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A Cooperation Control for Multiple Urban Regions
Traffic Flow Coupled With an Expressway Network

Yunran Di
Hangyu Li

Abstract—As cities expand and long-distance travel demand
increases, expressways are usually constructed to enhance regional
connectivity. In the mixed road networks of urban roads and
expressways, coordinating the distinct traffic dynamics of the two
networks is a challenge. To address this challenge, we propose a
cooperative flow control method for large-scale mixed networks.
First, we develop an integrated traffic model that models urban
regions using the macroscopic fundamental diagram (MFD) and
expressways using the multi-class cell transmission model (CTM),
achieving route tracking of vehicles throughout the entire mixed
network. Next, a route choice model is developed to allocate new
traffic demands within the mixed network. To coordinate traffic
flow, a perimeter control (PC) is conducted to manage transfer
flows between region boundaries, ramp metering (RM) to regulate
flows entering expressways from urban regions, and variable speed
limit (VSL) to control mainline speeds on expressways. We establish
this cooperative flow control method within a model predictive
control (MPC) framework. Case studies show that, based on the
implementation of PC, the combined application of RM and VSL
to the expressway system is more effective in reducing congestion
and improving traffic efficiency in the mixed network than using
RM and VSL independently.

Index Terms—Mixed road networks, macroscopic fundamental
diagram, dynamic network models, cooperative flow control.

I. INTRODUCTION

A. Background

RBANIZATION and economic growth have driven the
U rapid expansion of modern metropolises, resulting in dis-
persed urban structures, longer travel distances, increased car
usage, and worsening congestion [1]. To accommodate the
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growing travel demand, many cities have constructed large-scale
expressway systems [2]. For example, metropolises such as
Beijing, Tokyo, and Moscow have developed ring-radial ex-
pressway networks to enhance connectivity between urban cores
and surrounding areas [3], [4], [5]. The expansion of these in-
frastructures has transformed urban transportation into a mixed
network comprising urban roads and expressways, resulting in
complex traffic flow interactions.

In a mixed network, traffic network complexity increases
significantly. Compared to traditional urban road networks,
mixed networks offer more travel options, allowing vehicles to
navigate within urban areas or utilize expressways to traverse
multiple regions. This results in more complex route choices,
requiring travelers to weigh the trade-offs between urban roads
and expressway corridors. Meanwhile, traffic flow exchanges
become more intricate, involving multi-level interactions be-
tween regions, between regions and expressways, and between
expressways themselves. Such interactions intensify network
coupling, where congestion in one subsystem can propagate
through ramps to another, exacerbating overall traffic pressure.
Therefore, to address these complex traffic flow interactions,
optimizing and controlling traffic flow is crucial for alleviating
network congestion.

Current traffic control strategies primarily focus on opti-
mizing either urban roads or expressways independently. For
expressways, common approaches include variable speed limits
(VSL) and ramp metering (RM). VSL adjusts mainline speeds
via variable message signs to mitigate congestion at bottlenecks
[6], [7], [8], while RM regulates on-ramp inflows to reduce
merging conflicts [9], [10]. For urban regions, many control
strategies are proposed based on the macroscopic fundamental
diagram (MFD). MFD is a tool for characterizing large-scale
urban networks by describing network-wide traffic behavior
under varying density and flow conditions. The theoretical con-
cept of MFD was introduced by Daganzo [11] and empirically
validated by Geroliminis and Daganzo [12]. It provides a sim-
plified representation of network-wide traffic characteristics,
supporting various modeling approaches based on accumula-
tion, trips, or delays [11], [13], [14], [15], thereby offering a
theoretical foundation for traffic control optimization. The main
MFD-based control strategies that have been proposed include
route guidance [16], [17], [18], [19], congestion pricing [20],
[21], [22] and perimeter control (PC) [23], [24], [25]. Route
guidance improves network efficiency by providing optimized
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travel recommendations, congestion pricing dynamically adjusts
tolls to reduce peak-hour demand, and PC regulates interregional
traffic exchange to alleviate congestion in urban core areas.

