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Abstract

There are over 8000 roundabouts in the United States. The current tech-
niques for assessing their performance require field counts to provide inputs
to analysis or simulation models. These techniques are labor-intensive and do
not scale well. This paper presents a methodology to use connected vehicle
(CV) trajectory data to estimate delay and level of service for roundabout ap-
proaches by adapting the Purdue Probe Diagram used for traffic signal ana-
lytics. By linear referencing vehicle trajectories with a particular movement
based on the location and time they exit a roundabout, delay can be calcu-
lated. The scalability is demonstrated by applying these techniques to assess
over 100 roundabouts in Carmel, IN during the weekday afternoon peak pe-
riod in July 2021. Over 264,000 trajectories and 3,600,000 GPS points were
analyzed to rank over 300 roundabout approaches by delay and summarize in
Pareto-sorted graphics and maps. The paper concludes by discussing how
these techniques can also be used to analyze queue lengths and origin-
destination characteristics at roundabouts. The methodology presented in
this study can be used by any agency that wants to assess the performance of
all roundabouts in their system.
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1. Introduction

A roundabout is a type of circular intersection where vehicles travel around an
island, it utilizes yield control for entering traffic, has channelized approaches,
and implements geometries to ensure that speeds are below 30 mph on the cir-
culatory roadway [1]. Roundabouts have become a popular alternative to traffic

signals [2].
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1.1. Literature Review

Roundabout performance measures can be primarily classified into two groups—
safety and operational [3]. The operational performance measures can be further
divided into two sections—capacity estimations and operational characteristics
including delay, level of service (LOS), and queue length.

Capacity estimations are generally associated with entrance capacity which es-
timates the number of vehicles that can be safely accommodated at a rounda-
bout. There are several studies in the literature that use empirical regression
models [4] [5] [6] [7] [8] and analytical gap-acceptance theories [9]-[14] to es-
timate roundabout capacity. The operational characteristics of roundabouts have
also been widely researched. Various data sources and methods were used to
study the operational performance measures: video detection [15] [16], wireless
magnetometers [17] [18], Bluetooth probe data [19] [20] [21], modelling [13]
[22] [23] [24] [25] and microsimulation [26]-[33].

Kyte et al [16] performed some of the foundational research using video re-
cording with omni-directional video cameras at 16 roundabouts in the United
States to study the safety and operational impacts of roundabouts. Although this
was a time-consuming and costly process, the study was able to identify queue
lengths, queue duration, turning movement counts and gap sequences. The con-
trol delay at the studied roundabouts ranged from 0.0 - 47.1 sec/veh. Kyte’s
study became part of a larger effort that analyzed over 300 roundabouts in the
United States [3]. In another study, Flannery et al. [15] compared five two-way
stop-controlled intersections that were later replaced by roundabouts and found
that the sites experienced a reduction in accident frequencies, rates, and control
delay. The researchers used video detection to quantify control delay as the time
spent in the queue, move-up time, and service time at the head of the queue.
Giuffré et al [34] utilized microsimulation to conclude that safety of any road
unit may be measured from surrogate safety assessments.

Some studies have also used simulation to characterize the impact of con-
nected and autonomous vehicles on the operational performance of rounda-
bouts. Mohebifard et al. [35] evaluated the effect of various market penetration
rates of connected autonomous vehicles (CAVs) on traffic operations at roun-
dabouts using a simulation- and an optimization-based approach. The results
showed that CAVs improved traffic operations in under- and semi-saturated
flow conditions at 100% market penetration. Another study suggested that CAVs
could provide higher throughput with lower average control delay compared to
conventional vehicles’ operation at roundabouts [36]. A few studies have gener-
ated vehicle trajectories or paths from aerial footage to estimate performance

measures at roundabouts [37] [38].

1.2. Motivation to Use CV Data to Assess Roundabout
Performance

The Highway Capacity Manual (HCM) defines techniques for estimating control

delay, level of service, and queue length based upon demand volumes [2] [3] [8].
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However, applying these techniques agency-wide to assess performance is la-
bor-intensive and costly due to the extensive roundabout count data collection
effort required for conducting the engineering analysis or simulation [2]. Fur-
thermore, several papers in the literature note that local driver behavior needs to
be calibrated [26] [27] [28] [29]. These requirements pose significant challenges
when trying to scale the analysis. With the recent commercialization of high-
fidelity connected vehicle (CV) trajectory data, practitioners can now capture
system-wide coverage without instrumenting each location or making extensive
field visits. CV data can be used to estimate operational performance of traffic
controlled locations at scale [39] [40] [41].

