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ABSTRACT

Diverging Diamond Interchange is a form of diamond interchange with growing interest from
traffic engineers and researchers. Conventional control delay calculation models are not effective
when applied to diverging diamond interchanges, because of the possible internal queue
spillback. This technical document describes a method to calculate control delay at diverging
diamond interchanges using one newly developed analytical model. The model was first
developed for control delay calculations of external movements at conventional diamond
interchanges. By adding a function to calculate delay of internal movements, the new model was
successfully used at diverging diamond interchanges to calculate control delay of both internal
movements and external movements. Simulation studies are also conducted to validate the new
model. This study can be used either as a stand-alone delay calculation model or as a supplement
to the existing simulation methods. The model also shows promise for use in other signalized
interchange configurations with two or more adjacent intersections.

Keywords: diverging diamond interchange, control delay, internal queue, spillback, traffic
signal capacity
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1. INTRODUCTION AND LITERATURE REVIEW

Interchanges, where freeways cross arterial streets, are key points in the road network, since they play a
role in connecting the highway system and the local street system. Diamond interchanges are arguably the
most commonly used interchange pattern at these locations in North America (1).

As today’s travel demands increase, capacity and safety problems at diamond interchanges
challenge traffic researchers and engineers. To decrease delay and improve capacity and safety at
diamond interchanges, researchers have developed several innovative intersection designs. Tight Urban
Diamond Interchange, Double Crossover Diamond Interchange, Displaced Left-Turn Interchange, Single
Point Urban Interchange, Roundabout Interchange, MUT Interchange, Center Turn Overpass Interchange,
Echelon Interchange and Diverging Diamond Interchange (2) are typical diamond designs with benefits
for different types of traffic demands.

The diverging diamond interchange (DDI) as shown in Figure 1 can better accommodate left-turn
movements onto or off the ramps. The design was suggested by Chlewicki (3) and developed from the
concept of the synchronized split-phasing design. The diverging diamond interchange is a French import,
first used in the city of Versailles, just outside Paris, in the 1970s. In America, it was first proposed at
I-75 @ US 224 in 2004. The first DDI in the United States made its debut in 2007 at the intersection of
1-435 and Front Street in Kansas City, Missouri.

Figure 1 Diverging diamond interchange |

The DDI design uses crossover movements to better accommodate left-turn movements and
hence eliminate a phase in the signal cycle at the diamond interchange. Figure 2 shows the layout of the
Diverging Diamond Interchange design. The freeway portion does not change but the movements off the
ramps change for left-turns. At a diverging diamond interchange, through and left-turn traffic on the
crossroads maneuvers differently from a conventional diamond interchange as the traffic crosses to the
opposite side in the ramp terminals (4).
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FIGURE 2 Typical layout of a diverging diamond interchange

Compared with the conventional diamond interchange (tight urban diamond interchange),
the benefits of DDI could be summarized as the following:

The DDI combines phases.

The DDI has less conflict points.

The DDI combines lane assignments (i.e. a lane assignment that allows left and
through movements).

The DDI performs very efficiently when the heaviest movements are left or right
turning movements onto or off the ramps.

The DDI increases safety.

The DDI reduces the number of places where traffic must stop.

The DDI greatly reduces traffic queues.

The DDI increases capacity at an intersection, because the left turn signal phase is
eliminated.

A DDI is typically less expensive to construct than a conventional diamond
interchange because it requires fewer lanes to provide the same capacity and
eliminates the need to widen bridge for turn lanes.

And the drawbacks of DDI as the following:

DDI design may not be able to coordinate all movements effectively if they are all
equally as heavy.

DDl design does not allow through movements from off-ramps to on-ramps.

High speed crossroads have unacceptable intersection crossing angles. DDI must
be used on 35mph or lower speed facilities.

DDI design cannot be placed where signals/driveways are too closely spaced to
the interchange. The queues from the nearby intersection might back up into the
interchange causing it to fail.

There is concern with access to driveways for businesses and residents next to the
interchange.
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If the DDI design has some drawbacks, its advantages are still prominent for suburban
diamond interchanges. Hence the DDI design attracts growing interest from traffic researchers
and engineers. Simulation methods are normally used to analyze DDI designs, especially to
obtain control delay which is the primary measure for determination of the level of service of
signalized intersections. Simulation methods are advantageous in conducting “what if” studies
and testing the scenarios and phenomenon that may not occur or are hard to capture in the field.
Nonetheless, simulation approaches are usually less effective in providing generalized results.
For this reason, a combined analytical and simulation approach would be ideal for control delay
analysis.