However, these methods primarily optimize individual sub-
systems without fully accounting for the interactions between
expressways and urban roads in mixed networks. Since urban
roads and expressways are interdependent yet distinct subsys-
tems, independent control strategies may lead to unbalanced
traffic distribution, exacerbating congestion in certain areas.
Such fragmented control approaches can reduce overall traffic
efficiency. For instance, while ramp metering can prevent ex-
cessive congestion on expressways, it may result in long queues
at on-ramps, disrupting the stability of urban road operations.
Therefore, mixed networks require coordinated control strate-
gies to harmonize traffic flow between subsystems and improve
overall traffic performance.

Despite the potential benefits of coordinated control, its im-
plementation in large-scale mixed networks poses significant
challenges. As network size expands, traffic flow interactions,
route choice complexity, and the number of control nodes in-
crease, making global optimization more difficult. Therefore,
developing an effective modeling approach and implementing
coordinated control for large-scale mixed networks is a critical
issue. To address this challenge, this study proposes a modeling
and coordinated control framework for multi-region coupled
expressway networks, overcoming the limitations of existing
methods in large-scale traffic systems. After reviewing related
studies, the paper will present the main works and contributions.

B. Related Studies

Some most relevant studies on mixed networks traffic control
are summarized in Table I, categorized by control scope into
local control and macro control. Existing researches on coordi-
nated urban networks and expressways mostly focuses on local
control of on/off ramps and adjacent intersections. For example,
Ma et al. [26] optimized the merging of vehicles at off-ramps
and urban roads, addressing weaving conflicts. Deng et al.
[27] focused on optimizing signal timing at the intersections
of off-ramps, improving traffic flow. Meanwhile, Su et al. [28]
and Xu et al. [29] both proposed coordinated control strategies
combining signal optimization and ramp metering to enhance
the flow between urban expressways and adjacent intersections.
These methods employ microscopic modeling approaches to
represent traffic scenarios. In contrast, Farabi et al. [30] utilized
the cell transmission model (CTM) [31] for traffic modeling
at intersections and on-ramps, conducting local coordinated
control studies. However, local control may not effectively alle-
viate congestion in large-scale mixed networks, as the modeling
methods and control strategies used often face scalability issues
when applied to networks with thousands of roads.

Compared to local control, macro coordination control meth-
ods are better suited for alleviating congestion in large-scale
networks. However, despite their advantages, research in macro
coordination control remains limited. For instance, Haddad et al.
[32] used an asymmetric CTM model to study a mixed network
comprising two adjacent urban regions and one expressway,
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TABLE I
COMPARISON OF RELATED STUDIES
Authors Control  Expressway  Urban road Control
Scope Modeling Modeling Strategy
Ma et al. Local Microscopic ~ Microscopic ~ Trajectory
(2025) control  model model control
Deng et Local Microscopic  Microscopic  Signal
al. (2023)  control  model model control
Su et. al Local Microscopic  Microscopic  Signal
(2014) control  model model control
and RM
Xu et al. Local Microscopic ~ Microscopic  Signal
(2024) control  model model control
and RM
Farabi et Local CTM CTM Signal
al. (2024)  control control
and RM
Hanetal. Local Microscopic  Microscopic  Signal
(2024) control  model model control
and RM
Haddadet Macro CTM MFD PC and
al. (2013)  control RM
Ding et Macro CTM MFD PC,RM
al. (2020)  control and route
guidance
Hu and Macro CTM MFD PC and
Ma control RM
(2024)
Wang and Macro  Point queue  MFD Pricing
Gayah control  model
(2021)

implementing coordinated control through PC at the urban re-
gion boundaries and RM at on-ramps to optimize traffic flow
distribution. Later, Ding et al. [33] combined CTM and MFD
models, proposing a control method based on route guidance,
PC, and RM to improve traffic coordination. In addition, Wang
et al. [34] proposed an optimal control method for congestion
pricing for a scenario with two regions and an expressway to
improve traffic performance while maximizing revenue.

