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Abstract

Diamond interchanges are frequently used where a freeway intersects a two-way
surface street. Most of the techniques to evaluate the performance of diamond
interchanges rely on the Highway Capacity Manual (HCM), simulation, Au-
tomated Traffic Signal Performance Measures (ATSPMs), and historical crash
data. HCM and simulation techniques require on-site data collection to ob-
tain models’ inputs. ATSPMs need high-resolution controller event data ac-
quired from roadway sensing equipment. Safety studies typically need 3 to 5
years of crash data to provide statistically significant results. This study uti-
lizes commercially available connected vehicle (CV) data to assess the per-
formance and operation of a three- and four-phase diamond interchange lo-
cated in Indianapolis, Indiana, and Dallas, Texas, respectively. Over 92,000
trajectories and 1,400,000 GPS points are analyzed from August 2020 week-
days CV data. Trajectories are linear-referenced to generate Purdue Probe
Diagrams (PPDs) from which arrivals on green (AOG), split failures, down-
stream blockage, and movement-based control delay are estimated. In addi-
tion, an extension of the PPD is presented that characterizes the complete
journey of a vehicle travelling through both signals of the diamond inter-
change. This enhanced PPD is a significant contribution as it provides an
analytical framework and graphical summary of the operational characteris-
tics of how the external movements traverse the entire system. The four-phase
control showed high internal progression (99% AOG) compared to the mod-
erate internal progression of the three-phase operation (64% AOG). This is
consistent with the design objectives of three- and four-phase control models,
but historically these quantitative AOG measures were not possible to obtain
with just detector data. Additionally, a graphical summary that illustrates the
spatial distribution of hard-braking and hard-acceleration events is also pro-
vided. The presented techniques can be used by any agency to evaluate the
performance of their diamond interchanges without on-site data collection or
capital investments in sensing infrastructure.
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1. Introduction

Conventional diamond interchanges (CDI) transfer traffic between freeways and
two-way surface streets [1]. Full CDIs consist of a pair of ramp intersections with
relatively close interlocked left turns, four entry points, and four exit points [2] [3]
[4] [5]. CDlIs are crucial for the correct operation of urban transportation networks;
hence, their safe and efficient operation are critical agency objectives [3] [4].

Currently, most performance evaluations of CDIs are done by means of High-
way Capacity Manual (HCM) techniques or simulation. These model-based stu-
dies usually require intersection turning volumes to estimate vehicle delay, level
of service (LOS) [6], number of stops, and queue-lengths [7]-[13]. Alternatively,
a few studies have used high-resolution controller event data obtained from
roadway sensing equipment to generate Automated Traffic Signal Performance
Measures (ATSPMs) [2] [14] [15]. Safety performance has been assessed usually
from three to five years of historical crash data [16] [17].

Connected vehicle (CV) trajectory, hard-braking (HB), and hard-acceleration
(HA) data with nationwide coverage have recently become available from auto-
motive manufacturers. These datasets provide opportunities for scalable and con-
sistent infrastructure efficiency and safety assessments. CV trajectory data has
been used to generate operational performance measures not only for conven-
tional signalized intersections [18]-[23], but also for roundabouts [24] and di-
verging diamond interchanges (DDI) [25]. Additionally, HB events have been
used as a surrogate for crash data [26] and HA events to assess driver behavior
for different traffic signal phasing implementations [23]. However, no studies
have used CV data to evaluate the performance of CDIs.

Due to the close proximity of the intersections on a diamond interchange,
coordinating the ramp signals to manage the internal queues is critical to ensure
they do not spill back and block upstream movements. To effectively manage a
CDI, practitioners must evaluate the progression of vehicles traversing the in-
terchange system and their effect on each approach [2]. Although there are de-
sign procedures for developing this signal phasing, variations in demand and
driver behavior can significantly impact operations. Point-based detection used by
ATSPMs makes it difficult to obtain accurate queue-length and movement-level
performance measures.

