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ABSTRACT

Signal offsets are a signal timing parameter that have a substantial impact on arterial travel times.
The traditional technique is to optimize offsets using an offline software package, implement the
settings, and then possibly observe field operations. It is not uncommon for a traffic engineer to
fine tune the settings by observing the arrivals of platoons at an intersection and make

adjustments to the offset based on this qualitative visual analysis.

In this paper, we discuss two tools to assist the engineer in the task of managing arterial offsets.
First, we introduce the Purdue Coordination Diagram (PCD) as a means of visualizing a large
amount of controller and detector event data that allows investigation of the time varying arrival
patterns of coordinated movements. The second technique is arterial travel time measurement by
vehicle reidentification using Bluetooth MAC address matching. This is used to evaluate existing

offsets and assess the impact of implemented offset changes.

These tools are demonstrated with a case study involving a before/after comparison of an offset
tuning project. PCDs were used to identify causes of poor progression in the before case, as well
as visualize both the predicted and actual arrival patterns associated with the optimized offsets.
Over 300 Bluetooth probe travel time measurements were used to statistical assess before and
after travel time. The statistical comparison showed a significant (at 99% level) 1-minute
reduction (~20%) in mean travel time for the northbound direction, and a significant (at 90%

level) 0.5-minute (~10%) reduction in mean southbound travel time.
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INTRODUCTION

Arterial signal timing plans have three fundamental components: a cycle length, the splits at each
intersection, and a set of offsets that control the start times of movements relative to other signals
in the system. Performance evaluation of offset changes is a vital aspect of managing arterial
operations. A variety of methods exist for designing and evaluating signal offsets, but few of
these rely on field data specifying how vehicles actually behave in the network. In this paper, a
series of tools are presented that extend signal offset analysis methods by introducing

information from the field:

e The Purdue Coordination Diagram (PCD) is introduced as a tool to visualize arrival
patterns at signalized intersections before an offset change was made; predict the impact
of changes to the offsets; and observe the impact of their implementation.

e A large, statistically significant comparison of before/after travel time changes is
performed using a vehicle re-identification technique (Bluetooth MAC address

matching).

REVIEW OF COORDINATION STRATEGIES

The practice of signal coordination is nearly 100 years old, and no fully comprehensive review of
its history has yet been written. In the past century, there have been two major strategies for

developing signal coordination timing plans: bandwidth maximization and flow profile methods.

In the 1920s, coordinated timing plans for automatic signals were developed by manipulating
cycles in time space diagrams (/, 2, 3). The green band was modeled using pins and thread on a
drawing board, and cycles were represented by strips of paper. This technique sufficiently
coordinated fixed time signals during an era when digital computers were either nonexistent or

prohibitively expensive.

From the 1960s, a variety of approaches emerged for developing coordinated signal timing plans
in a more systematic manner. In 1964, Morgan and Little developed a geometric analysis and an

algorithm for maximizing bandwidth (4), allowing a more accurate approach than existing
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analog methods. In the next 20 years, a series of software packages were developed using this
strategy, including MAXBAND (4, 5), PASSER and its descendants (6,7,8,9), and
MULTIBAND (10).

The flow profile approach emerged in the in the UK, starting in the 1960s. A 1956 paper by
Pacey (/1) describing the evolution of vehicle platoons as they departed a traffic signal was
among the first to describe vehicle flow profiles. Several years later, Hillier and Rothery (/2)
utilized vehicle flow profiles to develop arrival curves; assuming a departure curve from a
theoretical signal operation plan, the resulting delay could be estimated. This led to a delay-offset
relationship that could be used to seek a delay-minimizing offset. The Combination Method (173,
14) and TRANSYT (/6) emerged from this research, using delay-offset relationships to design

offsets a signal networks.

The above methods were developed for fixed-time controllers. In actuated coordinated systems,
variations in green time due to phase actuation can lead to the “early return to green” problem
(17, 18). Over the years, a number of researchers have attempted various approaches to this
problem, including the use of average green times in place of the fixed green times in
optimization software (19,20); an iterative process using bandwidth maximization software to
first design offsets, then refine them by feeding the observed green back into the software (27);
construction of time space diagrams with average greens (23); and use of estimated vehicle travel
times to determine ideal offsets (24). Hale and Courage (25) proposed several additional
improvements aimed at improving the accuracy of models for determining signal timings for
actuated coordinated systems. A recent paper by Yin et al. (26) reported on an offline offset
refiner with a bandwidth-maximizing approach that addressed the problems of uncertainty in the

start and end of green.
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In 2001, Abbas et al. (27, 28) developed a real-time offset tuning algorithm that sought to
increase vehicle occupancy during the green band, by considering incremental changes to the
offset at a local signal. The algorithm was developed for one direction on an arterial. The concept
of green occupancy maximization was used in ACS-Lite (29, 30), which considers the local and

downstream impacts of incremental changes to offsets for all coordinated phases in the system.

