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Abstract

Most state agencies have good practices for monitoring congestion on road-
ways within their jurisdiction. Many urbanized areas span state boundaries,
where incidents, work zones, and congestion often impact neighboring states
or municipalities. States with urbanized borders that experience congestion
often develop informal communication procedures and occasionally share a
few traffic management cameras. However, system integration to share be-
tween adjacent states can be challenging, particularly for work zones and in-
cidents. Commercial connected vehicle data (CV) provides real-time probes
for corridors and can be used to monitor traffic data either within a state or
across the border into an adjacent state with no requirement for institutional
interfaces. For example, Indiana has 15 interstate crossings into four different
states. As a matter of practice, Indiana purchases connected vehicle data that
extends 10 miles into all neighboring states. This provides an ability to moni-
tor work zones, incidents, and re-occurring congestion in adjacent states that
may impact Indiana, as well as understanding when Indiana freeway conges-
tion impacts neighboring states. This paper presents case studies that explain
how cross border queueing can be monitored and summarized over a year for
the I-94, I-90, I-70, I-69, I-65, I-64, I-275 and I-265 Indiana Interstates. The
inbound IL to IN segment of I-94 had the largest median hours of queuing
with 69.1 hours per week. The outbound IN to KY segment of I-275 departing
Indiana had the largest median hours of queuing with 19.5 hours per week.
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1. Introduction

Interstate queuing is a concern for all agencies. Transportation agencies typically
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focus on managing roadways within their jurisdiction. However, traffic conges-
tion can often extend beyond state borders and impact adjacent states. Typical
causes include work zones, toll plazas, crashes and facilities that are over capacity.
For effective management it is important to have quantitative data on the location,
direction, severity, and cause of cross-border queuing. Tracking root cause and
location of congestion at borders is important for not only planning future capital
projects, but also from an operational and regional mobility perspective. In fact,
crash rates have been reported to increase by approximately 24 times when unex-
pected queuing is encountered on interstate routes [1]. To place this discussion
into visual context, Figure 1 and Figure 2 are examples of I-94 Eastbound (EB)
and I-94 Westbound (WB) queuing across the Indiana-Illinois border, respec-
tively.
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Figure 1. I-94 eastbound border queuing at MM 0 from Ilinois to Indiana-Thursday, July
25t 2024,

Figure 1 is an Intelligent Transportation System (ITS) camera view of east-
bound congestion on I-94 at the state line from Illinois into Indiana, while the
westbound side of the road is shown to be clear in terms of traffic congestion. This
example is from Thursday, July 25th, 2024, where the observed roadway capture
was taken at 13:52 EST at the 0-mile marker.

Similarly, Figure 2 is a camera view of congestion westbound on I1-94 at the
state line from Indiana into Illinois, while the eastbound side of the road is shown
to be clear in terms of traffic congestion. This example is from Wednesday, July
24th, 2024, where the observed roadway capture was taken at 14:34 EST at the 0-
mile marker.

In general, regardless of the congestion extending beyond a municipality, state,
or country, the administrative structure of most transportation agencies does not
provide comprehensive visibility into adjacent jurisdictions, nor do those agencies
routinely monitor their impact on adjacent entities. In some cases, metropolitan

planning organizations have limited programs for coordinating projects, but at a
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tactical level, there is limited day-to-day sharing of real-time traffic condition
data. The subsequent sections discuss the opportunity to use connected vehicle

data for improving coordination of congestion monitoring with adjacent agencies.

2024-072418584:27
Figure 2. I-94 westbound border queuing at mm 0 from Indiana to Illinois-Wednesday,
July 24%, 2024.