With the recently available high-fidelity CV data, it is now possible to measure a
sampling of vehicles’ experience traversing a CDI on a movement-by-movement
basis. This dataset has the capabilities of providing efficiency and safety perfor-

mance measures without the need for on-site data collection, costly infrastruc-
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ture investments, or long wait periods.

The objective of this study is to introduce methodologies based on CV data to
measure arrivals on green (AOG), split failures (SF), downstream blockage (DSB),
and movement-based control delay. Additionally, the distribution of HB and HA
events is evaluated. This paper describes these techniques and discusses their ap-
plication by analyzing operations at two diamond interchanges with three- and
four-phase control.

1.1. Connected Vehicle Data

Indiana and Texas CV data for August 2020 weekdays, with an estimated pene-
tration rate of 4.5% and 4.2% respectively [27], was used in this study. Two dif-

ferent CV datasets are utilized: trajectory data and event data.

1.1.1. CV Trajectory Data

The CV trajectory 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 92,000 unique journeys

and 1.4 million waypoints are analyzed.

1.1.2. CV Event Data

The CV event data consists of individual HB and HA events, each of which has
the following information attached: GPS location with a 1.5-meter fidelity ra-
dius, timestamp, speed, and heading. A HB event is recorded as soon as a ve-
hicle’s on-board accelerometer experiences an acceleration magnitude greater
than 2.67 m/s*(as defined by the data provider). Likewise, HA has a 2.638 m/s’
threshold to trigger the event.

2. Study Locations

To demonstrate the developed techniques for CDI assessment two different in-
terchanges are evaluated. Figure 1 shows the studied diamond interchange at
I-465 and Michigan Rd. located in Indianapolis, Indiana. Figure 2 shows the
analyzed CDI at George Bush Turnpike and Preston Rd. located north of Dallas,
Texas. The most relevant difference between these two locations for the purposes
of this paper is the proximity of their intersections since it significantly affects
operations. For the location in Indiana, the internal distance between stop bars is
500 ft. (152 m.). In contrast, the CDI in Texas has only 240 ft. (73 m.) of separa-
tion between the internal stop bars.

Each intersection at the CDIs has been marked as X, ¥; W, and Zto facilitate
reference throughout the paper.

3. Diamond Interchange Phasing

There are two main signal control techniques that are usually implemented at
diamond interchanges: three-phase and four-phase [3] [5] [28]. Depending on
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Figure 2. George Bush Tpke at Preston Rd. in Dallas, Texas (Map data: Google).

the chosen scheme, operations can significantly vary. The following subsections

briefly describe each control’s implementation.

3.1. Three-Phase Control

Three-phase control is commonly used at diamonds where the intersections are
located more than 400 ft. (121 m.) apart [5]. Such is the case of the study loca-

tion in Indiana (Figure 1), where the intersections are 500 ft. away from each
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other. Figure 3 illustrates the 3-phase control implemented at this location. Fig-
ure 3(a) shows a common representation of the phases on a simplified geometry
diagram of the CDI. Figure 3(b) shows the ring structure for the left intersection
(X) and Figure 3(c) shows the ring structure for the right intersection (¥).

The three phases are the entering arterial, the internal left turn, and the ramp
movement at each signal. The distance between X and Y provides storage for
ramp traffic. If no queue spillback occurs, three-phase operation usually gene-
rates less delay than four-phase control and facilitates two-way progression on

the arterial when the offsets between the two signals are close to zero [5] [28].

3.2. Four-Phase Control

Four-phase control is typically used where interior left-turn volumes are high
and the spacing between intersections is less than 400 ft. (122 m.) [5] [28]. Such
is the case of the study location in Texas (Figure 2), where the intersections are
240 ft. apart. Although there are a variety of techniques that signal equipment
vendors and state agencies use to implement four-phase control, we use the gener-
al ring diagram in Figure 4. Figure 4(a) shows a typical phase numbering scheme.