TRAVEL TIME MEASUREMENT

Various methods exist to measure travel time, including the use of floating car with GPS (3/7) to
vehicle reidentification techniques (32). The basic concept behind these technologies are the
same; a unique identifier moving through the traffic system needs to be time stamped at a
minimum of two known places within the system in order to determine the travel time. Floating
car studies provide a detailed picture of travel speeds for one vehicle in the system, but provide a
low number of data points (one travel time measurement per floating car transit). Vehicle
reidentification techniques can become expensive if many observation points are needed. Unlike
freeways, arterial systems contain many more entrances and exits. A large number of data points

are required to quantify the impact of signal timing changes with statistical significance.

In recent years, the tracking of probe vehicles using the media access control (MAC) address of
discoverable Bluetooth enabled devices has become a low cost means of calculating travel time
(33,34,35,36). Such devices have become very common and are observed in 5% to 10% of

vehicles on the roadway. By capturing MAC addresses at multiple locations, travel times can be
obtained by comparing the time that it took for the MAC address to travel from one point to the

other.
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ARTERIAL TRAVEL TIME ANALYSIS

Figure 1 shows a map of SR 37 in Noblesville, Indiana as of July 2009. This is an actuated
coordinated system. A portion of the coordinated phases are also actuated, as described
extensively elsewhere (38). Each intersection in the arterial features stop bar detectors on the
minor movements, and advance detectors on coordinated movements. Advance detectors are
located 405 ft upstream of the stop bar at each coordinated approach. Intersections 1001, 1002,
1003, and 1004 have the capability of logging high-resolution controller data (phase and detector
status changes) at a resolution of 0.1 seconds. This data was acquired through scheduled

downloads via FTP through a virtual private network (VPN) connection over the internet.

Several sensors for collecting MAC addresses were also deployed along the arterial:

e Permanent sensors were established at intersections 1001, 1002, 1003, and 1004. These
made use of power and communications available in traffic signal cabinets.

e Temporary sensors were deployed at midblock locations (MB01, MB02, MB03, MB04,
MBO05) along the arterial. These ran off of battery power and had no communication.

Data was read from flash memory after retrieving the devices from the field.

Figure 2 shows plots of travel time measurements of vehicles traveling between Int. 1004 and
Int. 1001 (northbound). Two weeks of travel times are displayed from before (Figure 2a) and
after (Figure 2b) an offset adjustment. For each two-week period, approximately 5000 MAC
address matches were obtained. Subsequent sections of this paper describe an optimization
technique and visualization tools for validating optimal offsets prior to implementation, and
ultimately allow an assessment of the implemented offsets that resulted in the improved Saturday

travel time shown in Figure 2b.

11/13/2009 Page 6 of 30 1:46:36 PM



Day, Haseman, Premachandra, Brennan, Wasson, Sturdevant, and Bullock

MB05 1
I@
> N
2 A
[{e)
Int. 1001 (SR 32 & SR 37) I§
.
2 o
»
N
(¢}
® —Xi
Int. 1002 (SR 37 & Pleasant St.) 3
o
N
MBO3 1 1 &
N
N
® N
31—
Int. 1003 (SR 37 & Town and © ®
Country Blvd.) 3
Y Y
MBO02
A A ”
D
N w
[}
O
w
- S
Int. 1004 (SR 37 & Greenfield Ave.) ¥ A
(o)
w
[}
(&)}
(2]
(o)}
~N
N
(0]
w
o
MBO1 X A/
>
~
o
— \ J v

Int. 1005 (SR 37 & 146™ St.)
Figure 1. Map of instrumented arterial corridor showing intersections and midblock Bluetooth

stations (distances are in feet).
174

11/13/2009 Page 7 of 30 1:46:36 PM



Day, Haseman, Premachandra, Brennan, Wasson, Sturdevant, and Bullock

9 . s
I - . ’ * - * N
| * *e R N LR BN

8 R ' . f . - L o - .
| * : R . R *
- >

7 . . - Long Saturday travel

* .
e 4" . . . | tmescomparedtorest
4

5 R ol . . o1 of week

L ot | .

* ;0 . 7 \ N
3 \
.
S

Measured Travel Time (min)

1
'Mon | Tue |Wed| Thu | Fri | Sat | Sun |Mon| Tue |Wed| Thu | Fri | Sat | Sun
0
6/15 6/16 6/17 6/18 6/19 6/20 6/21 6/22 6/23 6/24 6/25 6/26 6/27 6/28 6/29
Date/Time
(a) Before offset adjustment (N = 4797).
9 I o‘ e o $ 0: MRS . : :’
| ¢ . ** 3 .
8 | & o . - s - . PE— - 00‘
. * s R - . . . : . ) * -
.0‘ .o |* LA 2. " s te o :
7 * . Saturday travel times .o
. * comparableto rest of week ¢
. 7 *
* * », *
. X X S

*®

*

-
.%tf s *® o

Measured Travel Time (min)
N

Mon | Tue |Wed| Thu | Fri | Sat | Sun |Mon | Tue |Wed| Thu | Fri | Sat | Sun

7/13 7/14 7/15 7/16 7/17 7/18 7/19 7/20 7/21 7/22 7/23 7/24 7/25 7/26 7/27
Date/Time

(b) After offset adjustment (N = 5401).