In the past several decades, mathematical models for calculating control delay have been
studied extensively by numerous researchers. Notable works include, but are not limited to
Beckmann et al. (5) and Webster (6), who developed and tested their fundamental delay models
through simulation, and van Zuylen and Viti (7), who provided comprehensive summaries of
analytical delay models and improved some of them. Currently, the commonly used method is
described in Chapter 16 of the Highway Capacity Manual (HCM), 2000 edition (8), which came
from the model developed by Fambro and Rouphail (9). In review of these models, one can find
that most of them were developed on the basis of the assumption that the subject intersection
should not be blocked by queues spilled over from the downstream intersection, which is not
realistic in the real world. Therefore, those models work reasonably well for isolated
intersections, but are not as effective when applied to diamond interchanges, because of possible
internal queue spillback. Several researchers improved delay calculation models by taking into
account signal coordination in their models, such as Fambro (10) and van Zuylen (7), however,
with the improved models, the control delay of two major external approaches (i.e., the through
movements of the arterial street and the left-turn movements of the frontage roads) still cannot be
satisfactorily formulated to reflect the real situation.

The delay model in Chapter 16 of HCM 2000 is used to estimate control delays at
diamond interchanges by many traffic analysis tools, such as Synchro 5 and PASSER I1l. The
results, however, do not realistically reflect the actual situation when spillback of internal queue
occurs. To address this problem, several methods were developed and employed in traffic
analysis tools. Elefteriadou et al. (11) introduced a method, dubbed the Elefteriadou model in
this paper, to address this issue. However, the study by Hao et al. (12) found that the Elefteriadou
model tends to overestimate delay at diamond intersections with low overlap time (the overlap
time is the difference between upstream and downstream start of the green signal.). Synchro 7
also introduced a new series of traffic analysis tools (called Queue Interactions), which look at
how queues may reduce capacity through spillback, starvation, and storage blocking between
lane groups. A new queue delay factor was introduced to measure the additional delay incurred
by the capacity reduction due to queues on short links. The new models are used for delay
calculation of diamond interchanges by Synchro 7, but the specifics of this model were not
published. It was also found that Synchro significantly overestimates delay at diamond
interchanges with high overlap time (12).

One analytical model for control delay of external movements at tight urban diamond
interchanges was developed by Xu et al (12). The new method took into account the effects of
spillback and applies an analytical approach to predict control delay. In this paper, the model was
applied to calculate control delay at diverging diamond interchange with a newly developed
approach for control delay calculation of internal movements. Owing to the difficulty of
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reproducing the studied cases in the field, we used SimTraffic 7 simulation to develop the
scenarios and verify the performance of the new method.

2. DELAY CALCULATION AT DIVERGING DIAMOND INTERCHANGES

The diverging diamond interchange switches traffic over to the opposite side of the roadway
within the interchange. This promotes left-turn movements and eliminates the left turn signal
phase improving the interchange’s efficiency. This simple switch improves capacity and
minimizes the length of the queues which can normally cause failure within a conventional
diamond interchange.

Two traffic signals are needed for diverging diamond interchange operation, one at each
crossover. Two typical signal phasing designs at diverging diamond interchanges are
demonstrated in Figure 3. If the base DDI signal phasing is used, the arterial road through traffic
is controlled by signals and the off-ramp traffic is controlled by stop or yield signs. If the
advanced signal phasing is used, the off-ramp traffic is also controlled by signals. The
movements marked with green arrows and phase numbers in Figure 3 are movements controlled
by traffic signals. In this paper, the developed method is appropriate only for the advanced DDI
signal phasing rather than the base DDI signal phasing, because of the particularity of delay
calculation for stop and yield control.

a. Base DDI signal phasing

|3+I|

@iﬂ

b. Advanced DDI signal phasing

Figure 3 Signal phasing designs at diverging diamond interchanges#

The internal queue may overflow, because of the limited interior spacing. In that case,
spillback occurs and blocks the external movements, which could cause problems on calculating
control delay.

