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Abstract: The multi-path progression of an arterial signal model, generally, is applied to arterial
traffic scenarios with large turning flows. However, existing methods generally fail to capture traffic
flow uncertainty, which leads to high sensitivity to fluctuations in traffic flow. To bridge this gap,
in this study, a heuristic approach for multi-path signal progression is proposed to deal with the
uncertainties of flow fluctuation by using distributionally flow scenarios. The model varies the
phase sequence and the offsets of each intersection to achieve optimal progression with weighting of
efficiency and stability. The preference degree of the efficiency and stability of the model is selected by
adjusting the efficiency stability coefficient and solved by using a genetic algorithm. A case study and
comparison experiment with benchmark models is presented and analyzed to prove the advantages
of the proposed model. The results show that the standard deviation of the proposed model decreases
by 45% as compared with conventional methods. It indicates that the model proposed in this paper
can reduce congestion due to uncertainties, and can significantly improve stability, on the premise of
ensuring that the efficiency index maintains a better value.

Keywords: multi-path progression; heuristic approach; traffic flow uncertainty; green band

MSC: 90C17

1. Introduction

Currently, research on signal coordination control methods has mostly focused on
arterial roads that carry uninterrupted traffic flow, and straight traffic flow has mainly
been studied. In such cases, the through-flow movement is considered to be the highest
proportion of traffic, while the turning flow accounts for a small proportion of traffic.

In the past, the key design objective of two-way signal progression has been to max-
imize traffic progression. Some scholars have put forward the MAXBAND model by
considering the influence of left-turn traffic flow and initial queues [1-5]. However, due to
differences in the characteristics of road sections, using various green bands in different
road sections, to a certain extent, can increase the effect of traffic on the arterial road. Hence,
the MULTIMAND model has been proposed [6-9]. To remove the symmetry restriction of
the center line of the green band in the MULTIBAND model, Zhang et al. proposed the
AM-BAND model [10].

Because two-way progression only considers through traffic flow, it has the following
limitations: For arterial roads at connection points between urban traffic networks (such
as the connection point between an urban expressway ramp and an arterial road), many
vehicles may merge onto the arterial road at the connection point or drive out to other
sections, and therefore, the turning traffic flow may be more than the through traffic flow.
Therefore, traditional methods may lead to an imbalance between the traffic demand of the
turning traffic flow and the obtained signal resources, and thus, conduct a second queue of
turning traffic flow or even queue overflow.
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Since the above methods only consider through traffic flow, the green bandwidth
allocated to turning traffic flow is small, resulting in stop delay and queuing. Queue
overflow also affects traffic efficiency in other directions. To address the above-mentioned
problems, some scholars have put forward the concept of multi-path progression for
arterial signal optimization. Yang (2015) defined the problem as a “multi-path progression
model for synchronization of arterial traffic” [11], Chen (2021) defined it as an “arterial
signal progression plan for multi-path flows” [12], and Li defined it as “multi-path arterial
progression” [13]. The research objective is “multi-path signal progression” and the research
scenario is “arterial traffic”.

Multi-path signal progression provides multi-path travel belts both for through and
turning path flows with significant traffic. Arsava et al. established the OD-NETBAND
model which considered the origin and destination (OD) of the arterial vehicle paths
and optimized the bandwidth according to OD data [14]. Lin et al. put forward the
INTEBAND model (comprehensive green band model), which ensured the formation of
variable green bands and coordinated the operation of social and public transport vehicles
on the arterial [15]. However, the accuracy of the existing sensors needed to be improved,
and the OD data were challenging to obtain. Based on this, Chen (2021) [12] used left-turn
counting data, which were easier to obtain, to ensure the effectiveness of the green band
and to overcome data acquisition difficulties by disassembling the path into a combination
of multiple local bands. However, the assumptions of a path traffic calculation model can
lead to deviations between calculated and actual traffic.

Figure 1 shows such an example of the Tianyuan West Road in Nanjing, which gives
the change of traffic flow from 7 a.m. to 9 p.m. The flow of each path fluctuates throughout
the day. The traffic flow in a multi-path model takes a value at a certain time, or the average
over a period of time, and leads to the following two limitations:

e The above study does not consider the uncertainty of traffic flow. The model is
significantly affected by changes in traffic flow, and the green bandwidth in the model
is sensitive to changes in traffic flow.

e  The optimized signal scheme in the model can only adapt to a certain traffic scenario.
If it needs to be extended to multiple scenarios, the coordination control strategy needs
to be changed according to the time-varying traffic. If the switching frequency of the
signal scheme is low, it delays the current traffic demand; if it is high, it results in a
heavy burden for drivers and increases the cost of traffic control.

