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DISCLAIMER

The contents of this report reflect the views of the authors, who are responsible for
the facts and the accuracy of the data presented herein. The contents do not necessarily
reflect the official views or policies of the Washington State Transportation Commission,
Department of Transportation, or the Federal Highway Administration. This report does

not constitute a standard, specification, or regulation.



CONTENTS

1 Introduction

2 Theory
2.1 Inter]bop Travel Times . . ... .. ... .. ... ... ... ... .. .
22 Speed Estimates. . .. ... ......... ... . ... .. . ...

2.2.1 Speed Estimates Derived from Cross Correlation Delay Times .
2.2.2 Speed Estimates Derived from Volume/Occupancy Ratios
2.3 Speed Factor Calculation (g) . ... ............... . .
2.4 Total Travel Times

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

2.5 Summary ...

3 Methodology

3.1 Data Formats and Contents

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

3.2 Data Acquisition, Decoding, and Reduction . . .......... ..
3.2.1 Data Acquisition and Decoding . . . ... .......... . .
3.22 DataReduction . ... ..... ... .. ... .. .. .

3.2.3 Summary

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

10

14

15

18

19



4

Results ' 29

A1 OVEIVIEW . . ot v oo o oo e a e s 29
4.2 Delay Estimates . . . . . o oo v v oo m e 30
4.3 Speed Estimates. . .« « . oo oo 34
4.4 Speed Factor as a Function of Location . . . . « « v o v oo e e 40
Conclusions and Recommendations 43
51 ConclUSIONS . o« v o v v v v v n oo m e e 43
52 Recommendations . . . . . . o c o v sw o 45

iv



LIsT OoF FIGURES

3.1

3.2

3.3

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

TSMC data byte bit format. . .. ......... ....
TSMC data frame byte format. . . ......... ... .

Data reductionlogic .. .................. .

Possible delay estimates. . .. ... ... ....... . .

Delay versestime. . . .. ... .. ... .. ..... .. ..

Occupancy and volume as a function of time. ... .. . .
Correlation coefficient as a function of percent occupancy. .
Cross correlation coefficient as a function of time. . . . . .
Cross correlation coefficient as a function of occupancy. .

Estimated mean speed factor (g) as a function of location.



vi



LisT oF TABLES

4.1 Inductance loop station description.

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

4.2 Measurement set

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

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

vij



Executive Summary

The Real Time Motorist Information System (RTMIS) under development at the
University of Washington uses a ratio of Volume to Occupancy with a correction factor
{often denoted as “g”) to estimate speed. This correction factor is a function of road
topology and occupancy. This project will initially produce a value for the correction
factor for every pair of loops being used in the RTMIS. It will further produce a
correlation between correction factor and occupancy for each set of loop pairs. The
correction factor is produced using speed estimates from cross-correlation time delay
measurements of on road data.
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1. Introduction

The principle source of freeway data available to traffic management and traveler infor-
mation systems in the Puget Sound region is the DOT inductance loop system. Traffic
management systems and traveler information systems currently used in the Puget
sound region, such as the “FLOW” map and, the real time motorist information sys-
tem (RTMIS) named “Traffic Reporter,” [MIMB91] use this inductance loop data to
determine the status of traffic in the freeway system. While trained traffic management
systems personnel can use the volume ( the number of vehicles passing over a loop in
a given time) and occupancy (the fraction of some total time a loop is occupied) data
directly, the needs are different for traveler information systems. It has been asserted
that traffic speed and travel time are the properties most useful in providing relevant
information to travelers. [MB89] This report presents a methodology to convert the
measured volume and occupancy to speed and travel time. It further provides a stan-
dard mechanism (with a location specific coefficient) to estimate speed directly using
the volume/occupancy ratio. Improved estimated speed from the volume/occupancy
ratio allows the traveler information system to provide accurate, real time informa-
tion to the users. This report is presented in five sections: this introduction, theory,
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methodology, results, and conclusions.

The second section presents the theory on which travel time estimate are based.
The material in this section provides a theory that can be applied to real time traffic
data.

The four principle theses of this section are: (1) travel time between inductance
loops can be estimated independent of the mean value of volume and occupancy; (2) in-
dependent speed estimates can be made from either a cross correlation based travel time
estimate or from a volume/occupancy ratio methodology; (3) a relationship between
the two independent. speed estimates can be used to improve the volume/occupancy
ratio estimate: and (4) a total travel time estimate between distant points can be made
with detailed knowledge of the speed in each subsegment of the trip.

The third section describes the data format and contents, as well as the data acqui-
sition and data reduction processes. The data format and contents subsection describes
the data available from the inductance loop sensor system. The data acquisition and
reduction subsection describes the acquisition of loop data from the Seattle metropoli-
tan freeway system, and the details of the numerical processing of the loop data time
series, and in addition provides a detailed description of the methodology that converts
raw binary loop data into values such as travel time and speed.

The fourth section summarizes the results of the methodology described. First
the results of cross correlating inductance loop data to estimate transit time is pre-
sented. Second, the mean traffic speed estimates based on the inter-loop distance and
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the cross correlation travel time are presented. Third the speed estimates from the
volume/occupancy ratio techniques are compared to those from the cross correlation
technique. Fiha.lly, the effect of location on the value of the “speed factor” is presented.

The final section draws conclusions about the results of this research project. Con-
clusioﬁs are drawn in four areas. First, the validity of the “speed factor” concept is
examined. Second, the limitations of this concept are enumerated. Third, recommen-

dations about usage of the cross correlation technique are presented.






