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Executive Summary

Travel times on arterial streets provide an excellent performance measure
for urban street networks. Travel time also plays an increasingly impor-
tant role in advanced traffic management schemes, such as route guidance
and corridor control. It is costly, however, to gather arterial travel times
over an urban network, at least before the promising new vehicle detection
technologies (e.g., Automatic Vehicle Identification) become cheaper and
are widely implemented. It is therefore of great interest to estimate arterial
travel times using data provided by existing detection technologies, such as
inductive loop detectors.

This report documents our latest effort toward developing an arterial
travel time model using data from conventional control/detection technolo-
gies, namely loop detectors and the Econolite ASC/2 controllers. Chapter 1
of this report briefly describes the geometric and control features of the study
site, where travel time data were collected using the floating car method.
Chapter 2 outlines the three-step procedure used to develop and validate
arterial travel time models—data analysis, model development, and model
evaluation. Chapter 3 defines a new quantity, journey speed, to replace
travel time in subsequent analyses, explores the relationships between travel
times, journey speeds and spot speeds, and studies journey speed patterns
over various time scales: weekly, daily, and at 15-minute intervals. Chapter
4 investigates which traffic flow and traffic control parameters affect journey
speed patterns most. Chapter 5 develops a number of journey speed mod-
els based on the results of Chapter 4, and Chapter 6 compares the newly
developed models with two existing models. Chapter 7 summarizes major
findings.

We found that average journey speed, the inverse of average travel time,
is generally different from average spot speed obtained from the formula
spot speed = constant*(flow/occupancy). The data indicates that
between these two speeds there is a strong correlation at low speeds (0-15
mph) and virtually no correlation at high speeds (>25 mph). The median
and variance of journey speeds for each link are rather constant across weeks
and days. For one link they vary considerably over short (15-minute) time
intervals (link County Road C2-County Road C, where a lane downstream
was closed during data collection.)

Among numerous traffic flow and control parameters, critical volume/capacity

ratio, signal offset and the width of the green band (the latter two are closely
related) have major impacts on journey speeds, and are therefore good can-
didate variables in travel time models. Eventually, two models are proposed:
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one uses the critical volume/capacity ratio as the explanatory variable (v/c
ratio model) and the other uses spot speed as the explanatory variable (spot
speed model). Offset or greenband width was not used because too few ob-
servations were available in the data. The v/c ratio model yields better
results in the high-speed range and the spot speed model produces satisfac-
tory results in the low-speed range. The two models are therefore combined
through a weighted average to form a third model: the combined model. Af-
ter calibration, the combined model was compared with two other models,
one developed by the ADVANCE project team (the Illinois model) and the
other by British researchers (the British model). Results show that the com-
bined model produces similar or better results than the other two models
despite its much simpler model structure.

The limited evaluation results indicate that the proposed model is promis-
ing and can be used in the current generation of traveler information sys-
tems, where journey speeds are divided into a few ranges and each range
is represented a unique color on a road network display map. For full field
implementation of the proposed models, however, a number of issues need
to be addressed. These issues are 1) how well the model applies to links with
different geometries and controls, 2) how well it handles special events such
as lane closures caused by accidents, and 3) how to extend the link journey
speed model to route journey speed. We shall deal with these issues in our
future research work.
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Chapter 1

Background

Travel time is an important parameter for evaluating the operating efficiency
of traffic networks, assessing the performance of traffic management strate-
gies, and developing real-time vehicle route guidance systems. Timely and
reliable travel time data for an entire road network will be required to carry
out envisioned operational tests of Advanced Traveler Information Systems
(ATIS) and Advanced Traffic Management Systems (ATMS) in the Min-
neapolis/St. Paul area. Travel time can be obtained in a number of ways.
They can be measured directly using probe vehicles or advanced detection
technologies (e.g., Automatic Vehicle Identification [AVI], Automatic Vehi-
cle Location [AVL], and video image processing), or estimated indirectly
from traffic data provided by conventional detection technologies, such as
inductive loop detectors. Because direct measurement of travel time is usu-
ally costly and often requires a new type of sensors, a more cost-effective
method is estimation using traffic data, particularly data provided by loop
detectors already in place in most signalized arterials and freeways.

There are reliable methods for estimating travel time on freeways using
loop detector data. The interrupted nature of traffic flow on arterial routes,
and numerous other factors that affect travel time on arterial links, however,
make the estimation of travel time on arterials a much more challenging
task. There have been attempts to utilize loop detector data (particularly
occupancy) and signal timing parameters to estimate arterial link travel
time (e.g., Gipps 1977; Gault and Taylor 1981; Young 1988; Takaba et al.
1991; Sisiopiku and Rouphail 1994). Despite the varying degrees of success
achieved by these studies, few of the models developed to date have been
applied to real world situations. The main reasons are two-fold: some of
the models require traffic data that are not or cannot be routinely collected

1



2 CHAPTER 1. BACKGROUND

from loop detectors, such as the arrival time of a vehicle at a detector and
some of the models are site-specific and cannot be applied to other locations
without recalibration.

In recognition of the need for an effective yet inexpensive way to estimate
arterial travel time, Mn/DOT has sponsored a research project to develop
a travel time estimation model using loop detector data. This project com-
prises of two phases. Phase I involves literature review, data collection and
database development, and Phase II deals with data analysis, model devel-
opment and validation. Data collected in Phase I include road geometry,
travel time, detector outputs (volume and occupancy), turn volumes and
signal timing. The results for Phase I has been summarized in the final re-
port to Mn/DOT (Zhang, et. al. 1996) and won’t be repeated in any detail
in this report. We would, however, summarize some of the key features here
for readers’ benefits.

The data were collected at a site located in Roseville, Minnesota, where
a 1.4 mile long route comprising of 4 links and 3 intersections was selected
(Fig. 1.1) . Figs. 1.2 to 1.6 show the detailed information on road geom-
etry and detector layout. The selected route, Snelling Avenue, is a major
North-South arterial connecting metropolitan Minneapolis/St. Paul and its
northern suburbs. A large trip attractor, the Rosedale Shopping Center, is
also located near the study site.

Traffic at this location peaks from 7:00 am to 8:00 am for south bound
traffic, and from 4:00 pm to 6:00 pm for north bound traffic. The data
collection, therefore, was carried out in two periods: a morning period from
6:00 am to 9:00 am and a evening period from 3:30 pm to 6:30 pm. 10
weekdays of data in two consecutive weeks was collected and processed,
producing a data base called MnLink. Tables 1.1 and 1.2 show the distances
and average travel times from each intersection to the others.

Table 1.1: Link distances, in ft

Dist. Glenhill | Lydia | Cnty Rd. C2 | Cnty Rd. C | Cnty Rd. B2
Glenhill 0 2020 3270 5730 7410
Lydia 1970 0 1250 3710 5390
Cnty. Rd. C2 | 3220 1250 0 2460 4140
Cnty Rd. C 5620 3700 2450 0 1680
Cnty Rd. B2 7410 5440 4240 1840 0




Table 1.2: Average travel time at a prevailing speed of 45 mph, *=SB

JT (sec.) | Glenhill | Lydia | Cnty Rd. C2 | Cnty Rd. C | Cnty Rd. B2
Glenhill 0 30.6x 49% 87 112x
Lydia 30 0 19« 56% 82%
C2 48 19 0 37« 63+
C 85 56 37 0 25%
B2 112 82 64 28 0
60 ft 50 ft 50 ft
1680 ft 2400 ft 1200 ft 1970 ft | =
b
0
y> Snelling Avenue —» NB
54
2 O 3
g g 2 .
> 2 2 el
S S S .