For multiple uncertain traffic scenarios in a period of time, the existing timing signal
control method generally uses the average or maximum value of traffic flow in a sampling
period as the data input. It is widely used in engineering practice due to its simple
calculations. However, only taking the average and maximum traffic flow in a period of
time as the model input has the following limitations:

e  With respect to average flow [16-18], this method uses the average value of all traffic
flow samples in a sampling interval as the data input. Heydecker (1987) pointed
out that if the variability of traffic flow was significant as compared with the timing
obtained by considering this variability, optimizing signal timing relative to average
flow could cause considerable additional delays [19]. For small variability, using
average traffic flow in traditional calculation methods only results in a small loss of
average performance (efficiency). It can be seen that the model is significantly affected
by the volatility of traffic data, and it is difficult to represent the overall performance
of traffic flow in a period of time only by taking the average value as the data input.

e Regarding maximum flow [20,21], This method selects the maximum value of all
traffic flow samples in a sampling interval as the data input. Obviously, this method
takes the time of maximum system load (maximum flow) as the research object. If the
observation value of the highest flow is used, the solution of the model may be too
conservative. More green light time may be allocated to the worst case of the system,
resulting in a waste of the average performance (efficiency).
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Figure 1. Flow fluctuations of different paths.

To address the above issues, we propose a model that represents the uncertainty of
traffic flows via a limited number of discrete flow scenarios associated with the strictly
positive probability of occurrence. Then, we attempt to optimize signal timing across these
scenarios for near-optimal and stable solutions concerning a population of all possible
realizations of uncertainty. Since the objective function is non-convex and non differentiable,
we use a genetic algorithm (GA) to search for an optimum approximation solution. In
addition, we apply a sensitivity analysis and obtain a weight factor that results in optimal
model stability. The main contribution of this model is that decision-makers can choose the
efficiency or stability of the model according to their preferences. To validate the results, we
use the SUMO traffic simulation software to build the research area with traffic flow settings
in each scenario. We change the signal plan according to the GA result. By monitoring the
changing path flow delay, stop, and speed, we find that the GA result performs better than
the spinal plan solved by the traditional MAXBAND method.

The remainder of this paper is organized as follows: The specific issues studied are
described in Section 2. The proposed methodology is presented in Section 3. In Section 4,
a case study and a simulation-based comparison experiment are presented to prove the
effectiveness of the proposed model. In Section 5, sensitivity analyses are conducted to
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explore the influence of parameter variation on the model. Finally, we state the conclusions
of this study in Section 6.

2. Problem Formulation

In this study, for the design of a new model to contend with multi-path arterial traffic
patterns, we start with an investigation of the fundamental concept of two-way progression.

2.1. Two-Way Progression Model

The MAXBAND model [2] (Little, 1966) is a traditional signal coordination optimiza-
tion method that considers the weighted bandwidth of the bidirectional progressive band.
This model produces cycle time, offsets, speeds, and order of left-turn phases to maximize
the weighted combination of bandwidths. The key model formulations are as follows:

Max (b + kE) )

The objective function of MAXBAND is to maximize the weighted sum of bidirectional
bandwidth; b (E) is the green bandwidth for outbound (inbound) path i.

(1-p)b > (1—p)pb )

where p indicates the preference for inbound or outbound paths. Equation (2) allocates the
progression preference to either the inbound or outbound direction.

1 1
<

<c<
Cmux Cmin

®)

where Cpin (Cimax) is the boundaries of the cycle length and c is a decision variable that
indicates the reciprocal of the cycle length. Equation (3) specifies the maximum and
minimum values of the cycle.

wi+b<1-—r; Vi=1,...,n 4)

W+b<1-% Vi=1,...,n ©)

where w;(w;) is the duration before (after) the green bands for outbound (inbound) path
i at intersection k, and r; is the red time at path i. Equations (4) and (5) limit the green
bandwidth within the available green time.

(Wi + ;) — (i1 + Wig1) + (ti + 1) + 6L — 6L —m;

— = ) 6
= (ri—i-l — 7’1') + (Ti + Tl') + 5i+1Li+1 - (Si+1Li+1 Vi=1,...,.n—1 ( )

where L; (fi) is the green time assigned to outbound (inbound) left-turning vehicles, 7;(T;)
is the decision variable that indicates the outbound (inbound) prevailing speed, and &; (31-) ,
m; is the integer variable that ensures that traffic flow is continuous during the green time.

c< di >§ti§c( di >Vi:1,...,n—1 )
Umax,i Uinin,i

Vi=1,...,n—1 8)

) =) (Foe) ¥
c < tio1—t<c Vi=1,...,n—2 9
<Avmax,i - di+l i ' Avmin,i ©)

di >Vi_1,...,n—2 (10)
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where v,,i, i and Vyax i (Tpmin is Tmax,i) are the minimum and maximum values for the out-
bound (inbound) speed, respectively; Av,,i, ; and Avyay i (ATyin i, AVpay,i) are the min-
imum and maximum values for the outbound (inbound) speed change, respectively;
b, b, c,w;, W, t;,f; > 0,Vi=1,...,n;m;isan integer; 9, o; are binary integers, Vi = 1,...,n.
The key variables in the model by Little et al. (1981) are shown in Figure 2.
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Figure 2. Bidirectional coordination optimization model based on MAXBAND (Morgan and Little, 1964).

