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ABSTRACT ARTICLE HISTORY
Despite the increasing implementations of Superstreets, a reli- Received 26 April 2017
able method to design their signal plan remains unavailable. To  Accepted 13 December 2018
account for the unique geometric features of Superstreets, this study KEYWORDS

presents a two-stage signal optimization method where the first Superstreet; signal
stage determines the optimal signal plan for each sub-intersection optimization; throughput
and the second stage optimizes the offset for signal coordination. maximization; signal
Implementing the Mixed-Integer-Linear-Programming (MILP) tech- coordination

nique for the model formulation, the first stage has the objec-

tive of maximizing total traffic throughput and the second stage

aims to maximize the bandwidths and minimize the delay experi-

enced by the minor road drivers. To assess the proposed model’s

effectiveness, the study further conducts signal performance eval-

uations using simulation calibrated with field data collected in

Maryland. The results of extensive experiment tests reveal that

the proposed model can effectively offer signal progressions to

both heavy through and left-turn movements, and prevent the

potential queue spillback among a Superstreet’s four closely-spaced

sub-intersections.

1. Introduction

Superstreet, also known as a restricted crossing U-turn intersection (RCUT), is a promis-
ing treatment with markedly lower rate of sideswipe, rear-ends and head-on collisions
(Hummer 1998). Differing from a conventional intersection, Superstreet usually restricts the
minor road left-turn and through movements to first make right turns, and then allow them
to pursue the original directions following a directional U-turn. When signalized, this type
of design can provide large, uninterrupted progression bands in both directions along an
arterial of heavy traffic volumes. In addition, it only requires two-phase signal control plans
which helps reducing intersections’ signal lost time.

Due to the increasing applications of Superstreet in recent years, some fundamental
issues associated with its operational efficiency have emerged as the priority research sub-
jects in the traffic community (Xu, Yang, and Chang 2017). For example, Reid and Hummer
(1999, 2001) pointed out that in terms of operational efficiency, Superstreet can outperform
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a conventional intersection when the volumes for the left-turn and through movements
from minor streets are at the low-medium level. In addition, Hummer et al. (2010) fur-
ther explored a method to determine the capacity of Superstreets by adjusting the critical
lane volume used in HCM. Realizing the lack of sufficient operational guidance, Haley et al.
(2011) analyzed the performance of Superstreets by comparing them with equivalent con-
ventional intersections, based on the calibrated simulation results. They reported that it
would be effective to adopt a Superstreet design when the arterial’s left-turn volume per
lane is greater than 80 percent of the volume on the minor roads during the same signal
phase. Also, based on the results of simulation-based comparisons, Kim, Chang, and Rah-
wanji (2007) reported the apparent operational and safety benefits offered by Superstreets
under the high-volume conditions.

More recently, as part of the efforts to promote popular unconventional intersection
designs, the Federal Highway Administration has offered a series of guides (Hughes et al.
2010; Hummer et al. 2014) to help transportation professionals evaluate a candidate Super-
street implementation with some state of the practices. Aside from improving the opera-
tional performance, various studies have also confirmed that Superstreet can help reduce
accident rate and alleviate crash severity (Liu 2014; Ott et al. 2012; Thompson and Hum-
mer 2001; Moon et al. 2011). In brief, existing studies have consistently concluded that
Superstreet can outperform conventional intersections in terms of operational efficiency,
especially when the traffic on its major arterial dominates those from the minor approaches
(Naghawi and Idewu 2014; Naghawi, AlSoud, and AlHadidi 2018). Yet, such a desirable oper-
ation cannot be achieved without a proper signal plan. With the review of related studies
(Zhao et al. 2015; Sun et al. 2016), it is noticeable that the optimal signal strategy to accom-
modate the heavy arterial flows among the four closely-spaced sub-intersectionsin a Super-
street remains unavailable. Grounding on the logic of a well-recognized model, named
MAXBAND, this study presents a signal optimization model, customized for the unique
geometric features of Superstreet, which employs a multi-objective programming method
to concurrently maximize the progression bandwidth and minimize delay experienced by
minor road drivers.

Path 5
Path 6

Arterial left-turn path Arterial through paths Minor road T/L paths

Figure 1. Paths illustration for a superstreet as a corridor segment.
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In summary, the novel contributions of this paper are summarized as follows: (1)
designed a two-stage modeling framework that can concurrently optimize signal plan,
phase sequence, and offset of each sub-intersection at Superstreet so as to best
utilize its capacity; (2) developed a multi-path progression model that can coordi-
nate both heavy left-turn and through movements between main intersection and U-
turn crossovers (as shown in Figure 1); (3) formulated the both internal and external
gueue constraints to prevent the potential queue spillover between closely-spaced sub-
intersections; and (4) minimized the delays experienced by drivers from the minor approach
and integrated such constraint into the Mixed-Integer-Linear-Programming (MILP)
model.