2. Objective

Although cross-border queuing is clearly visible in Figure 1 and Figure 2, having
operators visually monitoring cameras pointed at border crossings and recording
time and duration of queueing events does not scale. The objective of this paper
is to develop procedures to use connected vehicle data to monitor speeds in seg-
ments immediately adjacent to the border and identify time, duration, and sever-
ity of these cross-border queues. Using detailed data, a series of graphics are pro-
posed that provide day by day summaries that aggregate well over a year. This
provides a tool for tracking emerging new problems, as well as tracking re-occur-
ring problems to identify trends and provide input into capital investment deci-
sions. The remainder of this paper focuses on scalable techniques to use connected
vehicle data to monitor cross-border interstate queuing. The annual timeframe of
this study is July 1st, 2024, to June 30th, 2025.

Literature Review

Most past studies have examined negative impacts of traffic congestion, and a few
studies have examined cross-border congestion. These studies vary in their data
source, geographic focus, as well as the quantification of their results and findings.
In 2021, the study “Traffic congestion, transportation policies, and the perfor-
mance of first responders” [2] covers adverse effects of traffic on emergency re-
sponse times in U.S. metro areas using frequent connected vehicle data, however,
the scope of this study does not cover traffic queues across borders. A 2010 study,
“Measuring Cross-Border Travel Times for Freight” examined truck crossing

travel times across the San Diego, California border from the United States into
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Mexico. In 2010, vehicle telematics was still maturing the authors reported. The
truck GPS data was quite sparse and infrequent. A 2022 border study investigated
cross-border queuing at the Texas-Mexico border [3] I which examined the po-
tential of market-available connected vehicle waypoint data for estimating border
crossing time and queuing, but does not investigate causes of cross-border queue-
ing. Internationally this has also been a concern and a 2019 study of European
border crossing delay examined impact of policies [4]. However, because the pa-
per was policy focused, it does not actually quantify or mathematically analyze
these effects except by estimating a Cross-border Transport Permeability Index.
When investigating cross-border queuing, identifying the cause of the conges-
tion is a major concern. There are numerous factors that influence traffic accu-
mulation. It’s been shown that congestion often occurs from urban areas [5]-[8]
which suggests that Indiana borders with major cities would experience high-vol-
ume congestion. Locations with work zones or lane restrictions typically result in
higher congestion [9]-[11]. Finally, seasonal traffic volumes and weather can be

significant factors in congestion, as well [12] [13].

3. Methods

3.1. Using Connected Vehicle Data to Systematically Monitor
Border Queues

Approximately 500 billion connected vehicle records are produced every month
in the US. These records are available in near real-time and with a frequency of
approximately 3 seconds. On average, approximately 1 in 20 to 1 in 25 vehicles on
the roadways produce this information that can be commercially purchased in
either a raw form [14], or a summarized form [15].

To realize the benefits of this data, it is particularly important to ensure both
the data and underlying geographic information systems (GIS) network extend
into border states so an integrated analysis can be conducted. This allows agencies
to monitor
* Activities across the border that may impact them
* Activities within their border that may impact neighboring jurisdictions

Indiana purchases connected vehicle data that extends roughly 10 miles beyond
all borders to ensure full visibility on traffic conditions within the state as well as

immediately adjacent to its borders.

3.2. Data Preparation

This study used a GIS network that is composed of 0.1-mile segments to aggregate
CV data into 1 minute speed summaries. The analysis looked at 26 border cross-
ings into and from Illinois, Ohio, Kentucky, and Michigan, on 8 enumerated in-
terstates. Across the 26 border crossings, there were 260 0.1-mile segments that
were analyzed over a 12-month period from July of 2024 to June of 2025.

For this study, we analyzed approximately 260 segments that were 0.1 mile long

at 13 locations. This corresponded to approximately 45,477,706 one-minute re-
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coveries over 12 months. In total, approximately 185,037,945 waypoints were used

to tabulate those one-minute, 0.1-mile segment cords.

3.3. Case Study of the Illinois-Indiana Border Analysis on One Day

This section presents an example that illustrates how connected vehicle data
mapped to geographic segments, nominally 0.1 mile in length, can be processed
to provide quantitative summaries that can be quickly visualized.

