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Abstract

Understanding traffic progression on arterials is critical for traffic signal control and urban traffic management. Traffic condi-
tions are highly dynamic and evolve over time. Therefore, it is necessary to evaluate the arterial’s performance periodically
to determine how well a traffic signal system is functioning. Arterial performance is conventionally evaluated based on travel
time/speed collected via the probe vehicles. New approaches based on high-resolution traffic signal events have been pro-
posed by a group at Purdue University, based on the Purdue Coordination Diagrams (PCDs). Both traditional arterial travel
times/speeds and the PCDs can effectively reflect the level of traffic progression on arterials, while some practical questions
have been raised about how to synthesize these two methods. The framework proposed in this paper integrates two types
of performance measures by defining new multi-intersection coordination diagrams to examine traffic signal performance.
The multi-intersection coordination diagram under different speeds can provide a straightforward tool for informed offset
adjustments of actuated traffic signal coordination. In contrast, the state-of-the-practice traffic coordination performance
analysis relies on fixed timings and empirical fine-tuning in the field. It is expected that these efforts can provide new insights
to practitioners on how to use emerging traffic data better to improve the performance of actuated traffic signal operations

on arterials.

Traffic signal performance and traffic progression on
arterials is important for everyday traffic operations.
Conventionally, traffic signal performance on arterials is
evaluated based on end-to-end travel time or speed.
According to the Highway Capacity Manual 2010 (1),
the level of service (LOS) of an arterial is defined as the
travel speed experienced as opposed to the posted speed
limit.

In recent years, research efforts have been dedicated
to the exploration of new measures of effectiveness
(MOEs) for arterials as well as new approaches to data
collection for this purpose. Among the numerous efforts,
one of the exceptional achievements has been that of Dr
Darcy Bullock’s group at Purdue University which has
designed and proved new traffic signal performance mea-
sures using high-resolution traffic signal events data.
Another important research achievement by the same
group is to estimate travel time or space travel speed via
capturing and matching unique “signatures” of vehicles
at different locations. These two achievements are

contributing to traffic signal performance across the
country today. They are presented in more detail in the
literature review, below.

Practitioners have expressed an interest in better
synthesizing these two efforts. It has been seen that the
availability of big data on traffic is substantially chang-
ing daily traffic signal practices, and triggering new
research needs for exploring the additional potential of
multi-source traffic data in traffic signal operations. In
this paper, we present our research efforts in exploring
new MOEs for actuated traffic signal performance
through integrating multi-source traffic data. The traffic
data we used include arterial travel time/space speed data
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samples and high-resolution traffic signal events data.
The research findings in this paper are practice-ready.

Literature Review

The reviewed literature is divided into two categories: (i)
traffic signal performance evaluation based on high-
resolution traffic signal events and (ii) travel time or
space-mean speed estimation based on captured vehicle
“signatures.”

Traffic Signal Performance Evaluation Based on
High-Resolution Traffic Signal Events

Traffic signal data are usually in an aggregated form,
such as traffic volumes or percentage of green signal in
15 min. Such aggregations consequently miss the random
nature of the travel of individual vehicles. Actuated traf-
fic signal control systems are also randomly driven by
the random arrival of vehicles. To address this issue, the
research community began to discuss the possibility of
collecting individual traffic signal events generated dur-
ing traffic signal operations. The need to exploring new
MOEs and new evaluation methods for arterials was
raised in the late 1990s. One of the earliest research
efforts can be traced back to 2001, when Abbas et al.
developed a real-time offset tuning algorithm according
to individual vehicle arrivals (2, 3). Day et al. made a
quantitative analysis of coordination for both fully actu-
ated and fixed traffic control systems based on individual
signal phase transitions (4). The selected MOEs include
equivalent hourly volumes, green durations, volume over
capacity (v/c) ratios, and Highway Capacity Manual
arrival types. Later, Day et al. designed new diagrams
based on traffic signal events to demonstrate the perfor-
mance of traffic signal systems, now commonly referred
to as Purdue Coordination Diagrams (PCDs) (5). One of
the most popular MOEs is the number of arrivals on
green at an intersection. The rationale is that if most
vehicles arrive during the green, they will cross that inter-
section without delay, suggesting an effective coordina-
tion between the adjacent intersections. The percentage
of green time is estimated based on the traffic phase tran-
sition events, and then offsets are optimized. The authors
also use the Bluetooth probe travel time data to evaluate
the impact of offset changes.