With rapid advancements in artificial intelligence and ma-
chine learning, these techniques have been widely adopted in
traffic flow estimation and control, particularly for expressways
and urban networks. For traffic prediction, convolutional neural
networks have been employed to estimate real-time traffic den-
sity from video feeds, dynamically guiding intersection signal
strategies [35]. Azimjonov et al. used Yolov5 for accurate night-
time highway traffic estimation [36], while Ferndndez-Sanjurjo
et al. developed a deep learning-based vision system applicable
to urban roundabouts and expressways [37]. Khan et al. also
proposed an image-based machine learning method to enhance
expressway traffic prediction [38]. In terms of traffic control,
reinforcement learning (RL) is increasingly utilized for intelli-
gent signal optimization. Han et al. proposed an adaptive RL
method using a parameterized deep Q-network for cooperative
intersection control [39]. Choe et al. introduced a multi-agent
RL framework for city-level coordinated traffic signals [40]. Han
etal. [41] proposed a RL-based approach to simultaneously opti-
mize signal control and ramp metering, enabling more intelligent
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traffic management. In addition, Genders et al. applied RL with
linear function approximation for real-time signal optimization
[42], and Hu and Ma developed a demonstration-guided deep
RL method integrating PC and RM for large-scale network
coordination [43]. Despite their advantages in responsiveness
and adaptability, purely data-driven methods face significant
difficulties in mixed road networks. These networks consist
of different subsystems—urban regions and expressways—that
have distinct traffic patterns and structural features. Moreover,
the connection between them often occurs through ramps, where
congestion and queuing can easily spread from one part of the
network to another. This kind of complex interaction is difficult
for data-driven models to capture accurately, especially when
the training data is limited or lacks diversity. In response to
these challenges, recent studies have consistently demonstrated
the effectiveness of combining the CTM and MFD in modeling
and controlling mixed networks [32], [33], [34], [44]. Motivated
by these findings, this study extends the CTM-MFD hybrid
framework to model traffic dynamics in large-scale networks
comprising multiple urban regions and expressways.

Although recent studies have made notable progress in apply-
ing CTM-MFD hybrid frameworks to mixed network modeling
and control, their application to large and complex networks
remains limited. In particular, existing methods do not fully
capture critical traffic interactions at the network level. (1)
Current traffic models for mixed networks often ignore the flow
transfer between interconnected expressways, focusing only on
the flow between urban regions and expressways. In many cities,
expressways have already formed circular-radial network struc-
tures, and traffic flow between expressways via interchanges
constitutes a significant part of overall dynamics. However,
this process is normally neglected due to the complexity of
constructing models for expressway networks. (2) Although the
cooperative strategy combining PC and RM mentioned previ-
ously has the potential to reduce traffic congestion on mixed
networks, it still has limitations. Both PC and RM focus on re-
stricting flows at the boundary between two control objects—PC
atregional boundaries and RM at on-ramps—but such boundary
flow control inevitably leads to vehicle queues. Especially for
RM, the limited length of on-ramps can cause queue spillback
and raise safety concerns [45]. (3) Current research has not
fully considered the impact of ramp metering queues on urban
network traffic states. In practice, when on-ramp queues are too
long, they may extend into urban regions, but this interaction is
rarely captured in existing traffic state prediction models.

In light of these limitations, developing a comprehensive
traffic model for mixed networks and designing effective coordi-
nated control methods face several key challenges. (1) Complex
flow transfer processes: Mixed networks involve complicated
traffic dynamics, including not only flows between urban regions
and expressways but also frequent exchanges between express-
ways themselves. Accurately modeling these multi-directional
flow transfers is a major challenge. (2) Route choice in large-
scale networks: Large-scale mixed networks involve numerous
traffic entities, including multiple urban regions and express-
ways. Each vehicle’s route selection may involve multiple re-
gions and expressways simultaneously, making it difficult to
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predict travel times and make route choices. (3) Coordinated
control across multiple entities: With multiple urban regions
and expressways intersecting, existing control methods may
not fully address the global regulation requirements. Given the
complexity of mixed networks, control strategies may need to be
expanded to enable more coordinated traffic management across
the entire network.

C. Main Works and Contributions

Based on the above-identified research gaps and challenges,
we propose a cooperative control approach for a network com-
bining multiple urban regions and expressways to address gaps
in mixed network studies. The control method consists of two
main components: 1) developing a traffic model for mixed
networks and 2) establishing a cooperative control model.