Figure 2. Northbound Travel times along SR 37 (from Int. 1004 to Int. 1001).
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COORDINATION VISUALIZATION TOOL

The Purdue Coordination Diagram (PCD) was recently developed (37) as a tool for visualizing
and evaluating the quality of progression and possible opportunities for improvement. The PCD
builds on concepts established in the literature, but takes a disaggregate approach using high

resolution signal event data.

Figure 3a presents a combined flow profile (black bars) and probability of green distribution
(green shaded region) for the southbound movement at Intersection 1004 for the Saturday
coordinated pattern (0600-2200, 504 cycles). This is essentially the same type of flow profile
data that would be generated by TRANSYT (/6), and the same green time and vehicle arrival
data that could be measured by an adaptive system such as ACS-Lite (29, 30). The combine plot
of the two distributions might be accurately called a coordination profile. It is possible to observe
the existence of a primary (Figure 3a, i) and secondary (Figure 3a, ii) platoon in the flow profile,
as well as the distribution of start and end green times (Figure 3a, iii and iv). While this diagram
illustrates the quality of progression well, it presents a picture of an average cycle, and thus
obscures the impact of stochastic variation from cycle to cycle, as well as temporal shifts over a

day.
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Figure 3. Components of the PCD introduced as an extension of coordination profiles.
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It is possible to reduce the number of cycles used to construct a coordination profile (e.g., to 30-
60 min). However, it would be necessary to generate a large number of profiles to track changes
throughout the day. Figure 3b reduces the time scale of the coordination profile to one cycle. In
this case, the green shaded region reflects the actual provided green, and the vehicle arrivals
reflect the particular arrivals that took place in this cycle. If this diagram is rotated and plotted
for several consecutive cycles (Figure 3c), it is possible to obtain the disaggregate picture, while
also capturing patterns that repeat. Conceptually, this adds a second “time” axis to a coordination

profile. This is the central concept of the PCD.

Figure 3¢ shows the PCDs for several cycles after 1600 on Saturday. The plot facilitate
comparison between adjacent cycles. The horizontal axis of the plot is time of day, while the
vertical axis is time in cycle. Vehicle arrivals are represented by dots that reflect both time of day
and time in cycle; phase events are shown as bars that span the duration of the cycle. Starting
from the horizontal axis (time in cycle = 0), the beginning of cycle is defined as the previous
start of red; the second line marks the beginning of green; the third line shows the end of green,
and the uppermost line shows the end of cycle (beginning of red). Primary (Figure 3c, 1) and
secondary (Figure 3c, ii) platoons can be observed, corresponding to the coordination profile
(Figure 3a, i and ii). This view provides the same overall picture as the flow profile, but also

provides a means of viewing a large amount of signal event data.

When the PCD is extended to a 24-hour period, macroscopic trends become apparent, as shown
in Figure 4. The upper plot shows cycle-by-cycle calculations of percent on green (POG); the
lower plot is a 24-hour PCD using the same data. The time period associated with the Saturday
coordinated pattern is shown, extending from 0600 to 2200. The slight variation in cycle end

times in the PCD is due to the use of actuated coordinated phases (38).
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Figure 4. 24-hour Purdue Coordination Diagram for the southbound movement at Intersection
1004 on Saturday, July 25, 2009.
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While POG provides an excellent measure of the quality of progression, it does not explain by
itself why POG is low or high during any given time period. For most of the day, POG hovers
around 60%, decreasing to 50% around 1300-1400. This information tells us that the progression
quality tends to decrease at that time, but we are unable to determine the reason from the POG
plot. The distribution of vehicles in the PCD reveals that the primary coordinated platoon
continues to be served during green, while the secondary platoon increases in size during this
time period, contributing more arrivals on red and thereby lowering POG. An alternative
explanation might have been that the upstream signal fell out of sync, but the PCD illustrates that

this was not the case.

Figure 5 shows PCDs for the coordinated time periods (0600-2200) for all eight coordinated
approaches in the arterial testbed on Saturday, June 6, 2009. One timing plan is used for the
entire coordinated period on Saturdays, with a cycle length of 114 seconds. Southbound PCDs

are shown on the left while northbound PCDs are shown on the right.

A visual inspection of the PCDs suggests that poor progression occurs in the northbound
direction at Intersections 1002 (a) and 1004 (b). This would be a reasonable explanation for the
rather poor travel times in the northbound direction on Saturdays (Figure 2a). The other
approaches perform rather well, although there is opportunity for improvement in the
southbound direction at Int. 1004 (¢). The different levels of dispersion of the platoons are also

notable:

e Northbound platoons at Int. 1002 (a) are rather tight, because of the short distance (2500
ft) from the upstream intersection.

e Northbound platoons at Int. 1004 (b) are slightly more dispersed. This approach is 8352 ft
from the upstream signal, which is also coordinated.

e Southbound vehicles at Int. 1001 (d) appear random. This approach is 7450 ft from the

upstream signal, but it is not coordinated and the upstream signal runs free.