2. Literature review and research issues

Despite the short of the signal optimization methods for a Superstreet, a large body of
studies for developing the best signal plan for conventional intersections are available in
the literature. Since a Superstreet includes three sub-intersections, its signal design shall
include optimizations at both intersection and arterial levels. For intersection signal opti-
mization, existing studies in the literature have adopted various objective functions such
as delay minimization, capacity maximization, Pl (performance index) minimization, etc. In
terms of formulating the traffic streams, one can category those models into two groups:
group-based optimization and lane-based optimization. The first group (Allsop 1992; Hey-
decker 1992; Heydecker and Dudgeon 1987; Improta and Cantarella 1984; Tully 1976; Wong
1996; Gartner and Stamatiadis 2004) treats traffic movements within lane groups as units
for optimization while the second group (Wong and Wong 2003) consider the variation of
traffic distribution among different lanes.

Regarding the signal optimization at the arterial level, one may category those exist-
ing studies into the following two distinct types: minimizing the total delay or maximizing
throughput. Most of those in the first category focused mainly on minimizing the total
delay for intersections within the control boundaries, where TRANSYT family (Robertson
1969; Wallace et al. 1988), a simulation-based program, is one of the most commonly
adopted tools by the traffic control community. Aiming for the same control objective,
many researchers continued to develop the optimal signal plan with different mathematical
algorithms. For example, to find the optimal solution for coordinated traffic signal tim-
ing plans along the arterial, Hadi and Wallace (1993) and Park, Messer, and Urbanik (1999)
applied a genetic algorithm while Lo (1999, 2001) employed a cell-transmission model
to investigate queue dissipation and kinematic waves at signalized intersections. Similar
researches that are aiming at minimizing various delays can also be found (Yun and Park
2006; Stevanovic, Martin, and Stevanovic 2007; Liu and Chang 2011). Studies that are more
recent also attempted to respond to time-varying traffic flow with adaptive control (Keyvan-
Ekbatani et al. 2012, 2013; Aboudolas and Geroliminis 2013; Christofa, Ampountolas, and
Skabardonis 2016).

The focus of signal models in the second category is to synchronize offsets over suc-
cessive intersections along an arterial so as to facilitate its progression movement. Little,
Martin B, and Morgan J (1966) first presented a mixed-integer linear program model to
optimize the offsets between intersections along an arterial to maximize the progres-
sion bands under the given cycle length. Based on this effort, Litter, Kelson, and Gartner
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(1981) further developed a model, called ‘MAXBAND,’ to generate the optimal offsets
for maximizing the weighted bandwidths. Along the same line, Chang et al. (1988) pre-
sented MAXBND-86 to address the design of a left-turn phase sequence to optimize
the arterial signal progression. Ground on the core logic of MAXBAND, Gartner et al.
(1991) presented an optimization model (called ‘MULTIBAND’) for arterial progression that
could generate an optimally weighted bandwidth for the arterial experiencing different
traffic volumes in their links. Based on this approach, Stamatiadis and Gartner (1996)
further developed an enhanced version, called ‘"MULTIBAND-96," for multi-arterial traffic
networks. Along the same line, some researchers formulate the problem to solve for opti-
mal offsets with varying traffic volumes or phase sequences (Gartner and Stamatiadis
2002; Zhang et al. 2015). To address the application for such a model in practice, Tian
and Urbanik (2007) developed a partition technique to decompose a network, and to
facilitate the progression in the more important direction. Li (2014) presented a robust
signal optimization method to account for uncertainty in the progression time. To con-
tend with the need of synchronizing heavying turning flows along arterials, Yang, Cheng,
and Chang (2015) developed three progression models to provide progression flows for
identifying critical paths along an arterial based on the preliminary O-D flow estimates.
Such a progression design logic has also been applied to design the signal plans for
other unconventional intersections, like Diverging Diamond Intersection (Yang, Chang, and
Rahwaniji 2014).

Despite the promising development in signal control for conventional intersections,
those methodologies may not be applicable to a typical Superstreet design due to its
unique geometric characteristics. More specifically, as shown in Figure 1, the minor road
drivers should pass through three sub-intersections successively to pursue their original
direction. If the signals are not properly coordinated, they may experience excessive delays
and consequently impair the intersection’s overall performance. In addition, due to the
heavy left-turning flows from the major approaches, one shall equally account for the left-
turn and through movements (see Figure 1) in the design of signal progression. Failing to do
so may lead to the potential queue spillback at those short left-turn bays and consequently
reduce the Superstreet’s capacity.

