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Abstract

Big data from probe vehicles is increasingly becoming an important contributor for determining the regional performance of
a transportation roadway network. Recent research has applied aggregated speed data from probe vehicles to quantify travel
time variations as a result of recurring congestion, incidents, weather events and other non-recurring congestion. Through
the establishment of a base travel time for all roadway segments in a region, any increase in travel time characteristics in the
regional networks can be quantified temporally and spatially. This characterization is especially important when determining
aregion’s congestion resiliency, which is being defined as the ability of a roadway network accommodate failures and return
to a baseline congestion after a major capacity reduction to the roadway network. This paper demonstrates how aggregated
big data on vehicle speeds obtained from regionally deployed probe vehicles could be used to characterize and visualize the
interdependent congestion impacts between regions and across roadway types (interstate, arterial, and local). To demonstrate
the models and methodologies, an in-depth analysis of the I-276 Bridge closure incident in Burlington County, NJ near
Philadelphia, PA was conducted. The bridge was clzosed after a routine inspected identified a crack in one of the structural
members. In total, 90 days of data, which included 90-million speed records, were commercially collected for 1765 roadway
segments, was analyzed. A novel performance metric was developed to allow an impact analysis by comparing Burlington
County to two adjacent counties, Mercer and Camden. The results showed that the bridge closure did have a definitive,
quantifiable impact on the primary road network of the adjacent counties. Subsequent analysis identified specific roadways
that were most impacted by the closure. Although this research explores historic speed data, the methodologies presented
can be applied to real-time speed data to assist in developing efficient traffic operation plans during major incidents, lane
closures and weather events.
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Introduction

Analysis of the performance of expansive road transportation
networks requires copious quantities of speed and flow data.
Traditional data sources for roadway performance measures
are traffic counts, spot-speed studies and travel-time studies.
These sources provide very limited data in terms of temporal
and spatial coverage. In contrast, anonymous probe vehicles
are currently acquiring big data repositories that are rich
in spatial and temporal dimensions over the vast majority
of the nation’s roadways. These big data repositories are
increasingly being used in transportation analytics and in
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Urban Mobility Report, which ranks urban congestion levels
throughout the United States (Schrank et al. 2015). Probe
vehicle data have been used in national mobility reports
(Lomax et al. 2011, 2012) and statewide mobility reports of
interstates as well as pre-defined commuter corridors using
different performance measures (Remias et al. 2012, 2013,
2014; Maryland 2012; California 2009; Washington 2012;
Haghani et al. 2009). Recent research has used probe vehi-
cle data to develop quantified regional performance meas-
ures along with visually intuitive graphical representation
of large data sets (Brennan and Venigalla 2017; Brennan
et al. 2018a). Probe data have also been used to evaluate
the impact on the roadway network after a natural disaster
(Brennan et al. 2018a; Hara and Kuwahara 2015). Collective
congestion performance measures on a regional level pro-
vide a means to determine the impact of planning, operation
decision, and overall resiliency to better determine future
decisions regarding construction, detours, and may provide
insight as to how to focus capital improvement funds to bet-
ter manage the system as a whole. Visualization methods are
necessary to convey meaning of large data sets. The impor-
tance of “information visualization” is well characterized by
the following quote (Few 2009):

“Most data analysis involves searching for and mak-
ing sense of relationships among values and making
comparisons that involve more than just two values at
a time. To perform these operations and see relation-
ships among data, which exhibit themselves as pat-
terns, trends, and exceptions, we need a picture of the
data.” (Page 30.)

While probe vehicle data are currently being adopted due
to its expansive and continuous nature, it only respond as a
symptom of existing problems, and it is not well understood
how it respond to different stimuli. Pack (2012) developed a
web-based visual analytics monitoring system for identify-
ing major bottlenecks, reporting on travel time reliability,
and displaying other congestion measures using private
sector vehicle probe data fused with agency incident/event
data where available. The system included probe data from
as early as 2008 through early 2012. The data were used
to analyze trends from year-to-year, month-to-month, and
day-to-day.