11/13/2009 Page 13 of 30 1:46:36 PM



Day, Haseman, Premachandra, Brennan, Wasson, Sturdevant, and Bullock

SB, Int. 1001

NB, Int. 1001

1001
I |
0600 1400 2200 1400
M H‘ | I SB, Int. 1002 " NB’ Int. 1002
:.%ﬁla. - o i , . .
. EOE 1002
0600 1400 2200 0600 1400 2200

SB, Int. 1003 NB, Int. 1003

1400 0600 1400 2200
SB, Int. 1004 NB, Int. 1004

1004
0600 1400 2200 0600 1400 2200
Figure 5. Observed PCDs for eight coordinated phases on SR 37 from June 6, 2009.
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These plots demonstrate the utility of the PCD for viewing arterial coordination performance at a
glance and providing a qualitative picture. Because data from advance detectors are used to
construct the plots, the PCDs reflect actual vehicle behavior on the corridor, compared to
methods that model the behavior based on parameters such as speed and distance. The PCD
would include changes in driver behavior that actually took place (e.g., due to weather and

incidents) without having to update model parameters.

These plots also contain the necessary data to calculate the quantitative measure, percent on

green (POG):

P!

N t €lt, +e,,t, ;+¢, ]
POG = Wg = WT Equation 1
ety g +e, oty +e,] ’

where:
N, = the number of vehicles on green;
N = the total number of vehicles;
#x = the arrival time of the £ vehicle;
t,i = the beginning of green time for the i cycle;
t..; = the beginning of red time for the i cycle;
g, = start-up lost time; and

¢, = amount of clearance used by vehicles.

The summation terms indicate that one vehicle is counted for each #; that satisfies the conditions.
In addition, the performance of the network may be characterized by the summation of N, over
all coordinated approaches at all intersections, yielding the total system arrivals on green, ) N,.
This quantity provides a system-level performance measure that can serve as the objective

function for an optimization algorithm.
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PREDICTING THE OPERATION OF NEW OFFSETS

The text explaining Figure 2a discussed the means of identifying operational deficiencies in an
arterial network and the preceding section used the PCD to qualitatively understand problems
with arrival flow profiles. To remedy such problems, agencies typically rely on optimization
software to suggest improvements to the system. While these procedures are well established,
they typically necessitate a set of assumptions about vehicle behavior such as travel speed and
platoon dispersion. With the raw PCD data, it is possible to model the impact of proposed offset

changes using a superposition principles.

Figure 6 illustrates how an offset adjustment can be modeled by showing an example of a three-
intersection system. The red shaded regions represent effective red for the arterial movements in
both directions; the trajectory of the first vehicle is shown. An adjustment (AO,) is implemented,
causing cycles at Int. 2 to be moved forward in time by about 25% of the cycle length. This has

two impacts on the system:

e Coordinated phase transitions at Int. 2 are shifted in time by +AO,. This may be modeled
by adjusting local vehicle arrival times being shifted by —AO;.

e Vehicle arrival times at the downstream intersections (1 and 3) are shifted by AO..

This is similar to the modeling of offset adjustments proposed by Abbas (28) and extended to
both directions in ACS-Lite (30), except that the local controller effects are modeled as local
vehicle arrival shifts rather than green time shifts. This facilitates the use of PCDs to visualize

the impact, because the green bands are static while the vehicle arrivals move relative to them.
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Before Change After Change

Figure 6. Model for predicting impact of offset changes.

The data used to construct the PCD also contains a quantitative measure, ) N, (see Equation 1),
that allows a relationship between offset and coordination performance to be established. This
value may be recalculated for any set of offset adjustments by using the above modeling

procedures, allowing a prediction of the impacts.

This concept was applied to Saturday offsets on SR 37. The results of an optimization program
were approximated by a two-stage manipulation of offsets using the PCDs. Because it intersected
another coordinated system (SR 32), the offset of Int. 1001 (Oy901) was held constant (e.g.,
AO1901 = 0). Potential adjustments to O1002, O1003, and O1004 Were evaluated by calculating ) N,
over the range of possible combinations using a low-resolution search that evaluated possible
combinations of AO; = {40, -20, 0, +20, +40, +60}. This required 6 =216 scenarios to be
calculated. The result with the greatest value of ) N, was identified for second optimization step
with a finer resolution adjustments to Ojgo1, O1003, and Ojgo4 in turn. This approximated the
action of online offset refining algorithms (28, 30). Finally, an adjustment for the system to the
south of the testbed (O;09s5) was calculated independently, since it only affected the northbound

movement at Int. 1004.
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The collection of offset adjustments are summarized in Table 1 for all of the intersections on SR

37, including the four non-instrumented intersections comprising the system to the south.

Table 1. Summary of offset changes.

Intersection Cycle Length Intersection Offsets (sec)
(sec) Before After Adjustment

1001: SR 37 & SR 32*" 114 0 0 +0
1002: SR 37 & Pleasant St.* 114 62 44 -18
1003: SR 37 & Town and Country 114 74 38 36
Blvd. *

1004: SR 37 & Greenfield Ave.* 114 29 89 +60
1005: SR 37 & 146" St. 114 83 102 +19
1006: SR 37 & 141 St. 114 97 2 +19
1007: SR 37 & 131 St. 114 26 45 +19
1008: SR 37 & 126" St. 114 89 108 +19

*instrumented intersection.
"master intersection.