2. Theory

This section develops the theory on which the improved travel time estimates are
made. It discusses the estimation of interloop travel times from the inductance loop
times series. Speed estimates are developed based on volume and occupancy counts.
A new method to estimate interloop travel delay estimates from the inductance loop
time series is summarized. A relationship between the observed speeds and the vol-
ume/occupancy ratio is developed. Finally the relationship between speed and overall

travel time associated with a driver’s total trip is presented.

2.1. Interloop Travel Times

This subsection presents an overview of the methodology for making estimates of the
interloop travel time using inductance loop time series data. This subsection reviews
theory developed in a previous TransNow report entitled, “Travel Time Estimation
using Cross-Correlation Techniques” (see this report for more detail).

The traffic is modeled as propagating down the highway with soﬁe mean volume
count per unit time. The volume estimates from inductance loops have a mean value
around which therc is a time dependent statistical luctuation. If the traffic propagated
rigidly and a slight increase in the volume is observed at the'upstrea.m station, a
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similar slight increase would be expected at the downstream station some time later
and likewise for slight decreases.! The time shift necessary to optimally align the
upstream and downstream time series is the mean propagation or travel time of the
traffic between the stations. To estimate the mean travel time between stations, the

cross correlation cocfficient function (CCCF) is used. The CCCF is written,

_ R]:(T,T)
pr2(7, T) = p—y (2.1)
where
R T L L ) d
12(r,T) = 5?/_7 a(z1,1)8afzs, t — T)dt, (2:2)
is the cross correlation function (CCF}),
o? = Ru(0), (2.3)

is the variance, and the continuous time dependent volume at the upstream station is
labeled 8a(zy,t). The CCF function indicates the correlation between the two time
series as a function of the delay time 7. It has the property that the location of the
maximum value is the delay time at which the time series from the two inductance
loop detector stations are most similar. So, by locating the maximum value in this
continuous function, the mean travel time between the inductance loop stations can
be estimated.

In practice, the volume data from the on-road inductance loops is a discrete time

ceries. For this analysis, the data is time and spatially averaged and divided into

1The manuscript [Dai9l] provides more detail on the limits of this methodology.
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ensembles of length V. A mean centered volume estimate for the ’th site for the k’th

time ensemble is written,

1 N
V,'k = (Vol);k - I_V- Z(Vol)u:. (24)
k=1
An estimate of the CCF can be made,

N
Ro(7, T) = ) VisVaany Yk €10, N). (2.5)
i=t

The CCF can then be normalized by the standard deviations to produce an estimate

of the CCCF,

. Rn('fk, T)
P27, T) = oo, (2.6)
where,
1 &Y 1 Y
ol = ~ Y ViV ol= N 3 VaVag. (2.7)
k=1 k=1

Since the delay time 74 of the maximum value of the CCCF is the mean travel time, a
method of estimating this value is needed. To estimate the value of 1 from the discrete
estimate (3(re, T)) of p(7,T), the region near the maximum value in the array p(r, T)
1s least squares fit to an analytical function, and the analytical derivative of this fitted
function is used. If the data is approximated as having bandwidth limited Gaussian

statistics, the correlation function can be approximated by

sin2x B(t — 1)
27 B(1 — 70)

ma(7) =

(2.8)

If the trigonometric term in equation (2.8) is expanded in the first two terms of a power
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series, it can be rewritten,

2rB(r—T) — :-:7(213(1' — 'rn))3
Pl!("") ~ 2IB(T — TO) . Y (29)
which has the general form
p(r)=ar’ +br +c (2.10)
near the peak value of pi2(7). The analytical derivative of the approximation 18
-‘?—-(-r)-'2a1' +b=0 (2.11
6TP o) — 0 = . . )

The parameteérs a and b can be determined by least squares fitting of the quadratic
function to the estimate of p{7) in the immediate region of the peak value. Then an

estimate of 7o can be produced from

—b

‘ro=-§g.

(2.12)

This method provides a mechanism to estimate the mean time for traffic to travel
between inductance loops. This methbd depends on the propagation of small distur-
bances in the mean volume moving between displaced loops and is independent of the
mean volume or occupancy values. An average speed estimate can be made using the

distance between the loops and the estimated delay/travel time.

2.2. Speed Estimates

This subsection discusses two methods for estimating vehicle speeds. First, a method

that estimates mean traffic speed using the cross correlation time delay developed
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in Section 2.1 is presented. Second, a method that estimates speed from the vol-
ume/occupancy ratio and a single coefficient, along with the framework in which this

method was developed, is presented.

2.2.1. Speed Estimates Derived from Cross Correlation Delay Times

Using the cross correlation delay estimate developed in the last section with the mea-

sured interloop distance, a mean speed can be calculated,

5= (“'—’;_";“—‘) (2.13)

This is the constant speed at which a vehicle would travel to traverse the distance
between thie loops in time 7. Estimating speed in this manner implies that the mean
tralfic speed between the loops is a constant. for the duration of the tithe nsed to make
the time delay estimate.