This paper evaluates how the archived anonymous
probe vehicle speed data reacted to the I-276 bridge clo-
sure between New Jersey and Pennsylvania. Approximately
90-million speed records covering three adjacent counties
in New Jersey were analyzed in the study. The data inges-
tion and analysis software used to evaluate the 90-million
records are briefly described. The research methods build
on previously defined performance measures (Brennan
et al. 2015, 2018a, b, 2019; Brennan and Venigalla 2017)
to demonstrate how aggregated probe data can be used to
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assess the congestion due to, and recovery from, a major
impact on the roadway network across a region to evaluate
the region’s roadway network resiliency. Motorists know
where they want to go, but agencies need to recognize if the
choices are viable and if the road network can handle addi-
tional, unexpected traffic. The research presented measures
that are used to determine if a regional impact has occurred,
whether it is statistically significant, and where the conges-
tion impacts are occurring (county, interstate, arterials, local
roads, townships, etc.). The first step is to know if the region
is reacting, where it is reacting, and how much is it reacting
as compared to normal operation. The performance meas-
ures developed quantify the increase in travel time experi-
enced by the motoring public, as well as the interdependent
congestion impacts between regions and across roadway
types (interstate, arterial, and local) in a visually intuitive
manner. With known volumes and classification of traffic,
these performance metrics can be used to quantify the actual
cost to the motoring public as well as the environmental
impact caused by congestion over a region. This study did
not obtain traffic volume information, however, this type of
research has been conducted in previous studies (Day et al.
2012). This paper outlines the data process used to develop
a methodology for evaluating the interdependent conges-
tion relationship among roadway types and across agency
boundaries before, during, and after a major, unexpected,
bridge closure.

Data

The evaluation of commercially available anonymous probe
vehicle speed data requires a cross reference between spa-
tially defined traffic message channels (TMC) and temporal
speed data sets. These data are collected by a commercial
provider who tracks vehicle telematics over predefined
TMCs. Each TMC is geo-located and assigned a corre-
sponding unique roadway ID. The format of this data has
been defined in previous research (Brennan and Venigalla
2017; Brennan et al. 2018a, b, 2019). Each speed record
includes a time-stamp, c-value, and confidence score as its
attributes. A confidence score of 30, along with a c-value of
100, indicates that the speed is directly based, not calculated,
on probe vehicle measurements with a high confidence that
the speed represents the actual roadway conditions. For this
research, only records with a score of 30 and c-value of 85
or greater, which indicates an 85% confidence that the actual
roadway conditions are represented, were included. There
were a few instances when zero data were collected, but
these only occurred for a total of 6-h over the 90-day study,
or 0.28%. Except for these 6-h, the data with a level of 30
and an 85% confidence were available. The missing 6-h of
data were excluded from the analyses.
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The study region is defined by selecting all TMCs within
three New Jersey counties, namely Mercer, Camden, and
Burlington counties, located in the close proximity of the
Pennsylvania (PA)/New Jersey (NJ) Turnpike Bridge cross-
ing (I-276), shown in Fig. 1. The study area (Fig. 1) is com-
prised of 1765, or about 10.8% of the state’s 16,256 TMCs.
The regional analyses were categorized to include the New
Jersey Department of Transportation (NJDOT)-maintained
roads (Interstates and Arterials) and local roads that are not
maintained by NJDOT. The data were collected between
January 1, 2017 and March 31, 2017 to cover the bridge
closure and subsequent reopening. The 1-276 Bridge was
abruptly closed on Friday January 20, 2017 (Argos 2019)
due to a failure in a structural member, leaving six of the
seven regional bridges open for traffic. The congestion
impact of this bridge closure was felt regionally. The data
employed in the big data analytics for assessing the impact
of this event included over 90 million unique speed records.
The 1765 unique TMCs and their respective attributes
(length, common name, and jurisdiction) were imported as
relational database model ingested into a Microsoft Standard
Query Language (MSSQL) server. The historic speed data
for the study period was also added. Each TMC segment was
associated with its respective speed records. The entire data-
base was then indexed to increase query speed. To facilitate
the database model the data were consolidated into 15-min
bins and organized into a data structure using MatLAB. The

data were structured using the following fields: TMC ID,
year, month, day, and 15-min bin. This data structure allows
the data to be quickly accessed on a daily, monthly, and
yearly level.