Figure 7 PCDs show predicted vehicle arrival patterns for offset adjustments in Table 1,

assuming that phase and vehicle activity remains similar to that on June 6, 2009. Compared to

Figure 5, overall progression performance is expected to improve, particularly for the

northbound direction at Int. 1002 (Figure 7, a) and Int. 1004 (Figure 7, b). Progression was also

projected to improve slightly for SB at Int. 1004 (Figure 7, ¢). Other phases were projected to

degrade (NB at Int. 1001) due to the platoon arriving earlier in the cycle (Figure 7, ¢). However,

this approach had the lowest volume in the system. Additionally, SB at Int. 1003 was expected to

have some platoons truncated by the end of green (Figure 7, f). There was no change for SB at

Int. 1001 (Figure 7, d).
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Figure 7. PCDs for eight coordinated phases on SR 37 using data from June 6, 2009 to predict
the impacts of offset adjustments.
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IMPLEMENTATION AND ASSESSMENT

Offset Implementation

The Saturday offset adjustments in Table 1 were programmed into the controllers and allowed to
operate on July 18 and July 25, 2009. Data collected on July 25 were used to construct the PCDs
shown in Figure 8. Generally, the observed vehicle arrival patterns followed the predicted
patterns shown in Figure 7. The three approaches expected to show improved performance
(Figure 7, a, b, ¢) met these expectations (Figure 8, a, b, ¢) The two approaches whose
performance was forecast to slightly worsen (Figure 7, e, ) also exhibited the anticipated
behavior (Figure 8, e, f). The random arrivals at Int. 1001 were not affected by the offset change
(Figure 8, d). The empty vertical stripe on both approaches at Int. 1002 (Figure 8, z) represents a

30-minute period in which detector data was not logged due to equipment problems.
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Figure 8. Observed PCDs for eight coordinated phases on SR 37 from July 25, 2009, after
implementation of offsets.
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354  Table 2 provides a summary of POG and N, for the arterial observed with old offsets on June 6
355  (Figure 5), as predicted with new offsets using data from June 6 (Figure 7), and observed with
356  new offsets on July 25 (Figure 8). On June 6, a total of 50,449 out of 91,540 vehicles detected on
357  the coordinated movements of the system were served during green, or 55.1%. It was predicted
358 that the offset adjustment would increase this proportion to 61.5%. The observed performance

359  exceeded expectations, achieving an overall POG of 64.9%.

360
Table 2. Summary of MOEs from before and after the offset adjustment.
June 06, Predicted
Intersection Movement MOE June 06, After Offset July 25, July 18;
Actual Adi Actual Actual
justment
N, 5401 4924 4770 5555
Northbound
1001: POG 57.8% 45.9% 53.1% 55.9%
SR 37 & SR 32 N, 3541 3541 3437 3508
Southbound
POG 38.2% 38.2% 38.4% 37.3%
N, 4628 7455 7818 7282
Northbound
1002: POG 39.5% 63.6% 73.3% 70.8%
SR 37 & Pleasant St. N, 7732 8785 8072 7526
Southbound
POG 52.6% 59.8% 59.9% 58.0%
N, 8603 8320 8132 8715
1003: Northbound
: POG 79.6% 77.1% 79.5% 78.4%
SR 37 & Town and
Country Blvd. Southbound N, 8312 7465 7527 7415
POG 79.6% 70.4% 72.0% 69.4%
N, 4379 8044 8255 8739
1004: Northbound
SR 37 & Greenficld POG 35.8% 65.7% 69.6% 67.5%
A reentie N, 7853 8389 8580 9085
ve. Southbound
POG 61.0% 65.1% 68.0% 68.5%
Y N 23,011 28,113 28,975 30,291
Overall Northbound
POG 52.2% 63.7% 69.4% 68.4%
258 Ng 27,438 28,180 27,616 27,534
Overall Southbound
POG 57.8% 59.4% 60.7% 59.4%
>N, 50,449 56,293 56,591 57,825
4-Intersection Network Total 2N 91,540 91,562 87,242 90,614
Oggg” 55.1% 61.5% 64.9% 63.8%
* missing ~ 2 hours data at SR 37 & Pleasant St. on July 18, 2009.
361
362
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In general, the observed changes in POG for individual phases were similar to the predicted
changes. Notably, the NB movement at Int. 1002 had a substantially higher POG (73.3%) than
was predicted (63.6%). This is likely due to there being smaller secondary platoons on July 25
than on June 6. A similar trend was also seen for the NB movement at Int. 1003. These trends
were also observed on July 18. Another interesting disparity was in the NB movement at Int.
1001. Here, the July 25 POG (53.1%) exceeded predictions (45.9%) by a substantial margin.
This suggests that the offset performance on the northbound approach at Int. 1002 influenced the
northbound arrival pattern at Int. 1001 in a way that was not predicted by the model discussed in
the previous section, which limited the estimation of offset adjustment impacts to adjacent

intersections.