2.2. Key Research Points of Multi-Path Progression

The traditional MAXBAND model is similar to sizeable two-way arterial traffic flow.
This model allocates the largest signal resources to the traffic flow in the main direction
without considering the traffic flow in the second direction, which may lead to unbalanced
allocation of traffic flow resources in the second direction and queue overflow.

We define local path p as the inflow at the upstream intersection and the outflow at the
downstream intersection. As shown in Figure 3, there are three turns at each intersection
(TH, LT, and RT); therefore, 24 paths can be formed for outbound. Similarly, there are
24 paths in the opposite direction (inbound).

When coordinating arterial traffic signals, it is necessary to consider the coordination
and allocation of multi-path signal resources. In this study, we need to solve the following
key issues:

(1) Consider the uncertainty of traffic flow

A traditional timing control system carries out signal control according to a preset
timing scheme without considering real-time vehicle information. It cannot adapt to
changes in traffic flow. The system mainly considers traffic flow fluctuations in a day,
divides the day into several periods, and calculates the time allocation according to the
average flow of each period. However, traffic flow also fluctuates significantly in the same
period. If only the fixed flow is used as the basis for timing, then, the timing scheme will be
sensitive to flow fluctuations and will have poor stability.

Therefore, the model should balance efficiency and stability simultaneously and
should provide a signal scheme compatible with more scenarios (improve the scheme’s
stability) under the condition that delay and traffic efficiency can be accepted.
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Figure 3. Upstream inflows and downstream outflows form a path.

(2) Consider the collaborative optimization of multiple path bandwidth, rather than only
the arterial direction

According to the MAXBAND model, the objective function is to maximize the band-
width of p; and its opposite direction path. The result is that when green time is allocated,
the through phase of each intersection receives more signal resources. It is worth noting
that if the left-turn flow at the downstream intersection accounts for a large proportion
(p2, p3), the MAXBAND model results in less green time allocated to the left-turn flow. As
shown in Figure 4, under uneven signal resource allocation, two scenarios of left-turn and
through traffic flow congestion seriously affect traffic efficiency.

(38) Concurrently optimizing the signal phase sequence and offsets
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Figure 4. Considering only through vehicles causes queuing congestion.

As shown in Figure 5, after adjusting the phase sequence and offset of three intersec-
tions, the green wave band b; is significantly more comprehensive, and the bandwidth
by becomes zero. We can conclude that each path’s bandwidth is affected by the phase
sequence and offset, and therefore, we need to consider optimizing the phase sequence and
offset in the model to improve the overall weighted bandwidth.

space A
space 4 P

Intersection k+2 = = [ L, ] t Intersection k+2 + L te ]

Intersection k+1

.

Intersection k+1

Intersection k Lo N[ E = |

Intersection k

(a) (b)

Figure 5. Demonstration of the change of bandwidth after optimized phase sequence and offset:
(a) The bandwidth under the original phase sequence; (b) the bandwidth after changing the
phase sequence.

3. Methodology

In this section, we introduce the multi-path control model considering traffic flow
uncertainty. This model is based on the MAXBAND model, considers the optimization of
phase sequence and offset, and then maximizes the weighted bandwidth of all paths in
multiple traffic scenarios. The key symbols in the model are explained in Table 1.
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Table 1. Symbol interpretation.

Symbol Description
¢i(9;) The weighting factor for the outbound (inbound) path i
fi(fi) The flow for the outbound (inbound) path i (veh/h)
_ The green duration that the outbound (inbound) path 7 can obtain at
ik <g i,k) intersection (s)

The dummy variable, x; ,, , = 1 indicates that the phase m of path i at

Ximk intersection k is green
Ton The duration of phase m at intersection k (s)
The dummy variable, y,, , x = 1indicates that the phase m is before
Ymn phase 1 in the same cycle of intersection k
O The offset of intersection k (s)
rik(Fik) The red duration at the left(right) side of the green bands for path i (s)
te (Fe) The travel time between intersection k and downstream intersection (s)
nik (ﬁi,k) The integer variables represent the number of cycles
Tk (Tik) The initial queue cleaning time at intersection k of path i (s)
T The occurrence probability of scenario k
v The weight coefficient
P(P) The set of outbound (inbound) paths
I; The set of intersections passed by the path i
M A large positive number, which can keep the inequality true when
phase m in the path i is not green
S The set of the traffic situation

Based on the MAXBADN model and considering two-way multi-path coordination
control, the following models can be proposed:

Obj : Max{'y (Z% i ;ib; + Z% nf(pibi>
1

i

—(1- 7)\/ZZN? {(%bi +¢i5i) - (XL feibi+ XX ﬂ?ﬁoibi)} }
ik ik ik

o _fi
Pi = Z?‘fi
$i = Zi?i

0 < wg +b; < Zgi,k Vi€ P;Vk € [;
]
0<Wi+b <Yg,ViePVkel
]
Sik = BimkTmx Vi € P;Vk € 0
gi,k = BimkTmx Vi € P; Vk € 0;
Ymmi = 0Vm;Vk € I;
Ymuj + Ynmpe =1 Vm # n;Vk € I
Ymnk > Ymnk +yn,n’,k —1Vm 75 n ?é ”/}Vk € Ii
SEY O+ rip + Wi+ b ik = Ot + Tijer1 + Wit + Tiper + Mipsr Vi € Pk €
i+ Wi +Fjprq, — Tik £ Ok = Fifr1 + Wik1 +Hip1 — Ok Vi € PVE €T
Tik < L XimpYmnk Tk + M(1 = X; ) Vi € P+ P;Vk € I;;Vn
m

Tik < L XimkYnmk Tk + M(1 = Xip5) Vi € P+ P;Vk € I;;Vn
m J—
tik v ik +LXimpTix =1Vie P4+ P;Vk € I;
m

1, if phase m of path i at intersection k is green;
0, o.w.
1, if phase m is before phase 1 in the same cycle of intersection k;
Ymnk = 0, 0. w.

Ximk =

bi, Wi, bj, Wi > 0Vi € P+ P;Vk € I;
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Based on MAXBAND, the weighted bandwidth of bidirectional multi-path is consid-
ered in Equation (11):

Max Z(q)ibi) + Z(@la) (11)

o fi
i Yifi (12)
5= Ji 13
v Yifi 1)

where ¢;(9;) is the weighting factor for the outbound (inbound) path i; f(f;) is the flow for
the outbound (inbound) path i. Equations (12) and (13) indicate that the weighting factor
of path bandwidth is proportional to the path. For paths with large traffic, more signal
resources should be allocated:

0<bj+w <gixViecP,Vkel (14)
0<bi+Wi <g;; ViePVk el (15)

where g; i (gi,k) is the green duration that the outbound (inbound) path i can obtain at

intersection k (calculated by predetermined phase sequences), P(P) is the set of outbound
(inbound) paths, and I; is the set of intersection passed by the path i. Equations (14) and (15)
are the interference constraints.

To describe the signal phases of different paths, define x; ,, x as a dummy variable,
X;mk = 1 indicates that the phase m of path i at intersection k is green, otherwise, x; ,, x = 0.
Therefore, the green duration g;  can be expressed as follows:

Sik = xi,m,k'Tj,k Vi e P; Vk € I,' (16)

Six=XimiTix VieDVkel (17)

where T, ; is the duration of phase m at intersection k. Then, the interference constraints
can be re-expressed as follows:

0< Wik + b; < in,m,k'Tm,k Vi € P;Vk € [; (18)
m

0<Wi+b;i <Y XimiTux Vi € P;Vk € (19)
m

Similarly, to optimize the signal phase sequence, define v, , x as the dummy variable
representing the phase sequence; y,, , x = 1 indicates that the phase m is before phase 7 in
the same cycle of intersection k, otherwise y,, , x = 0.

To ensure the correctness and solvability of phase sequence in time sequence, the time
constraints of phase sequence at intersections are as follows:

Ymnk + Yumk = 1 Vm 7£ n;Vk € Ii (20)

Ymmp = 0 Vm;Vk € I; (21)

Equations (20) and (21) indicate that the sequence of two adjacent phases is unique. To
ensure that the phase sequence advances according to the complete cycle of the signal and
to prevent local phase sequence cycles, the relationship between multiple phase sequences
in a cycle can be expressed as follows:

Ymn' k > Ymnk + Yun' k — 1 Vm ?é n 7& n/;Vk € Ii (22)
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Equation (22) indicates that if phase m is before phase n (x, , x = 1) and phase # is
before phase n’, then phase m is before phase n’ (m — n — n’).

When considering multi-path progress with time cycle constraints, we can substitute
Equation (6) in the MAXBAND model into multi-path. In addition, it is also necessary to
consider that integer loop constraints in the original model may lead to invalid bandwidth
for some paths. The time cycle constraints of multi-path improvement are given as follows
(the progress of outbound green bands from point (D) to point @) of Figure 6):

Ok +1ik + Wik + b+ g = Opq + Tij1 + Wikt + Tkl + Mkt

Vie PiVk € I, (23)

distance
4 — outbound
--- inbound .
i VoA W
Intersection k+1 |— Or4q —‘ \ S
\ \ Tik+1
- - _—‘\ - - - -— CEE——
‘\ ‘\
. ‘\ Bl “\
Intersection k N _| Vo
\\\ \\\ ri’k
-— e - D “@ -—
R
A D D

v

time
Figure 6. Explanation of key variables.