1.3. Objective

The objective of this paper is to develop a methodology based on the Purdue
Probe Diagram (PPD) for computing delay and LOS [42]. The PPD was origi-
nally developed for estimating control delay and LOS for signalized intersec-
tions, but those techniques can apply to roundabouts with some minor changes
in locating the reference points and delay thresholds. Eliminating the need to
collect turning movement counts dramatically improves the scalability of the
analysis. This paper describes these techniques and demonstrates their applica-

tion in Carmel, Indiana for over 100 roundabouts.

1.4. CV Data

CV data is used to calculate delay, LOS, queue lengths, and origin-destination
characteristics. The data consists of individual vehicle waypoints with latitude,
longitude, the vehicle speed and heading, a timestamp, and an anonymized
unique journey identifier. The data reports with a temporal frequency of three
seconds and a spatial accuracy of 1.5 meters. For this study, over 264,000 unique
journeys and 3.6 million waypoints are used from July 2021 weekdays from 3:00
PM to 6:00 PM.

2. Methodology

This section presents the methodology in four steps: 1) Estimating delay from
connected vehicle trajectories; 2) Data aggregation and visualization graphics; 3)
Estimating queue lengths; 4) Tabulating roundabout origin-destination charac-

teristics.

2.1. Trajectory-Based Roundabout Control Delay Estimation

The HCM proposes LOS as the main performance indicator for both, inter-
rupted and uninterrupted flows. LOS provides 6 categories (A-F) to describe
traffic operations at a particular location, “A” being ideal free-flow conditions
and “F” being inefficient congested conditions. For the interrupted flow scenario
at roundabouts, LOS is based on control delay, and its definition is shown in
Table 1 [8].
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Table 1. HCM LOS Criteria [8].

Level of Service Average Control Delay (s/vehicle)
A <10
>10 - 15

>15-25
>25-35
>35-50

- g 0w

>50

Control delay is the delay caused by traffic control. For a roundabout, the traf-
fic control is performed by the roundabout itself, its markings, and its signage.
Therefore, control delay at a roundabout can be estimated by calculating the dif-
ference in travel time through the studied location between a vehicle trajectory
and a free-flow trajectory (FFT), which is the hypothetical trajectory of a vehicle
traveling at the posted speed limit [2] [42] [43].

Recently, several papers have been published that describe how the Purdue
Probe Data Diagram [39] [41] [42] [44] can be used to estimate control delay for
signalized intersections using CV trajectory data. Those techniques can be rea-
dily adapted to roundabouts. From Table 1 and the estimated control delay, in-
dividual vehicle trajectories can be assigned a LOS. Figure 1(a) shows a Purdue
Probe Diagram (PPD) [42] for a roundabout, which is the time-space diagram of
a vehicle trajectory that follows a particular movement [45] referenced to the
distance and time in which the vehicle exited the roundabout. Callouts i-vi are
vehicle trajectories approaching the roundabout from the west, traveling east-
bound, at Ditch Rd. and W 96™ St. color-coded by their estimated LOS. Callout
vii is a FFT. Control delay can be estimated by comparing how far away a partic-
ular trajectory is from the FFT. The farther to the left a trajectory is, the greater
its control delay. Callout viii is a segregation line that helps to visually separate
trajectories by their LOS (in this case separating E and F trajectories).

Figure 1(a) is a subset of Figure 1(b) to illustrate the LOS concept. Figure
1(b) shows 38 trajectories sampled between 17:00 and 17:15 hours during July
12-16, 2021 at the same roundabout approach. Figure 1(b) also has a pie chart
that shows the percentage of trajectories categorized with the estimated LOS. For
this approach and time period, over 30% of trajectories had a LOS F, and only
8% had a LOS A.

Using geographic information system (GIS) linear referencing, roundabout
PPDs such as Figure 1(b) can be systematically generated for all the approaches
at a roundabout to quantify approach delay. Approach delay is defined in this
study as the delay experienced by vehicles entering from the same approach re-
gardless of exit choice. Figure 2 shows PPDs for all four approaches at Ditch Rd.
and W 96™ St. during the same peak 15-min period over five days. The south-
bound direction of travel, callout i, is the most efficient approach with most of
the vehicles experiencing a LOS B. On the other hand, vehicles traveling west-

bound, callout ii, present the highest proportion of vehicles having a LOS F.
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Figure 1. Vehicle trajectories approaching eastbound at Ditch Rd. and W 96™
St. during a peak 15-minute period (17:00-17:15 hrs.) between July 12*-16",
2021. (a) Trajectories with different levels of service; (b) All 38 trajectories
analyzed during the time-of-day period.