2.1 Traffic Movement Analysis and Calculation of Lost Green Time for External
Movements
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In this paper external movements were defined as the through traffic on arterial streets and left-
turn traffic onto or off ramps. In order to calculate lost green time caused by internal queue, the
external traffic movements were classified into two modes. Traffic movement mode 1 is that the
volume of the traffic moving through the upstream intersection in the interval of overlap time is
less than the traffic volume that the internal space can contain, as shown in FIGURE 4. It means
the internal queue spillback happens after the overlap time. Traffic movement mode 2 is that the
volume of traffic moving through the upstream intersection in the interval of overlap time is
more than the traffic volume that the internal space can contain, as shown in FIGURE 5. It
means the internal queue spillback happens during the overlap time. Both the two situations
could happen with oversaturated traffic or undersaturated traffic. When the upstream start of
green signal is earlier than the downstream start of green signal in one cycle, the overlap value is
a positive number. When the downstream start of green signal is earlier than the upstream start of
green signal in one cycle, the overlap value is zero. Thus the overlap time value will not be
negative with the definition above. Since impact of the internal queue on the arterial through
movements and impact on the ramp left-turn movements are similar, the analysis was
emphasized on the arterial through movements. The calculation of lost green time of the two
traffic movement modes are introduced in the following.
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FIGURE 4 Spillback occurs after overlap time.

0 A

a

Traffic Volume (Veh)
L

i

-~
~

1 1
g

& b &
it

-

-t r L | g b-|
Time (s)

FIGURE 5 Spillback occurs during overlap time.

2.1.1 Traffic Movement Mode 1:
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Traffic volume per lane moving through the upstream intersection during overlap time is calculated by the

following formula.
(o+r)-q 0-S
Vy_g =min 1
o€ 5007 Ge00. ) 1)

V, ¢ = traffic volume of each lane moving through the upstream intersection

during overlap time;

0 = overlap time of the external arterial movement;

r = red time of the external arterial through movement in one cycle;

g = the arrival traffic flow rate of the external arterial through movement;

n = the number of lanes in the lane group of the external arterial through
movement;
s = the saturated traffic flow rate of the external arterial through movement.

Thus the traffic movement mode 1 occurs when the following inequality is met:

Vog-LZI! )
L = the average length of space occupied by one vehicle in the queue;
I' = the distance between the upstream intersection and the end of the internal
queue;

=1-Q, (3)

| = internal space length of the diamond interchange;
Q.. = length of the queue left in the internal space at the end of the last phase.

The external arterial through movement with its green light indication will not be blocked
until the internal space overflows. Therefore, for movement mode 1, the external green time
before being blocked by the internal spillback is longer than the overlap time and equals to the
time needed to fill the internal space, which is expressed by the following formula:

' [ -3600-n //i 3600- n

(4)

g, = green time of the external arterial before being blocked by the internal queue.
Since g, could not be longer than the green time g, the formula (4) is adjusted to the

following:
I’ .3600-n 1’/ .3600-n
//ﬁ ] —r),/L 5 ) (5)

g = green time of the external arterial movement.
During the time of g, —0, a platoon of vehicles in the internal space are discharged

through the downstream intersection, while the external traffic enters the internal space from the
upstream intersection. Therefore, the internal queue length at the end of g, is

(02005 ©)

q:mM&Lj%mon

Q, = the internal queue length at the end of g, ;

s, = the saturated discharging traffic flow rate of the downstream intersection.
The time needed to discharge the internal queueQ, is

g, = min(g, max((
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QL .3600-n
T, =—K S (7)
d

T, = time needed for discharging the internal queue Q ;
For the real situation, the time needed for a vehicle to travel the internal space should be
considered in delay calculation, so the lost green time is calculated by the following formula:
b:min(g_gl’Tl _TIT) (8)
b=the lost green time because of internal spillback.
T,; = average time needed for a vehicle to travel the internal space.
The green time of the external arterial after being blocked is
9,=9-0,-b (9)
g, = green time of the external arterial after being blocked.
Ifb=0, then g, =g andg, =0.