Figure 1.1: Link lengths of selected site
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Chapter 2

Research Methodology

The primary objective of this project is to build an accurate, yet simple and
transferable arterial travel time estimation model for Mn/DOT. Arterial
link travel time is defined as the time that a vehicle takes to travel from
the upstream of a link to the upstream of the successive downstream link
(refer to Fig. 2.1 for definition of an link used in this study). Each arterial
link usually comprises of several lanes and lane movements—through, left
turn and right turn. Travel time for each of these lane movements can differ
significantly. Ideally, travel time data for all the movements on a link should
be collected, and models can be developed for estimating movement-specific
link travel times. However, such an undertaking demands more resources
for data collection and is beyond the scope of this project. As a result,
only travel time for through movements was collected in the first phase.
Moreover, the movement of observer vehicles during data collection was not
restricted to a specific through lane, thus our travel time data are not lane
specific but averages for all through lanes. The travel time models that we
are going to develop are intended to estimate average link travel time for
through traffic on arterial routes.

A fundamental difference between arterial and freeway travel time esti-
mation lies in the presence of intersections on arterial streets. Travel time of
a vehicle can, depending on if the vehicle is stopped by a signal, vary a great
deal even when traffic are at similar demand levels. It is therefore important
to consider, in addition to traffic demand, the effects of signal operations
on travel time. Which signal timing parameters, or combinations of them,
should be included in a travel time estimation model and what form this
model should take, however, needs careful analysis.

In Phase I of this project, we have identified among various travel time

9
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Q.ocations to record time readings for link (i,j) )
l \ i
| I
| . \

Link  (i§)

Figure 2.1: Definition of an arterial link

studies five major approaches tor arterial travel time estimation: regression,
dynamic input-output, pattern matching, sandglass, and BPR. These ap-
proaches encompass a variety of travel time estimation models with diverse
data requirements and application ranges. Despite the theoretical attractive-
ness of the pattern matching and dynamic input-output models, they have
limited applicability to arterials whose traffic surveillance systems cannot
provide short interval traffic data. The sandglass models, like the pattern
matching and input-output models, also require traffic data (queue length)
that cannot be provided by existing surveillance systems. The BPR models,
on the other hand, only need volume data routinely supplied by loop de-
tectors, but the accuracy of these models are not satisfactory for dynamic,
short-term traffic management applications. Compared with the other four
approaches, the regression approach is more versatile because it makes use
of readily available traffic data and is capable of taking into account various
factors that affect arterial travel times. It is this approach that we shall use
in this project.

When regression is used in model building, there is often a danger of
regressing anything against everything else. Such a practice inevitably leads
to superfluous, non-transferable models. To avoid this danger, one must
conduct a thoughtful analysis on the collected data to find the causal rela-
tionships among traffic variables. The insights provided by such an analy-
sis, together with known traffic engineering principles, can then be used to
guide the development of meaningful regression models. We shall refer this
analysis—specification~calibration and validation model-building process as

S I I N R B Ea
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the system identification approach, and explain in detail how it is realized
in this project.

1. Analyze traffic data

Before any travel time estimation models are developed, it would be
necessary to perform a thorough analysis of the traffic data that have
been collected. This analysis serves several purposes. First, it helps
identify travel time patterns and reveal how these patterns differ from
one location to another and from one day to another. Second, it helps
identify the key traffic parameters that affect travel times. Finally, it
helps ferret out the relationships among traffic variables other than
travel time, which in turn can lead to simpler models.

We would carry out this analysis in two steps. The first step studies the
statistical properties of arterial travel times and looks for any travel
time patterns that can be exploited in later model development. For
example, if the travel time on a link has a stable pattern over days in
the same time period, historical travel time data can then be used as a
default in the absence of real-time estimates. It can also be combined
with currently estimated travel times to improve the reliability of these
estimates, or compared with current travel times to detect abnormal
traffic conditions.

The second step examines the relationships between travel time (the
dependent variable) and other traffic variables (explanatory variables),
as well as relationships among the explanatory variables. Link travel
time typically comprises running time and stopped delay at a signal.
Running time is largely dependent on average flow speed, link length,
and traffic composition. In the absence of special events such as ac-
cidents or adverse weather conditions, running time is expected to be
fairly stable and predictable. The variations in travel time therefore
come mainly from stopped delays, which are much harder to predict.
Factors that influence stopped delays are numerous—traffic demand
level, traffic composition, turn movements, signal timing, intersection
layout, and so forth. For example, good signal progression could make
platoon of vehicles travel through a couple of intersections without
stops, which leads to no or little signal delays and therefore shorter
link travel times. As a result, one would expect that link travel time
would be somewhat related to signal offset, a parameter that deter-
mines the level of progression. By performing statistical analyses on
the data, we would be able to find out how these factors and Jor their
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combinations influence travel time.

Although the factors that affect arterial travel time are numerous,
many of these factors are not completely independent of each other.
For example, volume and occupancy are strongly correlated. The
green splits of a signal cycle in a traffic-responsive control plan are
also related to the demand level at various approaches. Finding such
relationships can help reduce the number of variables in a model and
avoid multicollinearity in model specification. It also helps develop
estimators of those variables that are not directly available from field
data but play important roles in determining arterial travel times.

. Develop improved travel time models

The data that we have collected allow a richer model specification than
many of the previous studies can do. The data include turn counts
(left and right turns), signal plans, stopped delays at intersections,
occupancy and volume in shorter time intervals (five minutes). All
this information could be utilized to develop a more accurate travel
time model. The accuracy of a model may be increased by consider-
ing as many factors as one can. This, however, would certainly make
the resulting model more complex and harder to calibrate, and might
obscure the effects of each independent variable on travel time. Be-
cause the explanatory factors are not completely independent of each
other, we can exploit their inter-relationships to reduce significantly
the number of variables in the model, while retaining its accuracy. For
example, the intersections where our data were collected are under
traffic-responsive signal control. This control calculates a traffic flow
index CLEV (Computed LEVel) based on a combination of factors
(e.g., volume and occupancy), and generates a timing plan according
to this index. As such we would expect that the green splits in a signal
cycle are closely related to the demand and occupancy levels of various
approaches. Rather than putting all the variables including volume,
occupancy, and green splits into a regression model, we may use vol-
ume/saturation flow rate (degree of saturation) and cycle length to
replace the green splits, such that the model has less variables but
retains the same explanatory power as the model that includes green
splits. Or we might even find that the CLEV index is as good an ex-
planatory factor for travel time as volume and occupancy combined.
In that case, we would obtain a much simpler model of travel time
based on the CLEV index.
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Of particular interest to traffic management centers is the accurate
estimation of travel time under abnormal traffic conditions, because it
is precisely at such times that travel time information is more useful to
travelers. These abnormal traffic conditions can be caused by traffic
accidents, signal failures, or other special events, all of which are here-
after referred to as incidents. To accurately estimate travel time under
incident conditions, one has to consider carefully the traffic patterns
generated by these incidents. For example, a mid-block lane-blocking
accident may cause congestion at the upstream intersection but not
at the downstream one. Because of this fact, a link travel time model
that uses only traffic data from the downstream intersection on a link
may not be able to produce reliable travel time estimates when the
link has a mid-block lane-blocking accident. Under such a situation, a
model that uses detector data at both intersections would have a bet-
ter chance of capturing the impact of a mid-block accident on travel
time. We would explore various model specifications capable of cap-
turing the effects of incidents on travel time. The resulting model, if
successfully developed, would in turn aid the future development of
arterial incident detection algorithms based on travel time.