The invention of PCDs has been receiving wide atten-
tion in the community ever since, and the research group
at Purdue University has proposed many applications to
arterial traffic operations based on the traffic signal
events. For example, Day et al. compared the effective-
ness of multiple algorithms for offset optimizations such
as the quasi-exhaustive search, Monte Carlo selection,
genetic algorithms, hill climbing, and the combination

method using the link-pivoting version for arterials (6).
From the comprehensive analysis of the computational
efficiency of the above algorithms, the authors concluded
that the combination method was able to find the most
optimal solution whereas the Monte Carlo selection and
the quasi-exhaustive search did not give satisfactory
results for the optimal solution. Day et al. also applied
wireless magnetometer sensors to capture vehicle arrival
events at the signalized intersection for both actuated
and coordinated system (7). In that study, wireless mag-
netometer performance was evaluated for two left-turn
pockets, and the analysis results cross-compared with the
performance of inductive loop detectors in relation to
false calls, missed calls, activation, and termination
latency. The experiment began with placing one magnet-
ometer in the center of each loop detector and was fur-
ther modified by adding two more magnetometers in the
left-turn lanes. The test results showed that both wireless
detectors and inductive loop detectors gave identical out-
puts for false calls and missed calls.

In parallel to the above arterial traffic signal perfor-
mance, note that high-resolution traffic signal events are
also applied to the identification of oversaturated inter-
sections based on traffic shockwave theories (8) and
queue estimation at oversaturated intersections (9) by
Henry Liu’s then research group at the University of
Minnesota.

Travel Time Estimation Based on Captured In-Vehicle
Bluetooth/Wi-Fi MAC Addresses

According to the Highway Capacity Manual since 2010,
the LOS on arterials is defined as actual space-mean
travel speed as opposed to the posted speed limit (see
Table 1). Since travel time is the inverse of space-mean
travel speed, end-to-end arterial travel times are collected
regularly by public agencies to evaluate the traffic signal
performance. In traffic applications, Haseman et al. used
automatically-collected Bluetooth probe data to estimate
travel mobility metrics in work zones (/0). The

Table 1. Arterial Level of Service (LOS) as Defined in Highway
Capacity Manual 2010

LOS by critical volume-to

-capacity ratio
Travel speed as a percentage

of basic free-flow speed (%) <I.0 >1.0

>85
>67-85
>50-67
>40-50
>30-40
<30

TmO0O w>
T B B W a 1|




270

Transportation Research Record 2674(6)

information collected through the Bluetooth devices is
displayed on the traffic application website to offer
motorists a better informed selection of route plans dur-
ing their trips. This dataset is also applicable to estimation
of crash probability since queuing often leads to an
increase in crash rate. This real-time monitoring offers a
mechanism for reliable travel time analysis. Brennan et al.
used captured Bluetooth Media Access Control (MAC)
addresses and applied the traditional algorithm of license
plate study to approximate travel time and origin-
destination matrix (/7). They concluded that the effi-
ciency of the Bluetooth MAC address collection is not
related to the traffic volumes and is rather sensitive to the
height of the antenna. Day et al. (/2) conducted a perfor-
mance analysis along an arterial considering the travel
time reliability metrics according to the collected
Bluetooth probe vehicle data. The raw data were collected
every minute and then aggregated into 15-min intervals.
Hainen et al. used collected Bluetooth MAC addresses to
predict drivers’ route choice and travel time reliability
under unexpected road conditions (/3). Martchouk et al.
also used the Bluetooth technique to observe the possible
reasons for travel time variation on freeways (/4). Young
et al. applied multiple vehicle identification techniques to
visualize arterial performance (15). In their research, they
re-identified vehicles to evaluate the corridor traffic per-
formance. The data samples included: license plate match-
ing, electronic tolling ID matching, and Bluetooth and
Wi-Fi MAC addresses matching. The corridor perfor-
mance is visualized by overlaying plots and cumulative
frequency diagram to identify the trends of travel time
changes along a corridor or road segment. Remias et al.
compared several approaches to collecting probe vehicle
data such as GPS, pavement sensors, capturing Bluetooth
MAC addresses, crowd-sourced data, and virtual probe
data (/6). Through this comparison, it was shown that,
although the Bluetooth MAC address matching cannot
collect a high penetration of samples compared with rei-
dentification pavement sensors, it is more cost-effective
and portable.

A Wi-Fi device normally needs to exchange its MAC
address with the Wi-Fi access point (AP) to identify the
AP, further seek authentication and association, or both.
In most personal portable devices, the Wi-Fi module is
configured to transmit its MAC address into the air con-
tinuously to search for nearby APs. Note that such a
process is an unencrypted broadcast and a third-party
Wi-Fi sniffer can discover those transmitted data packets
containing individual Wi-Fi MAC addresses. Because of
the fundamental difference between Bluetooth and Wi-Fi
technologies, capturing the Wi-Fi MAC addresses
reveals advantages over the Bluetooth solution in esti-
mating travel times. For instance, Wi-Fi sensors can cap-
ture as many of the available MAC addresses as possible

at little latency, whereas the Bluetooth sensors can at
most randomly capture seven MAC addresses at up to
10s latency.