Measures of Congestion

To evaluate changes in travel speed throughout the data, a
base level of performance represented by the anonymous
probe vehicle data needed to be established. Base free-flow
speed for each TMC was determined by calculating the aver-
age segment speed during 0200—-0600 h when congestion
due to volume is unlikely (Brennan et al. 2018a, b). The base
free flow speed (BFFS) is calculated as follows:

1
== v (1)

J jEF

BFFS,

where BFFS is the variable speed threshold for TMC i; Vi
are speed records for TMC i for the 15-min interval j; n; i
the total count of 15-min intervals within the free-flow time
F, which is defined as all of the minutes between 0200 and
0600 during the entire 90-day study period.

The BFFS was used for all time periods analyzed. It
should be pointed out that even though the BFFS meas-
ure used in this research is similar in concept with BFFS
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defined in the Highway Capacity Manual (Highway Capac-
ity Manual 2016), the computation is different. Both the
analysis time frame and the percent speed threshold can be
adjusted to better understand how the regional transporta-
tion system reacts and recovers under recurring conditions
as well as extreme events.

Additionally, each of the 1765 TMCs is assigned a base
travel time (BTT) that accounts for the TMC’s length and
its observed BFFS. The base travel time for each TMC is
computed using Eq. 2 (Brennan et al. 2018a, b):

BTT, = BFFS;’ 2)
where BTT, is the base travel time in hours for TMC i and
X; is the distance in miles for the TMC

Previous research (Brennan and Venigalla 2017, Bren-
nan et al. 2018a) had included a 70% reduction in base
free flow speed to calculate the travel time which defined
congestion conditions, but for this research the calculated
BTT was used as a baseline for determining when any
increase in travel time occurred. The calculated travel time
for any TMC segment is defined as shown in Eq. 3:

X
TTij = E , (V,‘,’<BFFSI.)
§ 3

(v; > BFFS)),

where TT}; is travel time in hours of TMC i at time period j
and v; and BFFS, are as defined in Eq. 1. Anytime v;; is less
than BFFS,, a travel time was calculated.

For total travel time a travel time inflation (TI) per-
formance measure, which accounts for TMC length and
speed variability inherent with spatial location, was used
(Brennan et al. 2018a, b). TI is the difference between the
BTT and TT as shown in Eq. 4:

TI, = Z (TT; - BTT); forTT; >0, @
JEA

where TI, is the total travel time inflation for TMC segment
i for all 15-min intervals within analysis period A.

Thus, every 15-min interval where the travel time
exceeds the segment-defined threshold base travel time
leads to an accumulation of TI. The variable TI repre-
sents individual TMC travel time inflation. The TI for each
TMC is normalized with respect to the TMC’s base travel
time, yielding the Regional Increase in Mean Travel Time
(RIMTT):

TI,

RIMTTij= 4 ﬁ, 5)

where RIMTT); represents the increase for TMC segment
i for a 15-min time interval j and TI, is as defined in Eq. 4.
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For the RIMTT performance measure all the TI values
are aggregated for every TMC in 15-min bins. Previous
research has used this metric to demonstrate the regional
impact of Hurricane Sandy (Brennan and Venigalla 2017,
Brennan et al. 2018a). To normalize the RIMTT to view
the aggregated data between counties or regions, the total
number RIMTT is divided by the number of TMCs (Fig. 1)
located in each county dependent on what is being analyzed
is defined as follows:

RIMTT

MTT,, = —— % 100,
9= TTMC ©

c

where MTT; is the mean percent increase in TMC travel
time for all TMCs in a county region ¢, during a 15-min
time interval j.