Similarly, we can obtain the time cycle constraints of the reverse path as follows (the
progress of an outbound green band from point 3) to point () of Figure 6):

i + Wik +Tipyq, = Tik = Ok = Tiks1 + Dijey1 + i1 — Ok (24)
Vie P;Vke I

where 6 is the offset of intersection k, ;1 (7; x) is the red duration at the left (right) side
of the green band for path i (calculated by predetermined phase sequences), #(f;) is the
travel time between intersection k and downstream (upstream) intersection, n; (7 ;) is
the integer variables which represent the number of cycles, 7; x(T;) is the initial queue
cleaning time at intersection k of path i.

The MAXBAND model applies to the scenario where the signal phase sequence and
offset are given. However, when we optimize the overall signal scheme by changing
the phase sequence, the red duration of path i before (after) its available green time (r; )
becomes a non-fixed value and is affected by the change in the phase sequence. Therefore,
the relationship between the phase sequence and 7; ; is given as follows:

Tik < in,m,kym,n,k . Tm,k + M(l — xi,m,k) VYie P —Q—p, Vk € Ii; Vn (25)
m
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7i,k < in,m,kyn,m,k : Tm,k =+ M(l - xi,m,k) Vie P+ p} vk € Ii; Vn (26)
m
ikt 7+ Y Ximp-Tix =1 Vi€ P+P; Vke (27)
m

where M is a large positive number, which can keep the inequality true and dominate other
variables when phase m in path i is not green (x; ,, y = 0).

Since path i may receive green in multiple consecutive phases, Equations (25) and (26)
ensure that r; (7; ) is taking place prior (after) to the first (last) phase that is given green
to path i, Equation (25) ensures that r;; is connected before the first phase of path i,
Equation (26) ensures that r;; is connected after the last phase of path i, Equation (27)
is the total green duration in a cycle of path 7.

To ensure that the signal scheme can map multiple flow distribution intervals in
practical applications and to reduce the sensitivity of the signal scheme to changes in flow,
in this study, we propose the following control methods to adapt to traffic fluctuations.

This study is based on the multi-scenario method, where scenarios represent possible
traffic conditions. In a scenario, each approach’s traffic volume and other parameters are
constant. The principle of this method is to express the fluctuation of traffic flow as a finite
number of discrete traffic scenarios, k, and their occurrence probability, 77, to form the
traffic scenario set S.

The average bandwidth in different scenarios is used to represent the efficiency of the
control model, and the standard deviation is used to represent the stability of the control
model. The average-standard (Shapiro, A. et al., 2009 [22]) deviation model (MSD) changes
the preference for efficiency and stability by adjusting the efficiency-stability weight. The
objective function can be expressed as:

Max{y (Z% 7l ib; + Z% n?(pl-bi>
1 1

~ 7 (28)
—(1-1) \/Z%Tf? [((Pibi +¢ibi) - (Z%TC?(Pibi + Z%N?(Pibi)] }

where g is a scenario in the scenario set S; 71, is the occurrence probability of scenario
a; 7 is the efficiency-stability index (0 < ¢ < 1), the size of it depends on whether the
decision-maker is more inclined to traffic efficiency (the weight of the green bandwidth) or
stability (the sensitivity of the signal scheme). When v = 1, it indicates that the uncertainty
of traffic flow is not considered.

The objective function is continuous, and the feasibility set is nonempty, closed, and
bounded. According to the Weierstrass theorem [23], there is an optimal solution to the
optimization problem. However, because the objective function is non-convex and non-
differentiable, it may be difficult to obtain the global optimum. The linear structure of the
problem allows genetic algorithms to effectively solve local optimization problems. The
genetic algorithm solution steps are as follows:

Step 1 Parameters are input, including intersection geometry and traffic flow distribution.

Step 2 According to the traffic demand distribution, the traffic scenario set S is ran-
domly generated.

Step 3 The control scheme is generated based on a genetic algorithm, including initial
population, roulette selection, binary crossover, inconsistent mutation, parent and offspring
population merging.

Step 4 Fitness is calculated. The individual control scheme is run in each traffic
scenario, and the individual fitness is calculated according to the objective function, and
the top 50% of the optimal individuals are selected.

Step 5 For iterative termination condition judgment, if the improvement value of the
two iterations is less than the set value, the iterative calculation is stopped, otherwise it is
transferred to Step 3.
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In this paper, the offset 0y, phase sequence x; ,, x, and integer cycle of each intersection
n; x are coded. To obtain the final solution of this problem, the offset 0;; left and right red
light duration r and r; s, respectively; the green duration before (after) the green band w; x;
and the integer cycle are used to draw the time-space diagram (Figure 6) of signal operation.
The progression b; can be easily calculated from the time-space diagram, and our goal is to
maximum average bandwidth or the minimum bandwidth standard deviation.