Methodology

This section includes the methods to generate new arter-
ial traffic signal performance measures based on the
high-resolution traffic signal events and travel time esti-
mation based on captured in-vehicle Wi-Fi MAC
addresses.

Multi-Intersection Coordination Diagram for Actuated
Traffic Signal Control Systems

A new multi-intersection coordination diagram is
designed based on high-resolution traffic signal events.
Based on the multi-intersection coordination diagram,
new MOEs for arterial traffic signal performance are
designed.

Effective Green Bandwidth and Band Attainability in Actuated
Traffic Coordination. The concept of “green band” is funda-
mental to time-based traffic (signal) control coordina-
tion. Most traffic control coordination aims to maximize
the green bandwidth so that vehicles within the band can
cross multiple intersections without stops. In practice,
the bandwidth is maximized by adjusting local timing
plans, common cycles, and offsets at intersections. This
band-based traffic control coordination has proved to be
effective in many cases. Nonetheless, for actuated traffic
control coordination, the effective bandwidth is different
from the theoretical calculation. According to the
mechanism of actuated traffic control, if a side-street
phase gaps out and a floating force-off is set, then any
unused green on side streets will be returned to the coor-
dination phase to favor the mainline traffic. This
mechanism is referred to as “early return to green.” As
shown in Figure 1, when the coordination phase starts
early, vehicles will also be released early. As a result,
when they reach the next intersection, the downstream
green has not yet started and so all vehicles must stop
and this can create delays. On the other hand, if the
mainline greens at both intersections start early, the
effective bandwidth is larger than the programmed val-
ues. Calculating green bandwidths according to pro-
grammed traffic coordination plans for actuated traffic
control coordination could be misleading.

To address this issue, we propose a new concept,
namely “effective green bandwidth” for actuated traffic
control coordination. The effective green bandwidth
within a time period is defined as the total established
green bandwidth within a time period. Figure 2a demon-
strates how to calculate the effective green bandwidth.
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Figure 2. Calculation of effective green bandwidth, arrivals on coordination, and band attainability for actuated traffic signal control
systems.
With a cycle, assume the mainline green starts at ¢; and _ > EGB;
. . BA==—— (1)

ends at #, and vehicles take Af to reach the next intersec- G

tions; then we can set a band time window at the down-
stream intersection from #; + At to , + Az. Within that
time window, a green band can be established only after
t; and the effective bandwidth is (#, + A¢ — #3). The ratio
of total established green band length divided by the
total green durations at downstream intersections with a
period is referred to as band attainability. The band
attainability indicates how much mainline greens are
actually used for traffic control coordination. A similar
theoretical concept was also proposed by Tian et al. (/7).
Note that Figure 2a only illustrate one scenario of estab-
lishing an effective green band, there are also other sce-
narios of establishing green bands. For instance, if the
downstream green in Figure 2 ends at #; which is earlier
than #, + At, then the effective band will be (¢4 — #3).

Calculation of band attainability can be formulated
as:

where BA : is band attainability; EGB; is the effective
green band in the i cycle; and G is total green time.

While establishing the effective green band, we ignore
the effects of traffic dispersion while vehicles are dis-
charged to downstream intersections. Day and Bullock
applied Robertson’s traffic dispersion model (/8) and
downstream detector events to estimate the source of
arrivals as well as to calibrate the traffic dispersion model
(19). Hainen et al. in their studies of diamond inter-
changes also distinguished the sources of arrivals accord-
ing to the time when upstream greens start (20).

Arrivals on Coordination. Standard PCDs focus on individ-
ual intersections and adopt the percentage of arrivals on
green to represent the level of traffic progression. Its
rationale is that vehicles will mostly arrive on green along
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arterials only if the traffic coordination plan is effective.
Based on the same rationale, we propose a new multi-
intersection coordination diagram. With the same type
of traffic signal event data, another form of PCDs is
proposed.

As shown in Figure 2b, the actual traffic control plan
is first plotted according to the phase transition events at
each studied intersection. Then individual vehicle arrivals
are plotted on top of the traffic timing plans over time
(see the dots in Figure 2b). At each intersection, Figure
2b contains the equivalent information as the standard
PCDs and the arrivals on green is the total number of
dots falling into the greens.