Travel Time Evaluation

Although PCD’s allow visualization of vehicle arrivals, probe vehicle travel times are one of the
most widely used signal timing assessment tools due to their simplicity and wide understanding.
Figure 9 shows cumulative distribution functions (CDFs) of travel times for a midday time

period (0900-1300) on Saturdays before and after the offset adjustment:

e Figure 9a shows northbound travel times measured from midblock sensors (Figure 1,
MBO1 to MBO05).

e Figure 9b shows southbound travel times measured from midblock sensors (Figure 1,
MBO05 to MBO1).

e Figure 9c shows northbound travel times measured from intersection sensors (Figure 1,
Int. 1004 to 1001).

e Figure 9d shows southbound travel times measured from intersection sensors (Figure 1,

Int. 1001 to 1004).
The midblock Bluetooth probe sensors are the most desirable because they are not influenced by

stop vehicle traffic. However, the intersection mounted Bluetooth probe sensors are more

practical for long term monitoring due to the convenient access to power and communication.
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Figure 9. Saturday (0900-1300) travel time cumulative distribution functions.
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Table 3 provides summary statistics for midblock (Table 3a) and intersection (Table 3b) sensors
describing the data used to construct the CDFs in Figure 9. Travel times were significantly
different for the northbound direction, with greater than 99% confidence (P < 0.001). For the
southbound direction, there was no significant change in travel time. With a total of 315 points
from both midblock and intersection sensors in the before and after periods, this represents
perhaps the largest travel time sample size that has been reported to date for a before/after study
focused on a signal timing change. Mean northbound travel times improved by 0.97 min (P <

0.001), as measured from midblock sensors.

Table 3. Statistics for Saturday travel times between 0900 and 1300.

a) Midblock Stations b) Intersection Stations
(MBO01 and MBO05) (Int. 1001 and Int. 1004)
Northbound Southbound Northbound Southbound

June 20 |July 25 |June 20 |July 25 |June20 |July25 |June?20 |July25

(Before) | (After) | (Before) | (After) | (Before) | (After) | (Before) | (After)
Mean Travel Time, 516 | 419 | 586 | 532 | 408 318 377 3.0
Standard Deviation of | 55 | s | jog | 128 119 13s| 114|118
Travel Time, min
Minimum Travel 407 | 327 | 427 338 250 183 250 200
Time, min
Xiendlan Travel Time, 508 | 407 | 597 | 485 392  2.82| 348|355
Number of Samples 28 18 28 33 54 53 52 49
T-value (mean) -5.736 -1.804 -3.645 -0.724
P-value (mean) <0.001 0.076 <0.001 0.471

The intersection mounted probe sensors (Table 3b) measured this improvement as decreasing by
0.9 min (P < 0.001); the value is slightly smaller because the intersection sensors measure travel
time across a shorter distance. Additionally, the change in travel time at the endpoints of the
arterial segment was excluded. Southbound travel time did not increase by a substantial amount;
very slight improvement was observed with intersection sensors, while midblock sensors saw a

0.54 min decrease in mean travel times that would be significant at the 90% level.
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CONCLUSIONS

This paper demonstrated the utility of two tools to assist in arterial offset management:

1. The PCD was used to visually identify satisfactory and poor progression conditions,
predict the impacts of offset adjustments, and assess the effects of implementation.

2. The data used to construct the PCD also was capable of yielding quantitative
performance measures (Equation 1, POG and ) N,) that could serve as an objective
function in an offset optimization formulation.

3. Bluetooth probe travel times were used to independently compare the before and after

operations associated with an offset change.

These two tools were applied to a case study in which arterial offsets were tuned for a weekend
(Saturday) coordinated timing plan. Calculation of )N, and POG from the PCD data was used in
to identify a set of offset adjustments to improve progression. PCDs were used to predict the
impact of the adjustments, and verify the changes after implementation. It was predicted that
overall network POG would improve from 55% to 62%. Actual improvements were in the range
of 64—65%. The impact of these changes on travel time was evaluated using MAC address
matching. A large travel time sample size, showed an improvement of approximately 1 min

(~20%) in the northbound direction and 0.5 min (~10%) in the southbound direction.

The performance of midblock sensors was compared to signal cabinet mounted sensors at
intersections. Although midblock sensors provided a superior travel time estimate because they
were not influenced by vehicle wait times at intersections, cabinet mounted sensors nevertheless
performed reasonably well and are generally easier to deploy due to convenient access to power

and communication.

11/13/2009 Page 26 of 30 1:46:36 PM



442

443
444
445
446
447
448
449

450

Day, Haseman, Premachandra, Brennan, Wasson, Sturdevant, and Bullock

ACKNOWLEDGEMENTS

This work was supported in part by the National Cooperative Highway Research Program,
Traffax Inc., Iron Mountain Systems, Inc., the Joint Transportation Research Program
administered by the Indiana Department of Transportation and Purdue University, and the
Federal Highway Administration’s Dwight D. Eisenhower Graduate Transportation Fellowship.
The contents of this paper reflect the views of the authors, who are responsible for the facts and
the accuracy of the data presented herein, and do not necessarily reflect the official views or

policies of the sponsors. These contents do not constitute a standard, specification, or regulation.