Figure 7 shows the generation process uncertainty flow scenarios. In the first step, we
generate hundreds of scenarios with uncertain traffic flow based on field survey data. For
each traffic scenario, we obtain one intersection flow matrix. Since our goal is the multi-path
progression, in the second step, the OD information of the multi-path is calculated according
to the intersection flow matrix, and the uncertainty of intersection flow is converted into
the uncertainty of the path flow, thus, we obtain the path traffic scenario matrix. Finally,
the solution of the model is obtained through a genetic algorithm.
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Figure 7. Uncertainty flow scenarios” generation framework.

4. Case Study

Model solution

For this experiment, we select six intersections of Shuang Long Avenue in Nanjing as
the research area. The distribution and connection status of the intersections are shown in
Figure 8a, and the distribution of travel times between intersections is shown in Figure 8b.
The travel times between intersections from Intersection 1 to 6 are 15s,40s,35s,23 s, and
25 s, respectively.



Mathematics 2023, 11, 377

13 of 21

Shuanglong Avenue

Yinghuai Street

y \/ outbound
(o] — @

‘ @ . E Intersection 6
s ; 15
Qinhuai Road , P ;

—e— Intersection 5

-

A@vv = - @ = > Intersection 4
Tianyuan Middle Road ‘ t
‘ 35
:

Qingshuiting West Road

Jiyin Avenue

@ : . @ ’ " Intersection 3
{
Integrity Avenue — @ - - @. -

17 Intersection 2

» 25
‘ D v
@ ( s . (6" R Intersection 1

>

Travel time between

Intersections(s)
(a) (b)

Figure 8. Intersections and travel time distribution.: (a) Distribution of experimental intersections;
(b) intersection travel time distribution.

Figure 9 shows each intersection and node that the path passes through. Six paths
are selected as the research object, and the OD nodes of the six paths are as follows:
Path 1, 20—7; Path 2, 16—7; Path 3, 20—12; Path 4, 7—13; Path 5, 15—20; Paths 6, 7—17.
The directions of Paths 1, 2, and 3 are outbound, and the directions of Paths 4, 5, and 6
are inbound.

Figure 10 shows the phase sequence and signal-to-time for the six intersections. The
signal cycle of an intersection is 190 s; Intersections 1, 2, 3, and 5 have four-phase signal
sequences; Intersections 4 and 6 have five-phase signal sequences. The values of other
model parameters are as follows: Initial queue cleaning time T; x(T;x) = 3s, population
quantity = 500, maximal termination algebra = 1000, crossover probability = 0.5, and
mutation probability = 0.01.

The more traffic scenarios considered, the closer to the true flow distribution in traffic
scenarios. However, too many scenarios would increase the optimization model calculation
speed. Mulvey et al. [24] conducted a detailed study on this and found that the ideal
situation could be approached without listing excessive scenarios, and the number of
scenarios a2 was equal to 200. Therefore, we selected 200 flow scenarios from the field data
for the same time-of-day interval (sampling every 5 min from 6:00 a.m. to 10:40 p.m.)
on Nanjing Shuang Long Avenue. Table 2 shows the average value, standard deviation,
and maximum and minimum values of traffic volume of different approaches at each
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intersection. We assume that the probability of occurrence of these 200 scenarios is the
same. The probability of occurrence of a certain value would be reflected by the frequency
of occurrence in all scenarios.

pathi 206-5-4-53-2-51-7
path2 16-55-54-53-52-51-57

path3 20-6-55-54-53-512

e ! e ) e

path3 (—--,—--I > pathd  pathd 751525313
| .
: | path5 15— 4 55620
1 -
| | path5 path6 72 1-52-3-54-55-17
1
(I
I
o
| -

path2 = = =4 + 4+ — — > path6

R
pathl

Figure 9. Critical path distribution.
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Figure 10. Intersection signal scheme.
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Table 2. Intersection flow distribution.
Intersection Intersection 1 Intersection 2 Intersection 3 Intersection 4 Intersection 5 Intersection 6
Direction Turn AVG SD MIN MAX AVG SD MIN MAX AVG SD MIN MAX AVG SD MIN MAX AVG SD MIN MAX AVG SD MIN MAX
LT 425 35 300 550 395 45 350 545 390 45 305 495 505 25 395 605 225 15 205 290 270 25 350 460
N-S TH 475 40 450 650 445 55 400 645 345 30 305 395 625 20 495 705 345 25 305 390 475 35 455 510
RT 340 75 300 400 325 90 250 445 330 15 305 395 340 45 295 405 240 35 205 310 360 40 305 460
LT 305 25 250 400 435 45 350 595 340 25 210 445 545 50 445 755 345 60 205 440 440 55 400 560
S-N TH 410 25 350 450 465 25 450 495 390 40 315 495 475 35 445 555 415 75 305 495 460 15 400 560
RT 345 15 300 400 395 85 300 445 370 45 325 395 440 40 295 655 415 35 305 490 280 20 255 310
LT 265 70 300 400 260 25 200 295 305 55 215 345 280 45 195 355 250 60 205 310 320 15 250 410
W-E TH 315 75 250 400 445 45 400 495 290 70 225 395 275 55 395 455 290 75 205 400 365 920 350 410
RT 245 45 200 300 400 30 350 445 365 15 260 395 325 60 295 405 255 35 255 290 350 100 330 410
LT 345 60 200 450 265 50 200 345 400 25 275 345 275 75 245 405 365 20 305 440 270 25 200 310
E-W TH 365 35 300 450 390 45 350 495 290 45 250 345 385 20 345 555 285 45 255 440 390 45 320 460
RT 255 45 200 300 315 90 250 395 310 20 260 345 380 25 295 455 345 25 255 410 400 20 300 510
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Using the model proposed in this study, without considering the fluctuations of traffic
flow (r = 1), take the average flow of each path as the input of the model, and obtain the
temporal and spatial changes of the green wave under the consideration of traffic flow
fluctuation, as shown in Figure 11, where the bandwidth of six pathsis 11s,25s,225,36s,
39 s, and 41 s. Paths 4-6 have a larger bandwidth because downlink traffic accounts for a
large proportion, and more signal resources are allocated.