Arrivals on green (AoQG) is defined as the ratio of the
vehicle arrivals during green as opposed to the total arri-
vals within the study period. Arrivals on coordination
(AoQ) is an extension of AoG because AoC further dis-
tinguishes arrivals on green into two types: (i) arrivals on
green from the upstream coordinated intersection and (ii)
arrivals on green from the upstream side streets or inter-
mediate drive ways. In Figure 2b, the number of dots in
greens divided by the total dots is AoG while all the red
dots divided by the total arrivals in greens is AoC.

AoC can be calculated as follows:

n
AOC = ¢ 2
0C = 2)

where n, is number of vehicles arriving within the estab-
lished green bands from the upstream intersection to the
current (downstream) intersection; N is the total number
of vehicle arrivals in the study period

Effective Volume/Capacity Ratios on Mainline Streets for Actuated
Traffic Control. The volume/capacity (v/c) ratio is a popu-
lar indicator of traffic congestions at intersections.
According to the Highway Capacity Manual (/), the v/c
ratio on one approach for a fixed timing plan is calcu-
lated as follows.

(E), B s;i& (3)

where v; is the traffic volume on approach i; s is the the
saturation rate; g; is the effective green duration on
approach i; and C is the cycle length.

In an actuated traffic control system, g; and C may
change from cycle to cycle. Therefore, using the pro-
grammed g; and C to calculate the v/c ratio of actuated
traffic control systems might bring bias to the v/c calcula-
tion. Based on the high-resolution traffic signal events
data, it is possible to capture all the arrivals on one main-
line approach and calculate the total green times during
a time period. As such, the effective v/c within a time
period can be accurately calculated. If the effective v/c

ratio is greater than 1 within a period, it implies that
cycle failures have likely occurred.
The modified actuated v/c ratio is:

V) 7 Vi
(5) = —=—= )
/i w Z,,,:Tlg,;m s X GT

where T is the duration of the study periods; s is satura-
tion rate; v; is total vehicle arrivals on approach i during
T; gi.m is effective green on approach i in m™ cycle; and
GT is green time percentage.

Using phase transition events and Equation 3, we can
identify each cycle failure; Equation 4 provides an alter-
native method to identify consistent cycle failures within
a period. Even under effective timings, temporary cycle
failures are inevitable given the random nature of arri-
vals. Temporary cycle failures should be acceptable in
practice if the residue queue is cleared soon. In this study,
we focus on capturing consistent cycle failures, identified
through comparing hourly capacity and hourly arrivals.

Arterial Travel Time Estimation with Wi-Fi MAC
Addresses and the Kalman Filter Method

The Wi-Fi travel time estimation is via a prototype Wi-
Fi MAC address collecting device built by the authors. It
turns out that the matched travel time samples contain
many outliers and much noise. To offer a valid travel
time estimation, effective processing algorithms are nec-
essary to filter the outliers and estimate the travel times.
We have developed a travel time estimation algorithm
based on the Kalman filter framework.

Once a raw Wi-Fi travel time sample is generated,
empirical thresholds are first applied to filter obvious
outliers. A travel time sample is considered valid only
when it is between 50% of free-flow travel time and
300% free-flow travel time. Please note that the 300%
free-flow arterial travel time is arbitrary and so it is sub-
ject to changes in very congested areas. According to the
central limit theorem in statistics, we can safely assume
the travel time samples (¢;) are normally distributed and
the unbiased travel estimator L and the variance 62 can
be estimated as in Equation 5:

m ~\2
m no(p
o= Zi:1t"’62: W (5)
In practice, it is common to see that the number of sam-
ples within a time period may be low or even zero. In
that case, inherent randomness of travel time samples
will govern the travel time estimation and generate large
fluctuations. To mitigate this issue, we use a weighted
average of two consecutive periods (current period k& and
immediately past £ — 1 period) to smooth the travel time
estimations. This operation will help to enhance the
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algorithm’s tolerance to variations. It is formulated as in
Equation 6.

. my .
e = (max(0.0l,mk + max (0, ( %))mk1)>uk

my N
+(1-
( max (0.01, my + max(0, (1 %))m;m))pbk_1
(6)

where At is the sampling period (e.g., 900s) and T is the
maximal time interval beyond which even two consecu-
tive sampling periods are considered independent (e.g.,
3,6005).

Equation 6 suggests that the correlation between two
consecutive sampling periods decreases with the increase
of sampling periods because the weight value (1 —4!) of
previous samples decreases. When the time interval
reaches 7 or longer, two consecutive sampling periods
are considered independent. The weights of former valid
samples are also linearly discounted with the increase of
time intervals. Under an extreme situation, if the sample
size is zero in one period (m; = 0), then the estimated
travel time during period k—/ is used as its approxima-
tion (P = fiy_y).