Figure 4(b) shows the ring structure for the left intersections W (top ring) and Z

@

I m— ¥
<= E J

(b) (©)
Figure 3. Three-phase diamond interchange phasing (Indiana). (a) Simplified geometry diagram;

(b) Xintersection ring structure; (c) Yintersection ring structure (B1 = barrier 1, B2 = barrier 2).
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Figure 4. Four-phase diamond interchange phasing (Texas). (a) Simplified geometry diagram; (b)
Ring structure (B1 = barrier 1, B2 = barrier 2, OL = overlap).

(bottom ring).

Both intersections of the interchange are tightly coordinated and are operated
as if they were one big intersection. The four phases are the two arterial move-
ments and the two ramp movements. If proper splits and offsets are set, this type
of control provides progression through the interchange to all major movements
which allows for an efficient queue management that is critical for CDIs with li-

mited internal storage space [5] [28].

4. Diamond Interchange Performance Measures

In this section, the developed CV-based techniques for CDI assessment are dis-
cussed in the following order:

1) Standard Purdue Probe Diagrams (PPDs) for evaluating movements through
one signal;

2) Extended PPDs for evaluating movement through both signals;

3) Internal and external movements performance summary by time-of-day;

4) Safety assessment from HA and HB events.

4.1. Purdue Probe Diagram

As the critical objective for CDI operation is to keep the internal storage free of
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long queues to avoid spillback which blocks adjacent arterial and ramp move-

ments, the progression of vehicles needs to be evaluated. The Purdue Probe Dia-

gram [21] provides a systematic visualization of linear-referenced vehicles tra-
jectories that pivot at the far side (FS) of the intersection. This provides a frame-
work that allows for quantitative and qualitative approach-level analysis.

A PPD is a time-space diagram that color-codes vehicle trajectories based on
the number of experienced stops, identified as horizontal lines, before crossing
the FS of the intersection. The following performance measures can be estimated
from PPDs:

e AOG: assessment of progression calculated as the proportion of non-stopping
vehicles (color green).

e SF: indication of an approach operating on congested conditions calculated
as the ratio of vehicles stopping more than once (color red or purple).

e DSB: measurement of the level of obstruction by adjacent intersections cal-
culated as the ratio of vehicles slowing down or stopping after crossing the
intersection.

e Control delay: summation of deceleration, stop, and acceleration delay. A
free-flow trajectory (FFT) is also included in the PPD (black line) to facilitate
qualitatively estimations of approach delay by comparing CV and FFT arriv-
als [21].

Figure 5 shows the PPDs of August 2020 weekdays vehicle trajectories that
traversed the 3-phase CDI in Indiana from 16:00-18:00 hrs. Figure 5(a) shows
the movements that conform the ring structure of intersection X (Figure 3(b))
ordered in the same manner. Only one movement is shown per phase, where
exterior through movements have precedence followed by exterior left. Similarly,
Figure 5(b) shows the movements that conform the ring structure of intersec-
tion Y (Figure 3(c)).

Figure 6 shows the PPDs of August 2020 weekdays vehicle trajectories that
traversed the 4-phase CDI in Texas from 16:00-18:00 hrs. Figure 6(a) illustrates
the movements that conform barrier 1 of the implemented ring structure (Figure
4(b)) and Figure 6(b) shows the movements that conform barrier 2.

The visualizations presented in this sub-section allow for a qualitative assess-
ment of progression, congestion, queue-length, and delay at the movement level
focused on the implemented signal control. For example, at the 3-phase CDI in
Indiana, the southbound interior movements show a number of vehicles stop-
ping once (Figure 5(b), orange lines) at both the through (phase 2) and left turn
(phase 5), while the northbound interior movements also show substantial arriv-
als on red. In contrast, the 4-phase CDI in Texas has internal through move-
ments relatively well-progressed with all sampled vehicles having arrived on green
southbound (OL-B) and a low density of one-stop trajectories in the northbound
(OL-A). A limitation of the PPD is that each internal movement is shown in isola-
tion and does not discern the origin of vehicles from the adjacent signal. This de-

tail is important for assessing the quality of progression on the arterial.
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Figure 5. Purdue Probe Diagram for each movement in the ring structure of the 3-phase diamond in Indiana. (a)
Intersection Xring structure; (b) Intersection Yring structure (Bl = barrier 1, B2 = barrier 2, FS = far side).