By averaging the control delay experienced by each sampled vehicle over the
studied approach and time period, each approach can be assigned a LOS. For the
analysis shown in Figure 2, the weighted average control delay (and LOS) for
the southbound (SB), westbound (WB), northbound (NB), and eastbound (EB)
approaches was 16 sec (C), 67 sec (F), 41 sec (E), and 44 sec (E), respectively. In
contrast, Figure 3 shows PPDs for all approaches at the same location during a
non-peak 15-min period. In this case, the weighted average control delay (and
LOS) for the SB, WB, NB, and EB approaches was 10 sec (A), 18 sec (C), 16 sec
(C), and 14 sec (B), respectively.

One particularly noteworthy benefit of using CV data is the ability to cover
most hours of the day to characterize temporal variations in performance. Fig-
ure 4 shows the LOS change by 15-minute periods for the four approaches at
Ditch Rd. and W 96th St. Callout i represents the time-period and approach
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Figure 2. Ditch Rd. and W 96" St. trajectories by approach and estimated LOS during a
peak 15-minute period (17:00-17:15 hrs.) between July 12"-16", 2021. (a) Southbound
PPD; (b) Westbound PPD; (c) Northbound PPD; (d) Eastbound PPD; (e) Aerial view
(map data: Google, IndianaMap Framework Data, Maxar Technologies).

analyzed in Figure 1 and Figure 2(d). This visualization provides an efficient

performance summary for a single location that helps identify direction of travel

and time-of-day (TOD) where the roundabouts underperform.

2.2. Data Aggregation and Visualization Graphics

Until now, only LOS that describes the performance at individual roundabouts
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have been discussed. However, agencies are typically interested in system-wide
assessment of all their approaches, as well as the weighted average of all ap-
proaches of each roundabout.

Figure 5 shows pareto-sorted bar-graphs of the average control delay by hour
experienced by each approach on over 100 roundabouts in Carmel, Indiana. LOS

Level of service: LA OB O CO D EE MF

g [
Q =]
fa] el
=] <
< 750 = 750 A
g :
~ 22
500 500
g £ Y
= = N\
A 250 5250
2 2
8 04 & 0+
k5 EE
-2 4
A -250 4 A -250 1
T T T T T T
-100 -50 0 -100 -50 0
Time to Exit the Roundabout (s) Time to Exit the Roundabout (s)
(a) (b)
5 1000 1 < 1000
3 3
£ £
2 750 g 750
E E
(=4
o 500 7 = 500
= =
5 250 [54 250 -
2 8
9] . 2 |
é 0 § 0
.2 )
A -250 4 A -250 4
1 I 1 1 I 1
-100 -50 0 -100 -50 0
Time to Exit the Roundabout (s) Time to Exit the Roundabout (s)
(c) (d)

Figure 3. Ditch Rd. and W 96" St. trajectories by approach and estimated LOS during a
non-peak 15-minute period (15:00-15:15 hrs.) between July 12®-16™, 2021. (a) Southbound
PPD; (b) Westbound PPD; (c) Northbound PPD; (d) Eastbound PPD; (e) Aerial view
(map data: Google, IndianaMap Framework Data, Maxar Technologies).

DOI: 10.4236/jtts.2022.121003

48 Journal of Transportation Technologies


https://doi.org/10.4236/jtts.2022.121003

E. Saldivar-Carranza et al.

Level of service: JA @B O CO DMEME BMF [ONoData

Approach
EB NB WB SB

o >~ 0 N O —~ AN N T »n O I\EOO N © — A
B e e e e R \ N B R oS N o\ I o\ |

Time-of-day (hour)

Figure 4. LOS estimation by time-of-day at Ditch Rd. and W 96™ St.
between July 12®-16"™, 2021.
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Figure 5. LOS system visualization by approach for all the weekdays in
July 2021. (a) 15:00-16:00 hrs.; (b) 16:00-17:00 hrs.; (c) 17:00-18:00 hrs.
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thresholds are shown with blue lines. Only approaches with at least 10 sam-
pled vehicles during the analysis period are considered. As demand fluctuates
throughout the day, the number of approaches with 10 sampled vehicles or more
also change.

These visualizations are particularly useful when assessing the quantity of ap-
proaches experiencing congestion (LOS F or E) and identifying peak periods
(time with most C or worse LOS approaches). Additionally, locations in which
vehicles travel faster than the posted speed limit (negative delay) can also be
identified.