Based on the relevant literature on the measuring
errors, we propose a Kalman filter algorithm to estimate
the travel times. The Kalman filter framework is widely
used to estimate the true state of a linear dynamic system
by minimizing the mean squared error. Although the traf-
fic systems on arterials are nonlinear by nature, various
successful linearization efforts have been reported in the
past, such as the first-order traffic flow model because of
Newell (21, 22). With the Kalman filter framework, the
system measuring errors are explicitly modeled (23). It is
an efficient Bayesian estimating process except that the
state space of the latent variables and observed variables
are continuous and must be consistent with the normal
distributions. A Kalman filter contains two steps: Predict
and Update. The predicting step is to make an initial esti-
mation of the system’s current state. In this paper, the
system state is estimated travel time during a sampling
period. Before an estimation starts, the initial state is
assumed to be the same as the immediately past travel
time and then updated with the new travel time samples
within the current period. Mathematically, the Kalman
filter approach can be formulated as follows. All the
matrices and variables are of one dimension.

ty = Fity—1 + Bruy + wy (7)

During the period k&, an observation (travel time sample)
z; 18 generated with:

zr = Hity, + ¢ (8)
where
tr = the travel time during the period k;

F;, = Kalman state transition matrix during
period k. In our case Fy = 1;

e B, = the control-input model of control vector u
during period k;

e H, = the observation matrix in the Kalman filter-
ing during period k;

e ¢, = the measuring error (e;~¢(0,R;)) during
period k;

e w; = the system white noise (wy~F(0, Ox)) during
period k.

It should be noted that when travel time is collected on
arterials, the real travel time is affected not only by traffic
volumes but also by the traffic control plans at intersec-
tions. Therefore, it is imperfect to assume the linearity of
arterial systems. Nonetheless, we empirically modify and
calibrate the Kalman filter model to fit into this context.

According to the literature (24), 97.5th percentile and
2.5th percentile travel speeds are 14.7 ft/s (10 mph) above
and below the average speed. The 95% confidence inter-
val (f5%,197.5%) can be calculated as frsy, = — &
and f97.59, = —55777 (in feet and seconds). Oy in wy (the
system noise) in Equation 7 is then calculated as:

_ (to759% — tase) 9)

t
2 X 29,025

where zg ¢25 1S the normal Z value 1.96.

R; (or ¢;) in Equation 8 is determined by the Wi-Fi
sensor’s measurement errors discussed above and H; = 1
because the travel time is directly measured. After all the
parameters are determined, travel time estimation can be
described as in Algorithm 1:

Lastly, Equation 6 is applied to get the final travel
time estimation for this period.

Note that Equation 9 does not effectively consider the
control delays on arterials and there are no widely
accepted travel time distributions on arterials. Therefore,
the thresholds may have to be empirically adjusted in
practice.

Case Studies: Arterial Traffic Signal
Performance Evaluation in Starkville,
Mississippi

In this section, we present the novel presentations of

arterial traffic signal performance along Highway 12 in
Starkville, MS.
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Algorithm |: Travel time estimation algorithms based on the Kalman filter framework

Assume my valid travel time samples, z}, (i=1, 2...,
known.

my ) are collected during period k. Link length and free-flow travel time are both

Step 0: Initialization: when k = 0 (e.g., midnight), to = L, wi’s variance Qx = o is calculated with Equation 9;

Step |: For each period k (k=1,2 ...)

Predict the travel time W|th Equations 5 and 6 as the a priori estimation

Estimate variance: P, = P + Qx

Step 2: Calculate the Kalman gain: Ky = P (P, — Rk)

Covariance update: P, = (1 — Ki)P,

( R is the variance of measure errors)
Step 3: Update the posteriori state estimate: t, = &, + K (z} — &)

Step 4: If i < my ,theni=i + | go to step 3; otherwise i =0,k =k + | and go to Step 2
Step 5: If i < my, algorithm stops and the final travel time is retrieved as the estimate travel time during period k

603 m 2350 m .
Hwy 12 !
(1’978 ft) ¥|4 (7’708 ft) > @Lonis;illeRd. it l
b '|' Starkville, MS .
Highway 12 |/ |———— b S
B =55 & = 8
A & Hgl 0 --------——--
nghwav 25 Ramp I Airport Louisville s @
Rd Rd. D1 D2 D3I D4 1SN Pusedet
Ve = T x Presencedet
Ed S TN KN
P5P6 97T PS8

Figure 3. Layout of the studied arterial.