Model building certainly involves experimentation. Based on the in-
sights provided by analyses of the data and previous studies reviewed
in Phase I of this project, various model specifications will be explored.
Careful attention would be given to model accuracy, simplicity, and
transferability. Other factors, such as availability of data in field op-
erations, would also be considered during the model-building process.

. Validate the developed models

The developed models will undergo limited laboratory evaluation be-
fore they are tested in field operations. The planned laboratory testing
comprises two steps. The first step evaluates the models’ performance
using data collected at the same site but on different days. The second
step, depending on the availability of data, tests the models’ accuracy
and transferability to other sites. A number of existing travel time
models will also be calibrated using the MnLink data set and their
predictions be compared with the newly developed models.

Through model validation and comparison, we hope to find the weak-
nesses of the newly developed models and continue to address those
weaknesses and improve the models as our research progresses.
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Chapter 3

Travel time/journey speed
patterns

3.1 Journey speed versus spot speed

Before proceeding with our analysis, we first define a new quantity, journey
speed, to replace travel time. The journey speed u; of a link j is simply the
length of the link divided by the time required to traverse that link. In our
subsequent analysis, we use the journey speed rather than travel time of a
link to indicate the level of congestion on that link. This substitution has

several advantages:

1. it allows comparison of congestion levels between links of different
lengths,

2. it is intuitive to travelers and consistent with the congestion indicators
used on the freeway network, therefore are applicable to integrated
traffic management systems,

3. it possesses nicer statistical properties for analysis'.

Tt should be noted that journey speed is different than the travel speed
measured by paired loop detectors, which we refer hereafter as spot speed.

1The travel times are not normally or Gaussian distributed. After a Box-Cox transfor-
mation, the transformed data are normally distributed. Therefore we can make inference
with predetermined confidence regarding some useful properties of the data. This trans-
formation turns out to be the inverse of the travel time, which has a natural interpretation

as average travel speed.

15
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Journey speeds take travel delays at intersections into account, and are usu-
ally smaller than speeds measured by loop detectors (this will be discussed
further in sections below).

Because spot speeds are often more readily computable than journey
speeds, it is often an enticing idea to substitute journey speed with spot
speed for arterial traffic, as one usually does for freeway traffic. This ap-
proach, however, generally does not work. Although there is a relationship
between spot speeds and journey speeds under certain traffic conditions,
great care needs to be taken to substitute one speed with another.

Before presenting the results obtained from analyzing the MnLink data,
we first show the procedures for estimating spot speeds from volume and
occupancy information measured by inductive loop detectors.

We know that the occupancy measured by a detector, o is proportional
to the local density p

o=100Lp (3.1)

where L is the average effective vehicle length of the traffic stream that
passed the detector during the sampling interval T. This length comprises
two parts: vehicle length and the length of the loop detector. Assuming an
average of 14 ft for a vehicle and 6 ft for a loop detector, we have L = 20ft.
This would yield

0=0.379% (3.2)

From traffic flow theory, we also know that flow rate ¢, density p and
local space mean speed u observes the following relationship

g=up (33)

Based on Eqgs. 3.2 and 3.3 we can calculate the local speed for a single
lane as

u= 0.379% (3.4)

For multilane traffic, we average the speeds obtained using Eq. 3.4

T=5 > u (3.5)
i=1

where N is the number of lanes in an approach for which travel time is
measured.
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Figure 3.1: Journey speed vs. spot speed, SB C2 to C link
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It is clear from Fig. 3.1 that spot speeds overestimate journey speeds
when there is no congestion, and the relationship between them are rather
weak (Fig. 3.2). This is not surprising because spot speed measures average
speed at a fixed point, where faster traffic tends to be over-represented
than slower traffic. On the other hand, journey speed measures the average
speed over a length of road way, where both slow and fast portions of the
journey are duely represented. It should be noted that at lower speed range,
however, spot speeds underestimate journey speeds. This is because for
congested traffic, queues in front of a signal leads to fairly low spot speeds
that do not take into account the travel speed during the unstopped portion
of the journey.

LV: journey speed
SPV: spot speed derived from detector information

307 LV=SPV

—a g wi—a— LV=f(SPV) .

LY_LaC2

10 - - - -

30 40 50 60 70 80 90
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Figure 3.2: Journey speed vs. spot speed, SB Lydia to C2 link
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Spot speed is nonetheless very useful information for predicting con-
gestion on arterial links, and should be fully utilized. Rather than direct
substitution of journey speed with spot speed, one can develop the nonlin-
ear relationship, as evident in Fig. 3.1, to estimate journey speed from spot
speed. This would, based on the analysis of MnLink data, produce reliable
estimate of journey speed for congested traffic. It does not, however, give
good estimates of journey speeds for uncongested traffic (see Fig. 3.2). Be-
cause it is prcisely the congestion information that we are seeking, the latter
does not appear to be a severe limitation for practical applications.

3.2 Journey speed patterns

Traffic in urban areas often has distinctive patterns. For example, there are
usually two peak periods, the morning and the evening peak, when traffic
demand is high. In fact, these patterns are more or less rather stable over
time for many locations unless significant shifts in demand or special events
occur. Stable traffic patterns over time yield higher predictability for travel
time and would be first examined in this analysis.

We study journey speed patterns using a tool called bozplot, a plot based
on gquartiles?, median and extreme values. A boxplot contains a box (con-
sisting the 25% and 75% quartile), the median (a thick line within the box),
whiskers (the minimum and maximum values excluding extreme values) and
extreme values. Extreme values include outliers (values within 1.5-3 box-
length from upper or lower edge of the box), and extreme values (values
more than 3 box-length away from the upper or lower edge of the box).
Apart from these information, a box-plot also conveys information about
spread and skewness.

The following sections present the results obtained from analyzing jour-
ney speeds on route Glenhill — C2 and links Lydia — C2 and C2 - C for
south bound traffic. The analysis was carried out separately for morning
and evening traffic because of our prior belief that these two periods would
have different traffic patterns.

3.2.1 Weekly patterns

Figs. 3.3 and 3.4 show the average journey speeds in weeks 1 and 2 for
route Glenhill to County Road C. While the median journey speeds in the
morning are generally higher than those in the evening, they are not much

" 2Quartiles are values that divide a sample into four equal-sized groups
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different across weeks in either morning or evening. It is noted that morning
journey speeds appear to have larger variations than evening journey speeds
(normal plots indicate that morning journey speed is normally distributed,
while evening journey speeds is nearly normally distributed).

Similar conclusions can be drawn for link journey speeds on links Lydia
to C2 and C2 to C (Figures 3.5 to 3.8). Some differences, however, exist.
Median journey speeds in morning and evening periods for link Lydia to C2
are nearly identical. But for link C2 to C, morning median journey speeds
are higher than evening median journey speeds. Furthermore, the journey
speeds on C2-C link have large variances and skewed distributions in both
the morning and evening periods.

These figures clearly show that the daily averages of journey speeds on
the chosen site are stable over weeks. Next we examine if average journey
speeds change significantly across weekdays.