Figure 6(a) shows a Pareto-sorted bar-graph of the average control delay ex-
perienced on every approach in the system during the 15-minute period
(17:00-17:15 hrs.) of the day with the most approaches with a LOS C or worse.
From this graph, the locations with the highest delays can easily be identified for
further analysis. Figure 6(b) shows the 10 approaches with the highest estimated
control delay. Callout i, corresponding to the NB movement of roundabout 1
(Keystone Pkwy at 116™ St E), has a control delay of 276 seconds (the y-axis is

truncated at 120 seconds).

120
= 100
[}
>
& 80 E
&)
< 60 1
@]
° 40
g 20
O I T T T T 1
1 68 135 202 269 336
Roundabout Approach
(a)
120
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> 80
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S 20

I-NB 2-WB 3-SB 4-NB 5-SB 3-NB 6-EB 7-EB 8-WB 9-SB
Roundabout Approach ID

(b)

Figure 6. LOS system visualization by approach for all the weekdays in July
2021 during the most congested 15-minute period (17:00-17:15 hrs.). (a) All
336 analyzed approaches; (b) 10 highest-delays by approach with their location
ID.

DOI: 10.4236/jtts.2022.121003

50 Journal of Transportation Technologies


https://doi.org/10.4236/jtts.2022.121003

E. Saldivar-Carranza et al.

A geographical representation of the results, instead of Pareto-sorted graphs,
can provide practitioners with insight on the effects that certain roundabouts
may have on adjacent locations. Figure 7(a) shows the analyzed roundabouts
color-coded by their highest-delay approach’s LOS. Callouts reference the roun-
dabouts’ ID and direction of travel (SB, EB, NB, or WB) as presented in Figure
6(b).

Roundabout 3 has two approaches that are within the 10 highest approach
delays in the system during the study period. Vehicles coming from the west,
traveling EB, have the highest delay between all approaches at roundabouts 6
and 7. Therefore, vehicles traversing EB through these roundabouts are likely to
experience significant delay at each location. Given roundabouts’ 6 and 7 prox-
imity to each other, it is possible that the poor performance at roundabout 7 is
propagating to roundabout 6. Thus, improving operational performance at 7 can

potentially benefit 6 as well.
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Figure 7. LOS system visualization from the 17:00 to the 17:15 hrs. for all the
weekdays in July 2021 (map data: OpenStreetMap contributors, CC-BY-SA). (a)
Highest delay approach; (b) Weighted average by roundabout.
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Additionally, studied locations can be color-coded by the LOS based on the
weighted average control delay from all the approaches (Figure 7(b)), instead of
only focusing on the highest-delay approach. With weighted average control de-
lay, the total level of performance at a roundabout is shown, and it is calculated
by dividing the total control delay of all vehicles by the number of samples. If a
location has a poor LOS when based on the highest-delay approach, but a good
LOS when taking into consideration all the approaches, it is an indication that
few approaches in that roundabout are under-performing. In contrast, if a loca-
tion shows poor LOS in both maps (Figure 7(a) and Figure 7(b)), that indicates
that most of the entering vehicles have high control delay.

Table 2 shows the 10 highest estimated control delays by approach (Figure
6(b) and Figure 7(a)). Further, the weighted average, by entering volume, for
the entire roundabout is also provided.

2.3. Queue Length Estimation

The Purdue Probe Diagram can also estimate queue length at signalized inter-
sections based on vehicle stops and their distance from the stop bar (Figure 1).
The same methodology can be also extended to estimate queue lengths for
roundabout approaches [1] [8].

The HCM provides a technique to compute 95" percentile queue lengths at
roundabouts based on volume-to-capacity ratios, lane capacities, and study time
periods [8]. In this study, queue length is estimated as the distance to the center
of the roundabout when a vehicle first stops during its approach. The queue
lengths from several days can be aggregated over various TOD periods to esti-
mate the 95" percentile queue length. Figure 8 shows the estimated 95™ percen-
tile queue length, as used by the HCM [8], at Ditch Rd. and W 96™ St. from data
sampled during all the weekdays in July 2021. As expected, the delay presented
in Figure 4 relates to the queue length in Figure 8, since the highest delays occur
during the time with the longest queues (from the 16:00 to the 18:00 hrs. for ap-
proaches WB, NB, and EB).

Table 2. Roundabout approaches with highest control delay between 17:00 and 17:15 hrs.