Regarding traffic modeling, we use a combination of CTM
and MFD methods to enhance the mixed network traffic model
in the following ways. First, we design a method for dividing
expressway networks in a mixed network. This method includes
configuring on-ramps and off-ramps to connect the expressways
with connected regions, as well as implementing connecting
ramps to establish direct links between connected expressways,
ensuring smooth transitions for vehicles across all intercon-
nected traffic entities. Next, while using the MFD to describe
regional dynamics, we utilize multi-class CTM to track vehicle
routes within the expressway network, achieving more accurate
flow predictions. Additionally, we model the queueing at the
boundaries of the mixed network, providing a more realistic
depiction of how expressway flow control affects the states of
interconnected regions.

Regarding traffic control, considering the relatively long
mainline segments of expressways, VSL can adjust vehicle
speeds to regulate flow and provide greater storage capacity for
vehicles during congestion. However, VSL alone may be insuf-
ficient to manage sudden surges of traffic demand. In contrast,
RM effectively limits the inflow of vehicles from on-ramps but
may cause excessive queueing when used alone. To leverage the
advantages of both methods, this study proposes a cooperative
control model that integrates PC, RM, and VSL. This model is
developed within a model predictive control (MPC) framework
to alleviate congestion in the mixed network.

The contributions of this paper are as follows:

1) A macro traffic model for mixed networks is developed,
enabling vehicle transfers among all interconnected traffic
entities and introducing a queueing mechanism at bound-
aries. This approach fully considers congestion spillback
effects at ramps and regional boundaries, allowing for a
more accurate description of the impact of flow control on
the overall network. It provides a reliable foundation for
assessing traffic states for coordinated control.

2) To address the complex traffic interactions between ex-
pressway networks and urban regions, a cooperative con-
trol strategy is proposed, combining PC, RM, and VSL.
This strategy facilitates dynamic optimization across the
entire network, enhancing the coordination of traffic flow
among all interconnected traffic entities.
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Fig. 1. Layout pattern of mixed network.

D. Organization

The remaining sections are summarized below. Section II
describes the research problem. Section III develops the traffic
model for the mixed network. Section IV proposes the cooper-
ative control method, and Section V presents the results of the
case study. In the last section, conclusions are drawn, and future
work is summarized.

II. PROBLEM DESCRIPTION
A. Scenario Description of Mixed Road Network

Consider a large-scale mixed network consisting of an urban
network and an expressway network, where the urban network
has been divided into several regions, as shown in Fig. 1.
Therefore, there may be an expressway as an alternative route
between adjacent regions. Due to the long span of expressways,
one may run through several regions. For modeling purposes, we
treat expressways connecting any adjacent region separately so
that the expressway network is divided into sections. Since the
expressway has two opposite travel directions, the expressway
from region 4 to the adjacent region j is defined as E;;, ¢ # j.

In a mixed network, traffic can be transferred between neigh-
boring regions through boundaries. Let 7;; denote the boundary
from region ¢ to adjacent region j. Whereas traffic flows are
transferred between expressways and urban regions through
on-ramps and off-ramps. Since expressway networks involve
numerous parameters, including the number and location distri-
bution of ramps, the following assumptions are given to simplify
the road network structure and route choice:

i) Each expressway has only one on-ramp and one off-ramp
connected to the urban network. That is, if there exists an
expressway I;;, then F;; has only one on-ramp in the
origin region ¢ and only one off-ramp in the termination
region j. Denote r;p,; as the on-ramp between express-
way F;; and region 7, and g, ; as the off-ramp between
expressway I;; and region j;

i) When there are multiple expressways connecting the
same region, these expressways will intersect with each
other. As shown in Fig. 1, given a region ¢, if both
expressway Ep,; and expressway F;; exist, a connecting
ramp r g, g;; Will be provided to facilitate traffic directly
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(b)

Fig. 2. (a) No direct connections between different expressways; (b) Direct
connections between expressways passing through the same region.

transitioning from expressway Ej; to expressway F;;
without passing through region 1.

iii) Vehicles are allowed to make a maximum of one transfer
within the same region (expressway) during each trip;
they are not allowed to leave a region (an expressway)
and then return to it.