Figure 3 shows a sample traffic speed heatmap of I-94 EB across the Illinois-to-
Indiana border. This figure shows the speeds of the CVs traveling through this
segment of the interstate, represented as colors. The seven colors used are purple,
red, dark orange, light orange, yellow, dark green, and light green which corre-
sponds to speed ranges of 0 to 14, 15 to 24, 25 to 34, 45 to 54, 55 to 64, and 65 and
above miles per hour, respectively. The heatmap’s vertical axis shows linear-ref-
erenced mile marker locations and the horizontal axis shows time of day, which
allows interpretation of speed by location and time [16]. You can identify the first
signs of queuing in Indiana starting at approximately 10:30 EST and by 11:00 EST
that queue has extended into Illinois. That queueing does not clear until 18:30
EST. Also, one can observe the queuing at 10:30 EST starts around MM 1.5 and
additional queuing in Indiana begins around 12:30 EST at MM 5.

Although these graphics are intuitive, an approximate value for duration and
location can be visually extracted by inspection. This information is more effective
when one views this as a table of data in two dimensions:
¢ Time, with a 1-minute resolution.

* Space, with a 0.1-mile resolution.

Using data in that format, one can construct a database query that extracts the
time periods where speeds are below 45 mph on each side of the border, a com-
monly used threshold for freeway congestion. In the event of discontinuous bor-
der queueing throughout the day, those time periods can be summed up.

When tabulating the queueing, it is important to associate it with the direction
of travel, as every interstate border crossing includes two directions. A visual rep-
resentation of Eastbound queuing can be observed in Figure 3, a sample heatmap
of I-94 EB across the Illinois-to-Indiana border. In this figure, the analysis region
was observed half a mile before and after the border. From the large range of data
over each interstate, a query was executed to focus on queuing across state bor-
ders, requiring a quantitative definition of cross-border queuing. Cross border
queuing is evaluated in 1-minute bins where a query analyzes a mile-long seg-
ment, half of a mile on each side of the border. Over this one-mile segment, every
minute where 70% of the ten 0.1-mile segments are experiencing an aggregated
mean speed under 45 miles per hour, is classified as experiencing queuing. Alt-
hough this 70% threshold was determined empirically, quality control checks have
found this to be very robust at identifying periods with queuing. Different agen-
cies are open to defining their preferred thresholds. The number of bins is then

summed up over a day to quantify the duration of cross border queuing.
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Past research shows that a speed of 45mph is an appropriate threshold that is
considered congestion for a segment of an Interstate [17]. Past research shows the
application of the 85th percentile speed on roadway speed limit adaptation [18],
however, given the restriction that the data used in this study only covers 5% of

vehicles on the roadway, a conservative application of 70% of the cross-border

segment was deemed feasible for this study.

MM 0 and MM 77.3 Nl T, | 1-Mile Query Segment
IL>IN Border Wl A | i (0.5 Miles Per Border Side)

Speed Legend
ONoData [1>65 [155t064 []45t054
O35t044 251034 M 151024 MOt014

Figure 3. I-94 eastbound cross-border heatmap, Illinois-to-Indiana border-Thursday, July
25%, 2024,

In Figure 3, the 1-mile analysis region is noted as the region between the dotted
lines. Specifically, this region ranges from Illinois on I-94 East from mile marker
76.8 to mile marker 77.3 and then mile marker 0 in Indiana to mile marker 0.5.
This heatmap corresponds to Figure 1 on July 25th, 2024, at 13:52 EST at the EB
border from Illinois into Indiana.

Within the analysis region, from visual inspection, there is apparent queuing
from about 10:30 to 18:30 EST, which would be approximately 8 hours of queuing.
However, when analyzing CV data, a more precise tabulation can be calculated.
In the case of the detailed segment analysis using a database query, some of the
speeds within this congestion region vary above and below the 45-mph query
threshold. As a result, the border queuing for I-94 EB across the Illinois-to-Indi-
ana border was only 7.3 hours.