4.2. Extended Purdue Probe Diagram

The Extended Purdue Probe Diagram (EPPD) is a visualization tool developed
to show the queue and progression quality relative to a number of signals in a
system to help assess performance based on the origin of vehicles.

EPPDs are based on the standard PPD (Figure 5 and Figure 6) [21], but instead

DOI: 10.4236/jtts.2022.123029 482 Journal of Transportation Technologies


https://doi.org/10.4236/jtts.2022.123029

E. D. Saldivar-Carranza et al.

E No Stops O One Stop B Two Stops B >Two Stops
Bl
a = =
@& 2| € 4 oL-C
w2 w2
" 500 »
2 L2 250 A
= =
Q Q
< < i
g 07 e ¢
.‘é: T T 1 .é T 1
A -150 -100 50 0 50 A -100 0
Time to the Inter. FS (s) Time to the Inter. FS (s)
) oLD | & OL-B
~ 500 ~
% @200
B 250 - s
= k=
Q [ 0 T
S 04 k=
8 2
B . . 3 —200 . ,
A -100 0 A -100 0
Time to the Inter. FS (s) Time to the Inter. FS (s)
B2
b ~~ ~~
(b) E 500 OL-C % OL-A
. £
&2 250 - 2
g N
Q Q
3 . 3
2 0 8
B l l 3 —200 : l
A -100 0 A -100 0
Time to the Inter. FS (s) Time to the Inter. FS (s)
g | & oLD
& % 500
. 500 .
g 8 250 -
k= =
Q [0
k= < 4
g 07 e
“’.:.; T T T E T T
A 150 -100 -50 0 50 A -100 0
Time to the Inter. FS (s) Time to the Inter. FS (s)

Figure 6. Purdue Probe Diagram for each movement in the ring structure of the 4-phase diamond in Texas. (a)
Movements preceding barrier 1; (b) Movements preceding barrier 2 (Bl = barrier 1, B2 = barrier 2, FS = far side,

OL = overlap).

of only characterizing the performance of a single signal approach, they show

the complete movement of vehicles through a system of signals. This is accom-

plished by linear-referencing the distinct trips and pivoting at the last intersec-

tion’s far side of a complete origin-destination path. Each vehicle approach to
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the different intersections is independently color-coded based on the number of
stops. The trajectory’s transition segment from one intersection to the next is
shown in black. Additionally, the location of every signal’s far side is indicated
by horizontal lines for spatial referencing. Finally, a FFT is included to allow for
delay estimations.

In the case of diamond interchanges only two intersections need to be in-
cluded in the EPPD. The sampled volume distributions for the eight main ori-
gin-destination paths of the three- and four-phase controlled interchanges are
provided on Table 1 and Table 2, respectively. This information is relevant as it
helps identify which paths have the highest demands and are more likely to
congest the storage area.

Figure 7 shows the EPPDs of August 2020 weekdays vehicle trajectories that
traversed the 3-phase CDI in Indiana from 16:00-18:00 hrs. The air photo in the
lower left corner of all the figures have a movement arrow that graphically illu-
strates the path of vehicles analyzed in each EPPD. All EPPDs reveal significant
number of vehicles stopping before entering the interchange and most of them
show internal stops (callout i), except for Figure 7(d). From this subfigure, it is
apparent that the CDI is timed with the objective of serving and progressing ve-
hicles coming off the westbound ramp to southbound as efficiently as possible,
with essentially none of those vehicles having to stop internally at all. By looking
at and connecting the trajectories across the two signals, the EPPD is able to
shed light on decisions and safety trade-offs made in the signal timing plan.