3. Signal control algorithm

This study proposes a two-stage signal optimization model that intends to concurrently
address the aforementioned key issues. The phase sequence for each sub-intersection is
presented in Figure 2 and the index of all sub-intersections are shown in Figure 4.

Recognizing that a better design of both the cycle length and the offsets can impact a
Superstreet’s overall performance, the proposed signal optimization model comprises two
stages. Stage 1 selects the best common cycle length for all sub intersections, and Stage
2 determines the offsets to achieve the signal progression and also to minimize the wait-
ing time of drivers from the minor road. Figure 3 shows the iterative procedures between
Stage 1 and Stage 2, where the process will be terminated if the change in the cycle length
between two successive iterations is less than one second.

For the convenience of discussion, Table 1 summarizes the key notations for all model
variables used thereafter.
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Figure 2. Signal plan for superstreet.

Initial Inputs

Traffic Flow Pattern
Signal Phasing Plan

ermination Condition Satisfied?
changes in cycle length <= 1s ?

Stage 1: Optimize green splits with queue constraints

Inifialization Stage 2: Determination of offset for each sub-

— L intersection
Objective: Maximize Total throughput

Output: Common cycle length and green

splits ’ oot e : :
+ Objective: Maximize weighted bandwidth and
Minimize weighted minor road waiting time
Additional set of queue constraints - Output: offset for each sub-intersection

External queue constraints
Internal queue constraints

T |

Generating inputs for Stage 1
| (offset for each sub)

Generating Inputs for Stage 2 Optimal Signal Timing Solution
(cycle length and green ratios) (Cycle length, green ratio and offsets)

Figure 3. General algorithm of the proposed two-stage signal optimization.
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Table 1. Notation for key variables/parameters.

Notation Description
Sets
I=1{1,23,4} Set of sub-intersections. 1 denotes the northern sub-intersection; 2 denotes the western one; 3

denotes the southern while 4 denotes the eastern one.

P=1{1,273,45,6} Set of paths

J=1{1,2,...,10} Signal controlled movements group among entire superstreet, illustrated in Figure 4, where (2,3)
and (7,8) belong to the same group.

K =1{1,4} Set of paths from minor roads

Variables

Wi Multiplier to traffic volume at intersection i, representing ratio between actual capacity and the
volume

C Common cycle length for all sub-intersections

bjj Duration of green time for movement j at intersection i (proportional to cycle length)

O Offset of intersection

Wip Time between the start of a cycle and the start of the band for path p at intersection i

bp Bandwidth for path p

Njp Integer indicator for cycle length; 0,1,2, ... ,n

X1,X2,X3 Binary variables indicating green phase when = 1; o.w. indicating red phase

& The reciprocal of cycle length

Tik The (waiting time/cycle length) ratio for path k vehicle at intersection i

Parameters

op Set of intersections passed by path-flow p

s Saturation flow rate (per lane)

t Lost time for each movement in seconds

np Weighting factor for path p

Crin Minimum cycle length in real application

Crax Maximum cycle length in real application

Imin Minimum green time for one movement

Imax Maximum green time for one movement

ti i1 Travel time from sub-intersection i to i+ 1.

qjj Traffic arrival rate for movement j at intersection i (per lane)

L Maximum queue length for external movements (in this case,j = 2, 5,7, 10)

ajj Lane use factor for movement j at intersection i

A Multiplier to total travel time for paths from minor road

4, Model development
4.1. Initialization of stage 1 solution

The initialization step is to generate the initial signal plan that includes the common cycle
length and the green splits for each sub intersection. The index for all traffic movements is
denoted in Figure 4.

Since superstreets are often implemented when the major arterial flows are significantly
larger than minor street flows, a control objective such as delay minimization may sacrifice
the operational benefits of traffic on minor streets while throughput maximization becomes
a better option. To formulate the problem with Linear Programming technique, this study
adopts a variable to represent the intersection capacity. As reported in the literature (Yagar
1975; Xuan, Daganzo, and Cassidy 2011), a well-designed signal plan needs to achieve the
capacity maximization under the given intersection geometry. Based on the assumption
that traffic demand matrix can be multiplied with a common multiplier to represent the
maximum amount of the increased volume that would still allow the intersection to per-
form reasonably well (Wong 1996; Wong and Wong 2003), the objective function at the
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Figure 4. lllustration of index for each movement among a typical superstreet.

initialization stage is to search for the maximal multiplier and be expressed as follows:

Max (Z M,) (M

i€l

By maximizing the summation of u; for all sub-intersections, the overall intersection
throughput can be reasonably optimized. Note that the corresponding sub-intersection
intersection is at the over-saturated traffic state if the generated pmay is less than 1.