In general, database queries tend to produce lower values for estimating the
duration of these queueing conditions because the nature of traffic shockwaves
tends to result in some speed oscillation. However, the values produced using
these techniques are conservative and do an excellent job at systematically identi-

fying days and durations of these cross-border queueing conditions.

3.4. Case Study of the Illinois-Indiana Border Analysis Over One
Week

Figure 3 illustrated the concepts on one day, but for this type of analysis, they

must be extended to weekly and yearly time periods to provide a comprehensive
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analysis of transient (construction) and systematic (toll booths or re-occurring)

congestion.
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Figure 4. I-94 Indiana weekly border heatmap sample, July 22 to July 28, 2024.

Figure 4 is a weekly border heatmap of I-94 EB in Indiana with 20 miles into
Illinois and 10 miles into Michigan that covers the date and time of images shown
in Figure 1 (callout a) and Figure 2 (callout ii). On July 25th, 2024, the significant
queue appears to be of a magnitude that is ordinary for this border and direction.
It can be observed that the latter half of the week for I-94 EB, Illinois-to-Indiana,
experiences quite a significant amount of cross-border queuing. In comparison,
for the westbound case (callout ii), it is not typical for the queuing to be this severe
over the Indiana-Illinois border since Friday is the only other day in the week with
significant queuing crossing state lines.

In Table 1, the top row is the I-94 EB border queues from Monday to Sunday,
corresponding to Figure 4’s two row. Similarly, I-94 WB border queues are on the
bottom row of Table 1 and Figure 4. At a quick glance at Table 1, it is obvious
that 1-94 EB regularly experiences a much higher temporal volume of border
queuing whereas I-94 WB does not experience at the severity or frequency that I-
94 EB does.

With Table 1, being able to look at each day is very convenient for observing
individual border queuing cases, but perhaps more importantly, it illustrates a ro-
bust performance measure with alow data footprint that can be further aggregated
over a year.

Figure 5 and Figure 6 show an effective method for visualizing border queuing
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over a year, providing a visual that presents a whole year’s worth of data by week
and characterizes trends. The stacked bar graph reveals what days of the week
often experience queuing, what time of the year, and provides an effective over-

view of the days and duration with operational challenges.

Table 1. I-94 Weekly border queuing sample data across the Indiana-Illinois border.

Border and Week Sample Data (07/22/2024-07/28/2024)
Direction Monday Tuesday Wednesday Thursday Friday Saturday Sunday
Eastbound,
IL- >IN 2.23 2.10 0.92 7.30 9.85 7.62 7.42
(Hours)
Wetbound,
IN->1IL 0.00 0.05 4.80 0.12 2.27 0.00 0.40
(Hours)

When one looks at the vertical axis scale and compares, Figure 5 and Figure 6,
the difference in directional queueing, with much more westbound queueing, is
readily apparent. Seasonal impacts are also apparent in Figure 5, with queueing
decreasing from November of 2024 to February of 2025, and then increases again
from March of 2025 to July of 2025 during periods of heavier travel and construc-
tion. In Figure 6, there is no particular seasonal trend queuing. Rather, there are
some significant individual cross-border queues throughout the year likely asso-

ciated with incidents.
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Figure 5. I-94 eastbound weekly border queuing hours across the Indiana-Illinois border.

These annual stacked bar plots have been created for the Indiana I-94, I-90, I-
70, 1-69, 1-65, I-64, I-275, and I-265 interstates which provides insights into queu-
ing between Indiana and Illinois, Ohio, Kentucky, and Michigan corridors. Rather
than repeat similar plots for all those interstates and associated border-crossings,

the following section presents a method for summarizing each of these border-
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Estimated Hours of Weekly Border Queuing

crossings so that one can quickly identify systematic re-occurring queuing as well

as outliers.
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Figure 6. I-94 westbound weekly border queuing hours across the Indiana-Illinois border.