11/13/2009 Page 27 of 30 1:46:36 PM



451

452
453

454
455

456
457

458
459

460
461
462

463
464

465
466
467
468

469
470

471
472

473
474
475

476
477
478

479
480

481
482

483
484

485
486

487
488

Day, Haseman, Premachandra, Brennan, Wasson, Sturdevant, and Bullock

REFERENCES

1. Marsh, B.W. “Traffic Control.” Annals of the American Academy of Political Science, Vol.
133, pp. 90-113, 1927.

2. Petterman, J.L. “Timing Progressive Signal Systems.” Traffic Engineering, Vol. 29, pp. 194-
199, 1947.

3. Petterman, J.L. “Timing Progressive Signal Systems—Part II.” Traffic Engineering, Vol. 29,
pp. 242-249, 1947.

4. Morgan, J.T. and J.D.C. Little. “Synchronizing Traffic Signals for Maximal Bandwidth.”
Operations Research, Vol. 12, pp. 896-912, 1964.

5. Little, J.D.C., M.D. Kelson, and N.H. Gartner. “MAXBAND: A Program for Setting Signals
on Arteries and Triangular Networks.” Transportation Research Record No. 795, TRB, National
Research Council, Washington, DC, pp. 40-46, 1981.

6. Messer, C.J., R.H. Whitson, C.L. Dudek, and E.J. Romano. “A Variable Sequence Multiphase
Progression Optimization Program.” Highway Research Record No. 445, pp. 24-33, 1973.

7. Messer, C.J., H.E. Haenel, and E.A. Koeppe. “A Report on the User’s Manual for Progression
Analysis and Signal System Evaluation Routine—Passer I1.” Texas Transportation Institute
Report No. TTI-218-72-165-14, Texas Transportation Institute, Texas A&M University, College
Station, TX, 1974.

8. Bleyl, R.L. “A Practical Computer Program for Designing Traffic-Signal Timing Plans.”
Highway Research Record No. 211, pp. 19-33, 1967.

9. Chaudhary, N.A. and C.J. Messer. “PASSER IV: A Program for Optimizing Signal Timing in
Grid Networks.” Transportation Research Record No. 1421, pp. 82-93, 1993.

10. Gartner, N.H., S.F. Assmann, F. Lasaga, and D.L. Hou. “MULTIBAND — A Variable-
Bandwidth Arterial Progression Scheme.” Transportation Research Record No. 1287, pp. 212-
222, 1990.

11. Pacey, G.M. “Progress of a Bunch of Vehicles Released from a Traffic Signal.” Road
Research Laboratory Report No. RN/2665, Transport and Road Research Laboratory,
Crowthorne, Berkshire, England, 1956.

12. Hillier, J.A. and R. Rothery. “The Synchronization of Traffic Signals for Minimum Delay.”
Transportation Science, Vol. 1, pp. 81-94, 1967.

13. Hillier, J.A. “Appendix to Glasgow’s Experiment in Area Traffic Control.” Traffic
Engineering and Control, Vol. 7, No. 9, 1966.

14. Huddart, K.W. and E.D. Turner. “Traffic Signal Progressions—G.L.C. Combination
Method.” Traffic Engineering and Control Vol. 11, pp. 320-322, 1969.

15. Gartner, N. “Microscopic Analysis of Traffic Flow Patterns for Minimizing Delay on Signal-
Controlled Links.” Highway Research Record No.445, pp. 12-23, 1973.

16. Robertson, D.I. “ “TRANSYT’ Method for Area Traffic Control.” Traffic Engineering and
Control, Vol. 11, pp. 276-281, 1969.

11/13/2009 Page 28 of 30 1:46:36 PM



489

490
491

492
493
494

495
496
497

498
499

500
501
502

503
504

505
506

507
508
509

510
511
512

513
514

515
516

517
518
519
520

521
522
523

524
525
526

Day, Haseman, Premachandra, Brennan, Wasson, Sturdevant, and Bullock

17. Ficklin, N.C. “For and Against Semi-Actuated Signals.” Traffic Engineering, March 1973.

18. Jovanis, P.P. and J.A. Gregor. “Coordination of Actuated Arterial Traffic Signal Systems.”
Journal of Transportation Engineering, ASCE, Vol. 112, No. 5, July 1986.

19. Skabardonis, A. Progression Through a Series of Intersections with Traffic Actuated
Controllers. Report FHWA/RD-89-132, Vol. 1, FHWA, U.S. Department of Transportation,
October 1988.

20. Skabardonis, A. Progression Through a Series of Intersections with Traffic Actuated
Controllers. Report FHWA/RD-89-133, Vol. 2, FHWA, U.S. Department of Transportation,
October 1988.

21. Chang, E.C.-P. “Field Verification of Coordinated Actuated Control.” Transportation
Research Record No. 1456, TRB, National Research Council, Washington, DC, pp. 83-90, 1994.