Figure 8 shows EPPDs for six paths of August 2020 weekdays vehicle trajectories

Table 1. Sampled volume distibution at the 3-phase interchange in Indiana for August
2020 weekdays from 16:00 to 18:00 hrs.

Destination (internal movements)

Origin
(external movements) ySB-Through ¥ SB-Left ~XNB-Through _XNB-Left
X SB-Through 14% 22% - -
X WB-Left 8% 0% - -
Y'NB-Through - - 23% 11%
YEB-Left - - 22% 0%

Table 2. Sampled volume distibution at the 4-phase interchange in Texas for August 2020
weekdays from 16:00 to 18:00 hrs.

Destination (internal movements)

Origin
(external movements) zgp Through ZSB-Left WNB-Through W NB-Left
W SB-Through 21% 18% - -
W WB-Left 4% 0% - -
ZNB-Through - - 29% 15%
ZEB-Left - - 13% 1%
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Figure 7. EPPDs for the 3-phase diamond in Indiana (Map data: Google). (a) NB-through at ¥
and NB-through at X; (b) SB-through at X and SB-through at ¥; (c) EB-left at Y'and NB-through
at X; (d) WB-left at Xand SB-through at ¥; (e) NB-through at Yand NB-left at X; (f) SB-through
at Xand SB-left at Y (FS = far side).
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that traversed the four-phase CDI in Texas from 16:00-18:00 hrs. Similar to the
interchange in Indiana, the CDI in Texas shows significant number of vehicles
stopping before entering the system. However, once vehicles enter the inter-
change, they continue their progression unimpeded (callout ii), which is the main
benefit of properly implemented four-phase control. This is an important cha-
racteristic as closely spaced intersections have higher risk of getting blocked by
internal queues. The four-phase CDI operates similarly as a split-phased signal,
which contributes to increased congestion on the movements entering the CDI
(callout iii) shown by vehicles stopping more than once (color-coded red and
purple).
The following subsection discusses performance evaluation by TOD.

4.3. Summary Performance by Time-of-Day

The EPPDs provide a detailed characterization of progression, stops, split fail-
ures, downstream blockage, and delay for a specific time period. However, it is
important to have a comprehensive summarized overview of how all the move-
ments perform across different time-of-day (TOD) periods to effectively eva-
luate a CDI. To address this need, graphical heat maps summarizing perfor-
mance by movement and by TOD are proposed.

Figure 9 and Figure 10 show heatmaps with 15-minute resolution indicating
the percentage of vehicles arriving on green for the four external movements and
four internal movements. For the three-phase controlled interchange (Figure 9),

it is shown how the internal movements have AOG around 50% (callout iv),

| — !

0% 50% 100%

(ext) SBT -

(int) NBT -
() NBL Wi 3L ]

(eX)WBL 1 Hi il Nl
‘°“°°°‘2 S I e R SRS
Time of Day (hour)
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(ext)NBT - I E
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P B e e = < T o\

—
N

Time of Day (hour)
(b)

Figure 9. August 2020 weekdays arrivals on green by approach and movement for the
3-phase diamond interchange (Indiana). (a) Intersection .X; (b) Intersection Y (ext = ex-
ternal, int = internal).
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with northbound-left (NBL, Figure 9(a)) having poor progression (~0% AOG)
and southbound-through (SBT, Figure 9(b)) having good progression (~100%
AOQG). For the four-phase controlled interchange (Figure 10), all internal move-
ments have efficient progression as vehicles do not have to stop before exiting
the CDI (callout v).

Figure 11 and Figure 12 show the percentage of sampled vehicles that

[ — |
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e sor { T TN
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Figure 10. August 2020 weekdays arrivals on green by approach and movement for the
4-phase diamond interchange (Texas). (a) Intersection W (b) Intersection Z. (ext = ex-
ternal, int = internal).
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Figure 11. August 2020 weekdays split failures by approach and movement for the
3-phase diamond interchange (Indiana). (a) Intersection X (b) Intersection Y. (ext = ex-
ternal, int = internal).
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experienced split failures at the three- and four-phase CDI intersections, by time
of day. The three-phase control (Figure 11) has very few split failures throughout
the day. The CDI shown in Figure 12 has significant split failures at most of the
external movements during different TOD (callout vi) but no split failures on
the internal movements.