4, Results

Systematically Monitoring All Borders Interface Points

The stacked bar plots from Figure 5 and Figure 6 are useful for comparing small

samples of interstates, however looking at a larger quantity of interstate queuing

would be tedious using the stacked bar plots alone. Figure 7 is a box and whisker

plot showing interstate border queuing characteristics based on a year’s worth of

data.
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Figure 7. Indiana border queuing accumulation by interstate, direction, and border.
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On this plot, every point represents the duration of queuing for one day during
the year. The bottom whisker is the minimum, the bottom line of the bar is the
25th percentile queue time, the middle line of the bar is the 50th percentile queue
time (or the median), the top line of the bar is the 75th percentile queue time, the
top of the whisker is the maximum queue time, and the dots outside these bounds
are considered outliers. As can be seen, I-94 EB from Illinois into Indiana has the
most significant border queueing, accompanied by I-64’s Indiana-Kentucky bor-
der and I-275’s Indiana-Kentucky border. It is also worth noting that I-94 west-
bound from Indiana to Illinois has many significant outliers and the same goes
for I-65 southbound from Indiana to Kentucky, I-64 EB and southbound between
Indiana and Kentucky, I-275 outer loop between Indiana and Ohio and between
Indiana and Kentucky, I-90 EB from Illinois to Indiana, and I-90 westbound from
Ohio to Indiana. Another key observation that can be observed from the box and
whisker plot is that there is very minimal Indiana-Michigan border queuing as
well as little border queuing on I-69 and I-70.

As mentioned, there can be many different causes for each border-queue. Five
cases have been selected for a deeper analysis as to what some of these queues look
like, where they are, when they are, and how severe they can be. The cases chosen
are i, ii, iii, iv, and v corresponding with I-90 EB from Illinois into Indiana, I-94
WB into Illinois from Indiana, I-275 outer loop from Indiana into Kentucky, I-64

EB from Indiana into Kentucky, and I-90 WB from Ohio to Indiana, respectively.

= oS T g 00 T S
020 20 f A
C s )_ o
250 NICRSTATC | FORT WAYNE B30
240 : !
o 1320
230 [ 7~ - 3130
LA PORTE G
220 ) o
210 | il
| EoTTes
= - cmm 50 W
Y icsiaic § 190 I ’

210/~ | GREENFIELD

CU@ o 120 130 140 13

0
D
CRAWFORDSVILLE % %‘&Q

40

0 1020

275, &

Figure 8. Indiana interstate map-critical borders.
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Referencing Figure 7, the borders with the most significant presence of cross
border queuing during the annual period from July 1st, 2024, to June 30th, 2025,
were the I-94 Indiana-Illinois, I-64 Indiana-Kentucky, and I-275 Indiana-Ken-
tucky borders with their locations marked on the Indiana map. In Figure 8, the
top circle notes the I-94 Indiana-Illinois borders, the bottom circle notes the I-64
Indiana-Kentucky Borders, and the circle in between represents the I-275 Indi-

ana-Kentucky Borders.

5. Discussion
5.1. Selected Queuing Examples on 1-90, 1-94, 1-275, and 1-64

The four cases selected are on four different interstates, I-90, I-94, I-275, and I-64
and correspond to callouts i, ii, iii, and iv in Figure 7, respectively. Their approx-
imate geographic locations are shown in Figure 8. More details on the geograph-
ical location are shown in Figure 9. The first case, Figure 9(a), is the border from
the Chicago area of Illinois into Northwest Indiana and the second case, Figure
9(b), is from Northwest Indiana to Illinois, in the Chicago area. The third case,
Figure 9(c), is the border from Southeast Indiana to Kentucky at Cincinnati and
the interstate is only about 3 miles long in Indiana and enters Ohio. Lastly, the
fourth case, Figure 9(d), is a route that leaves Southeast Indiana and enters Ken-
tucky and Louisville. Immediately, an important factor that is leading to conges-
tion across the state borders is the fact that these interstates are located in densely
populated urban areas. Naturally, more motorists on the interstate are correlating

with increased congestion.