22. Chang, E.C.-P. “Guidelines for Actuated Controllers in Coordinated Systems.”
Transportation Research Record No. 1554, TRB, National Research Council, Washington, DC,
pp. 61-73, 1996.

23. Kuzbari, R. “Early Green Start Analysis for Time-of-Day Signal Coordination.” ITE Journal,
Aug. 1996.

24. Shoup, G.E. and D. Bullock. “A Dynamic Offset Tuning Procedure Using Travel Time
Data.” Transportation Research Record No. 1683, pp. 84-94, 1999.

25. Hale, D. and K.G. Courage. “Prediction of Traffic-Actuated Phase Times on Arterial
Streets.” Transportation Research Record No. 1811, TRB, National Research Council,
Washington, DC, pp. 84-91, 2002.

26. Yin, Y., M. Li, and A. Skabardonis. “Offline Offset Refiner for Coordinated Actuated Signal
Control Systems.” ASCE Journal of Transportation Engineering, Vol. 133, No. 7, pp. 423-432,
2007.

27. Abbas, M., D. Bullock, and A. Rhodes, “Comparative Study of Theoretical, Simulation, and
Field Platoon Data.” Traffic Engineering and Control, Vol. 42, No. 7, 2001.

28. Abbas, M., D. Bullock, and L. Head. “Real-Time Offset Transitioning Algorithm for
Coordinating Traffic Signals.” Transportation Research Record No. 1748, pp. 26-39, 2002.

29. Luyanda, F., D. Gettman, L. Head, S. Shelby, D. Bullock, and P. Mirchandani. “ACS-Lite
Algorithmic Architecture: Applying Adaptive Control System Technology to Closed-Loop
Systems.” Transportation Research Record No. 1856, TRB, National Research Council,
Washington, DC, pp. 175-184, 2003.

30. Gettman, D., S.G. Shelby, L. Head, D. Bullock, and N. Soyke. “Data-Driven Algorithms for
Real-Time Adaptive Tuning of Offsets in Coordinated Traffic Signal Systems.” Transportation
Research Record No. 2035, TRB, National Research Council, Washington, DC, pp. 1-9, 2007.

31. Quiroga, C., and Bullock, D. "Travel Time Information Using Global Positioning System and
Dynamic Segmentation Techniques." Transportation Research Record: Journal of the
Transportation Research Board, 1660, 48-57, 1999.

11/13/2009 Page 29 of 30 1:46:36 PM



Day, Haseman, Premachandra, Brennan, Wasson, Sturdevant, and Bullock

527  32. Asakura, Y., Hato, E., and Kashiwadani, M. "Origin-destination matrices estimation model
528  using automatic vehicle identification data and its application to the Han-Shin expressway
529  network." Transportation, 27(4), 419-38, 2000.

530  33. Brennan, T.M., J.M. Ernst, C.M. Day, D.M Bullock, J.V. Krogmeier, and M. Martchouk
531  “Influence Of Vertical Sensor Placement On Data Collection Efficiency From Bluetooth MAC
532 Address Collection Devices,” Paper No. TEENG-418, submitted to ASCE Journal of

533  Transportation Engineering for review May, 2009.

534  34. Tarnoff, P.J., Wasson J.S, Young S.E., Ganig N., Bullock D.M., Sturdevant J.R. “The
535  Continuing Evolution of Travel Time Data Information Collection and Processing,”
536  Transportation Research Board Annual Meeting, Paper ID: 09-2030, 2009.

537  35. Wasson, J. S., Sturdevant, J. R., and Bullock, D. M. "Real-Time Travel Time Estimates
538  Using Media Access Control Address Matching." ITE Journal, 78(6), 20-3., 2008.

539  36. Bullock, D., T. Brennan, C. Day., J. Sturdevant, ef al. “Evaluation of Special Event Traffic
540  Management Using Bluetooth MAC Address Tracking—Case Study: Big Ten Football Traffic,”
541 ITE Webinar, October 4, 2008.

542  37. Day, C.M., E.J. Smaglik, D.M. Bullock, and J.R. Sturdevant, “Quantitative Evaluation of
543  Actuated Coordinated Versus Nonactuated Coordinated Phases,” Transportation Research
544  Record No. 2080, TRB, National Research Council, Washington, D.C., pp. 8-21, 2008.

545  38. Day, C.M. and D.M. Bullock. “Application of High Resolution Traffic Signal Controller
546  Data for Platoon Visualization and Optimization of Signal Offsets,” Presented at the Mobil. TUM

547 2009 International Scientific Conference on Mobility and Transport, Munich, Germany, May
548  20009.

549

11/13/2009 Page 30 of 30 1:46:36 PM



	Purdue University
	Purdue e-Pubs
	2010

	Visualization and Assessment of Arterial Progression Quality Using High Resolution Signal Event Data and Measured Travel Time
	Christopher M. Day
	Ross Haseman
	Hiromal Premachandra
	Thomas M. Brennan Jr
	Jason S. Wasson
	See next page for additional authors
	Authors


	Microsoft Word - TRB_10-0039_PCD_2009_11_13.docx

