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Abstract

Continuous flow intersections (CFIs), also known as displaced left turns (DLTs),
are a type of alternative intersection designed to improve operations at loca-
tions with heavy left-turn movements by reallocating these vehicles to the left
side of opposing traffic. Currently, simulation is commonly used to evaluate
operational performance of CFIs. However, this approach requires significant
on-site data collection and is highly dependent on the analyst’s ability to cor-
rectly model the intersection and driver behavior. Recently, connected vehicle
(CV) trajectory data has become widely available and presents opportunities
for the direct measurement of traffic signal performance measures. This study
utilizes CV trajectory data to analyze the performance of a CFI located in
West Valley City, UT. Over 4500 trajectories and 105,000 GPS points are
analyzed from August 2021 weekday data. Trajectories are linear-referenced
to generate Purdue Probe Diagrams (PPDs) and extended PPDs to estimate
split failures (SF), arrivals on green (AOG), traditional Highway Capacity
Manual (HCM) level of service (LOS), and the distribution of stops. The es-
timated operational performance showed effective progression during the
PM peak period at all the critical internal storage areas with AOG levels at
exit traffic signals between 83% and 100%. In contrast, all external approach-
es with longer queue storage areas had AOG values ranging from 2% to 81%
during the same time period. The presented analytical techniques and sum-
mary graphics provide practitioners with tools to evaluate the performance
of any CFI where CV trajectories are available without the need for on-site
data collection.
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1. Introduction

Heavy left-turn movements can cause significant operational challenges at con-
ventional signalized intersections. Some typical solutions are the improvement of
alternative routes, widening the right-of-way, lane channelization, and the im-
plementation of special signal phasing. If these techniques cannot be employed or
are insufficient, grade separation solutions might be considered. Nevertheless, the
cost and construction time required for grade separated intersections represent
major constraints [1].

Continuous flow intersections (CFIs), also known as displaced left turns (DLTs),
provide an alternative at-grade intersection design that can improve operations
at locations with significant left-turning movements [1] [2]. At a CFI, one or more
left-turn movements are displaced to the left of oncoming traffic upstream from
the main intersection. Once left-turning vehicles reach the main intersection they
can cross at the same time as opposing through traffic. This approach allows for
the reduction of traffic signal phases and conflict points at the main intersection
which can improve operations [2] [3].

Traditional infrastructure-based performance measurement typically monitors
intersections independently and requires the practitioner to conceptually piece
together tightly-coupled systems using local knowledge and field experience, such
as upstream platooning, intersection spacing, storage, and downstream blockage
[4]. As CFIs function as systems of closely-spaced intersections, it is important
to monitor the performance of both the main intersection and left-turn crossov-

ers to holistically evaluate the performance of the CFL

1.1. Literature Review

Most of the CFI performance studies have been based on microsimulation [1] [2]
[3] [5]-[11]. Jagannathan and Bared used VISSIM software to identify improve-
ments on average control delay, average queue length, and intersection capacity
by using CFIs compared to conventional intersection designs [5]. Park and Rakha
concluded from video and simulation analysis that drivers are initially unfami-
liar with the operations of CFIs, but as they become used to the geometry, opera-
tions improve [8]. Yang ef al verified with simulation that a proposed signal op-
timization model can provide enough green time to through and heavy turning
movements while preventing queues from spilling over on the left-turning bays
[10]. Alternatively, few studies have used infrastructure-based Automated Traf-
fic Signal Performance Measures (ATSPMs) [4] [12] to assess performance at
CFIs [13].

Recently, high-fidelity connected vehicle (CV) trajectory data has become com-
mercially available. This new CV data provides opportunities to develop scalable
traffic signal performance measures for conventional intersections [14] [15] [16]
[17] [18], roundabouts [19], diamond interchanges [20], and diverging diamond
interchanges (DDIs) [21]. However, no study has used CV trajectory data to eva-

luate the operational performance of CFIs.
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1.2. Objective

Trajectory data allows practitioners to holistically evaluate the experience of tra-
versing vehicles that travel through intersection systems that are comprised of
more than one traffic signal, such as CFIs. The objective of this study is to utilize
scalable CV-based methodologies to evaluate progression, delay, and split fail-
ures at a CFI. Additionally, the distribution of stops along relevant approaches is
analyzed to characterize the length and location of queues to identify areas of op-

portunity.