2.1.2 Traffic Movement Mode 2:
The traffic movement mode 2 occurs when the following inequality is met:
Voe-L>T (10)
For traffic movement mode 2, g,and g, are calculated using formula (5) and (9), while

the lost green time b is
1/ -3600-n
—Ty) (11)

b=min(g - g,,0- g, +
sd

2.2 Calculation of the Control Delay for External Movements
With the calculated lost green timeb , the effective green time is obtained by the following
formula:

9'=g-b (12)
g'= effective green time of the arterial through movement.
Since the green time is decreased from g tog', the capacity and v/c ratio of the lane
group are changed.

c'=c 9 (13)
g
c' = effective capacity of the lane group of the external arterial through
movement;
c = capacity of the lane group of the external arterial through movement, which is
CcC =S-:n- g ’
C
C = cycle length of the signal timing.
x=1=31 (14)
c c-g

X' = effective v/c ratio of the external arterial through movement.
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With the changed values of the effective green time and v/c ratio of the external arterial
through movement, the control delay calculation formulas documented in Chapter 16 of HCM
2000 are adjusted to reflect the actual control delay at diverging diamond interchanges.

According to the analysis in Section 2.1, the continuous green time of the external arterial
through movement is divided into two separated effective green time (the second effective green
time may be 0) due to the internal spillback. Thus, the uniform assuming uniform arrivals d, is
calculated using the following process:

If g, =0, the green time g and v/c ratio X in the formula 16-11 in Chapter 16 of HCM
2000 are replaced by the effective green time g'and effective v/c ratio X 'to get the following
formula:

gl 2 gl 2
0.5C(1—<) 0.5C(1-=1)
d, = = 5 (15)
1—[min(L, X )E] 1—[min(, X )E]

d; = the uniform delay.
Else
The uniform arrival traffic flow is expressed by the following formula:
q'=min(g,c’) (16)
q' = the uniform arrival traffic flow
Q1 =qr
Q, = the queue length of external arterial through movement at the beginning of
green time.
If(r+9,)-9'> 9, s, the external queue is not cleared at the end of g,
Q,=q(r+g,)-s-g, (17)
Q, = the external arterial queue length at the end of g, .
Q3:Q2+b'q' (18)

Q, = the external arterial queue length at the beginning of g, .
d,=(05r-Q+05-(Q+Q,)-9,+05-(Q, +Q,)-b

.g'—=s- 19

+0.5-((r+gl+sb)q(.JI >y g)ic-q) 9
Else, the external queue is cleared at the end of g,
Qz =0
Q3 = Qz +b- q
2
d,—05. 3 8D (20)
C-(s-q)

IfQ; > g, -(s—q'), the external queue is not cleared at the end of g,

Exchange values of bandr;
Exchange values of g, andg,;

d, is calculated by formulas (17), (18) and (19).
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The green time g and v/c ratio X in the formula 16-10, 16-12, F16-1 and 16-9 in Chapter 16 of
HCM 2000 are replaced by the effective green time g'and effective v/c ratio X' to develop the

following formulas to estimate the control delay:
d-P)fon

9
1— (=
(o)
PF = the uniform delay progression adjustment factor, which accounts for effects

of signal progression.
P = the proportion of vehicles arriving of the external arterial movement on

PF = (21)

green.

fon = supplemental adjustment factor for platoon arriving during green.

d2=%mﬂxun+Jmum2+%%4 22)
c

d, = incremental delay to account for the effect of random arrivals and
oversaturation queues, adjusted for the duration of the analysis period and type of
signal control; this delay component assumes that there is no initial queue for the
lane group at the start of the analysis period (s/veh);
T = analysis duration;
k = incremental delay factor that is dependent on controller settings;
| = upstream filtering/metering adjustment factor.
d - 1800Q, (1+u)t
’ c'T
d, = initial queue delay, which accounts for delay to all vehicles in the analysis
period due to initial queue at the start of the analysis period (s/veh);
Q, = initial queue at the start of period T (veh);
u = delay parameter;
t = duration of unmet demand in T(h);

t=0if Q, =0, else t =min{T,

(23)

Q
C'[L—min(d, X")]
c'T
Q,[1-min(L, X")]

}

u=0ift<T,elseu=1-

The control delay per vehicle (d ; in seconds per vehicle) is

d=d,(PF)+d, +d, (24)

The flow chart of the external control delay calculation model is demonstrated in
FIGURE 6.