If this same estimate is used for several contiguous sections of highway, a higher
order approximation of the change in the speed can be made. For example, if two
sequential areas of the Lighway are used and two time delays are measured, then the
speed can he approximated as changing linearly between two end points. If the delay
between z; and z; is 1 and between xg and x3 it is 15, an approximation of the speed
might be

(3 — ay) 3 (€ — )

S = T2 Li! T+ (ey =y )

.'lf_'; — Iy Tl

This approximation implies a linear change iu traffic speed hetween the loops.
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This method of estimating speed from the interloop delay time has four principle
limitations. First, speed estimates based on delay times depend on the ability to
identify a delay peak in the CCCF. This in turn depends on the assumption that
there is rigid propagation of the fluctuations in the traffic volume between the loops.
This assumption is accurate below about 20% occupancy but is suspect during periods
when the occupancy value is high and the volume count is low. Second, the speed is
assumed to be either a constant or changing linearly. This assumption is once again
more accurate in periods of low occupancy and high volume traffic. Third, the delay
is an average delay for all traffic, and is therefore insensitive to individual vehicle
speeds. Fourth, this method is computationally expensive. It cross correlates arrays
of volume estimates (based on a five-second average) to build the CCCF. This level of
computation is not available in the present RTMIS computers, and the five-second time
averaged data is not available to the RTMIS. These four constraints limit the range of
traffic conditions over which this technique is useful. However, this technique provides
the only published estimate of speed from inductance loop data that is independent of
the mean value of volume and occupancy. The importance of this independence will

become clear in section 2.3.

2.2.2. Speed Estimates Derived from Volume/Qccupancy Ratios

Conventional estimates of speed used by traffic management systems rely on the values
of volume and occupancy to estimate speed. It has long been asserted that the ratio of
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flow (¢) to concentration (k) is the “space mean speed.” [LW55, War52] The quantities
flow and concentration are not immediately available from inductance loop sensors.
RTMIS presently constructs estimates of these quantities from volume (V'), occupancy
(0), and a constant factor (9).

The classical relationship that is the basis for the speed estimate is:

(2.15)

™
il
o

where s is the space mean speed in miles per hour, g is the traffic flow in vehicles per
hour, and k is the traffic concentration in vehicles per mile. To use this relationship,
volume must be converted to flow and occupancy to concentration. Since volume is
the number of actuations of a loop per unit time (one minute in RTMIS practice) and
an actuation is considered by RTMIS to be a vehicle passing over the loop, only a

constant conversion factor is needed to convert volume to flow,

q = —T— x V, (216)

where T is the number of minutes over which the vehicle count is done.

Occupancy is defined to be the time during which a loop is occupied divided by
some total time (or fraction of the total time that a car is present). The conversion
from occupancy to flow is not straightforward. The time a single vehicle occupies the
inductance loop is the sum of two components: the time for the front of a vehicle to
Pass over the detector’s region of sensitivity (I4) and the time for a vehicle of length

11



(1,) to exit the region. Time of occupation of a loop is:

1 1
%'LRH“+L?5“ (2.17)

where s(z) is the speed as a function of position. The “total time” in a region of length
4 g

D is:

1 1 '
T= b .S_(I-jdx + /,' ;(7)-(11 (218)

The value of occupancy for one vehicle normalized to a distance of D is:

| 1
et @™

—~dz+ [ ——da.
./D s(z) Tt 1, s(x) *
‘The speed is assumed constant over the sensing region resulting in:
i (la +1,)
O) = 7 2.20
! D+ l). ( )

This is the non-dimensional value of occupancy for one vehicle normalized to a distance

D. The relationship between traffic concentration and occupancy is assumed to be:

k=gxO0, (2.21)
indicating that g (the “speed factor”) scales between the occupancy value scale [0,1/04]

and the concentration scale [0,1]. Using,

s = constant

Iy = 6(feet)

I, = 18(feet/vehicle)
D = 5280(feet/mile),

12



produces g = 220 (vehicles per mile). This is the value that RTMIS uses to convert

the fractional occupancy to concentration.

At the present time the RTMIS is using a single constant with data averaged over
one minute to define a linear relationship between speed(S) and the ratio of volume
(V) to occupancy (0)

_60xV

S (2.22)

gx 100
where ¢ = 220. While this estimate js computationally simple, it depends on the
accuracy of the estimate of vehicle length and sensitivity length of the loop detectors
both of which are statistical properties. Since any traffic flow contains a mixture of
vehicles of various lengths, the g factor is really an empirical constant that is to be
determined for a particular set of loops. The empirical nature as well as the sjte
and occupancy dependency of the value for g have been topics of several publications
[PH88, HP88). It is this empirical value issue that limits the utility of this method.
To calibrate g, a means of measuring the time and spatially averaged mean speed
is needed (typical single vehicle measurements using close].y spaced paired loops or
travel time estimates from license plate tracking produce single vehicle speeds). The
correlation method developed here addresses this issue. The delay and approximate
mean speed are estimated independent of the mean values for volume and occupancy.
This independent speed estimate can then be used to calibrate ¢ for a particular site
over a range of occupancies. Ounce this calibration is jn place, the mean speed using
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volume and occupancy measurements can be produced with greater accuracy.

This section has described two different methods for determining mean traffic speed
from the data available from the inductance loop system. The first method uses a cross
correlation technique that provides an estimate of interloop travel time from which
speed is estimated. This estimate is independent of the mean volume and occupancy
values. The second method used the ratio of mean volume to mean occupancy, with
an empirical constant to provide a speed estimate. The computationally expensive
independent speed estimate from the correlation technique can be used to calibrate
the empirical constant, and provide a more accurate estimate of speed from the vol-

ume/occupancy ratio.