Regarding (i), although the case of a single expressway with
multiple ramps is not considered, this assumption reflects the
structural characteristics of a mixed network and simplifies route
selection. Assumption (ii) is based on practical considerations.
Vehicle travel within the expressway system requires inter-
changes between different expressways to enhance connectivity
and accessibility of the expressway network. An example is used
for comparison. In the scenario shown in Fig. 2(a), there is no
connection established between different expressways. There-
fore, the route from region 6 to region 3 via the expressways is
6—Es7—T—E~3—3. Here, the transfer from expressway Eg7
to E,3 must pass through region 7. However, in Fig. 2(b), the
connecting ramp directly links E47 and E3, enabling a shorter
route 6—Ez,—E 73— 3, thus avoiding unnecessary traversal of
region 7. The scenario in Fig. 2(b) enriches the travel options and
better reflects actual travel patterns and infrastructure design.
Finally, assumption (iii) is made to reduce invalid routes and
align with real-world travel habits.

B. Research Framework

Based on the scenario description, a mixed network can be
viewed as coupling multiple urban regions and an expressway
network. In a mixed network, each region and expressway
can be regarded as a macro node along the route. The struc-
ture of the mixed network is represented as G = (R, N, (),
where R denotes the set of regions, R ={1,...,i,,}, and
im 1S the total number of regions; N denotes the set of ex-
pressways, N = {E;;}, i # j; and C represents the set of
links connecting any two adjacent nodes in the route with
C= {ri]V TiBij>TEnii» "EpiEj S -

The issue addressed in this paper is to propose a control
method for large-scale mixed networks. PC, RM, and VSL
can be employed to regulate traffic flow cooperatively. Fig. 3
illustrates the research framework, which mainly includes two
parts: 1) constructing a mixed network traffic model and 2)
proposing a cooperative control scheme. First, we use the MFD
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Fig. 3. Research framework.

to describe the dynamics of traveling accumulation nf o(t) and
queueing accumulation n; , (¢) for multi-region urban networks,
while using the CTM to model traffic density on express-
ways, including mainline density K'g,, i, (), and ramp density
Kip,,(t), Kg,,;(t) and Kg,, g, (t). Then, a route choice model
is established by predicting the travel time on the routes. Finally,
using the mixed network traffic model as a forecasting tool,
we propose an MPC-based cooperative control to minimize the
total time spent (TTS) of vehicles in the road network. This
strategy optimizes and generates the optimal perimeter control
rate u;; (t), ramp metering rate j; s, (¢), and variable speed limit
nE,, (t) to be applied to the mixed network, aiming to minimize
overall network congestion. The following sections will detail
this methodology with explanations.

III. TRAFFIC FLOW MODEL OF MIXED NETWORK

This section introduces the mixed network traffic model.
We conduct traffic modeling separately for both regions (using
MFD) and expressway networks (using CTM), and based on
this, we develop a route choice model. For ease of distinction,
define «; as the set of immediately neighboring regions of region
i, and (3; as the set of regions that can be connected to region ¢
through an expressway.

A. MFD-Based Traffic Model for Urban Regions

First, we introduce the MFD-based region traffic model.
Daganzo [11] and Geroliminis and Daganzo [12] developed
the accumulation-based MFD, which provides the relationship
between production and the accumulation of vehicles for a
homogeneously congested urban network. Consider a homo-
geneous region ¢ € R with travel production MFDP;(n,(t)) =
n;(t) - v(n;(t)), where n;(t) and v;(t) are the accumulation
of vehicles and the average travel speed in region 7 at time ¢,
respectively. We treat each region and expressway in the mixed
network as a macro node; therefore, each route can be viewed as a
sequence of nodes arranged in the order of travel from the origin
to the destination. Since vehicles generate and exit within the
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urban network, the origin and destination nodes must be regions,
while the other nodes can be either regions or expressways. Let
nf (t) denote the accumulation of vehicles in region ¢ at time ¢
with routep, thus n;(t) = 3= nf (t).