Given the traffic demand pattern at each intersection, it is nature that the following con-
straint be specified to ensure that the degree of saturation at each movement is below the
acceptable limit:

wicjqij < s(¢jj — & x t) Vi, j (2)
Forany selected common cycle length, it should fall within the range of acceptable limits:

1 1
<&<
Cmax Cmin

3)

The green ratio for each movement group should also be subjected to the following
constraint:

& X gmin < @jj < gmax X & (4)

Since each sub-intersection has one signal controller, its sum of all g/c ratios should be
equal to 1:

bip +dip =1 jrja €Jandji # ) ®

Notably, using throughput maximization as objective will result in maximum cycle
length and potentially larger average delay. To overcome this issue, this study implements
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Webster's formula to determine the reasonable range of cycle length:

15xL+5
C = X— (6)
1.0 — W/s

where L is the total lost per cycle; W is the critical lane volume (CLV) at the most congested
intersection; s is the saturation flow rate; ACis the maximum allowed cycle length variations
(e.g., 105s).

In brief, one can present the formulations for the initialization stage as follows:

Maximize Y p;

i€l

s.t. Equations (2) — (8)

4.2. Stage 2 - Computing the offsets for each sun-intersection

Stage 2 proposes a multi-objective mixed integer linear programming model, which aims
to maximize the weighted bandwidth and concurrently minimize the delay experienced
by the minor road drivers. Figure 1 (in page 6) shows the critical paths among a signal-
ized Superstreet, where paths 1, 4 denote the through and left-turn movements from the
minor roads; paths 2, 5 are the arterial’s through and right-turn movements and paths 3, 6
represent the arterial’s left-turning flows.

In order to achieve the signal progression and minimal waiting time for the minor road
drivers, one should formulate the control objective as follows:

Max Z npbp — fk Z T,'k (9)

peP keK

Note that by adjusting 7, and f;, one can set one of these two goals to a higher priority.
In this case, the bandwidth maximization is set as the first priority since the main benefit of
such a design is to provide uninterrupted arterial flows.

As there are only two phases for each sub-intersection, the impact of the phase sequence
on the entire Superstreet’s operational performance is negligible. In addition, the con-
straints (as shown in Equations (7)-(10)) should be satisfied for the weighted bandwidth
maximization. Figure 5 presents the graphical illustration of each term.

For each direction, as 6; denotes the offset at sub-intersection i, its interference con-
straints which ensure the sum of the bandwidths and w;, should not exceed the total green
time (see Figure 5) are listed below:

0= Wip+bp =dipp (10)

Wip, bp >0 (1)
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Figure 5. Time-space diagram for MAXBAND.

As in most progression formulations, the loop integer constraint for each path can be
expressed as follows:

0i + rip + Wip + tijip1 + njpC = O + rig1p + Wip1p +nig1pC - Vpe P, Vieo, (12)

O + rip + Wip + tiiy1 + nipC < ip1 + rip1p + Wig1p +nig1pC Vpe P Vieo, (13)

Note that constraints presented above are based on the core notion of MAXBAND (Lit-
ter, Kelson, and Gartner 1981), which is used to provide the progression band for all critical
paths within a Superstreet. However, one needs to specify proper constraints to avoid the
excessive waiting time experienced by the minor road drivers due to the signal control. Tak-
ing path 1 as an example, the minor road drivers in this path have to pass three successive
sub-intersections, including sub-intersections 1, 2 and 3. Note that it is not desirable for a
vehicle to wait at every red phases at all the sub-intersections. The proposed waiting time
constraints are formulated to describe the total waiting time of a vehicle during the entire
red phase at the first sub intersection, because the red phase duration at sub-intersection
1 usually is the main contributor to the total waiting time over all sub-intersections. The
waiting time ratio (denoted as T;) for such vehicles at sub-intersection 1 can be expressed
as follows:

T = o1 (14)

where ¢11 denotes the ratio of the red phase over the cycle length at sub-1, which is also the
green time for movement 1. After passing sub-intersection 1, whether or not such vehicles
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will hit the red phase at sub-intersection 2 can be represented with a binary variablex;,
where M is a sufficiently large positive number:

02 + o5 — 01 — P11 —t12 % €
X1 = M

(15)

< 02 + o5 — 01 — 11 — 12 % § 4
M

Note that since tq»is the travel time (in seconds) from sub-intersections 1-2, it can be
converted into a time ratio by multiplying &.