2.3. Speed Factor Calculation (g)

RTMIS and the Traffic Systems Management Center (TSMC) compnters use the vol-
ume /occupancy ratio technique to estimate speed, and therefore an accurate value for
the speed factor is very nmportant. To improve the estimate of speed from volume
and occupancy, the speed factor g must be estimated for each loop station {HP88]. To
do this, time averaged volumes (V) and occupancies (O) as well as estimates of mean
speed must be made simultaneously at each of the sites. The speed factor at the “ith”

site can then be estimated,

Vi 1
g = (a_) x5 (2.23)



However, the speed factor is also a function of occupancy as well as location. So the

estimate of speed from volume and occupancy should be written,

Vi 1
S,' = (5:) x g;(O,-)' (2.24)

The site and occupancy dependency of g is examined in more detail in the following
section.

If an accurate empirical relationship between the volume/occupancy ratio and speed
can be developed using g, then the speed estimates from RTMIS will be more accurate
and reliable. Further, other quantities that depend on the estimation of speed (such

as total travel time) will be more reliable with an accurate estimate of speed.

2.4. Total Travel Times

One of the important pieces of information travelers need to make decisions is the
estimated travel time between their starting point and their destination. The RTMIS
estimates this total travel time using speed estimates along the route of travel. A speed
estimate is available at each set of loops; and if the speed of traffic is assumed to change

linearly between stations, the speed as a function of position is written,

Sigr — 8§

s(z) = s; + . (2.25)
Tipy — I
The travel time betwcen any two stations located at x; and r;4; is:
T4} 1
i+l = dr. 2.26
Tit1 /:.- s(z) T ( )
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Now define,

As = Sip) — Si (2-27)
Ar =Tip — L; (2.28)

and the travel time can be written:

r /Im L (2.29)
it = ——a T T A
* 7 st 517%:‘

Integration results in:

Ax As
Tigl = -Z_l—l” (.‘l: + .~.-t->

-
; A (2.50)

Applyiug the limits,

w2 (&) ro) - (n(E) ) e

Now, if a linear transformation is used, each Tiy1 can be used for total trip time

estimates.

z =0 (2.32)
Tigi — (@41 = @) = Auw (2.33)
results in:
A v
=2 i) _ 2
Tik = R n( o (2.34)

This result, while analytically correct, is difficult to implement numerically in the arca
where v; & vi3; and Av & 0. However, nmeh of the operating cuvelope for the RTMIS

16



is in this region. To overcome this difficulty, expand the result as a (Taylor) power

series:

Congd 1 @of (1 N @ety 1 N ;
T'+I_ZA.L{T'.‘+:+T’.+ 3 (”-’+:+Ua) * 5 Mg+ 1y (2'3',)

It is noteworthy that this series expansion Las none of the wumeric difficulties inherent

i the analytical result, particularly in the most likely region of operation for the
RTMIS project. In addition, these polynomials can be evaluated quickly, providing a
computationally cheap estimate of travel time.

The number of terins used in this series will have an effect on the accuracy of the

resulting travel time estimate. The percentage error in the estimate is:

i (A'“)Zu 1 2n+1
2n 41

Cigp v

(v, 0,4) = || =222 x 1), 2.36)
+ A.'I,'! (LS|
Av ”( v )

Numerical experiments indicate that the use of three terns in the series provides a
maximum error range between 3% and 4%. An additional five terms (total eight)
reduces this only by 1%. Tlese ranges are approximate since the error depends on
several variables as well as the region over which the travel time is being estimated.
Travel time between stations can be estimated using the three term polynomial,
and the total travel time (T) between two sites will be the s of all the travel time

estimates (7,4) for the stations between Lhe sites.

T=3 14 (2.37)
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where

1 (Au)2 1 3 (Av)‘ i 5
i R 2 | |
Titl Az {”i+1 + v + 3 (veu " v.') + 5 —— (2.38)

Using this technique, the total travel time between any two sites, beginning and ter-

minating at stations, can be calculated. This technique provides a means to produce

the trip time estimates needed for traveler information support.

2.5. Summary

This section on theory has developed the foundation for improving travel time estimates
from inductance loop data. It presents four principal themes. First, it reviewed a
correlation technique to estimate inter loop travel times independent of the mean values
of volume and occupancy. Second, it discussed the estimation of speed using two
methods: (1) the direct ratio of cross correlation estimated time delay to distance;
and (2) the use of the ratio of volume/occupancy using an empirical constant {speed
factor g). Third, a method that uses the correlation technique with measured volume
and occupancy, to improve the accuracy of speed estimates by producing a site specific
value of g, was presented. Once an accurate rﬁ_ea.n traffic speed can be predicted, this
speed estimate can be used to estimate total trip time between distant point within
the highway system. And finally, this section presented a detailed calculation scheme

to provide an accurate travel time estimate for a set of speed estimates.
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3. Methodology

This section presents the methodology used in both data acquisition and data re-
duction. Data from many locations on Interstate 5 (I-3) north were recorded during
this effort. Once recorded, the data was transferred to the University of Washington
(UW). At the UW, the loop data is reformatted and analyzed to produce estimates for
quantities such as time averaged volume, occupancy, speed, and speed factor. In this
section, the mechanics and format of the data acquisition are first detailed. Then the

methodology used for the estimation of the the speed factor function is presented.