3.2.2 Daily patterns

The daily average journey speeds for links Lydia to C2 and C2 to C are
shown in Figures 3.9 to 3.12. These patterns have strong resemblance to
the weekly patterns: for each period (morning or evening), a link’s daily
average journey speeds are not much different across days. They differ
between periods for some links (link C2 to C) and show very little difference
for other links (link Lydia to C2).

3.2.3 Short interval patterns

We have studied patterns of long time averages (weekly and daily) of route
(link) journey speeds, and found that these averages are stable across weeks
and weekdays. We now examine the journey speed patterns in shorter time
intervals. To ensure a representative short time average, we use 15 minute
time intervals in our analysis. Figures 3.13 to 3.16 show the boxplots of
journey speeds on links Lydia to C2 and C2 to C in 15-minute intervals
for both morning and evening traffic. The median journey speeds for link
Lydia to C2 are rather constant in both morning and evening periods. Those
for link C2 to C, however, are drastically different between morning and
evening, and between different times of day. There is a clear peak period in
the morning when journey speeds are significantly lower than other periods.
The evening median journey speeds for this link are rather low and constant,
but variations of evening journey speeds are fairly different across periods:
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Figure 3.3: Weekly pattern, AM route journey speed, Glenhill to C

the scatter is much narrower in the peak period than the non-peak periods®.

The wide scatter of journey speeds at some periods can be attributed
to the fewer number of travel time observations made in those time peri-
ods. Depending on if the observing vehicle stopped at the link intersection,
journey speeds can vary significantly in light traffic conditions. The few
observations made under such conditions therefore could differ a great deal,
resulting in large variations in journey speeds. When traffic is congested,
on the other hand, the observing vehicles following the flow are more repre-
sentative of stream travel times, thus leads to smaller variations in journey
speeds.

The box plots have shown distinctive journey speed patterns in short
time intervals. If these patterns could be related with appropriate traffic
flow and signal timing patterns, models can be developed to predict journey
speeds, therefore travel times using those traffic parameters. We will exam-
ine in the following sections, that how much of the journey speed patterns
are explainable by traffic flow patterns and signal timing parameters.

3Perhaps the variance to mean ratio is a better measure of scatter than just variance.
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Figure 3.10: Daily pattern, PM link journey speed, Lydia to C2
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Figure 3.11: Daily pattern, AM link journey speed, C2 to C
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Figure 3.12: Daily pattern, PM link journey speed, C2 to C
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Chapter 4

Factors that affect journey
speeds

We have seen in Section 3.2 that journey speeds for arterial links have dis-
tinctive patterns over time (in 15 minute intervals). This chapter attempts
to anwser the question that how much, if any, these patterns are related to
traffic demand patterns and intersection signal settings. For brevity, we will
skip the detailed statistical analysis procedures and present only the results.
Since our ultimate goal of this research is to build a travel time estimation
model for short term travel time prediction, we limit our analysis to the
demand patterns over a short time interval (15-minute).

4.1 Traffic low patterns

This section studies the effects of three parameters on journey speeds. These
three parameters are total demand, maximum lane occupancy and traffic
distribution across lanes. The total demand is obtained by adding all the
demands for the two through lanes, maximum lane occupancy is the larger
occupancy of the two through lanes, and traffic distribution is described by
a ratio between the minimum through lane traffic flow and the total through
lane flow.

Because link Lydia to C2 is the immdediate upstream link of link C2
to C, we would expect that the demand and occupancy patterns for both
links are similar if traffic could travel without being interrupted by the two
intersections at C2 and C. In the morning period, the demand patterns for
both links are indeed resemblant: both have a distinctive peak period around
8:00 am with similar peak flows (Figs. 4.1 and 4.2). The corresponding

29
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journey speeds for both links during this period, however, are strikingly
different (Figs. 3.13 and 3.15). Journey speeds on link Lydia to C2 is much
higher during this peak period than those on link C2 to C in the same time
period. In fact, journey speeds on link Lydia to C2 are marginally different
than those in non-peak periods despite that the demands are much higher
in the peak period than in the non-peak periods. The variation in journey
speeds, therefore, cannot be fully explained by demand patterns alone. If
we look at the maximum lane occupancy for both links, we would find that
the occupancy level for link C2 to C is rather high ( in the range of 30 to
60) during the peak period, while the occupancy level for link Lydia to C2 is
fairly low (below 10) during the whole morning period (Figs. 4.3 and 4.4).

Why does there exist such large differences between journey speeds of
two links with similar demand? The answer lies partially in how traffic is
serviced at the two link intersections, intersection C2 for Lydia to C2 and
intersection C for C2 to C. To support this argument, we calculate the traffic
distribution across lanes by dividing the lowest lane volume with the total
lane volume for the two through lanes at both intersections. Figs. 4.5 and
4.6 show the lane distributions of traffic flow during the morning peak for
the two through lanes. The distribution for C2 to C link is fairly unbalanced,
with one lane sharing about 80 to 90 percent of the total demand; while that
for link Lydia to C2 is much more balanced, with a 40 to 60 percent share
among lanes'. Because one lane at C is not fully utlized, the demand for
intersection at C exceeds its operating capacity, leading to long delays and
lower journey speeds.

Although the evening traffic patterns are not as distinctive as the morn-
ing patterns (the peaks are more spread), they tell roughly a similar story:
demand levels at both links are similar, but occupancy and lane distributions
are quite different for the two links, with link C2 to C having high occupancy
levels and low journey speeds throughout most of the time periods (Figs.
4.7 to 4.12).

4.2 The influence of signal offsets

It is clear from Section 4.1 that traffic demand patterns cannot fully explain
the journey speed variations for certain links. This is not surprising because,

11t is known to us that a lane closure 500 ft downstream of intersection C caused the
unbalanced traffic distribution across lanes. For automatic incident detection or journey
speed estimation, however, such information is not available apriori and parameters such
as lane traffic distribution could be used to infer about occurances of incidents or lane
closures.
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as we discussed in Chapter 2, that the periodic interruption of traffic flow by
intersection signals is a key factor affecting arterial travel times, therefore
journey speeds. This section studies the effects of one signal parameter,
offset, on journey speeds.

Signal offset is a parameter that controls the initiation or ending of green
of a particular phase in a signal timing sequence such that a platoon of
vehicles can travel through a series ¢/ intersections without stopping. Well
coordinated signals can provide good progression for traffic in the designated
offset direction and usually lead to fewer number of stops and higher journey
speeds.

The three intersections at the study site are controlled by a master con-
troller and three local controllers operating under traffic responsive mode. In
this mode, the controllers gather volume and occupancy information from
system detectors and calculate four paramters: CLEV (computed level) ,
COFT (computed offset), SPL/SF (split/special function) and ART/NRT
(arterial /non-arterial). These parameters are then used to determine the
cycle level (CYC, 1-6), offset (OFT, 1-3) and split (SPL, 1-4) (C.0.S.)
combinations that map traffic conditions with one of 64 predetermined sig-
nal timing plans.

The following analysis uses data from July 15, 1997. There are six traffic
signal plan changes during the morning period on this day, which is shown
in Table 4.1, and three signal plan changes in the evening period, which is
shown in Table 4.2.