Figure 13 and Figure 14 show heatmaps indicating the percentage of sampled
vehicles that experienced DSB. For the CDI in Indiana (3-phase control, Figure 13),

0% 12.5% 25% >25%

(ext) SBT - II. E
(int) NBT A
(int) NBL -
(ext) WBL -

R =R N O =
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Figure 12. August 2020 weekdays split failures by approach and movement for the 4-phase
diamond interchange (Texas). (a) Intersection W; (b) Intersection Z (ext = external, int =

internal).
! i B ]
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Figure 13. August 2020 weekdays downstream blockage by approach and movement for
the 3-phase diamond interchange (Indiana). (a) Intersection JX; (b) Intersection ¥ (ext =
external, int = internal).
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Figure 14. August 2020 weekdays downstream blockage by approach and movement for
the 4-phase diamond interchange (Texas). (a) Intersection W; (b) Intersection Z (ext =
external, int = internal).

the northbound-through (NBT) movements are being significantly obstructed
soon after they cross each intersection during the PM peak period between 15:00
and 18:00 hrs. (callout vii). This is of particular interest as DSB is a consequence of
long downstream queues. In the case of the external NBT movement (Figure
13(b)), this means that the internal CDI queue is long enough to affect progres-
sion. In contrast, four-phase control (Figure 14) has minimal number of ve-
hicles experiencing DSB internally.

Finally, Figure 15 and Figure 16 show the LOS based on control delay (Table
3) for the relevant movements at the three- and four-phase CDI intersections,
respectively. The effects that poor progression and congestion have on delay are
illustrated.

The following subsection discusses the CV-event-based safety evaluation of
CDIs.

4.4. Event-Based Safety Evaluation

Connected vehicle hard-acceleration and hard-braking events have proven to be
effective datasets for the evaluation of safety at intersections without the need of
long wait periods for statistically significant crash data [16] [17] [23] [26]. In this
subsection, the HA and HB events patterns at the studied CDIs are evaluated.
Figure 17 and Figure 18 show linear-referenced event histograms, pivoting at
the stop bar of the entry intersection, color-coded based on the speed of the ve-
hicle at the time of the event, for the three- and four-phase controlled inter-
changes, respectively. The event counts are normalized as a percentage of the

number of unique CV trajectory identifiers sampled at the same location and
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Figure 15. August 2020 weekdays HCM level of service by approach and movement for
the 3-phase diamond interchange (Indiana). (a) Intersection JX; (b) Intersection ¥ (ext =
external, int = internal).
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Figure 16. August 2020 weekdays HCM level of service by approach and movement for
the 4-phase diamond interchange (Texas). (a) Intersection W; (b) Intersection Z (ext =
external, int = internal).

time of the analysis.

Figure 17 shows results for vehicles traveling northbound-through at the In-
diana interchange (three-phase signal control). Only a small percentage of sam-
pled vehicles perform HB. In contrast, there are two significantly higher concen-
trations of HA (~1%) near the intersections’ stop bars (callout viii for ¥ and ix
for X) made up mainly from slow-speed traveling vehicles (0 - 20 mph). This
may be an indication of drivers rushing through the intersection as soon as they
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Table 3. HCM level of service criteria for signalized intersection [6].

Level‘ of Average Cont‘rol Description
Service Delay (sec/vehicle)
A <10 Free Flow
B >10 - 20 Stable Flow (slight delay)
C >20 - 35 Stable Flow (acceptable delays)
D >35 - 55 Approaching Unstable Flow (tolerable delay)
E >55 - 80 Unstable Flow (intolerable delay)
F >80 Forced Flow (congested and queues fail to clear)
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Figure 17. August 2020 weekdays normalized HA and HB CV events of vehicles traveling
NB through on the 3-phase diamond interchange in Indiana.

are given green or vehicles traveling with a moving queue attempting to clear the
intersection before the onset of amber.