PCDs with Arterial LOS at Individual Intersections

Three units of Wi-Fi MAC capturing devices were
deployed at three intersections along Highway 12 in
Starkville, MS. The intersections are controlled by
Siemens Linux M60 controllers and the speed limit is
45mph. The distances between intersections are shown
in Figure 3.

At each intersection, additional detector zones are
added into the Wavetronix sensors. Figure 3 shows the
detector configuration at one of the intersections at
Louisville Road. The advance detectors were set 5 s away
from the stop line.

Two types of data sets are used to generate the
enhanced PCDs: (i) high-resolution traffic signal events;
(i) time-of-day arterial space travel speed estimated with
Wi-Fi travel time samples.

Time-of-Day AoG and Arterial LOS. Figure 4a shows the
enhanced PCDs with arterial LOS at one intersection for
24h. The blue line is the hour-by-hour arterial speeds
calculated with Wi-Fi sensors. The letters are the LOS
measured hourly. From Figure 4a, we can see there are
three coordination plans during a weekday: morning
(from 7:00a.m. to 8:30a.m.), noon (from 11:00a.m. to

1:30p.m.), and evening (from 4:00p.m. to 6:30 p.m.).
The rest of the time is local free. It can also be seen that
the longest delays were generated in the early afternoon
when the arterial LOS dropped to level D. There are not
many vehicles after midnight and so the mainline green
continued for multiple cycles. Since the data were col-
lected in summer, the side-street travel demand was still
low even after 7:00 a.m. and so the “early return to
green” occurred between 7:00a.m. and 7:15p.m. The
24h are also divided into several periods according to
the time-of-day plan. As shown in Figure 4a, the 24h on
that day were divided into seven periods. In each period,
the corresponding AoG and effective green ratios are cal-
culated respectively according to the high-resolution traf-
fic signal events. The AoG was overall lower than 50%
in the summer because the traffic signal coordination
plans were developed primarily for the higher travel
demands of school days.

Time-of-Day Effective VIC Ratios. The traffic signal systems
at all three intersections are all actuated and so the effec-
tive v/c ratios should be used following Equation 4. The
saturation rate was empirically set to 1,500 vehicles per
hour per lane according to the field observations.
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@ (a) Phase 2 (EB): Hwy12 at Louisville Rd, Starkville, MS (07/19/2019)
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Figure 4. (a) Traffic Signal Performance of PCD and LOS; (b) TOD comparison of capacity and demand.

Note: AoG = arrivals on green; GT = green time percent; LOS = level of service; PCD = purdue coordination diagram; TOD = time of day.

Figure 4b shows the hourly travel flow rate (i.e., vehicle
arrivals) and the effective road capacities according to
the total green durations in that period. Figure 4b reveals
that the provided road capacity (primarily for school
days) is higher than the actual travel demand in the sum-
mer and so congestion is unlikely occur.

Figure 4a clearly reveals the consistency of two types
of arterial traffic signal MOEs. From midnight to
7:00a.m. is “local free” and traffic on side streets was
very low. As a result, AoG and green percent were over
70% and the arterial LOS was A. With the increase of
side-street traffic, the AoG and green percent gradually
decreased and so did travel speed on the arterial. Between
1:00 p.m. and 4:00 p.m., the AoG and green time percent
reached the lowest value and arterial travel speed also
reached the lowest LOS (D). After that, both AoG and
green time percent increased and the arterial travel speed
also increased, suggesting better traffic progression.

The volume versus capacity diagram (Figure 4b) offers
a new metrics to identify congestion. Ideally, the capacity
curve (supply) should always be higher than the arrival
curve (demand) to avoid congestion. If traffic is consis-
tently congested, then the hourly v/c ratio will be greater
than 1. As a result, the arrival curve will be higher than
the capacity curve indicating the congestion. Another sit-
uation to identify congestion is that, if the queue length
consistently increases and even reaches the advance
detectors, then new arrivals cannot be detected, and we
will see a sudden drop in the time-of-day vehicle arrival
curve. It also implies possible over congestion.

Arterial Traffic Signal Performance with
Multi-Intersection Coordination Diagram

An arterial traffic simulation model along Highway 12
was developed in VISSIM for additional experiments.
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Figure 5. Layout of studied intersections.

The traffic signal simulation was established with the
traffic signal software-in-the-loop emulators. The traffic
signal emulator in PTV VISSIM, ASC/3, can output
high-resolution traffic signal events and therefore the
simulation environment almost has the same fidelity as
in the field. It allows for more comprehensive evalua-
tions under various scenarios. The traffic signal event
data are generated using software-in-the-loop ASC/3
emulator via NTCIP protocols and so the data quality is
comparable with the real-world traffic signal event logs.