Table 4.1: Signal plan changes, morning traffic, 7/15/96

trans. time | CLEV | COFT | SPL/SF | ART/NRT | c.o.s | cycle (s) | offset
6:14 am 2 A 1 ART 6.1.1| 75 1
6:36 am 3 A 1 ART 30 - -
6:38 am 3 1 1 ART 3.2.2 1120 2
7:22 am 4 1 1 ART 4.2.2 | 134 2
8:46 am 3 1 1 ART 3.2.2 | 120 2
8:48 am 3 A 1 ART 30 - -

There are four C.0.S and ART/NRT combinations in the morning:
611/ART, 30/ART, 322/ART and 422/ART, producing two types of offsets-
1 (Average) and 2 (favors south bound); and two combinations in the
evening: 311/ART and 433/NRT, yielding two kinds of offsets-1 (Aver-
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age) and 3 (favors north bound). TRP pattern 30 appears to be a buffer
plan for signal transitions and is not associated with an offset type number
or a cycle length.

Table 4.2: Signal plan changes, evening traffic, 7/15/96

trans. time | CLEV | COFT | SPL/SF | ART/NRT | c.o.s | cycle (s) | offset
3:18 pm 4 A 1 ART 3.1.1| 120 1
5:36 pm 4 A 1 NRT 433|134 3
6:31 pm 4 A 1 ART 3.1.1 | 120 1

Assuming that the local cycle starts at the beginning of mainline green,
and the green time of the coordinated phase is the maximum green time
allocated to that phase (we do not know the actual actuated split utiliza-
tion), we sketched the time-space diagrams for the three intersections with
various assumed traffic progression speeds (Figures 4.13-4.18). The cycles
in these figures are normalized to 1 and all the parameters such as offsets,
green time are expressed as percentages of a cycle.

The offset implemented during 6:00-6:36 am is derived from the COS
611/ART pattern. With an assumed progression speed of 65 mph, the green-
bands for both south and north bound traffic are shown in Fig. 4.13. We
can see from this figure that south bound traffic has a progression band of
about 10 percent of the cycle, but north bound traffic has a very narrow
progression band. Considering the traffic is heavier in the south bound di-
rection, this offset clearly favors south bound traffic. Journey speeds during
this period of time (Figs. 3.13 and 3.15) also confirm that this offset is
adequate for good traffic progression in the south bound direction.

From 6:36 am to 7:22 am, there are two offsets used. One is derived
from TRP pattern 30/ART , and the other from TRP pattern 322/ART.
The first offset lasted only 2 minutes, which does not warrant a detailed
examination. We sketched the time-space diagram for the second offset in
Fig. 4.14 with an assumed progression speed of 55 mph. This offset is
intended ensure a good progression for southbound traffic. The figure shows
that south bound traffic has a progression band of about 10 percent of the
cycle, but the progression band for north bound is virtually non-existent.
Lydia to C2 has a maximum progression band for south bound traffic, which
breaks at C, while C to C2 has a sizable progression band for north bound
traffic, which breaks at Lydia. If we compare the progression bands at C2
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and C with the journey speeds at these two links during this period (Figs.
3.13 and 3.15), we can see that wide progression band at C2 corresponds to
high journey speeds for link Lydia to C2 while narrower progression band
at C corresponds to lower journey speed for link C2 to C.

The offset made another transition at 7:22 am. This new offset, used
till 8:46 am, is derived from pattern COS 422/ART. With an assumed pro-
gression speed of 45 mph (this is the default offset progression speed in the
master controller), the progression bands are shown in Fig. 4.15. This offset
is designed to provide maximum progression for peak south bound traffic.
The actual progression from Lydia to C, however, is almost non-existent.
To the contrary, it is the north bound traffic that enjoys good progression.
This is not surprising if we consider the lane traffic distribution at C during
the peak period. What happened here was that the lane closure downstrean
of C led to long queues at C that broke the signal progression. It is clear
that the progression band from Lydia to C2 is at its maximum. This good
progression at C2 makes things worse for C: it discharges large amount of
traffic to C. With one lane closed, C spent most of its time in the peak
period to service queued-up vehicles (Fig. 4.15), leaving no room for good
progression. This is clearly reflected in the low journey speeds on link C2
to C during this time period.

There are two offset changes from 8:46 to 9:00 am. One is transiti-
tion from 422/ART to 322/ART, and the other from 322/ART to 30/ART.
The first transition is rather brief. The second offset, derived from pattern
322/ART lasted about 12 minutes. With an assumed progression speed
of 55 mph, the south bound progression band provided by the second off-
set is about 18 percent of the cycle length, while that for north bound is
about 6 percent of the cycle length (Fig. 4.16). The good progression for
south bound traffic in this case is interesting. This is partly due to the
fact that south bound traffic demand around 9 am decreased to such a level
that County Road C is no longer a bottleneck, thus the master controller
was able to produce a good progression band for this demand level. This
strongly suggests that the master controller does not have the capability of
adaptively changing its timing plans to handle incident conditions.

In the evening periods, all offsets used provide no or very narrow pro-
gression band for south bound traffic (Figs. 4.17 and 4.18). As in the
morning period, progression from Lydia to C2 is good, while from C2 to C
is poor. This correlates strongly with the low journey speeds on link C2 to
C throughout the evening period.

Figs. 4.19 to 4.29 give a general picture of the relationships between
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7/15/96 6:30 am, C.0.S 6.1.1, assumed progression speed: 65mph
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7/15/96 8:00 am C.0.S 4.2.2, assumed progression speed: 45mph
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Figure 4.16: Signal offsets, 8:48-9:00 am
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7/15/96 16:00 PM C.0.S. 311, assumed progression speed 45mph
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journey speeds, v/c ratio (volume to capacity ratio), signal offset and occu-
pancy for different C.0.S. values at the three intersections. Overall, wider
greenband widths are associated with lower v/c ratio, smaller occupancy,
and greater journey speeds. The dependence of journey speed on greenband
width, however, is not one to one: any bandwidth that is greater than the
minimum bandwidth required for good progression for a particular traffic
pattern would yield roughly the same journey speeds.

Because the objective of any good control is to minmize traffic delay, one
would observe high journey speeds under any demand patterns if the control
is adequate. There are many occasions, however, existing control plans fail
to handle a surge of demand or a reduction of road capacity, which often
leads to a dramatic reduction of journey speeds. Our analyses in this chapter
show that we can pick up clues from traffic paramters such as occupancy,
v/c ratio and greenband width to tell if such events have occured in traffic.

COS =30, progression speed =45 mph

Southbound COS = 61 1, progression speed = 55 mph
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Southbound COS = 311, progression speed = 45 mph

Southbound COS = 322, progression speed = 55 mph
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Figure 4.21: Journey speed, v/c ra-
tio, occupancy and greenband width
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Figure 4.22: Journey speed, v/c ra-
tio, occupancy and greenband width
at COS 322
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Figure 4.23: Journey speed, v/c ra-
tio, occupancy and greenband width
at COS 422

Figure 4.24: Journey speed, v/c ra-
tio, occupancy and greenband width
at COS 433
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Southbound COS =522, progression speed =45 mph Southbound COS = 533, progression speed = 45 mph
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Chapter 5

New journey speed models

This chapter describes the development of various arterial journey speed
models. The analyses of Chapters 3 and 4 indicated that journey speed
has rather stable patterns across weeks, week days and short time intervals
if there are no incidents that disrupt these patterns, and that variations
in journey speed cannot be fully explained by variations in flow patterns
alone—Ilinks with similar flow patterns can have drastically different jour-
ney speeds. Other factors such as signal offset and /or greenband width and
critical lane v/c ratio play an important role in explaining these speed vari-
ations. Furthermore, we found a strong correlation between journey speeds
and spot speeds estimated from detector data under congested traffic con-
ditions. Under light traffic conditions, spot speeds and journey speeds are
uncorrelated, with spot speeds usually higher than journey speeds.