Figure 18 shows results for vehicles traveling southbound-through at the
Texas CDI (four-phase signal control). Similar to the Indiana interchange, just a
small percentage of sampled vehicles have HB. However, the Texas CDI only
presents one concentration of HA events near the entry intersection’s stop bar
(callout x for W). As progression at the exit intersection (2) is highly efficient
(~100% AOG, Figure 10(b)), drivers do not have to rush to cross; hence, the
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Figure 18. August 2020 weekdays normalized HA and HB CV events of vehicles traveling
SB through on the 4-phase diamond interchange in Texas.

proportion of vehicles hard-accelerating is smaller (callout xi).

5. Results and Discussion

Table 4 shows a summary of the evaluated efficiency-oriented performance meas-
ures for the PM peak period (16:00-18:00 hrs.). Although these intersections have
different demand volumes and configuration, it is interesting to compare their
operation as they provide a good comparison of the tradeoffs between three- and
four-phase control. Trajectory data for the four-phase CDI demonstrated high
internal progression (99% AOG), as is intended by its signal control. In contrast,
the three-phase control showed only moderate internal progression (64% AOG).
In regard to downstream blockage, the operation of the four-phase signal re-
sulted in 1% of internal DSB despite over-saturated external movements that had
approximately 11% split failures. The three-phase control had substantially higher
internal downstream blockage (7%), despite having a much smaller number of
split failures on the exterior movements (2%).

Comparing two different interchanges with different contexts and volumes is
not a common engineering practice; however, it provides a framework on how
to evaluate CDIs to select three- or four-phase operation from objective data.
This can be particularly useful for agencies to determine the type of control to

use where the intersections at an interchange are close to the 400 ft. threshold.
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Table 4. Timing implementation PM peak (16:00-18:00 hrs.) performance comparisson.

Performance Measure Three-phase Control Four-phase Control
Internal Movements AOG 64% 99%
Internal Movements SF 0% 0%
Internal Movements DSB 7% 1%
External Movements AOG 38% 16%
External Movements SF 2% 11%
External Movements DSB 8% 0%

The ability to have performance measures such as those shown in Table 4, pro-
vide quantitative information for an agency to tune their time-of-day schedule to
identify what hours of the day a diamond interchange must be operated in
four-phase to avoid internal congestion, and what hours of the day the diamond

interchange can operate in a more efficient three-phase operation.

6. Conclusions

This study presented techniques based on commercially available connected ve-

hicle trajectory and event data to assess the efficiency and safety performance of

conventional diamond interchanges. To demonstrate the methodologies, per-
formance measures at a three- and four-phase signal-controlled CDIs were cal-
culated. Over 92,000 trajectories and 1,400,000 GPS points were processed from

August 2020 weekday CV data to generate the following:

e Ring-structure-oriented PPD (Figure 5 and Figure 6): A PPD configuration
that provides insight on the approach-level performance of the relevant move-
ments of the implemented ring structure.

e Extended Purdue Probe Diagram (Figure 7 and Figure 8): Variation of the
PPD that shows the complete progression of vehicles traversing entire signal
systems. This visualization is particularly relevant for CDI evaluation since it
allows for a holistic view of origin-destination dynamics to support or rein-
force signal timing objectives.

e Arrivals on green, split failures, downstream blockage, and level of service
heat map summaries by TOD that show results for the critical internal and
external movements at each intersection (Figure 9 to Figure 16).

e Evaluation of the distribution of hard-acceleration and hard-braking events
(Figure 17 and Figure 18).

The presented techniques for diamond interchange evaluation can be used
anywhere in the world where CV data is available without the need of on-site
data collection, significant capital investment, or long wait periods.
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