2. Study Location

To demonstrate the trajectory-based techniques to calculate operational perfor-
mance measures, Bangerter Highway at 3500 S, a CFI in West Valley City, UT
(Figure 1), was analyzed with August 2021 weekday data. This CFI is located in
a suburban area and usually serves over 30,000 vehicles approaching the inter-
section from the north and south, and 14,000 vehicles approaching from the east
and west, daily [22].

3. Continuous Flow Intersection

In this section, the operation of the CFI at Bangerter Highway and 3500 S, as well

as the conventional signal timing for this type of intersection is explained.

3.1. Operation

Figure 2 shows an aerial view of the studied intersection. This partial CFI [2] has
displaced left turns only at the major street (Bangerter Hwy, N-S). The system is

comprised of three signalized intersections:
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Figure 1. Study location. (a) Utah; (b) Salt Lake City metropolitan area.
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Figure 2. Bangerter Highway at 3500 S, West Valley City, UT.

North Crossover (NC): this signal controls the flow of vehicles traveling north-
bound (NB) through (light blue) and vehicles traveling southbound (SB) cross-
ing over (dark blue) that will then turn left at the main intersection. Vehicles
traveling SB that will continue through at the main intersection are not af-
fected by this signal.

Main Intersection (MI): this signal controls all the movements that cross
through this intersection. Since the major street left-turning vehicles have
been crossed to the left of opposing traffic upstream from the MI, all through
and left movements on the major street can occur simultaneously unless the
adjacent pedestrian walk phases are called.

South Crossover (SC): this signal controls the flow of vehicles traveling SB
through (light blue) and vehicles traveling NB crossing over (dark blue) that
will then turn left at the MI. Vehicles traveling NB that will continue through
at the MI are not affected by this signal.

By crossing over left-turning vehicles upstream of the MI, the phases required

for left-turn movements are not needed; hence, signal efficiency is improved [1].

For movements that must traverse two signals, it is imperative to provide effi-

cient progression on the exit (last) signal. This is because storage at the exit sig-

nal is limited and congestion could lead to queue spillback that would signifi-

cantly affect operations.

3.2. Signal Timing

Figure 3 shows conventional signal phasing for partial CFIs [2] [3]. All the

movements are served in four intervals. For every instance where vehicles flow
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Figure 3. Conventional signal phasing for partial CFIs with major street displaced left
turn [3].

from the MI towards a crossover (intervals 1 to 3), both the NC and SC intersec-
tions allow for vehicles to travel outbound from the CFI. Only when the minor
street through movements are traversing the intersection (interval 4), vehicles

cross over upstream of the MI to eventually turn left.

4. Methodology

In this section, the data and the proposed techniques used for CFI assessment are

presented.

4.1. Connected Vehicle Trajectory Data

The state of Utah has modest, but sufficient CV data penetration to provide a
robust analysis. A recent study indicated Utah CV trajectory data for August
2021 had a non-interstate estimated penetration rate of 2.8% [23]. The data con-
sists of individual vehicle waypoints with latitude, longitude, the vehicle speed
and heading, a timestamp, and an anonymized journey identifier. The data
reports with a temporal frequency of three seconds and a spatial accuracy of 1.5
meters. For this study, over 4500 unique journeys and 105,000 waypoints are

analyzed.

4.2, Continuous Flow Intersection Performance Measures

In this subsection, CV-based techniques are used to evaluate CFI performance.
The following analyses are presented:

1) Conventional and extended Purdue Probe Diagrams (PPDs) for evaluating
the experience of traversing vehicles while crossing through the entire system, by
movement;

2) Performance summaries by intersection movement and time-of-day;
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3) First stop distribution of sampled vehicles along each relevant approach.