time
Figure 11. Spatial-temporal variation of green bands obtained by flow mean value (MSD-r = 1).

Considering fluctuations in traffic flow at each intersection, the efficiency-stability
coefficient is taken to be 0.3 (it was proven, in the subsequent sensitivity analysis in this
study, that when r = 0.3, the average bandwidth loss of each path is the minimum). The
spatial-temporal change in the green wave under the scenario of considering traffic flow
fluctuations is obtained and is shown in Figure 12, where the bandwidths of six paths
are 13s,255s,22s,36 5,39 s, and 39 s, and Paths 4-6 have larger bandwidths. Although
the average traffic value of Path 4 is smaller than Path 3, it still gains greater weight.
This is because the traffic fluctuation of Path 4 is slight, and the impact on stability is
more significant than on efficiency, and therefore, more signal resources are allocated.
As compared with » = 1, the bandwidth of Path 6 decreases, and the bandwidth of
Path 1 increases, which is because the model focuses on the stability of bandwidth, and
the volatility of traffic in Path 1 is large. Therefore, the bandwidth allocated is smaller
than that, only considering the model’s efficiency (r = 1). The bandwidths of Paths 2-5
stayed the same because they reached the maximum bandwidth in all phase sequence
combination scenarios.

To evaluate the traffic operation of different models, SUMO [25] is selected as the
simulation software in this study, with the model solution results as the simulation input,
and the final output results are shown in Table 3. The changes in operating parameters of
the three models in each path are shown in Figure 13.

The optimal mean value of each index appears in the MSD-r = 1 model, which shows
the superiority of the multi-path model as compared with the basic MAXBAND model. As
compared with the MSD-r = 1 model, the average performance of the MSD-r = 0.3 model
has a certain degree of loss because the model is more inclined to consider the overall
stability, and the sacrifice of operating efficiency is acceptable. From the perspective of the
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stability of each index, the optimal situation appears in the MSD-r = 0.3 model, which
proves that the model has the most effective ability to resist the wave disturbance of traffic
flow (the best stability). In addition, the MAXBAND and the MSD-r = 1 models only aim
at efficiency (maximum green bandwidth), therefore, their stability performance is similar.
Therefore, the MSD-r = 0.3 model performs well in the traffic flow fluctuation scenario,
which can significantly improve the stability of the model on the premise of decreased
efficiency loss.
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Figure 12. Spatial-temporal variation of green bands obtained by flow uncertainty (MSD-r = 0.3).

Table 3. Arterial performance under the control of different models.

Index MAXBAND MSD-r=1 MSD-r = 0.3
Average 69.80 63.94 66.10
Path-flow delay (s) Star}de}rd 13.29 11.20 6.06
deviation
Maximum 143.25 128.67 111.68
Average 1.25 1.02 1.12
Stops Standard 5.21 425 3.55
deviation
Maximum 1.73 1.56 1.18
Average 38.34 50.14 50.25
Speed (km/h) Standard 10.60 8.71 5.89
deviation

Maximum 56.26 59.31 67.23
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Figure 13. Operating parameters of each path.
5. Sensitivity Analyses
To further verify the applicability of the heuristic approach for the multi-path control
method proposed in this study, in this section, we conduct a sensitivity analysis on the
model’s key parameters to explore the impact of the efficiency-stability coefficient value
y
and traffic flow distribution on the model’s performance. Except for the key variables, the
values of traffic parameters are the same as those in the previous section. The settings for
the sensitivity analysis experiments are shown in Table 4.
Table 4. Sensitivity analysis experimental settings.
Sensitivity Analysis Experiment
1 2 3
Variable Efficiency -stability coefficient Average flow The standard deviation of flow
. Sensitivity analysis between efficienc Sensitivity Analysis between Sensitivity analysis between
Scenario(s) o ys1s ! y 4 4
-stability coefficient and delay mean traffic flow and delay  fluctuation and delay of traffic flow
Model(s) MSD-r =0~ 0.5 MSD-r = 0.3 MSD-r = 0.3