As presented in Figure 6(b), if the signal plans for sub-intersections 1 and 2 follow the
graphical presentation, then the leading vehicle departing right after the end of ¢11 will hit
the red phase at the downstream sub-intersection 2 (The green phase for vehicles in move-
ment 5, denoted as ¢»5). On the other hand, if vehicles from sub-intersection 1 encounter
the green phase at sub-intersection 2, as shown in Figure 6(a), then x;1 will be set to 0.

As shown in Equation (14), if the incoming vehicles in path 1 hit the green phase at the
downstream signal, where x1; = 1, then the following relaxation will exist.

X1

(16)

02 + 25 — 01 — P11 —t12%x & > 0; (17)

If x11 equals 1, the waiting time ratio (the waiting time/cycle length) for path 1 vehicles at
sub-intersection 2 (represented as T»1), which are denoted in Figure 6(b), can be expressed
as follows:

Ty > 02+ ¢s =01 —p1 —t12%xE) — (1 —x)M; T3>0 (18)

On contrast, if x11 = 0, this constraint will be relaxed since T is strictly non-negative.

Following the same logic, the maximal waiting time experienced by vehicles in path 1
due to a signal control can be denoted as the sum of Tq1, T21, T31 (as shown in Figure 7).
Following the same logic, one can express T1, T11 and T31 with Equations (16)-(19):

02 + 25 +ta3 * & — 03 — P36

X1 > 19
21 > m (19)
6 t — 03 —
X1 < 2 + s +t3xE — 03 — 36 4 20)
M
C -5 < ”"7” .
Sub-2 o ™ | ’ y 0, &5 ﬂl

Waiting time for
Path 1 vehicle

3, =0 X, =1

(a) Time-space diagram for X, =0 (b) Time-space diagram for X;, =1

Figure 6. Graphical illustration of binary variable.
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T31 > (1 =03 — s —trz % E+63) — (1 —x11)M — (1 —x21)M (21)

312 (=6 —¢n —tinxé —tz*§+603) —xuuM— (1 —xo0)M;  T1, 121,731 = 0
(22)
The sum of the waiting time ratios at all sub-intersections should be less than the
following preset threshold:

Ti1 + To1 +T31 < A& % (f12 +123) (23)

where A is the multiplier for the sum of travel times from intersections 1-2 and from 2 to
3. The sum of t13, t3 is the travel time from sub-intersections 1-3 without a signal control.
When multiplied by &, it can be further converted into a ratio, the preset upper bound for
the total waiting time ratio experienced by vehicles in path 1.
In brief, one can summarize all formulations in stage-2 as follows:
Maximize()_ npbp — fi Y Tik)
peP keK
s.t.
for all critical paths : Equations (10) — (14)

for minor road paths : Equations (14) — (23)

4.3. Stage 1 - optimization of green splits with queue constraints

With the algorithm summarized in Figure 3 (see page 8), one can get a set of offsets for
each sub-intersection based on the common cycle length generated at the initialization
step. Note that the initialization does not account for the potential queue impacts on the
traffic progression. Hence, aside from keeping all such constraints and the objective func-
tion at the initialization, Stage 2 adds a set of queue constraints to prevent the formation
of traffic spillback. Figure 8 shows the spatial distribution of all potential queues among a
Superstreet.

4.3.1. External queues: Q2, Q5,Q7, Q10
Figure 9 illustrates the external queue formation process, which consists of two com-
ponents: the vehicle accumulated during the red phase and the residual queue during
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Figure 8. Spatial queue distribution among a superstreet.

aot
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Vanish Point

Arrival Rate

Discharging
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Figure 9. Queue formation process.

the initial green time. To prevent queue spillback, the maximum allowable queue can-
not exceed the link length. Note that the vehicle arrival is assumed to follow uniform
distribution and no residual queue exist among a Superstreet.
One can then derive the following expression,
- (O=gjt+txE)*ajjgjjxs

b= "Gt (24)
where L; denotes the link length for queue j, while j € J is the set of all potential queues.
The following queue length constraints are specified to prevent external-queue spillback:

(1 — @12+t E)ar2G12s < La(s — a12G12)§ (25)
(1 — @25 + 1) * §)a25G255 < Ls(s — a25G25)8 (26)
(1 — ¢37 + 1y §)az7q37s < Ly(s — 37qG37)§ (27)
(1 — ¢a10 + t; * §)aar0qa108 < L1o(s — @4109410)§ (28)

4.3.2. Internal queues: Q1, Q6, Q3, Q8, Q4, Q9

Note there are initial offsets for all sub-intersections produced in stage-1 and the set of
binary parameters (f1,f3,fa,f6,f3, and fo) can then be determined accordingly. The additional
notations for the set of internal queue constraints are shown in Table 2.



TRANSPORTMETRICA A: TRANSPORT SCIENCE . 13

Table 2. Additional variable notation for the set of queue con-

straints.