4.2.1. Purdue Probe Diagram
PPDs are a CV-based tool designed to provide insights on the experience of ve-
hicles traversing an intersection [14] by movement [24].
On a PPD for a conventional intersection, vehicle trajectories are linear-refe-
renced to the far-side (FS) of a single intersection and plotted by the distance
and time remaining to exit. A thick black line representing the hypothetical free-
flow trajectory (FFT) of a vehicle traveling at the posted speed limit is shown for
reference. Additionally, each trajectory is color-coded based on the number of
stops it had upstream of the FS. From a PPD, the following traffic signal perfor-
mance measures can be calculated [14]:
¢ Arrivals on green (AOG): evaluation of the quality of progression calculated
as the ratio of non-stopping vehicles (green trajectories).

* Split failures (SF): assessment of the level of saturation estimated as the ratio
of vehicles that stop more than once (red and purple trajectories).

¢ Level of service (LOS): Highway Capacity Manual (HCM) LOS [25] can be
calculated by comparing the time it takes each traversing vehicle to cross the
intersection with the FFT and estimating control delay [26].

* Downstream blockage (DSB): evaluation of the level of obstruction produced
by downstream intersections.

Conventional PPDs are effective when evaluating vehicle movements on an
intersection-by-intersection basis [17] [18]; however, when analyzing the per-
formance of a system comprised of more than one signalized intersection, such
as a CFI, the Extended Purdue Probe Diagram (EPPD) is preferred [20] [21]. An
EPPD stacks all relevant individual PPDs of vehicles following a specific move-
ment on a system of intersections where the trajectories reference the distance
and time remaining to cross the final intersection’s FS. As color-coding is done
by intersection, performance evaluation for each segment in the system is possi-
ble.

Figure 4 shows EPPDs from August 2021 weekdays for the CFI’s major street
through and displaced-left movements during the PM peak period between the
16:00 and 18:00 hrs. In all four movements some vehicles stop before entering the
CFI (above the upmost horizontal blue line), but once in the system (between ho-
rizonal blue lines) they effectively progress through the second intersection (cal-
lout i) as indicated by high AOG values ranging from 83% to 100%. This is im-
portant to avoid queue spillback from the limited storage areas inside the CFIL
Further, it can be stated that these movements operate on under-saturated con-
ditions as no significant levels of split failures occur.

Figure 5 shows PPDs and EPPDs from August 2021 weekdays for the CFI’s mi-
nor street through and left movements during the PM peak period. The through
westbound (WB) and eastbound (EB) movements (Figure 5(a) and Figure 5(c),
respectively) only have to cross one signalized intersection while the left-turning
WB and EB movements (Figure 5(b) and Figure 5(d), respectively) must traverse
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Figure 4. Extended Purdue Probe Diagram of major street movements on August 2021
weekdays between 16:00 and 18:00 hrs. (a) Northbound through; (b) Northbound dis-
placed-left;(c) Southbound through; (d) Southbound displaced-left.

two. Similar to the major street movements, the minor street left movements
have very efficient progression when exiting the CFI (callout i), with AOG values
of 100%. However, all minor street movements show significant number of ve-
hicles experiencing split failures before entering the intersection, indicating over-

saturated conditions.

4.2.2. Performance Summaries

PPDs provide traffic signal performance measures at the movement-level for a
defined time period. To assess all movements at various intersections simulta-
neously by time-of-day (TOD), a series of heatmaps summarizing performance
by movement at 15-minute intervals are proposed. This approach permits the
prompt identification of operational challenges and potential improvement op-

portunities.
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Figure 5. Minor street movements on August 2021 weekdays between 16:00 and 18:00 hrs.
(a) Westbound through PPD; (b) Westbound left EPPD; (c) Eastbound through PPD; (d)
Eastbound left EPPD.

Figure 6 shows heatmaps indicating the percentage of vehicles experiencing
split failures at the three signalized intersections that comprise the analyzed CFI.
No significant challenges are observed at the crossovers (Figure 6(b) and Figure
6(d)). However, at the MI (Figure 6(c)), side street movements show high SF
ratios during the 14:15 to 18:30 period. Since the movements on the major street
do not present any congestion challenges, split rebalance that could potentially
benefit the minor street left-turn movements (interval 3 on Figure 3) may be
possible. Significant operational improvements of the westbound-through (WBT)
and eastbound-through (EBT) movements is difficult as the maximum green time
they can received as capped by the travel time from the crossovers to the MI by
the southbound-left (SBL) and northbound-left (NBL) movements.