Figure 9. Indiana border queuing map visual.

Figure 10 shows two sample heatmaps. Figure 10(a) corresponds with Case i,
I-90 EB from Illinois into Indiana and Figure 10(b) corresponds with Case ii, I-
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94 WB from Indiana into Illinois. These two cases occurred on June 27th, 2025,
and November 21st, 2024, respectively.

For Figure 10(a), you can see the first signs of queuing in Indiana starting at
approximately 11:30 EST and by 12:30 EST that queue has extended into Illinois.
That queueing does not substantially clear until 18:30 EST. Also, one can observe
queuing starting at the Indiana I-90 toll booth at 11:30 EST around MM 1. The
queue from this toll booth backed up all the way over the Illinois-to-Indiana bor-
der where the queue reached over the border into Illinois as far back as MM 105.5
at 17:00 EST. After executing the query on the connected vehicle data on this
cross-border queueing, the toll booth queuing accumulated to 2.8 hours of con-
gestion across the border.

For Figure 10(b), the first signs of queuing in Illinois start at approximately
10:30 EST and by 11:00 EST that queue has extended into Indiana. That queuing
does not substantially clear until 13:00 EST. The queue can be seen re-emerging
ataround 15:00 EST and extend into Illinois by 15:30 EST. This section of queuing
does not substantially clear until 20:00 EST. It is to be noted that the cross-border
queuing from 11:00 to 13:00 EST does have speeds varying above and below the
queuing query speed threshold of 45 miles per hour. Analysis on the CV data from
this day showed congestion of 5.7 hours across the Indiana to Illinois border
which was the highest queue for this border and direction in the annual period.
This section of I-94 in Illinois route runs concurrently with I-80 from mile marker

74.5 to the Indiana-Illinois border and experiences high volume of traffic.
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Figure 10. Indiana border queuing heatmaps-I-90 and I-94 cases.
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Figure 11 shows two sample heatmaps. Figure 11(a) corresponds with Case iii,
I-275 outer loop from Indiana into Kentucky and Figure 11(b) corresponds with
Case iv, I-64 EB from Indiana into Kentucky. These two cases occurred on March
17th, 2025, and August 1st, 2024, respectively.

For Figure 11(a), you can see the first signs of queuing in Kentucky starting at
approximately 05:30 EST and by 06:30 EST that queue has extended into Indiana.
That queuing does not substantially clear until 19:00 EST. It can be pointed out
that the severity of the queues varies during this time range. The cross-border
queuing can be seen to be particularly slow near the purple regions that occur
from 07:00 to 08:30 EST, 11:00 to 12:00 EST, and 15:30 to 18:30 EST where queues
started at about MM 13.2 and extend into Indiana as far back at MM 16, MM 16.5,
and MM 16.5, respectively. The cross-border analysis section happens to overlap
with the location of a bridge at the Indiana-Kentucky border on I-275, indicated
in Figure 11(a). A key characteristic to note about I-275 at the Indiana-Kentucky
border is that the 14th mile is skipped for the mile markers. The approximately
mile-long bridge starts at MM 13.2 at the Kentucky side and ends at about MM
15.2, indicating a mile-long gap across the border.

With the mentioned time frames of cross-border congestion, most speeds in
the analysis region fluctuated above and below the threshold speed of 45 miles per
hour. Once a query was executed over the connected vehicle data, it appeared that
there were 3 hours of queuing over the Indiana-Kentucky border.

For Figure 11(b), you can see the first signs of queuing in Kentucky starting at
approximately 06:00 EST and by 07:30 EST, that queue has extended into Indiana.
That queuing does not substantially clear until 09:30 EST. This initial queue can
be seen extending as far back as MM 122 in Indiana. Queuing can be seen to briefly
re-emerge at around 17:00 EST. This section of queuing does not substantially
clear until 17:30 EST and does not extend much past the 0.5 MM in Indiana. Ad-
ditionally, this cross-border mile-query section happens to partially overlap with
the location of a bridge at the Indiana-Kentucky border on I-64, indicated in Fig-
ure 11(b). Analysis on the CV data from this day showed congestion of 2.8 hours

across the Kentucky to Indiana border.