Figure 5 shows the layouts of four intersections along
Highway 12, the latest peak-hour turning movement
counts, and the traffic signal phasing sequence.
Compared with the road capacity, traffic is light and
moderate. The detectors at each intersection are config-
ured similarly with Figure 3. For each intersection, a
local optimal traffic timing plan and a traffic coordina-
tion plan are developed using PTV Vistro.

Each simulation run lasts an hour during which four
ASC/3 emulators generate traffic signal events, including
the vehicle arrival detections and phase transitions

Effective AoG, AoC, GT, and BA under Local Optimal Traffic
Signal Control Plans. We first calculate the values of AoG,
AoC, and BA for a whole hour using the emulated traffic
signal events data. The local timing plan is fully actuated
and Figure 6a shows the varying effective greens for a
few cycles. We can see that effective green bands can still
be established even though all intersections are running
local free. The multi-intersection MOEs are calculated
only at downstream intersections, as shown in Figure 6a.

For westbound traffic, INT2 and INT3 have fairly
large green time percentages (over 45.6%) because the
travel demands on the side streets are very low. As a
result, effective green bands between Intersections 4, 3,
and 2 can be easily established and vehicle arrivals also

have good opportunities to cross those three intersec-
tions with stops. However, INT1’s mainline green time
percentage is reduced because of the high demand on
other approaches. The AoG and AoC ratios between
INT2 and INT1 are also low because the two intersec-
tions are not coordinated.

The pattern of eastbound traffic is similar; AoG and
AoC ratios between INT1 and INT2 and between INT3
and INT4 are low because of the high volumes on the
side streets at INT1 and INT4.

Effective Green, AoG, AoC, GT, and BA under Fixed Traffic
Coordination Control Plans. We then evaluate the perfor-
mance of a fixed traffic signal coordination plan with the
newly proposed MOEs. The common cycle length for
the four intersections is 110s and the offsets from INT1
to INT4 are fine-tuned to 65, 39, 50, and 655, respec-
tively. Comparing Figure 6a with Figure 6b, it is clear
that the level of mainline traffic progression is better
under fixed traffic signal coordination control than
under local free timing plans. The AoG and AoC signifi-
cantly increase. It is also noticed that the effective green
time percentages increase as well because the mainline
phases are not allowed to gap out.

Effective Green, AoG, AoC, GT, and BA under Actuated Traffic
Signal Coordination Plans. In this experiment, we focus on a
more common traffic signal configuration—actuated
traffic signal coordination. The minor approaches can
gap out to return the unused green back to the mainline.
Comparing Figure 6, b and ¢, we can see that the green
time percentages increase at all intersections because of
the early returns to the mainline green. Nonetheless, it is
also noticeable that longer mainline greens do not neces-
sarily help traffic progression because early release of
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Figure 6. Multi-intersection measures of effectiveness under various traffic control strategies: (a) local free mode, (b) fixed
coordination, (c) actuated coordination.
Note: AoC = arrivals on coordination; AoG = arrivals on green; BA = band attainability; GT = green time percent.

queues is detrimental to the establishment of green bands. the arrivals within the established green band are fewer
For instance, the level of traffic control coordination than those under the fixed traffic coordination timing
turns out to decrease between INT1 and INT2 because plans. Therefore, we recommend that the actuated traffic
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Figure 7. Effective green band at different moving speeds (same local phase transitions).

signal coordination strategy should be carefully selected
because it may not be as helpful as the fixed traffic signal
coordination strategy to the mainline traffic progression.

Figure 6 also shows the consistency of AoG and AoC
values. They are close under all three control strategies
in this experiment. The reason is that all four intersec-
tions are of major-minor type and therefore the mainline
AoGs are mostly from the through traffic released at the
upstream intersections. As such, AoC and AoG are
almost the same. Nonetheless, it is expected that AoG
and AoC will become significantly different if the
upstream intersection is major-major and generates sev-
eral platoons within a cycle.

Impact of Vehicle Moving Speed on Effective Green Bandwidth
Calculation. AoG and green time percentage are not
affected by the moving speed but the new AoC and BA
are based on two consecutive intersections and thus are
sensitive to the prevailing moving speed. A biased mov-
ing speed may change the results of AoC and BA. An
alternative to using one value of speed for this purpose,
designed by Hainen et al. (20), might be to use a slightly
higher speed for the start of green and a slightly lower
speed for the end of green.