Mean Percent Increase in TMC Travel Time:
A Case Study Applied to the I-276 Bridge
Closure

The MTT provides a means to evaluate and compare the
impact of traffic-related events traversing regional transpor-
tation network boundaries. The I-276 Bridge was abruptly
closed on Friday January 20, 2017, when a structural mem-
ber was found to be cracked (Argos 2019). To determine
the impact on the three adjacent counties, the MTT was
applied. The visualization of MTT is provided in Fig. 2 for
all NJDOT-maintained roadways in Mercer, Burlington, and
Camden County, NJ. The graph shows the juxtaposing of the
counties, each with a 24-h y-axis in 15-min increments. To
illustrate the difference before and after the bridge closure,
a color scale was chosen where a 50% increase in MTT is
considered to be the upper end of the scale. The 50% is an
arbitrary number that can be adjusted based on an agency’s
requirement. For this study, the 50% increase in MTT ade-
quately illustrated the bridge closure. The following obser-
vations can be noted from this illustration (Fig. 2)—all but
one of them apply to all counties, some impacting a single
county, while other impacted each of the counties.

e All counties: three snow days are observed in all counties

e All counties: areas shown to be ‘white’ are locations
when no data were available.

e All counties: the weekend traffic versus the weekday traf-
fic.

o All counties: AM Peak and PM Peak travel times are
identified.

e All counties: road closure on US-130 due to crash inci-
dent (Route 130 2017)

e Mercer County: Dump Truck Turn over on I-195 (Brown
2019)
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Most of the observations were noted to be recurring traf-
fic patterns that are consistent across all counties. As would
be expected, the snow days did show an impact across all
the counties. One crash incident occurring on February 17,
2017 resulted in the closure of US-130 in both directions.
US-130 runs parallel to both the New Jersey Turnpike and
Interstate 295 and traverses each of the counties. The inci-
dent appeared to impact roadways in all three counties. The
illustration demonstrated the county transportation systems’
resiliency by its return to recurring congestion systems the
following day. A similar observation is noted during the Sat-
urday January 7, 2017 snow storm (Storm 1), where both the
resiliency of the transportation system is shown, along with
the resiliency of the data collection systems whose data were
missing across the region immediately following the snow.
Following the snow, the transportation system as well as the
data collection returned to pre-storm conditions.

With respect to the start and end dates of the bridge clo-
sure event, it appears that Mercer County had an increase
in MTT while the bridge, located in Burlington County,

ash Snow (3)

Mercer

Burlington

Camden

Bridge Closed Bridge Open o131
Mar9 Fri

Thu

Day of the Year January 1 — March 31 (2017)

was closed. Detours in the region had travelers directed to
1-95/1-295 in Mercer County instead of the bridge. Figure 2
shows a change in the MTT coinciding with the bridge clo-
sure did occur. Thus, the MTT measure clearly captures
the impact of the 1-276 bridge closure on Mercer County,
as seen by the minimal impact on Camden and Burlington
Counties. It also captures Mercer County’s ability to recover
from the detour after the bridge re-opened.

With Mercer County being identified as the most impacted
county, the MTT data can be disaggregated to better observe
the interdependency of the congestion on the interstate road-
ways versus the arterial as well as the local road. The NJDOT
roadways were disaggregated into NJDOT-maintained arteri-
als and interstates as shown in Fig. 3. An additional analysis of
615 TMCs representing roadways in Mercer County that are
not maintained by NJDOT is also shown in Fig. 3. By disag-
gregating the roadways, it appears that the interstates incurred
the brunt of the increase in MTT due to the bridge closure.
However, the measures for arterials also show that they were
impacted by the bridge closure. The measures for local roads
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Fig.3 MTT for Mercer, NJ 0 >0 10% 50% >50%
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show that they were not necessarily impacted by the [-276
bridge closure, at least not directly. One incident identified in
Fig. 2 as a truck turn over on an I-195 on-ramp, had more of
an observable impact when shown only on the interstate heat
map, Fig. 3. It should be noted that Interstate 195 only trav-
erses Mercer County, and the incident occurred in a relatively
rural part of New Jersey.