These findings provide strong clues to what should be included in an ar-
terial journey speed estimation model. They do not, however, tell us what
specific form should be adopted for the model. The selection of an appro-
priate model and the calibration of its parameters is subject to engineering
judgment and experimentation. The remainder of this chapter describes the
preliminary results in developing and evaluating an arterial journey speed
model based on critical v/c ratio and estimated spot speeds.

5.1 Journey speed models

It has been shown in our previous analysis that critical v/c ratio, occu-
pancy and greenband width! are the main factors that affect average link

1The width of a greenband is directly related to signal offset. Although greenband
width has a sizable impact on intersection delay (therefore link journey speed), the limited

45
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journey speeds. These factors are therefore natural candidate variables in
an arterial journey speed model. Before determining model specifications,
we first describe how some of these variables are computed from collected
traffic data.

The journey speed of a link [ is defined as

L

U = —
t;

where L is the length of link ! and ¢; is the link travel time of the ith

observation.
There are two ways to calculate mean journey speed. One is

_ 1
’Uraz"zul
na

(the arithmetic mean), and the other is
nL

=s (5.1)

Ug

(the geometric mean).

The geometric mean is also called the space-mean speed in traffic engi-
neering literature. In our calculations, the space-mean speed is used as the
average journey speed (uq > ug).

The spot speed, derived from the relationship between traffic flow and
concentration, is calculated from detector measurements:

q '
U= = 5.2
( )

where flow rate g is directly measured by a loop detector, and the concen-
tration p is obtained from detector occupancy measurement o using

= 100Lp (5.3)

where T is the average effective vehicle length of the traffic stream that
passed the detector during the sampling interval T. This length comprises
two parts: vehicle length and loop detector length. Assuming an average of

number of changes in bandwith significantly reduces the prediction power of this input
because a wide range of journey speeds exist for each bandwidth. Greenband width is
therefore not used in the journey speed models.
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14 feet for a vehicle and 6 feet for a loop detector, we have L = 20ft. This
would yield

0= 0.37% (5.4)

Unlike journey speeds, which reflect travel conditions over an entire link
in a time period, spot speeds measure travel conditions near the location of
a detector.

Another quantity that needs to be calculated is critical v/c ratio. Sup-
pose a link ! has n through lanes, each with saturation flow rate S;,i =
1,---,n and allocated green time g;,7 = 1,---,n. The flow on lane 7 is ¢;,
and the cycle length at the downstream intersection of link [ is C. The
critical v/c ratio for link [ is then:

& C
(2) = max % = max (qz ) (5.5)
¢/ critical =l \ € i=1,-n \ S;g;

5.1.1 The data

A total of ten days of traffic data were collected for four links: two
northbound links on Snelling Avenue (from County Road C to County Road
C2 and from County Road C2 to Lydia) and two southbound links (from
Lydia to County Road C2 and from County Road C2 to County Road C).
The data collection periods in each day are 6:15 pm— 9:00 am and 15:45 pm—
18:30 pm. These data were originally collected in five-minute intervals, then
aggregated into 15-minute intervals for model-building. After aggregation,
the total number of observations are reduced to

4(links) x 10(days/link) x 6(hours/day) x 4(data points/hour) = 960
data points

Each data point comprises average travel time, mean journey speed,
occupancy, flow rate, offset, cycle length, green splits and so forth.

The 9552 data points are then grouped into three data sets: the first set
consists of data (averages) from the first five days (Data Set 1), the second
set comprises data (averages) from the second five days (Data Set 2), and
the third set consists of the averages of the entire ten days (Data Set 3).
Next we use Data Sets 1-3 to calibrate and validate various journey speed
models.

2There are five data points missing from the original observations.
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5.1.2 The v/c ratio model

The analyses carried out earlier indicates that volume/capacity ratio
strongly affects travel times, and therefore journey speeds. Our first attempt
is therefore to develop a journey speed model based on critical v/c ratio.

Mean journey speeds and v/c ratios for the three data sets are shown
in Figures 5.1-5.3. It can be seen from these figures that a nonlinear curve
can be used to fit journey speed and v/c ratio data. The following function
is selected:

'I_l.yc_ =us— aefs (5.6)
where uy, o and 3 are parameters to be determined by minimizing the differ-
ences between estimated mean journey speed @z and observed mean journey
speed . ‘

50 50
45r 45
40t 40
35t ast
301 30
§25 .§.25
”20 m20
15 15
10 10
5t 5
oO 20 40 GOV/C MbBO I(AXJ 120 140 0 20 40 Govlc mﬂo 100
Figure 5.1: Data Set 1 Figure 5.2: Data Set 2

The parameter values obtained through the curve-fitting of three data
sets are listed in Table 1, and the resulting speed-v/c ratio curves are shown
in Figures 5.4-5.63. It should be noted that the parameter us describes the
free flow speed on arterial streets, which is about 50 mph on the selected
Snelling Avenue links.

5.1.3 The spot speed model

As v/c ratio increases to a certain critical point, the delay at an intersection
becomes a major component of link travel time. One therefore would expect

3{a,b,c] in Figures 5.4-5.6 correspond to [a, 8, uy] in the text.
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Table 5.1: Estimated parameters of Z ratio models
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v/c ratio

Figure 5.3: Data Set 3

model

cali. data a B8

us

Model 1

Data Set 1 | 6.199 | 0.01431

49.74

Model 2

Data Set 2 | 7.119 | 0.01352

51.90

Model 3

Data Set 3 | 6.032 | 0.01462

49.94
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Model 1: [a, b, cJ=[6.199, 0.01431, 49.74]

o(> 20 40 60 80 100 120 140
v/c ratio

Figure 5.4: Curve-fitting using Data Set 1

Model 2: [a, b, ¢]=[7.119, 0.01352, 51.9]
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Figure 5.5: Curve-fitting using Data Set 2
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Model 3: [a, b, c}=[6.032, 0.01462, 49.94]
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Figure 5.6: Curve-fitting using Data Set 3

that average speeds measured by a detector located near the intersection on
a link largely determine the average journey speeds on that link. Figure 3.1
appears to confirm this hypothesis.

Rather than using Eq. 5.2 to calculate spot speeds for each time interval
and average them afterwards, the following formula is used to calculate mean
spot speeds for each time interval:

g = 037922 % (5.7)
° 22: 0
where 1 is the number of observations in each time interval.

The calculated average spot speeds and journey speeds are plotted in
Figures 5.7-5.9. Spot speeds clearly overestimate journey speeds in light
traffic, but closely match journey speeds in congested traffic when speeds
are below 15 mph.