5.2. Selected Travel Times for 1-90, 1-94, 1-275, and 1-64

After reviewing Figure 10 and Figure 11, a good understanding of where these
border queues are occurring is established and urban areas near state borders are
hotspots for regular cross-border queuing congestion. However, getting a full un-
derstanding of the severity of these queues for motorists on the road can be diffi-
cult to interpret from just heatmaps. Figure 12 presents motorist’s travel times.
This type of analysis characterizes the motorist’s experience traveling through
these selected segments of significant queuing.

In Figure 12, the travel times for cases i, ii, iii, and iv can be seen during their
respective day time frames. Case i, ii, iii, and iv correspond to Figure 12(a), Figure
12(b), Figure 12(c), and Figure 12(d) respectively. In Figure 12(a), it took a mo-
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torist 52 minutes to get through a 10-mile segment which included crossing the

border queue. This motorist entered the segment just after 16:00 EST and traveled

at an average speed of about 11.5 miles per hour on I-90.
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Figure 12. Indiana border queuing travel times.

For Figure 12(b), there was a motorist who entered an 11-mile segment includ-

ing the cross-border queue section at about 18:00 EST. To get through the 11-mile
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segment, it took the motorist 32 minutes which had the motorist traveling at an
average speed of 20.6 miles per hour.

In Figure 12(c), it took a motorist 28 minutes to get through a 6-mile segment
which included crossing over the I-275 bridge border queue. This motorist en-
tered the segment just after 11:00 EST and traveled at an average speed of about
12.9 miles per hour on I-90.

For Figure 12(d), there was a motorist who entered a 11-mile segment includ-
ing the cross-border queue section at about 18:30 EST. Getting through this bor-
der segment, it took the motorist about 23 minutes which meant the motorist was
traveling at an average speed of 28.7 miles per hour, which was far better than the

other three cases, but still is not a safe speed to be driving on any interstate.

5.3. Case Study with a Toll Plaza and Adjacent Workzone

Figure 13 depicts a unique border case with a couple of factors impacting queuing
characteristics pointed out. Case v takes place on I-90 westbound from Ohio into

Indiana.
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Figure 13. Indiana border queuing Case v.

As shown in Figure 13(a), I-90 from Ohio into Indiana is examined over a 12-
mile segment across the border going westbound. Figure 13(b) reflects the heatmap
over the course of Figure 13(a)’s route on Friday, June 27th.

For Figure 13(b), you can see the first signs of queuing in Indiana starting at
approximately 11:30 EST and by 12:30 EST that queue has extended into Ohio.
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That queueing does not substantially clear until 18:30 EST. This queue can be seen
extending as far back as MM 2 in Ohio and the front-of-queue can be seen to start
as far up as MM 149 in Indiana. As the congestion from the front of queue backs
up to the Indiana-Kentucky border, execution of a query on the CV data reveals
cross-border queuing of 2.1 hours. From 15:00 to 17:00 EST, it can be observed
that the analysis region is only partially congested which can be a big contributor
to a lower cross-border queue than anticipated.

The location of the I-90 toll plazas on this route are at MM 3.5 in Ohio and MM
153.2 in Indiana. These toll booths appear to have minor effects on queuing. How-
ever, there appears to be a moving work zone which can be seen moving from
about mile marker 153 at the Indiana toll booth until about mile marker 149.5
from 07:00 to 14:00 EST, respectively.

In Figure 13(c), the query shows 2.1 hours of queuing over the Ohio-to-Indiana
border. Comparatively, this queue is very significant as this is the second biggest
queue in the 8-week time frame. Additionally, Figure 13(c) reveals how Thursday
and Friday have been common days for larger queues on I-90 at the Indiana-Ohio
border, westbound.