Notation

Description

Ly
fi
fy
fa
fe
fg
fo
)z
Y9
Y6
N
y3
V8
Q. Q"

Link length for certain movement j
Binary parameter;

Binary parameter;

Binary parameter;
Binary variable; (=1,if 01 4+ ¢11 < 02 + ¢5 — t12 % &; 0w = 0)
Binary variable; (=1, if 03 + ¢36 < 04 + Pa10 — t34 x ;0w = 0)
1,if03 + 36 — tr3 * & < 0 + ps; 0w = 0)
1,if01 + d11 — ta1 ¥ & < 04 + Par0; 0w = 0)
1,if02 + 25 < 01 + P11 — 1 % E;0w = 0)
1,if 04 + pa10 < 03 + p36 — ta3 x ;0w = 0)
Partial internal queues for movement j

Binary variable;

Binary variable;

(
(
Binary variable; (
(
(

Binary variable;

The set of internal queues can further be categorized into the following three types:

e Type-1internal U-turn queue: Q4 and Q9 (U-turn crossover queue);

e Type-2internal left-turn queue: Q3 and Q8 (main left-turn queue on arterial);
e Type-3internal through queue: Q1 and Q6 (main through queue on arterial).

4.3.2.1. Type-1 internal queue: Q4 and Q9 (U-turn crossover queue). These types of
gueues are contributed by the left-turn and through vehicles from the minor streets. If those
incoming vehicles encounter a red phase at the downstream U-turn crossover, the queue
will start to accumulate. To formulate such relations, let the binary variable, y4, represent the
downstream signal phase during the arrival of upstream vehicles. Taking Q4 as an example,
it may be formed over two intervals. The queue lengths accumulated during these two time
intervals are denoted as Q4" and Q4”, respectively.

As presented in Figure 10, the status y4 = 1 indicates that the incoming vehicle hits the
red phase at the downstream sub-intersection 2, while y4 = 0 stands for a green phase at

sub-intersection 2. The mathematical expression for y4 can be expressed as follows:

Ya

- 02 + 25 — t12 % & — 01 — P
- M

Ya

%, —t — 60 —
< > + ¢2s5 12/\;5 1 4)11_H

(29)

(30)

Note that since all these offsets and phase durations are expressed in time ratios, the
travel time t;, is multiplied by & as to be transferred in ratios. Hence, the maximal length of
Q4 during such a time period can be formulated as follows:

Q' = (62 + 25 — 61 — 11 — t1a % E)a2aqs — (1 —yaM; Q4 >0

31
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Figure 10. Graphical illustration of binary variable y4.
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— / [
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02 D25
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Figure 12. Graphical illustration for binary variable ys.

If y4 = 0, this constraint will be relaxed since Q4 is strictly non-negative. Except for the time
to form Q4/, the other possible time duration to form Q4" is denoted in Figures 5-13. A
binary parameter f, is introduced as follows:

1 ifé 0 t ;
= ifO <601 +t12%& (32)
0 ow

Note that f4 is the indicator to indicate whether or not the incoming flows will hit the red
phase at sub-2 as shown in Figure 11.

The queue length, Q4”, accumulated during such a time period (as denoted in Figure 11)
can be expressed with Equations (5)-(30). Note that qéT is the demand for left-turn and
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Sub-1

Sub-2

Figure 13. Graphical notation for f3 = 1.

through vehicles departing from Q2.
Q4 = aaqs fa(6r — 02 + t12 % ) (33)

So the maximum queue length for link 4 during each cycle can be expressed as the sum
of the vehicles accumulated during these two time durations.

Q4 + Q4" < &Ly (34)

The maximum length of Q4 cannot exceed the link length, denoted as L4. The same
methodology can be applied to derive a queue constraint for Q9.

4.3.2.2. Type-2internal queue: Q3 and Q8 (main left-turn queue). Vehicles forming this
type of internal queues are the departures from Q5 and Q10. Similar to the methodology
to obtain Q4, a set of binary parameters and variables should be defined first to denote the
signal phase at the downstream sub-intersection. Likewise, a binary variable ys is set to 1 if
the departures from Q5 encounter the red phase at sub-intersection 1; otherwise, it will be
equal to 0.