Average Mean Percent Change in TMC Travel
Time Applied to Mercer County, NJ

The visualization in Figs. 2 and 3 provides an overall view
of the changes in MTT for 15-min intervals over 90 days. To
observe a generalized relationship of the impact the bridge
closure had on Mercer County the average MTT is defined
inEq. 7.

¥ MTT,;
MTT, = =——, @)

t
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where MTT,; is the average mean percent increase in TMC
travel time (average MTT) for all TMCs in a county region,
¢, during a 15-min period, j divided by the number of days
D, over the defined time period, .

The time periods are 19 days between January 1, 2017
and January 20, 2017, 50 days between closing and open-
ing of the bridge, and 21 days from the opening of the
bridge to March 31, 2017. Although the day-to-day MTT
was visually identified in Figs. 2 and 3, the graphical rep-
resentations shown in Fig. 4 identify the collective impact
on the interstates, arterials, and local roadways. From
these graphs, the impact on the peak MTT is identified
along with duration of the increased travel time due to the
bridge closure. The graphs show that the interstates do see
a major change in MTT, while the arterial has a minimal
change, and the local roads do not show a change. The
interstate average MTT decreased to a point where it was
lower than the pre-bridge closure conditions in the PM
Peak. These results might be enhanced by focusing on the
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micro-impact on the local roadways rather than the macro
impact on the region.

Although both Camden and Burlington did not show
any definitive change in MTT in Fig. 2, the average MTT
in Fig. 5 yielded changes in the average MTT. While the
bridge closure had an observable impact, increase in travel
times, on Mercer County for Figs. 2, 3 and 4, Camden
County reflected a decrease in average MTT in the PM
Peak when the bride closed, and a subsequent increase
in MTT in both the AM and PM peak travel times that
exceeded the pre-closure MTT. Burlington County
appeared to be unaffected by the bridge closure, but when
the bridge re-opened the PM peak MTT increased. Further
research will determine if these are statically significant
changes and the reason for these fluctuations, but for this
study what is to be understood is that there appears to be
a cross county relationship to the bridge closure that is
reflected in the MTT and average MTT.

To statistically evaluate the effect the I-276 bridge closure
had on Mercer County’s transportation the maximum average
percent increase in daily MTT was selected as the random
variable. This value represents the greatest percent increase
over the base travel time seen in each day between January
1, and March 31, 2017. This period includes data prior to the
closure and after the reopening of the I-276 bridge. Figure 6
compares the Empirical Cumulative Distribution Functions
(ECDF) for the maximum average percent increase in daily
mean TMC travel time for the periods before the bridge clo-
sure and after reopening. The data sets used in the Fig. 3 were
compared using a two-sample Kolmogrove—Smirnov (KS)
test. The KS test was used to evaluate the null hypothesis of
the data sets coming from the same continuous distribution at
95% confidence. For road types (interstate, arterial, and local),
the null hypothesis was not rejected indicating that there is no
significant difference between the maximum average percent
increase in daily mean TMC travel time before and after the
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Fig.6 Empirical cumulative distribution function of average daily maximum percent increase in MTT in Mercer County, NJ (before and after
bridge closure)

bridge closure. This allowed this data, when the bridge was  Spatial Distribution of Average Mean
open, to be combined into a set representing the conditions  Percent Increase in TMC Travel Time
when the bridge is open.

Figure 7 shows the ECDF plot for data sets representing ~ To quantify the congestion derived from each of the
the maximum average percent increase in daily mean TMC ~ TMCs, the average MTT in Eq. 7 was calculated for each
travel time with the bridge opened and closed. The KS test ~ TMC in Mercer County. The maps in Fig. 8, show the
was performed in the same manner as previously describedon  average MTT impacted TMCs within the counties before,
these data sets. When comparing the bridge open and closed  during, and after the road closure. The bridge crossings
data, the null hypothesis was rejected for both interstate and from Pennsylvania into New Jersey at the US-1, 1-295,
arterial roadways. This indicates that the I-276 bridge closure  and Calhoun Bridge appear to be the most impacted. A
had a statistically significant impact on the maximum average  section of US-130 near the NJ Turnpike also appears to be
percent increase in daily mean TMC travel time for these road  impacted. This map also demonstrates how the MTT can
types. This difference was not seen on local I'OEldW&yS. These be disaggregated to show where areas of hlgh Congestion
results support the observations made in Figs. 3 and 4.
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Fig.7 Empirical cumulative distribution function of average daily maximum percent increase in MTT in Mercer County, NJ (before/after and

during bridge closure)

are located in the region. This map can be adjusted to
show the day-to-day, or minute-to-minute, changes to the
network. Additional research will need to be conducted
as the individual roadway impacts across Mercer County.