Figure 7 shows the percentage of sampled vehicles that arrive on green at each

intersection. Some vehicles entering the CFI system (callout i) have to stop and
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Figure 6. Split failure summary results by movement at all signals on the CFI for August 2021 weekdays. (a)
Movements analyzed; (b) North crossover; (c) Main intersection; (d) South crossover.

hence present low AOG levels. However, once the entry intersection is crossed,
progression at the exit intersection (callout ii) is efficient and AOG is high. This
helps maintain minimal queues on the inner storage areas.

Figure 8 shows heatmaps indicating the LOS experienced at each movement.
To facilitate the evaluation of the graphic, vehicle movements that enter the sys-
tem on the major street are indicated with callout i, and vehicle movements that
exit with callout ii. The effects of saturation and progression on control delay

become evident.

4.2.3. First Stop Distribution
Figure 9 shows linear-referenced histograms of the location relative to the exit

intersections’ far-side where vehicles first stop while approaching each intersec-
tion for movements that cross two signals at the studied CFI. The distributions
are calculated by identifying the location where vehicles come to a full stop for

the first time upstream of each signalized intersection in the system. Then, the
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Figure 7. Arrivals on green summary results by movement at all signals on the CFI for August 2021 weekdays.
(a) Movements analyzed; (b) North crossover; (c) Main intersection; (d) South crossover.

recorded values are normalized as a percentage of the total number of sampled
vehicles for the evaluated movement.

This analysis can help identify approaches where stops or inefficiencies occur.
For example, Figure 9 shows how few vehicles stop at the through movements
that traverse the crossover intersections (NBT and SBT). In contrast, significant
number of left-turning vehicles stop before entering the CFI. More importantly,
for the internal approaches with limited storage, 15% of vehicles traveling NBL
stop between MI and SC (callout i), and 17% of vehicles traveling SBL stop be-
tween MI and NC (callout ii). Given the distance of the first stops between the
MI and the crossovers, it is unlikely that there are any capacity issues as the
queues do not extend to the crossovers. However, it might be of interest to in-
vestigate further the cause of the stops and whether offset adjustments can be

made to prevent NBL and SBL vehicles from stopping at the ML
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Figure 8. Level of service summary results by movement at all signals on the CFI for August 2021 weekdays. (a)
Movements analyzed; (b) North crossover; (c) Main intersection; (d) South crossover.

5. Conclusions

Continuous flow intersections are alternative intersections that aim at improving
operations where left-turning movements are heavy. As CFIs are deployed, it is
important to holistically measure performance across the multiple signals that
compose a CFI. This study utilized commercially available, high-fidelity, CV tra-
jectory data to evaluate operations of a CFI located in West Valley City, UT. The
following graphics were generated to assess performance:

* Extended Purdue Probe Diagrams: movement-level diagrams that show the
progression of traversing vehicles through the entire CFI system. These dia-
grams provide practitioners with a holistic view of vehicles’ experience while
crossing the CFL

* Performance summary by time-of-day: intersection-level graphics that simul-
taneously show the performance of all movements at the CFI by TOD. These
visualizations allow for a quick identification of potential improvement op-

portunities by comparing movement performance.
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centage of the total sampled trajectories by movement during August 2021 weekdays be-
tween 16:00 and 18:00 hrs.

* Distribution of stops: evaluation of the location of stops of vehicles traversing
two signalized intersections in the system. This visualization allows the iden-
tification of significant progression challenges and internal storage areas that
might spillback.

The techniques used to evaluate the studied CFI can be implemented any-
where CV data is available without the need for simulations, site-visits, or sens-
ing equipment. However, it is important to mention that the techniques rely on
CV-trajectory data that is reported frequently (every 3 seconds) and with high ac-
curacy (1.5 meters). Any significant deviation on these data characteristics could
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affect results’ reliability.
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