02 + 25 + 121 % & — 01 — P11
Y3 = M

%, t — 60 —
ya < h + ¢os + 21/;5 1 <1>11_H

A graphical illustration for a definition of y3is shown in Figure 12.
Thus, one can formulate a maximum length of Qs during this time period as shown
below:

Q3 > (6 + o5 + ty1 % £ — 01 — p11)a13gs — (1 —y3)M; Q3 >0 (37)

If y3 = 0, this constraint (Equation (34)) will be relaxed since Qs is strictly non-negative.
Except for the time to form Qs’, the other possible time duration is denoted as Q3" (as shown
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in Figure 13). A binary parameter, f3, is introduced as follows:

1 ifo, > 6 t
f— 1> 6+t xE 38)
0 ow

The queues accumulated during that time period (i.e f3 = 1) can be shown below:
Q3" = a3qt % f3(61 — ty1 x & — 6)) (39)

Hence, the maximum queue length in link 3 during each cycle can be expressed as the
sum of the vehicles accumulated during these two possible durations (specified as Q3" and
Qs”, respectively) as follows:

Q'+ Q3" <é&lLs (40)

where qé is the flow rate for left-turn vehicles from Q5. The maximum length of Q3 can-
not exceed the link length L3. The same methodology can be applied to derive the queue
constraint for link 8.

4.3.2.3. Type-3 internal queue: Q1 and Q6 (Main Through queue). Different from the
previous two types, there are two possible sources to contribute to this type of queue. Tak-
ing Q1 as an instance, both the departures from Q4 and Q5 can contribute to the formation
of Q1. Let Equation (38)-(39) be used to define a binary variable y;:

- 04 + Paro +ta1 x & — 61 — P11

= m (41)

y < 04 + Garo +tar x§ — 01 — 1 1
M
Figure 14 shows a graphical illustration of y; under two different states.
Thus the maximum length of Q;” and Q;” during such time interval can be formulated
as follows:

(42)

Q1" > (B4 + par0 — 61 — P11 + tar % E)anqlg — (1 —yDM; Q' >0 (43)

Q1" = (1 =64 — par0 — ta1 x§)ar1go — (1 —y1)M; Q' >0 (44)

If y; = 0, this constraint will be relaxed since Q,’, Q;” are strictly non-negative. Note that
the Q;" and Q" denote the partial queues on link 1 formed by two different incoming flows

oA il
Sub-1 Sub-1
0, | D/ /

|
/€ s ¥/

Sub-4 Sub-4

Figure 14. Graphical notation for y;.
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! £=0

Figure 15. Graphical illustration for binary parameter f.

under the scenario that y; = 1. Except for the time to form Q;" and Q,”, the other possible
time durations are denoted in Figure 15. To facilitate the presentation, one needs to further
introduce a binary parameter f;, where

1 ifo; > 6, t
f = if 01 > 04 + ta1 x & (45)
0 ow

Q1" > f1 % 6a011 % qQlg + (1 — 1) xa11qo % 61; Q" >0 (46)

So the maximum length of queue on link 1 during each cycle can be expressed as the sum
of the vehicles accumulated during those three possible time durations as shown below:

Q'+ Q1"+ Q" <L, (47)

where q1T0 is the demand for through vehicles departing from Q10, and g9 stands for depar-
tures from Q9. The maximum length of Q1 cannot exceed the link length L;. The same
methodology can be applied to derive Q6.

In brief, the Stage-1 formulations with queue constraints can be summarized as follows:

Maximize )" p;
iel
s.t.
general constraints : Equations (2) — (8)
for external queue : Equations (25) — (28)
for internal queue : Equations (29) — (47)
After running Stage 1, the new common cycle length will be taken as the input to re-run

Stage 2. The results from Stage 2 will be set as a new input in Stage 1, and the iteration will
go on until reaching the termination condition.

5. Numerical examples

To evaluate the effectiveness of the proposed model, this study compares its perfor-
mance with the signal plan produced by SYNCHRO 7.1. To further assess the necessity of
the embedded queue constraints and the delays of minor-road vehicles, this study has
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Initial Inputs
- Traffic Flow Pattern
- Signal Phasing Plan

Stage 1: Optimize green splits with Stage 2: Determination of offset for each
queue constraints —»{sub-intersection
- Objective: Maximize Total throughput
Objective: Maximize weighted bandwidth
- Output: Common cycle length and green splits - Output: offset for each sub-intersection
v 4
Initial solution generation for Stage 2 Optimal Signal Timing Solution

Figure 16. General algorithm of the base model.

also implemented the MAXBAND model for comparison. Since MAXBAND is only able to
produce the offset between neighboring intersections, we have integrated it with the pro-
posed stage-1 model which would generate green splits. The integrated model has named
it as ‘base model’ as shown in Figure 16.

The numerical example is based on the field data collected from intersection MD 3 at
Waugh Chapel Road in Maryland. The geometric layout and volume distribution of this
intersection are shown in Figure 17(a,b), respectively.