In practice, the posted speed limit is often used to
derive the time-space diagram and calculate the green
bandwidth. If the moving speed is biased, the results
may become misleading. To examine this speculation, we
conduct an experiment to calculate the AoC and BA val-
ues using different moving speeds.

The calculation in Figure 6 is based on the posted
speed limit of 35mph. Let us assume two hypothetical
scenarios: (i) drivers drive faster than the speed limit,
such as 40 mph; (ii) drivers drive more slowly, because of
congestion, at 30 mph. In both scenarios, the AoC and
BA results turn out to be significantly different. Figure 7
shows differences of effective green bands because of dif-
ferent moving speed even though the local phase transi-
tions are the same.

As an example, for the westbound traffic under fixed
traffic signal coordination, if we change the moving speed
from 35 mph to 30 mph, the AoC values change as:

INT 3: 41.2% (3.2% decrease)
e [INT 2:53.4% (16.1% decrease)
e INT 1: 24.6% (22.2% decrease)

and the BA values change as:

o INT 3:62.5% (23.4% decrease)
e INT 2:76.7% (8.7% decrease)
e INT 1:48.1% (21.5% decrease)

If we take a faster 40 mph as the moving speed, then the
AoC values change as:

INT 3: 42.0% (2.4% decrease)
e INT 2: 66.8% (2.3% decrease)
e INT 1:44.0% (2.3% decrease)

and the BA values change as:

INT 3: 62.3% (1.2% decrease)
INT 2: 84.4% (1.5% decrease)
INT 1: 64.8% (4.8% decrease)

From these results, we can conclude that the effective
green bandwidth calculation (an indicator of traffic pro-
gression) is highly sensitive to the prevailing moving
speed, especially when the moving speed is slower than
the speed limit. The multi-intersection coordination dia-
gram will provide a straightforward tool to evaluate the
traffic progression along arterials under different moving
speeds. The methods presented in this paper permit some
informed adjustments or even optimization of those off-
sets to better accommodate arterial traffic signal opera-
tions where early return may occur.

In addition, it is also clear that the effective green
bandwidth of actuated traffic signal systems is random
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and varies cycle by cycle. Over time, we can get a distri-
bution of the green bandwidth. Stochastic optimization
for offsets shall be conducted to maximize the green
bandwidth with the maximum likelihood. A similar con-
cept was proposed by Yin et al. (25)

Conclusion and Future Work

In this paper, we present new performance measures for
traffic signals on arterials based one multiple traffic data.
The considered data include travel time samples via Wi-
Fi probe vehicles and high-resolution traffic signal
events. The standard PCD is first enhanced by synchro-
nizing time-dependent travel speed and LOS on the
arterial. This effort is to meet a rising need for integrat-
ing traditional arterial performance measures (arterial
travel time/speed) with the emerging PCDs based on
high-resolution traffic signal events. Based on the high-
resolution traffic signal events data, we propose three
new multi-intersection MOEs to evaluate actuated traffic
signal system performance: (i) AoC to identify the num-
ber of vehicle arrivals during the established green bands.
AoC can further distinguish arrivals from the upstream
mainline during green from arrivals from the side streets
during green; (i) BA to identify how much mainline
greens are used for traffic signal coordination; and (iii)
effective v/c ratio to identify the possible cycle failures by
comparing the travel demand and the effective road
capacities under actuated traffic control systems.

The proposed multi-intersection coordination diagram
reveals the sensitivity of green bandwidth calculation
(i.e., traffic progression) to vehicles’ prevailing moving
speed between intersections. The state-of-the-practice
approach is to use the posted speed limit to calculate the
green bandwidth. The multi-intersection coordination
diagram shows that even a small change in the vehicle
moving speed can cause significant changes to effective
green bandwidth. The multi-intersection coordination
diagram can provide a straightforward tool to examine
the traffic progression, in relation to effective green band-
width, at different speeds.

It is also recommended that caution should be taken
while implementing actuated traffic signal coordination
strategy along arterials. As we observed in the experi-
ment, the level of mainline traffic progression may even
reduce compared with the fixed traffic signal coordina-
tion strategy because the early returns to mainline green
break the programmed green bands.

In the future, we plan to explore new database engines
for traffic signal events data management. It is estimated
that daily traffic signal event logs at a standard intersec-
tion can range from 300,000 to 60,000 records. Data sets
of such size should be ideally tackled by more powerful

database engines instead of the traditional SQL database
engine. In this study, we adopted the MySQL database
engine to store and process data. To ensure computing
efficiency, it was necessary to limit data storage up to
30days and the diagram rendering for up to 24 h. In the
future, we plan to explore other database techniques, like
GPU database techniques, to further investigate the
potentials of traffic signal events data.
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