5.1. Efficiency-Stability Coefficient and Bandwidth

The efficiency-stability coefficient » determines the model’s preference for efficiency
and stability under the condition of emphasizing model stability (0 < r < 0.5). As shown
in Figure 14, the influence of the efficiency stability coefficient on the mean and standard
deviation of the model delay is discussed. With an increase in , the standard deviation of
delay increases while the average delay decreases. Overall, the inflection point of the delay
standard deviation curve appears at r = 0.3. When 7y > 0.3, the rising rate of delay standard
deviation is fast, which means that the stability of the model is gradually deteriorating, and
the decreasing speed of efficiency is relatively stable. To maximize stability without losing
overall efficiency, the r in the previous experimental scenario is taken as 0.3.
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Figure 14. Effect of efficiency stability coefficient on delay.
5.2. Average Traffic Flow and Delay
To explore the influence of a change in the flow mean value on the delay of each model,
and to control other parameters to remain constant, according to Table 2, multiply the flow
mean value of each direction by the scaling factor, and the scaling range is 0.5~1.5. The
results are shown in Figure 15. Overall, an increase in traffic volume causes the overall
operation efficiency and stability of each control scheme to be worse, and the slope of
the mean and maximum delay increases significantly. With an increase in traffic volume,
the distance between the traditional MAXBAND model and the MSD-r = 0.3 model in
the standard deviation of delay and the maximum delay value gradually increases. It
shows that when the flow is large, the stability of the operation efficiency of the traditional
control scheme gradually becomes worse, and it is difficult to resist the change in the flow.
However, the MSD-r = 0.3 model has the slowest growth rate. It can be concluded that the
model is less sensitive to changes in external disturbances than the other models, which
shows that the model has good stability.
—e—MAXBAND o - 0 -
—3—MSD-r=1 3| —o—MAXBAND —o—MAXBAND
——MSD-r=03 S 30 | —*MSDI = 300 | —#=MSD-=1
E 25 | ==MSD-r=0.3 § —=i—=MSD-r=0.3
£ 2} S 00t
= o
§ :
g0} £ 100 f
T st s
T 7] 0 U S T S S S SR S TR S 0 TR TR TR TR T SR SR SR S S |
0506070809 1 1112131415 0506070809 1 L112131415 0506070809 1 1112131415
Flow average scaling factor Flow average scaling factor Flow average scaling factor

Figure 15. Effect of traffic flow on delay index.

5.3. Fluctuation of Traffic Flow and Delay

Similarly, to study the impact of a change in flow standard deviation on the delay
of each model and to control other parameters to remain constant, according to Table 2,
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multiply the flow standard deviation of each flow direction by the scaling factor, which
ranges from 0.5 to 1.5. The results are shown in Figure 16. It is found that an increase in the
fluctuation degree of traffic demand causes the overall operation efficiency and stability
of each control scheme to be gradually worse, and the standard deviation and maximum
value of delay change significantly. For the average delay, MAXBAND has a good effect
when the fluctuation of traffic demand is slight. However, with an increase in traffic flow
fluctuation, the average traffic flow cannot represent the overall traffic operation scenario
well, and the average delay controlled by MAXBAND increases significantly.
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Figure 16. Effect of traffic flow fluctuation on delay index.

6. Conclusions

The existing multi-path arterial signal model is more sensitive to traffic input changes
such as flow and signal timing. Its adaptability to fluctuations of traffic input in actual
traffic scenarios needs to be improved. In this study, a heuristic approach for a multi-
path model considering fluctuations of traffic flow is proposed, which takes the phase
sequence and offset of each intersection as the decision variables and takes the weighted
optimization of the efficiency and stability of the model as the objective. By adjusting the
efficiency stability coefficient to control the model’s preference for efficiency and stability,
the following conclusions can be drawn in combination with the test results:

(1) The mean, standard deviation (MSD-r = 0.3) model performs well in the standard
deviation and maximum value of each index on the premise of less deterioration of de-
lay, parking times, average speed, and other indicators, thus, significantly improving
the stability of the overall operation effect. Among them, the deterioration degree of
the average value of each index is only 3.32%. The results of the comparison analysis
shows that the standard deviation of the overall index is improved by 45.4%, and the
maximum value is improved by 13.2%.

(2) Ascompared with the traditional MAXBAND model and the MSD-r = 1 model, the
average standard deviation (MSD-r = 0.3) model performs better in the stability of
the mean, standard deviation, maximum, and other indicators of delay when the
mean and standard deviation of traffic flow fluctuates, and the overall stability of the
model is superior.

The heuristic method under traffic uncertainty proposed in this paper is essentially a
multi-scenario deterministic model. In future research, robust optimization theory can be
combined with it to consider the performance of the model under worst traffic scenarios.
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