307
308

309
310
311
312
313
314

315
316
317

10

Xu, Liu, Tian

Calculation of : :
Effective Green et 1,3600-n f 1 -3600 -1
Time g, =min(g, max((- )}

Traffic Movement Mode 2

+3600n

o b=min(g-g.0-g +—L—
34

Calculation of Effective Green Time and Effective v/c Ratio

g-g-b  x=1-24

] C'g'

Traffic Movement Mode 1

b=min(g—g.7, —T;)

Calculationofthe Y
Uniform Delay d1

o,sca—%)’ 0.50(1- gl) |

1—[mi11(1,,\")%] 1— [min(1,_¥" )%]J

d, = (0570 +0.5(0,+0,) £, +05-(0,+0,) b
Y g—5.
M o5 a5 600
S—g'
= (0570, +0.5-(Q,+0,)-g,+0.5-(0, +0,)- b
’Lmj ((r+g.+b) i S %1 54C-q) }"’

Calculation of
the control delay pro Q=P

d, =900T[(X'- 1)+‘/(x -1y +8“‘;f]

18000, 1+ 1)t
Gt

d =d (PF)+d, +d,

FIGURE 6 Flow chart of the control delay calculation for external movements.

The external movement calculation model is introduced here for application to the arterial
through movement. The off-ramp left turn movement in the advanced DDI configuration is the
other external movement impacted by the internal queue spillback. Delay of the left turn
movement can be calculated exactly following the steps for the arterial through movement
introduced above. The length of the queue left in the internal space at the end of the last phase,
Q... is the only parameter deserving more attention. The initial internal queue of the off-ramp

left turn movement is the residual internal queue from the arterial through movement, while the
residual queue from the off-ramp left turn movement is the initial internal queue of the arterial
through movement. Other external movements, with the exception of the arterial through
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movement and the off-ramp left turn movement, are negligibly impacted by the internal queue
spillback, so they can be calculated with the model in Chapter 16 of HCM 2000.

2.3 Movement Analysis and Control Delay Calculation for Internal Movements
With different overlap time and different external movement modes, the downstream intersection
has different signal progression, which is reflected by the Progression Adjustment Factor in the
calculation model in Chapter 16 of HCM 2000. Good signal progression will result in a high
proportion of vehicles arriving on the green. Poor signal progression will result in a low
proportion of vehicles arriving on the red.

Based on the analysis and delay calculation of external movements, the internal control
delay could be calculated by the following process:

u=mmw§{%> (25)

t, =time when the rate of the traffic flow entering the upstream intersection is the
saturated traffic flow rate before block time.
t,=0,-4 (26)
t, =time when the rate of the traffic flow entering the upstream intersection is the
arrival traffic flow rate before block time.
(I’+gl+b)-q—(t1~5+t2~q)) (27)
S—-q
t, =time when the rate of the traffic flow entering the upstream intersection is the
saturated traffic flow rate after block time.
t,=90,-1 (28)
t, =time when the rate of the traffic flow entering the upstream intersection is the

arrival traffic flow rate after block time.
s-t,+q-t,+s-t;+q-t,

t, = min(g,

f(g)= 29
(9) 3600 (29)
f(g) = traffic flow from the upstream intersection during the arterial through
green time.
P f(9) + fer (Gier) — F(0—T1) (30)

f(9) + fiere (Dierr)
P =the proportion of vehicles arriving on green;
fien (0,6 ) = traffic flow from the upstream intersection during the frontage road

left-turn green time; it is calculated with the same method for f(9) .
C
Re =P-(2) (31)

R, = platoon ratio.
According to the EXHIBIT 15-4 and EXHIBIT 15-5 in Chapter 15 of HCM 2000
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1.00 , R, <0.50
0.93, 0.50 <R, <0.85

1.00, 0.85<R, <1.15
fon = (32)
115, 1.15<R, <1.50

1.00 , 150 <R, <2.00
1.00 , 2.00<R,

fon = supplemental adjustment factor for platoon arriving during green.

PE _ (1_ P)' fPA (33)

internal
(1_ ginternal )

Cinternal
PF. ..y = the uniform delay progression adjustment factor of the internal

movement, which accounts for effects of signal progression;
Jincermar —the internal link through green time of downstream intersection;

C.terna =the cycle length of the downstream intersection.

The internal control delay can be calculated by the formula 16-9 in Chapter 16 of HCM
2000 by replacing PF with PF,.,.., -

internat = Ainternat (PFinternar) + Az, + Aaincernay (34)
diema = the internal control delay;
dyierna = the internal uniform delay;
d,.ema = the internal incremental delay;
d3ema = the internal initial queue delay.

The flow chart of the internal control delay calculation model is demonstrated in
FIGURE 7.

The internal left turn movement is not controlled by any signal. The movement is free
with the common DDI lane design. Therefore, its control delay is not considered in this paper.