ID Name

1 Keystone Pkwy @ 116th St E
2 96th St @ Ditch Rd

3 116th St @ Illinois St

4 Rangeline Rd @ 4th St SW
5 116th St @ Shelborne Rd

6 96th @ Gray Rd

7 96th @ Hazel Dell Pkwy

8 106th St @ Ditch Rd

9 116th St @ Pennsylvania St

NB Delay EB Delay SB Delay WB Delay Weighted Average

(s/veh) (s/veh) (s/veh) (s/veh) (s/veh)
276 N/A N/A 9 75
34 30 20 69 42
44 24 49 21 25
47 8 14 N/A 17
26 15 45 18 23
35 43 20 12 32
N/A 38 20 9 27
17 18 15 38 26
28 12 36 23 21
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Figure 8. Estimated queue length by time-of-day at Ditch Rd. and W 96™ St. (ID 2) for

weekdays in July 2021.

2.4. Origin-Destination Characteristics

The technique used to automatically identify vehicle turning movements from
trajectory data can provide valuable information on the origin-destination cha-
racteristics at roundabouts and the variation over time [45]. Table 3 shows July
2021 weekdays vehicle turning counts at Ditch Rd. and W 96™ St. From this ta-
ble, the movements with higher demands can be identified for each 15-minute
segment during the AM and PM peak periods. Even though the counts shown
are a sample of all the vehicles that cross through the roundabout, valuable in-
sight can be obtained from the demand distribution that can help practitioners
prioritize mitigation techniques where needed. These values can then be used to

scale approach volumes to estimate absolute movement volume by time period.

Table 3. July 2021 weekdays vehicle turning counts at Ditch Rd. and W 96" St (ID 2).

Southbound Westbound Northbound Eastbound
Start Time

L T R L T R L T R L T R

6:00 0 5 0 24 6 0 1 13 7 0 22 2
6:15 0 19 0 30 18 0 2 0 21 0 16 2
6:30 2 34 2 67 48 0 14 4 31 1 16 3
6:45 3 8 0 87 47 3 8 3 54 1 33 1
7:00 0 12 0 46 38 0 4 6 38 1 47 1
7:15 0 36 1 87 61 0 7 9 49 0 36 6
7:30 3 45 1 72 44 3 12 32 66 3 87 8
7:45 3 56 4 61 58 1 10 44 75 5 52 16
8:00 8 40 7 65 44 1 22 19 28 6 47 20
8:15 2 45 2 35 31 3 16 26 40 8 62 16
8:30 9 24 4 34 33 2 7 21 32 8 61 7
8:45 2 29 7 45 50 7 12 23 43 7 48 5
15:00 3 32 6 28 55 8 16 28 49 5 90 14
15:15 4 25 3 32 70 4 6 32 33 5 65 13
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Continued

15:30 1 43 10 45 76 7 12 37 55 3 65 15
15:45 2 28 13 37 97 1 17 41 45 6 81 18
16:00 7 37 5 56 75 4 17 45 41 7 73 18
16:15 2 28 7 42 106 2 25 34 58 12 85 28
16:30 5 53 6 49 87 4 33 56 51 11 88 27
16:45 2 50 6 34 91 5 26 57 38 13 77 22
17:00 3 33 16 39 87 3 35 39 51 9 82 35
17:15 3 46 16 43 93 8 24 39 46 9 96 35
17:30 4 30 13 42 96 7 15 35 29 7 80 22

17:45 2 22 8 28 73 0 11 38 32 5 67 15

Note: L = Left, T = through, R = Right.

3. Conclusions

This study presented a methodology to use CV data with a three-second re-
porting interval to estimate delay, level of service, queue length, and origin-
destination characteristics for roundabouts. The benefit to consultants and
agencies is that these techniques can be performed without any extensive and
costly field data collection efforts currently required to evaluate the performance
of a roundabout.

The delay and level of service techniques were based on the Purdue Probe Di-
agram, commonly used in traffic signal analytics (Figure 2 and Figure 3). A
heatmap was used to illustrate how the control delay varies by approach and
TOD (Figure 4). The scalability of this methodology was demonstrated by ap-
plying it to analyze over 100 roundabouts in Carmel, Indiana during the after-
noon peak period in July 2021. Over 264,000 trajectories and 3,600,000 GPS
points were analyzed during weekdays to rank over 300 roundabout approaches
by delay and summarize in Pareto sorted graphics (Figure 5 and Figure 6) and
maps (Figure 7). The paper concluded by illustrating how additional perfor-
mance characteristics such as queue length (Figure 8) and variation in ori-
gin-destination patterns (Table 3) can be analyzed with CV data.

The techniques presented in this paper can be used to assess system-wide
performance of roundabouts. Longer term, as agencies and consultants develop
libraries of roundabout performance analyzed using CV data, that data can be
used to improve the calibration of roundabout models and simulation models

used in planning applications.
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