3.1. Data Formats and Contents

This section gives an overview of the data formats and contents. At many sites on
I-5 where there are stations consisting of inductance loops and “cabinets” containing
microprocessors. Metropolitan Seattle uses two types of loop sensor stations: (1)
mainline-type stations and (2) ramp-type stations. The first type is a set of loops that
estimates volume and occupancy on the mainline of the ffeeway. The second type of
loop station collects mainline data, ramp data and controls the ramp meter signal.
This distinction is important to this project because each type of station is polled by
a different computer. In either case the loops {one per lane) are sampled 60 times per

19



second to determine if the inductance of the loop indicates the presence or absence of

vehicles.

The first of two possible measurements is the number of initial activations per
second. The value is between 0 and 3 and is the number of transitions from the
“off” state to the “on” state, indicative of the number of cars that passed over a loop
during this second. The second measurement is the total number of samples that
were in the “on” state for that second. The vehicle count is be used to derive volume
(vehicles/hour) and the total “on” period count to derive occupancy (the fraction of

time a loop is occupied).

These two numbers are encoded and sent via modem to TSMC. The encoding is:
the two most significant bits (msb) are the count (0-3); and the six least significant
bits (Isb) are the number of activations (0-60). Each 8-bit byte is followed by a parity
bit for error detection. This results in an effective 9-bit data communication scheme
(see Figure 3.1). Nine-bit data communications is a very unusual scheme and requires

special data acquisition programming. A series of 8 bytes (9 bits each) is transmitted,

msb lsb
8 K 6 5 4 3 2 1 0
1 ]
Count (0-3) Activations {0-60) Parity

Figure 3.1: TSMC data byte bit format.
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and then a byte consisting of the “exclusive or” of all 8 bytes is transmitted. A sample
from a station is therefore a “frame” of nine bytes (9 bits in each byte, see Figure

3.2). Northbound and southbound samples are transmitted at one second intervals.

1 2 3 4 5 6 T 8 XOR
byte | byte | byte § byte | byte byte { byte | byte § byte

Figure 3.2: TSMC data frame byte format.

Each sample is transmitted on a one half second boundary. The result is a two 9 byte
frames per second. This is the “raw” data from the inductance loop system that will

be analyzed.
3.2. Data Acquisition, Decodihg, and Reduction

This section describes the methodology used to obtain the inductance loop data from
the I-5 corridor. It also describes the decoding of the information as sent back from
the on-road cabinets. It then examines the data reduction logic used to estimate travel

time between loop stations.

3.2.1. Data Acquisition and Decoding

The on-road data is normally received by a Perkin-Elmer (PE) computer located at
TSMC. This project neceded access to data directly from the field stations, and so a
separate computer was used for data acquisition. The statjon data, identical to the
data received by the PE, is provided to this alternatjve computer by a parallel modemn

21



connection. Unfortunately, because the PE is in control of polling the stations, the
data acquisition computer used can only receive the resulting data from the parallel
modem asynchronously. The lack of control or synchronization signal means that the
data is initially recorded on disk but must later be synchronized and decoded off line.

To get a representative sample that includes both morning and evening cominute
periods, loop data is recorded for 24-hour periods at up to five sites simultaneously.
This information (approximately 1.5 megabytes per station per 24-hour period, or
about 10 megabytes per measurement) is transmitted via phone line from TSMC to
the UW where it is analyzed. The first step in the analysis is to decode the binary
data into volume and occupancy values. To decode the data, the data files must first
be synchronized for all the stations being used. The logic behind aligning the data in

the 9 byte frame is:

The “exclusive or” (xor) operation is applied *.o the first 8 bytes of the
data stream and is compared to the 9th byte. If the results are the same
the operation is done again to verify the alignment. If the xor result and
the 9th byte differ, the entire process slides one byte forward in the data
stream (e.g. the 2nd through 9th bytes are examined and compared to the
10th byte.) This process is continued until the two sequential frames align.
The alignment is continuously checked dﬁring the decoding process, and an
error is flagged if the xor result and the Oth relative byte are not identical
(this can happen several times in a 24-hour period due to communication
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or other errors in the cabinets).

The data acquisition and decoding portion of this project required a software de-

velopment effort, in particular “C” language routines were developed as follows:

Custom operating system kernel modifications to deal with the 9-bit data com-
munication.
e Custom terminal line handlers for data transmission to the UW.

* Routines for simultaneous data acquisition on multiple I/O ports.

Routines to decode the binary data and verify the checksum byte.

The data acquisition requires recording data for 24-hours at one second intervals
from up to five loops per site at five sites. This implies each measurement consists of 7.5
megabytes of data and 1.5 megabytes of timing signals that are required to guarantee
the synchronization of the data channels. Once recorded at TSMC this data is sent
back to the UW over 2400 baud modem connection. The initial physical connection to
the sites, data verification, recording and transfer takes a minimum of 2 weeks per site,
assuming the loops, amplifiers and TSMC modems are operatling properly. In mnany
cases the requirement for one second data from five sites simultaneously and for the
entire 24-hour period requires repair of the TSMC infrastructure (e.g. replacing field
and base amplifiers and modems). When hardware failures in the TSMC infrastructure
occur it can take as much as three weeks to get into the repair schedule and have the
repairs accomplished. Once the repairs have been affected data recording can proceed.
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Once the data has been transferred to the University of Washington and decoded into

one-second volume and occupancy values, it is analyzed using M atlab™ procedures.