3 EXPERIMENTAL STUDY
This section describes the test of effectiveness of the delay calculation model at diverging
diamond interchanges. Owing to the difficulty of reproducing the studied cases in the field, we
used SimTraffic 7 simulation to develop the scenarios and validate the performance of the new
model. We chose simulation because field observation would be extremely difficult for this
research. It is very unlikely transportation agencies would allow us to try the overlap options in
the field. The simulation model used in the paper was previously developed for a research project
sponsored by the Texas Department of Transportation to evaluate the effectiveness of diamond
and X-pattern interchanges. It has been gone through vigorous calibration against field data (13).
Three scenarios were developed with three hypothetical traffic demand profiles (see Table
1) representing respectively moderate and congested traffic conditions, to produce various
internal queue situations. The geometric design and hypothetical traffic demand profiles are from
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the paper of Edara, et al. (4). The hypothetical DDI layout and signal timing scheme are
demonstrated in Figure 8.
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FIGURE 7 Flow chart of the control delay calculation for internal movements.
There are two on-ramps and two off-ramps that connect the arterial street and the freeway.
The off-ramps have two left-turn lanes and one right-turn lane. Distance between the two
crossovers is 500 ft. The arterial street has three through lanes and one right-turn lane for
external traffic; one through and left-turn lane, and two through lanes for internal traffic.
TABLE 1 Hypothetical Traffic Demands

Northbound Southbound Eastbound Westbound
(veh/h) (veh/h) (veh/h) (veh/h)

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

Volume 1 700 0 400 | 700 0 400 | 400 | 800 | 500 | 400 | 800 | 500
Volume 2 800 0 500 | 800 0 500 | 500 [ 900 [ 600 [ 500 | 900 | 600
Volume 3 1000 O 700 | 1000 O 700 | 700 | 1100( 800 | 700 | 1100| 800

Traffic Demand

Table 2 provides the data collected in the experimental study. Phase 1 traffic movement
was affected by the internal queue spillback when the hypothetical traffic demand was VVolume 3,
the highest studied.

Control delay calculated by the conventional method in Chapter 16 of HCM 2000 is 74.1
seconds/vehicle, while the delay by the new method is 178.1 seconds/vehicle, which is much
closer to the simulation value 148.7 seconds/vehicle. Figure 9 provides a more intuitive
understand of how the calculated delay values by the new method are close to simulated ones.
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TABLE 2 Compare of Control Delays
External Movements | Internal Movement
Phase 1 Phase 5 Phase 3

Control Delay (sec/veh)

TrafficVolume 1 |77 :

Simulation Results 35.9
TrafficVolume 2 [, -

Simulation Results 51.3

Traffic Volume 3

Simulation Results 148.7 19.3 22.7

I a. Hypothetic DDI Layout

Phase

1 — |

B i
: =

Cycle Length=100 s, Yellow Time=4 s, All-Red Clearance=1 s
Phase 1: 100t0 35 Phase 2: 40t0 95 Phase 3: 90 to 45
Phase 4: 50 to 85 Phase 5: 40 to 95 Phase 6: 90 to 45

b. Hypothetic DDI Signal Timing
FIGURE 8 Hypothetical DDI simulation model

Compare of Control Delay of Calculation
and Simulation - Phase 1

/n

150 /
100 / =—4—Calculation

== Simulation

Control Delay (sec/veh)

Traffic Volume 1 Traffic Volume 2 Traffic Volume 3
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FIGURE 9 Hypothetical DDI simulation model
5 CONCLUSIONS
This study proposed a new analytical delay calculation model for diverging diamond
interchanges (DDI). The performance of the new model was examined in traffic simulation and
compared with the simulated control delay results. The analytical control delay calculation
method, along with the detailed derivation of the formulas and the carefully designed calculation
flow chart, would be helpful for researchers and practitioners to further study and effectively
operate diverging diamond interchanges.

The proposed method in this paper is appropriate for the advanced DDI signal but not for
the base DDI signal, because of the particularity of delay calculation of stop and yield control. In
future research, control delay calculation of the base DDI signal phasing will be addressed by
considering stop and yield control delay calculation in the proposed model.

The new approach has been approved to be effective for Tight Urban Diamond
Interchanges and Diverging Diamond Interchanges. It also shows promise for use in other
signalized interchange configurations with two or more adjacent intersections, which would be
verified in the follow-up work.
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