Conclusions

Commercially available big data from probe vehicles can
be used to evaluate and to quantify the complex relation-
ships and resiliency associated with the infrastructure failure
within a regional roadway network. This research applied a
scalable mean percent increase in TMC travel time (MTT)
performance measure that quantifies change in base free flow
travel time (BTT). This performance measure was used to
visualize the complexities of the interdependent roadway
networks within Mercer, Burlington, and Camden, counties
of New Jersey, USA using a heat map visualization meth-
odology. The MTT was specifically applied to 90 million
probe vehicle speed data points to measure the changes,
and eventual recovery, in regional travel time resulting from
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the abrupt closing of the I-276 Bridge near Philadelphia,
PA. The performance metric allowed a comparison of the
relational impact among three counties before, during, and
after the bridge closure. The research demonstrated that a
graphical ‘heat map’ representation of the bridge closures
can be derived directly from probe vehicle data. When the
bridge was closed, there was a notable increase in MTT for
Mercer County that returned to near pre-closure MTT once
the bridge reopening. The visualized data illustrated the
regional resiliency of Mercer County during the closure. A
subsequent drill down of the data showed that the closure
impacted the interstates as well as the arterial roadways, but
had little impact on the local roadways.

To better illustrate the quantitative impact of the bridge
closure on the roadways of three counties, the average
mean increases in TMC travel time MTT were computed.
Although the ‘heat map’ representation of the bridge closure
event showed no apparent impact in Burlington and Cam-
den Counties, average MTT did show an impact. On the
other hand, the results demonstrated that the bridge closure
increased the MTT in Mercer County, which was confirmed
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Fig. 8 Spatial distribution of average MTT for each TMC in Mercer County, NJ (1019 TMCs)

from the ‘heat maps’ but had a decrease in average MTT
for Burlington County, where the 1-276 Bridge is located.
The average MTT was disaggregated for Mercer County to
spatially identify the TMCs most impacted from the bridge
closure. The map indicated that the three bridges in Mer-
cer County to be the most impacted, with some additional
impact seen along the interstate and some arterial routes.
The ability to disaggregate MTT and average MTT demon-
strates that probe data can be used to first identify an issue
within a region, then quickly pinpoint where the issues might
be occurring. Although this the research presented in this

paper explores only historic speed data, the methodologies
presented can be applied to real-time speed data sets. Cur-
rently the authors are advancing this research towards devel-
oping real-time visualization tools.

As the probe vehicle data are becoming more reliable, its
use in regional traffic management plans is becoming more
prevalent. This increasing use of the data requires stand-
ards to be established for leveraging this data to produce
ongoing monitoring of the transportation system at local,
state, regional, and national levels. A significant challenge
with respect to probe vehicle data is managing the bulkiness
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of the data and developing innovative big data analytical
methods. The methods used, and performance measures
and visualization tools developed in this research address
some of these challenges. Furthermore, the methods and
metrics outlined in this research help determine the local
and regional impact of incidents, weather events and the
potential outcome of planned disruptions. By applying these
methods on probe vehicle data in real time can potentially
help improve the efficiency of managing regionally distrib-
uted traffic systems as network disruptions unfold. Further
research can explore the need for determining data-driven
regional boundaries, instead of arbitrary boundaries, which
may inadvertently gerrymander congestion out of an agen-
cy’s situational awareness. Ultimately, the ability to visual-
ize interdependencies among and with a region’s transpor-
tation network can help in the planning for temporary or
permanent infrastructure investment.
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