3.2.2. Data Reduction

The goals of the data reduction process for this project are:

1. Determine average transit times between loops.
2. Estimate the speed of traffic.

3. Estimate the speed factor g.

This scction presents the steps used to accomplish the goals. These functions were
implemented using MATLAB procedures. Figure 3.3 shows a block diagram of the
data reduction process.

The individual lane loop data at one-second intervals is spatially averaged across the
highway. The value of spatial averaging is primarily in the low occupancy periods. If a
Jane-by-lane value is used, the lane volume over extended periods may be very small,
while the total traffic flow on the highway (which is what the spatial average measures)
may be significant. In the work presented here, a spatial average across the principle
tanes (excluding HOV lanes) is used. The one-second volume data from TSMC is
then averaged for five seconds. This is done so that there is sufficient information
to examine the flow of traffic {e.g. in one second only a few cars can (V < 3} pass
over the loop). The fluctuation about some mean value is the information that is of
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Figure 3.3: Data reduction logic

interest in this study. The time-average provides a realistic mean value for volume.
The time-averaged data points are then divided into ensembles, typically 64 points in
length. This provides a five minute record of the volume fluctuation at each loop set.
The ensemble is then mean centered by forming the mean value over the ensemble and
subtracting that value from each point. This results in a zero mean time ensemble
at each loop sct (see equation 2.4). This time ensemble is used to estimate the CCF
(equation 2.5) from which the CCCF (equation 2.6) is derived. The delay peak in the
CCCF is located using the technique described in Section 2.1. This delay time is used
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with the known loop separation (Az) to make a speed estimate at the ith location and

the jth time,

CCF _
S =

éi”_-‘. (3.1)

Tij

The speed estimate (S 0), based upon the ratio of volume/occupancy, is constructed
using time averaged volume and occupancy and RTMIS’s value of 2.2 for the speed
factor. The volume and occupancy values are produced by averaging over the same
five minute period that is used for the CCF technique measurement. Using the two
estimates of speed, the speed factor for each period at a site can be estimated,

vo
gi; = 2.2 % -Sfélﬁ- (3.2)
i

This is the improved value of g for the ith site and the jth time. Implicit in the time
dependence is the occupancy dependence (since an estimate of occupancy can be made
for each time point). This dependence is examined in more detail in the Section 4
Results. A mean value for a site can be made by averaging over all N of the : time

samples,

i

Ly
0= 9 (3.3)
N 1=1 ’

in the 24-hour period (N=288). This is the improved estimate of g that can be used

by the RTMIS for real time speed estimation.
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3.2.3. Summary

This section has summarized the methodology used in this project. The data, as
received from the traffic management center inductance loop equipment, contents, and
formats were described. The data acquisition and decoding algorithm were presented.
The functional blocks necessary to estimate delay time, speed, and speed factor (g)

were outlined. The results of this data reduction are presented in the next section.
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4. Results

This section presents the results of the data reduction effort. The goal of this effort is to
unprove speed and travel time estimates made using inductance loop data. These esti-
mates depend on the use of a cross correlation technique; therefore the results of cross
correlating inductance loop data to estimate inter-loop travel time is presented first.
Second, a mean traffic speed estimate using the cross correlation derived transit time
is presented. This speed estimate, which is independent of the mean volume and occu-
pancy values, is then compared to that based on the conventional volume/occupancy
ratio technique. This comparison allows for the improvement of the speed factor con-
stant used by the conventional technique. Finally the effect of geographic location on

the speed factor is presented.

4.1. Overview

The cross correlation technique used to estimate inter-loop travel times implicitly as-
sumes thaf the time series being cross correlated have the same time base. As men-
tioned in subsecction 3.1 the system has two type of stations mainline-type and rarmp-
type each polled by different computers. In examining delay estimates, the mainline-
to-mainline and the ramp-to-ramp cross correlations are deemed most reliable, however
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ramp-to-mainline cross correlations are used when they are the only delay estimates
available. Table 4.1' shows the numeric labels for the stations, their location (based
on the mile marker), direction of traffic (north, south or both) and the type of con-
troller (ramp or mainline). Data from a series of contiguous stations was recorded and

processed to estimate the delay times. The set of measurements made is summarized

in Table 4.2.

4.2. Delay Estimates

The time series from cach loop location in a measurement set can potentially be cross
correlated with the other members in that measurement sct. This means that if four
sites are recorded, there are six possible delay estimates. Figure 4.1 shows this rela-

tionship pictorially.

Station
1 2 3 4
A N B L C N
- D i
- E
- - >

Figure 4.1: Possible delay estimates.

The data presented in this work is based on a five-second average of the time

11 the case of stations marked with “*” results are not presented due to equipment failures.
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Table 4.1: Inductance loop station description.

ﬂStation Mile Marker | Directions | Type "

ID
6.5% 165.49 N,S Mainline I]
7.0 165.80 N,S Mainline ||
8.0* 166.34 N,S Mainline ||

| 9.0 167.00 N,S Mainlineﬂ

f 9.6 167.30 N,S Mainline
10.0 167.70 N,S Mainline ||
10.1 168.00 N,S Mainline |
10.2 168.30 N,S Mainline
10.3 168.80 N,S Mainline
10.4 169.20 N,S Mainline
10.6 169.20 S Ramp
il.0 169.40 S Ramp
11.4* 169.20 N Ramp

i 11.6 170.00 S Ramp
12.0 170.25 N,S Mainline
12.4 170.80 S Ramp

130 170.80 N Ramp
15.0* 172.15 S Mainline
15.4 172.15 N,S Mainline
16.0 172.65 N,S Ramp
16.2 172.90 S Ramp
16.4 172.90 N Ramp
17.0* 173.30 N,S Mainline
18.0 173.75 N,§S Ramp
18.4* 174.15 N,S Mainline
18.8 174.60 S Ramp
19.0 174.60 N Mainline
20.0 175.10 N,S Mainline
21.0 175.50 N.S Mainline

|l 21.6* 176.10 S Ramp

H 23.0* 176.70 N.S Mainline

[ 23.2* 177.20 NS Mainline
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Table 4.2: Measurement set.

