; median, vehicle; passage: 
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in [4]. Though the proposed method outperforms the 
Conventional method, its performance seems to vary quite 
substantially with different data sets obtained a! different 
locations. Studies are ongoing to investigate this large 

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

I Data I The Drooosed I The conventional I variation. We also need to emlore further the situation in 

I 

I 

Station 6, lane 2 I 0.158 0.169 
Station 6, lane 4 1 0.106 0.141 

which the use of median information to represent the 
prevailing traffic is not satisfactoly, i.e., the situation in which 
( ! / v ) ~  is not separable. 
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