Regardless of the hours queued, Figure 13(d) shows the travel times from the
12-mile segment over the Ohio-to-Indiana border. In one case, it took a motorist
55 mins to travel the segment at an average speed of 13.1 miles per hour and this
motorist began their journey through this segment at about 14:00 EST.

This example documents the combined impact of a toll plaza and work zone
congestion on the motorist journey over 12 miles that spans two states. These
types of quantitative visualization tools are valuable tools for agencies to use to
coordinate with stakeholders such as contractors and engineers planning future

work.

5.4. Summary of Analysis and Data

A scalable process was developed that looked at interstate segment speeds within
half a mile on each side of the border and tabulated the number of 1-minute ag-
gregated intervals when 70% or more of the total 1-mile segment was experiencing
an aggregated mean speed of less than 45 mph. These 1-mile border segments,
consisting of ten 0.1-mile segments were used to produce this evaluation of cross-
border queuing. This data was categorized by day and week, quantified in aggre-
gated hours of queuing. Weekly summary graphs of this data were produced for
8 interstates, bidirectionally, for 13 total borders. A detailed example of the devel-
opment of those weekly summaries was prepared for I-94 in Figure 3 and Figure
4 with detailed weekly heatmaps illustrating the aggregation concepts. Figure 7
provides a summary box and whisker plot for all interstate crossings for the 26
interstate entrance to and exits from Indiana. To visualize the weekly/seasonal
variation, Figure 14 highlights the most significant Inbound and Outbound
queueing to and from Indiana.

In Figure 14(a), I-94 EB from Illinois to Indiana, it shows queues year-round.
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This congestion is a result of a high volume of motorists on the interstate. How-
ever, certain timeframes of the year experience significant queuing elsewhere.
From July 2024 to November 2025, westbound I-64 from Kentucky to Indiana has
substantial queueing. Additionally, I-275 inner loop from Kentucky to Indiana
has significant queuing from mid-December 2024 to the end of June 2025. I-90
EB from Illinois to Indiana appears to have some significant queues in July of 2024
and June of 2025 and I-90 westbound from Ohio to Indiana also had increasing
queueing in May of 2025. Some major queue events can be identified in this figure
as well, including I-94 westbound from Michigan to Indiana in the week of Sep-
tember 2, 2024, as well as I-275 outer loop from Ohio to Indiana during the weeks
of December 16th, 2024, and January 13th, 2025.

In Figure 14(b), the I-275 outer loop from Indiana to Kentucky has significant
queuing, starting from mid-December 2024 to late June of 2025. The reason for
this queuing is due to a lane restriction on the Carroll Lee Cropper Bridge [19].
The lane restriction is a result of preparation for construction on the bridge. Then
for the beginning of the annual period, I-64 EB from Indiana to Kentucky has
significant queueing from the beginning of July to the end of October. Similarly,
this queuing is a result of lane closures at the Sherman Minton Bridge into Louis-
ville [20].
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6. Conclusions

The objective of this paper is to develop procedures to use connected vehicle data

to monitor speeds in segments immediately adjacent to the border and identify

time, duration, and severity of these inbound and outbound interstate locations.

This paper introduces the use of connected vehicle data to quantitatively monitor

queuing during the timeframe of July 1st, 2024, to June 30th, 2025.

» Figure 3 provided a graphical illustration of queuing on one day at one loca-
tion.

* Subsequently Table 1 and Figure 4 described how summary data could be de-
rived and summarized over a week and subsequently an entire year Figure 5
and Figure 6.

* Several case studies were presented that illustrated how high-level trends can
be identified with the ability to drill down for additional detail.

* Finally, annual inbound and outbound trends were characterized in Figure 14.

In conclusion, these data analysis and visualization techniques provide a mech-
anism for a state to understand the impact that congestion in other states have on
their freeways, as well as the impact their congestion has beyond their borders.

These types of quantitative information help facilitate constructive regional dialog

to help identify future capital projects that can improve regional mobility.
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