t Station 1D’s Date B
6.5-7.0-8.0-9.0 02/03/92
9.6-10.0-9.0 08/02/91
10.0-10.1-10.2-10.3-10.4 01/06/92
11.0-10.6-10.3-10.2 10/21/91
[[11:4-11.6-12.0-12.4-13.0 02/18/92
[ 15.0-15.4-16.0-16.2-16.4 04/22/92
[ 16.4-17.0-18.0-18.4-18.8 05/26/92

F8.8-19.0-20.0-21.0-21.6 06/11/92, 06/21/92

23.0-23.2 11/28/91

dependent volume counts. Tt requires approximately five minutes of data to construct
the ensembles for use in equation (2.5). However, the next time delay estimate can be
made as soon as the next five-second average volume count 1s available. This means
that the resolution of the time delay cstimate is equal to the averaging tine of five
soconds. The fine time resolution possible with the cross correlation technique provides
2 mechanism to estimate mean vehicle speed on a near real time basis. For illustrative
purposes, this report presents the delay estimates that do not overlap in time and are

on a time scale more appropriate to examine large scale traffic phenomena.

For the purposes of demonstration in this report, the cross correlation coefficient was
constructed and used to produce delay estimates every five minutes for 24-hour periods.
An example of these time dependent delay estimates for one site is shown in Figure
49, The actual analysis produces such a delay verses time history for every possible
pairing of stations (e.g. there are 62 possible such time histories for the measurement
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set outlined in Table 4.2). However, delay estimates from widely separated stations

(c.g. separations grater than 1.5 miles) are unlikely to produce valid delay estimates.

The validity of the delay estimate is related to the maximum value in the CCF. In
the work presented here, the delay estimate is deemed invalid if the CCF peak value
is less than (0.4). The CCF maximum va];les for the same example time period are
shown in Figure 4.3. A significant number of the CCF estimates do not meet the
criteria mentioned above and are not used in any subsequent calculations. These delay

estimates are used with the interloop distances to provide speed estimates.

a5 - T d T

as| . N
30] A

pAY 4

201+

Delay in Seconds

15

10+

h] 10 15 20

Time in Hours

Figure 4.2: Delay verses time.
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Figure 4.3: Maximun value in the cross correlation coef-
ficient function.

4.3. Speed Estimates

The mean traffic speed is estimated using the interloop distance and the cross corre-
lation travel time measurement in equation (2-13). The speed estimates for the same
24-hour period presented above are shown as “+” symbols in Figure 4.4. The speed
estimates for each site using the “g” value accepted by the local traffic management
system are also shown as solid lines in figure 4.4. From the comparison of the vol-
ume /occupancy based speed estimate to the measured speed in Figure 4.4 it can be
concluded that the volume/occupancy ratio with the existing constant (based on an as-
sumed vehicle length) does not accurately predict the mean speed. The speed results
suggest that the use of the cross correlation technique to estimate a mean speed factor
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could provide a mechanism to improve speed estimates available from single inductance
loops. The utility of the cross correlation technique does depend on certain assump-
tions, the most important being the “rigidity” assumption. The rigidity of the traffic
flow is directly related to occupancy. As occupancy increases, the traffic flow becomes
compressible; and the fluctuation about the mean volume count will not propagate
rigidly between the sites. The time dependent occupancy value for each of the sites is
shown in Figure 4.5. A comparison of Figures 4.3 and 4.5 reinforces the idea of the
occupancy dependence of the rigidity assumption. Figure 4.6 explicitly demonstrates
this relationship and is based on road data that is a composite of a number of days
of measurements that estimate (7o) over a range of occupancies. It is clear that at
high occupancies, the 0.4 criteria placed on the CCF maximum value is unlikely to
be inet. It can be concluded that at high occupancies the CCF maximun value is
reduced, and eventually reaches a point where the delay peak can no longer be readily
identified. Since the maximum value of the CCF depends on the rigidity assumption,
the higher the occupancy of the highway, the less valid the assumption becomes, The
cross correlation technique provides a speed estimate independent of the mean volume

and occupancy values but is constrained to operate in regions of modest occupancy.