5.1.4 The combined model

To improve the reliability and accuracy of the estimated journey speeds,
we combine the journey speed estimates from the v/c ratio model and the
spot-speed model into a single estimate:

Ue = vz + 1- ’)’)ﬁ% (5.8)



52

estimate
N
(4]

n
(=]

10

@, © 7 i
o
S 0
° o o ©8
. 4
.
g o
- -
o
-
(o] //
9 . © |
SN
° .7 o A
)o’/ @
‘O’/@ ¢} B
00” %
P
P J
e
'
-
- J
e
e
e
0 10 20 30 40

Figure 5.7: Spot speed vs. journey speed, Data Set 1

estimate
N
om

20

Figure 5.8: Spot speed vs. journey speed, Data Set 2

CHAPTER 5. NEW JOURNEY SPEED MODELS

measured speed

S0

T T soo . i
°"°@’oooo/ﬂ” i
6W’o% s &
% 4 e -
& // [¢]
0o B _
o -
[} //
e
° s O 7
°© d
o g o ° i
yo)
-
w® 7 4
[ 34
P
o,
5 ~
-
/p 3
7
-
e
- ]
,
e
e
10 20 30 40 50
measured speed



5.2. MODEL VALIDATION 53
50 T o o >
e -
< {:g ﬁ &
45 ) QQ‘)M (e
I
40t oo“D % /./
o 78
35t PRGN
<} ///
cl’30- e °
2 ° .
525 co /// o%
o Ve o]
® 20t 8‘,/ °
15 o,/(,;o;;o o
0r ///
st 7
//./
00 10 40 50

20 30
measured speed
Figure 5.9: Spot speed vs. journey speed, Data Set 3

We can select from a number of choices for v: we can choose v =1 for
light traffic and v = O for heavy traffic, or simply use v = % The latter
represents the average of the two estimates and has been adopted in this

project for its simplicity.

5.2 Model validation

We first evaluate the accuracy of the v/c ratio model. Remember that
the v/c ratio for Model 1 was calibrated using Data Set 1, therefore we
use Data Set 2 to evaluate Model 1. The result is shown in Figure 5.10.
Similarly we use Data Set 1 to validate v/c ratio Model 2 and Data Set 3 to
validate v/c ratio Model 3. The results are shown in Figures 5.11 and 5.12,
respectively.

Estimated journey speeds above 30 mph are relatively accurate. The
largest estimation error occurs in the 20-30 mph range, which is also true
for journey speed estimates using flow and occupancy. This is not sur-
prising if one considers that in this speed range traffic is typically in rapid
transition—either from an uncongested regime to a congested regime or vice
versa. Under such conditions, the delay part is not fully captured by either
the detector information or the nominal signal timing parameters. More
traffic information is needed to improve estimation accuracy in the transi-
tion region.
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Figure 5.11: Testing Model 2 with Data Set 1
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Figure 5.12: Testing Model 3 with Data Set 3

Next we validate the combined models using the three data sets. Figure
5.13 shows the results of evaluating Model A (which combines Model 2
and the spot speed model) using Data Set 1. Clearly this combined model
is an improvement over the v/c ratio and spot speed models because the
estimation errors of the two latter families of models tend to cancel each
other. The validation results for two other combined models (Model B is a
combination of Model 1 and the spot speed model; Model C is a combination
of Model 3 and the spot speed model) are shown in Figures 5.14 and 5.15.
They are nearly identical to Figure 5.13.

Although the models need to be significantly improved in the transition
region, they appear to perform adequately for the first generation traveler
information systems in which traffic conditions are divided into a number
of ranges and are displayed on colored maps. For example, if we divide
arterial journey speed into three ranges: [0,15), [15,30] and [30,45] (mph),
the combined models can estimate average journey speed quite satisfactorily
(See Figure 5.16 in which most of the data points fall within the shaded
boxes).
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Figure 5.13: Testing combined Model A (Model 2 and spot speed) using

Data Set 1

Figure 5.14: Testing combined Model B (Model 1 and spot speed) using

Data Set 2
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Chapter 6

Model Comparisons

This chapter compares the performance of the combined model (hereafter
referred to as the Jowa Model) with a number of existing models, includ-
ing the travel time models developed by Gault and Taylor (1981, hereafter
referred to as the British Model) and by Sisiopiku and Rouphail (1994, here-
after referred to as the Illinois Model). The reasons that we choose these
two models are 1) they are of the same type (regression) as the Jowa Model,
2) their inputs are readily available or computable from the MnLink data
set and 3) they represent the state-of-the-art in the estimation of arterial
travel times using loop data.
The functional forms for the three models are:

the British Model
t=a0+b (6.1)
where £ is the average link travel time. 0 is the average detector occu-
pancy. a and b are parameters dependent on undt (undelayed travel
time), z (degree of saturation) and pdu (downstream green ratio over
upstream green ratio).

ao + a1 X undt +az X T+ a3 X pdu (6.2)
b = bp+ b1 xundt+be xx+ b3 X pdu (6.3)

the Illinois Model
T = undt + delay (6.4)

where T is link travel time, delay is determined by

delay = (o + B1 X detloc+ B2 X 0 + B3 x grnrat (6.5)
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where detloc is the ratio of detector setback to link length, o is detector
occupancy, grnrat is the green ratio (green time over cycle length). 31,
B2, B3, B4 are regression parameters.

the Iowa Model

spd = %(spdv + spdo) (6.6)

where
spdv = c—ae”® (6.7)
spdo = 0.379% (6.8)

where a, b, ¢ are parameters, z is degree of saturation, g is flow rate,
o0 is detector occupancy.

6.1 Calibration procedure

These three models uses a variety of traffic parameters. Some parameters,
such as occupancy and flow rate, are readily available from the data set,
while some others, including green ratio and degree of saturation (v/c ra-
tio), needs to be computed from other data in the data set. We shall list
all the involved variables and their definitions, and for those that need to
be computed from raw data, how they are calculated. First, the variable
definitions:

e link travel time, T, in second

e undelayed link travel time, undt, in second

e detector occupancy, o, percentage

e degree of saturation, z

e downstream green ratio over upstream green ratio, pdu
e ratio of detector setback to link length, detloc

e green ratio, grnrat

e link flow rate, ¢, in veh/hr

e link travel speed, spd, in mi/hr

Next, the computation of certain variables:
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e undt = 53265(?‘% where L is link length (feet), V; is free flow speed
(assumed to be 50 mi/hr)

o= 9— where C is cycle length, S is saturation flow rate (as-
sumed fo be 2000 veh/hr).

e pdu = -;13 where gq and g, are green time of downstream and
upstream intersections respectively

e grnrat = % where ¢ is downstream intersection green time and
C cycle length.

To perform both calibration and comparison of the selected models, we
divide the traffic data for northbound links C-C2, C2-L and southbound
links L-C2, C2-C into two subsets: subset one (Data Set 1) contains the
data collected in the first five days and subset two (Data Set 2) contains the
data collected in the next five days. For each link, data collected in the same
15-minute time interval on different days are averaged within each subset.
The average journey speed on each link is then calculated

3600L;

d' = ———
P4 = 5oR0T;

where T, is the five-day average of link travel times on link 3.
Finally, the least squares procedure is used to obtain the parameters for
the three models. The error to be minimized is

error=J Z(spd spd;)? (6.9)

where sﬁdi is the estimated speed.
The obtained parameters and the residual errors are listed in Tables 6.1
and 6.2.