The phase plan, phase sequence, signal plan, and coordination plan generated by the
above three models are shown in Figure 18. Notably, the proposed model generates the
smallest cycle length (67 s), while Synchro and the base model produce the cycle length

304 244
28 259
2340
494
491
2363
516 >
504 312
Unit: Veh/h
a) MD 3@ Waugh Chapel Rd b) Input traffic flow rate (unit: veh/h)

Figure 17. Target intersection geometry and input traffic flow rate.
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Figure 18. Optimal Green Splits and Offsets Produced by Different Models

120 and 170s, respectively. This is due to the embedded queue constraints in the pro-
posed model which function to prevent link queue spillback with a shorter common cycle
length. Also, note that in the proposed model, the constraint for Q6 has been relaxed as its
maximum queue exceeds its designed link length.

To further investigate the progression efficiency of the defined critical paths gener-
ated by the proposed model and the MAXBAND model, the resulting green bandwidths
are presented in Figures 19 and 20, respectively. Due to the objective of maximizing the
green band on the main arterial, the two paths for minor road drivers don’t receive signal
progression in both models.

Note that the offset for each sub-intersection has been listed on the right-hand side in
the band diagram. As shown in Figures 19 and 20, one can observe that only the four paths
along the arterial receive green bands, but not for the two minor road paths. This is consis-
tent with the fact that the arterial’s through and left-turn traffic volumes clearly receive a
higher priority than those minor street flows.

To further assess the reliability of the evaluation results, this study has calibrated a Super-
street simulator to test whether this model can effectively prevent the formation of the
queue spillbacks while achieving the predefined optimal conditions. To capture the flow
variations in real-world traffic conditions, the analysis has conducted 30 simulation replica-
tions to perform the comparison studies. The maximal queue length from simulations on
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Figure 20. The green band solution obtained by the base model.
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each critical link with different signal plans and the field measured link length are shown in
Figure 20. It is noticeable that most simulated queues under the proposed model are much
shorter than those under the base model and Synchro. Although most of those critical links
are not under the risk of having queue spillback, Q7 under these three models has exhibited
quite different patterns. The proposed model effectively limits the maximum queue length
without exceeding the designed link length, while the other two models fail to prevent such
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Figure 21. The distribution of all simulated maximum queue lengths under three signal plans.
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Figure 21. Continued.

blockages. The maximum queue length distribution of Q6 shows that all signal plans fail to
prevent the formation of queue spillback.

Moreover, there is no evidence that the Synchro can outperform the base model due to
the fact that it generates the longest maximum queues in some links (Q5, Q6 and Q9) than
the other two models (as shown in Figure 20(E,|,F)).

The simulation results also show that the queue spillover on some critical links (e.g. Q6,
and Q7) indeed occurs on the Superstreet, if designed with the longer cycle length as pro-
duced by the base model and Synchro. Such queue spillovers can result in several blockages
on the left-turn bay and through lanes, and consequently increase the average delay over
the entire intersection. The resulting average traffic delays over the entire Superstreet under
three different signal plans are summarized in Figure 21. It is clear that the proposed model
can produce the lowest average intersection delay among all cases.

Overall, the proposed model, as expected, can evidently provide effective signal pro-
gression for these critical paths under heavy arterial flows in a Superstreet. By comparing
the network performance under three different signal plans, this study has selected the
maximum queue length on each critical link and average intersection delay as MOEs. As
shown in Figure 21, the proposed model generates the lowest average delay among all
three models due to the embedded minimization of the minor road delay and the set of
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Figure 22. Comparison of superstreet average delay with three different signal designs.

queue constraints. To further evaluate the necessity of specified queue constraints, the
maximum queues under different signal plans were collected from VISSIM simulations. The
comparison results confirm that the proposed model can consistently outperform the other
two models with the shortest queue length.

6. Conclusions

To promote the efficiency of a signalized Superstreet, this study has employed the Mixed-
Integer-Linear-Programming (MILP) model to generate the optimal signal plan, and the
interactive two-stage solution algorithm. The first stage seeks to find the best cycle length
for all sub-intersection, whereas the second stage optimizes the offsets with the objective
of concurrently maximizing the bandwidth and minimizing the total delays of minor road
drivers. The results of extensive simulation investigations with field data have confirmed
that the proposed model clearly outperforms the conventional design methods, such as
Synchro, to prevent the queue spillbacks and delay reduction. The comparison results
between the proposed model and the base model have further justified the effectiveness
of the embedded constraints for the queues and the delays.

Future extension of this research will focus on investigating the signal coordination
between a Superstreet and its’ neighboring intersections along the same corridor. The pur-
pose is to ensure that the computed offsets and bandwidths can precisely accommodate
the need of all heavy flows from different directions. Another direction lies on exploring
the impacts of the signal plan from the neighboring intersections on the queue formations
within a Superstreet.
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