An improved speed factor estimate for use by traffic management and informa-
tion systems can be made by combining the speed estimate from the cross correlation
techmique with equations (3.2) and (3.3). Using equation (3.2), the speed factor as a
function of time, for the demonsiration data, is presented in Figure 4.7. The apparent
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time dependence of the speed factor is actually related to the changes in occupancy
over time. Figure 4.8 shows the speed factor as a function of occupancy. The mean
values of g; = 2.0 and g5 = 3.0 from equation (3.3) are 10% lower and 36% higher than
the 2.2 value presently used by the traffic management and information systems. It is
clear that a constant value for the occupancy to density conversion coefficient {or speed
factor) is an approximation that is invalid at high and very low occupancies [H1P88];
however, it is an approximation used by traffic management and information systems.
As such, having the best estimate for this coefficient for each inductance loop site can
improve the speed estimates available to travelers and traffic management personnel.
With quantitative knowledge of the occupancy to density converston (or speed fac-
tor}, speed estimates that use the mean values of the volume and occupancy are possi-
ble. Since the inductance loop measurements are time averaged volume and occupancy,
the abi]it& to use these quantities to accurately estimate speed is of great value to traffic

management systems that rely heavily on inductance loop sensors.
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4.4. Speed Factor as a Function of Location

The work just presented provides a method to estimate the occupancy to density con-
version factor, or speed factor. This factor has different values at different geographic
locations on the highway. To use the volume and occupancy data at a particular set of
loops, the value for the speed factor for that site must be determined. In this work, 23
sites (north and south bound stations where available) are examined and the value of
g is estimated. Figure 4.9 displays the estimated mcan g values for the sites at which
measurements were made. The station 1D number on the ordinate axis matches the
values from the first column of Table 4.1. Table 4.3 lists the northbound and south-
bound mean g values for the stations considered in the report. In examining Table 4.3,
two items must be considered: (1) some stations have loops only in the northbound
or southbound lanes; (2) the value for g is present only if the number of observations
in which p(ro) > 0.4 is greater than 25. The second criterion removes estimates that
come from station pairs that do not produce a valid delay peak for a large fraction of

the observation time.
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Table 4.3: Speed factor as a function of location.

Station | Northbound | Southbound
d D “g g
7.0 2.3 -]
6.0 25 24
9.6 2.5 3.6 4*
10.0 2.2 2.9
10.1 2.7 2.7
10.2 2.1 2.3
10.3 3.2 3.0
10.4 2.4 -
10.6 - 36
11.0 - 1.8
11.6 - 3.7
12.0 31 3.0
12.4 - 2.8
13.0 2.3 -
154 2.7 2.5
16.0 2.5 22
16.2 - 2.4
16.4 2.4 -
18.0 2.6 T
13.8 - 5.0
19.0 2.5 -
20.0 2.6 2.6
21.0 2.0 2.2
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5. Conclusions and Recommendations

This section presents conclusions concernling (1) the validity of the estimation of inter-
loop travel time and speed using cross correlation techniques, and (2) the conclusions
about the occup;mcy to density conversion. Finally, recommendations on methodolo-
gies for the use of speed factors and loop data with traffic information systems are

made, and future possible work is suggested.

5.1. Conclusions

Conclusion #1. The cross correlation technique produced valid CCF peak values
only in the low (0-15%) range of occupancy values. This is true because the notion
of using the CCF estimate depends on the assumption that disturbances to the mean
value of the volume count propagate rigidly between the measuring stations. During
high occupancy periods the perturbations to the traffic volume count do not propagate
rigidly, and therefore the cross correlatjon technique has a limited range of occupancies
over which it is applicable, However, within the lower occupancy range, the cross
correlation technique provides a valnable tool for estimating mean speed indcpendent

of the mean vohime and occupancy values.
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Conclusion #2. The volume/occupancy speed estimate used by traffic manage-
ment and information systems depend on the conversion of occupancy to density. Using
the classic flow/density /speed relationship, the conversion betwecen occupancy and den-
sity can be made if the speed can be independently estimated. The cross correlation
speed estimate is such an independent measurement in that it docs not depend on
the mean value of volume or oeccupancy. This report presented the value of the occu-
pancy to density conversion (“g") determined using the ohserved volume, occupancy,
and speed. The value of speed factor was shown to vary with time as a result of the
change of occupancy with time. The value of speed factor as a function of occupancy
was presented. [t was concluded that in the 5-10% occupancy range, a mean value is
representative of the “g” to occupancy relationship. It was also concluded that outside
this range a single mean value was an inadequate representation of the “g" occupancy
relationship. The existing traffic management and information systems in Seattle nse
a single value for the occupancy density conversion, and the mean value of “g” will

provide an improved estimate of speed using volume and occupancies.

Conclusion #3. The value for the occupancy to density conversion constaut
(speed factor) depends on the topography of the highway. This in turn means that
the value for the speed factor is site dependent. This site dependency was considered
by calculating the speed factor at a number of sites. Mean values for the speed factor
were calculated for 17 northbound and 17 southbound locations. These values should
provide improved speed estimates for management and information systems using single
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loop volumes and occupancies to estimate traffic speeds. While these mean values are
actually only valid over the 5-15% range of occupancy, they do provide a geographically

specific value for the mean value of the speed factor.

5.2. Recommendations

Recommendation #1. The cross correlation techuique speed estimate is reliable
only in low to modest occupancy ranges. Some other technique is needed to provide
the occupancy to density conversion at high occupancies if the volume/occupancy
ratio speed estimate is to be the basis for traveler information systems. Preliminary
rescarch shows that a predictor technique such as a Kalman predictor with speed as
one of the state variables might be the next logical step. This predictor would use the
occupantcy /density conversion applicable to the modest occupancy range to estimate
the observed speed but would used the filtered estimate of the speed in updating the
state vaniables. This would provide a mechanisin that produces a speed and oCcupancy-
to-density conversion that is time dependent and is driven by the recent history of traffic
conditions.

Recommendation #2. Only if a new technique that can provide a reliable esti-
mate of speed over a wider range is developed and this technique is dependent upon
the calibration possible using the cross correlation technique should further calibration

efforts be made.
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