6.2 Comparisons

It is clear from the calibration results that among the three models, the
Towa Model has the minimal residual errors. The British model has slightly
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Table 6.1: Calibrated parameters of the three models using Data Set 1

Models parameters €rrors
British Model | [ao, a1, a2, as]=[5.62, 0.0659, -1.04, -6.33] | 4.57

bo, by, ba, bs]=[-29.90, 1.17, 18.46, 24.49]
Tllinois Model | |Bo, B1, Bz, B3]=|32.22, -37.48, 2.11, -46.79] | 7.04
Iowa Model a, b, c]=[6.50, 1.40, 49.98] 4.02

Table 6.2: Calibrated parameters of the three models using Data Set 2

Models parameters errors
British Model | [ao, a1, a2, a3]=[6.85, 0.1089, -3.47, -6.58] | 5.51

[bo, b1, b2, b3]=[-24.18, 1.107, 21.53, 16.75]
Illinois Model | [Bo, B1, B2, B3]=[40.44, -40.20, 1.98, -62.79] | 9.43
Iowa Model a, b, c]=[7.77, 1.29, 52.57] 4.46

higher errors than the Iowa Model and the Illinois Model has the largest
errors among the three models. The average errors, however, may not depict
an accurate picture of how these models perform. We therefore plotted the
predictions made by these models against measured data. Figs. 6.1 and 6.2
shows the respective predictions by the British and Illinois models (whose
parameters are calibrated using Data Set 1) of average link travel times as
compared to measured ones from Data Set 2. It appears that the British
Model performs slightly better than the Illinois Model when travel times are
either short or long. After converting link travel times into journey speeds,
the journey speed predictions by the three models are compared (Figs. 6.3
and 6.4, 6.5 and 6.6). The figures show that all three models perform roughly
the same at low journey speeds, but the Iowa Model outperforms the British
Model and the Illinois Model at high speeds.

Figs. 6.7 — 6.12 shows the comparison results using Data Set 1 (the
models are calibrated with Data Set 2). Similar conclusions can be drawn
from these results.

Although the Iowa Model performs only slightly better than the other
two models, it has a simpler model structure, fewer inputs, and more eas-
ily obtainable and interpretable parameters. The Iowa Model is developed
based on traffic flow principles and a careful analysis of empirical data.
Therefore it is expected that this model would be more transferable to other
locations, a conjecture that can only be proved when traffic data from other
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Figure 6.1: Estimates of Link Travel
Times, the British Model, Data Set 2

Figure 6.2: Estimates of Link Travel
Times, the Illinois Model, Data Set 2
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Figure 6.3: Est. vs. measured
speed, the Iowa Model, Data Set 2

Figure 6.4: Est. vs. measured
speed, the British Model, Data Set 2
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Figure 6.7: Estimates of Link Travel
Times, the British Model, Data Set 1

Figure 6.8: Estimates of Link Travel
Times, the Illinois Model, Data Set 1
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Figure 6.10: Est. vs. measured
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Chapter 7

Summary

This report describes the results obtained from Phase II of the travel time
estimation project, which include analyses of traffic data, identification of
factors that affect travel times, development and validation of journey speed
models and comparison of a number of arterial travel time/journey speed
models.

Our analysis centers on a new transformed variable, journey speed,
rather than on travel time itself. We found that journey speeds have a
strong correlation with spot speeds estimated from detector data in con-
gested traffic conditions. This relationship, however, is nonlinear. At light
traffic conditions, spot speeds and journey speeds are uncorrelated, with
spot speeds usually higher than journey speeds. Because we are primarily
interested in predicting travel times at congested conditions, the relation-
ship between spot speeds and journey speeds can be utilized, together with
other traffic information, to predict travel times for congested traffic.

We also studied both journey speed and traffic flow patterns for various
time intervals. It is found that journey speed has rather stable patterns
across weeks, week days and short time intervals. If no special events occur,
these stable patterns can serve as the base predictor when real time traffic
information is not readily available.

QOur analyses also show that the variations of journey speeds are not
fully explainable by variations in flow patterns alone. Links with same
flow patterns can have drastically different journey speeds. This led us
to derive some new traffic flow parameters, such as lane traffic distribution,
and calculate certain signal timing parameters, such as greenband width,
for explaining the journey speed variations. We found that the maximum
per lane demand for the congested link is in fact much higher than that of
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the uncongested link because of unbalanced lane traffic distribution, and the
progression provided for the congested link is much poorer than that for the
uncongested link.

Based on these analyses, we have developed three arterial journey speed
models: the v/c ratio model, the spot speed model and the combined model.
The v/c ratio model generally performs better at high journey speeds, the
spot speed model performs better at low journey speeds, and the combined
model performs reasonably well in both low and high journey speed ranges.
All three models appear to have difficulty in accurately estimating journey
speeds when traffic is in quick transition. The primary reason for this inabil-
ity is that in this transition region journey speed is too sensitive to v/c ratio
changes but spot speed is too insensitive to changes in delay®. Despite this
weakness, the combined model yields acceptable journey speed estimates for
the first generation advanced traveler information systems, in which ranges
of journey speeds/travel times are provided to both travelers and system
operators.

With the developed arterial journey speed models, Mn/DOT will be
able to display real-time traffic flow conditions for both freeways and major
arterial streets. Currently, Mn/DOT displays three levels of freeway traffic
conditions based on estimated traffic speed: a link is red if its estimated
speed is 20 mph or below, yellow if the estimated speed is 20-35 mph, and
green if the estimated speed is 35 mph or above. For arterial streets, a
similar pattern can be used: red for speeds below 15 mph, yellow for speeds
between 15 mph and 30 mph, and green for speeds higher than 30 mph. The
5 mph difference between the same color displays for freeways and arterials
is reasonable because drivers usually have higher expectations for freeways.

Although the accuracy of the developed arterial journey speed models
are adequate for the purpose of displaying traffic conditions on colored maps,
there are a number of issues that warrant further investigation. One issue
is how to improve the performance of the model in the transition region of
traffic flow. Attempts have been made to decompose travel time into two
parts: running time and delay time, such that each part can be estimated
more accurately. Because it is difficult to estimate the delay component
with the collected data, however, the anticipated improvements were not
realized.

Still, this does not invalidate the proposed approach, which we will re-

1Because system detectors are set back about 450 ft from the stopline, the speeds they
register are relatively constant before queues grow near their locations. Journey speeds,
on the other hand, have been significantly reduced due to queuing delays not reflected in
- detector data.
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visit when data are collected in shorter time intervals (e.g., per signal cycle)
by the Orion project. Another issue concerns the estimation of journey
speeds under incident conditions. Currently we use the critical v /c ratio to
capture, to a certain degree, the effects of lane-blocking incidents. This ap-
proach appears to perform well in modeling the lane closure downstream of
the Snelling/County Road C intersection, but needs further validation and
enhancement for other incident situations. Yet another issue is the aggrega-
tion of link journey speeds into section journey speeds (sections comprise a
number of consecutive links), which involves two tasks: 1) grouping links into
sections, and 2) obtaining section journey speeds from link journey speeds.
The first task can easily be performed by an experienced traffic engineer.
The second task, on the other hand, needs more investigation because there
are a number of ways to perform this task but it is not obvious which one
is the most appropriate.

The set of models developed by this project have undergone only limited
evaluation. Further validation for a variety of traffic flow conditions and road
geometries will be necessary before these models can be widely deployed. We
plan to work closely with Mn/DOT traffic engineers and the Orion project
team to continuously improve and modify these models during their field
testing and implementation; we will address some of the unresolved issues in
our further work for the Minnesota Department of Transportation. We hope
that our work will make worthwhile contributions to Mn/DOT’s ongoing
effort to stay ahead of traffic gridlock through progressive transportation
management schemes such as advanced traveler information systems.
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