In the mixed network, not all vehicles completing their trips
within a region can immediately transfer to an adjacent region or
connecting expressway because of flow restrictions and capacity
limitations. Vehicles that cannot transfer immediately will have
to wait at the boundary or before the on-ramp, resulting in a
queue. Therefore, the accumulation n/ (¢) within any region 4
can be divided into (i) traveling accumulation n? .(¢) and (ii)
queueing accumulation nj (). Let n; 7(t) and le (t) denote
the total traveling accumulation and queueing accumulation in
region ¢, the total accumulation n;(¢) in region 7 at time ¢ can be
estimated as:

ni(t) = niz () +niQ(t) = Y nlp(t) + ) nio(t) (1)

Supposing a constant trip length in urban region ¢, the trip
completion rate for traveling accumulation n! ,.(¢) at time ¢ is:

nf,T(t) _ Pi(ni(t))

m(t) ~ 2
where L; is the average trip length for vehicles in region i.
Vehicles that have completed their trips in the region will be
excluded from the MFD dynamics and wait to transfer to the
next node. Note that there is no queuing for exit flow within
the region, as no limitations are imposed. Let p(—:) and p(+4)
denote the previous and the next node of the region ¢ in the route
p, respectively. Donate ff_w( Jri)(t) as the transferring demand
from region 4 to node p(+i) at the boundary or before the on-
ramp. If p(+1) is a region j, during the simulation time interval
T, the transferring demand from region ¢ to region j with route
pis f{,;(t) = nf o(t)/T;. The transferring demand f{, () is
restricted by the boundary capacity and receiving capacity of
region j [38]. Therefore, the restricted transferring flow from
region ¢ to region j is the minimum of (i) the transferring demand
£;(1), (ii) the fraction of the boundary capacity from region i
to region j that is assigned to f/,;(t), and (iii) the fraction of

the receiving capacity of region j that is assigned to nloif (t),as
shown in the following:

£p R P . iij(t)
£, )= minq f7,.(?), S Fo@) bij,
ip—>j (t)

Zseaj Zaz S’I—)j (t) + Zheﬁj Zw 5%;’]](15)

'Cz’(”j,T(t))} €)

x

where f;7, ;(t) is the transferring demand from region i to region
J with route x; b;; is the boundary capacity from region i to
region j; fi,; (t) is the transferring demand from region s to
region j with route z; c%hj j (t) is the sending flow of off-ramp
TEysj with route x, which will be estimated via CTM theory;
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¢;(n; r(t))is the receiving capacity of region j defined as [46]:

iy = i (1-220)
15 jam

where ¢; max and n; jam are the maximum receiving capacity and
jam accumulation of region 7, respectively. As the type of queue
in this paper is described using a point queue model that does
not occupy any physical space [47], queuing accumulation does
not influence the region’s receiving capacity.

If the next nodep(+i) is an expresswayE;;, the transfer-
ring demand from region i to expressway F;; with route p
is f{, g, (t) = nf o(t)/T;. The transferring demand f/, 5. (t)
will be restricted by the receiving capacity of on-rampr; g, ,, and
the restricted transferring flow is estimated as:

[ g, ()
i—Fj

Eac Z‘I%Eij (t) C’LE” (t)} (5)
GO (t) is the transferring demand from region i to
expressway [F;; with route z; (i, (t) is the receiving flow of
on-ramp 7;g, ;-

Depending on the route and node where the vehicle is located,
the dynamic state equations for n} ,.(t) and nj ,(t) are:

anT(t)
()
Qoq(t) —mi (1)
= uni(t) - fi,; (1) —mi(t)
%hii(t) - mf(ﬂ

if;E,;j (t) = min {fzpaE” (t)a

where

(i)yi=o
()i #o&p(—i)=h
(if) i % 0 & p(~i) = B
(6)
dnf o(t)
d(t)

_ my (t) — Ujj(t) : Aip_,j(t)
mf(t) - z’paEij (t)

where w,;(t) and u;;(t) are the PC rates at boundaries ry,; and
734, respectively; Q7 (t) is the traffic flow in off-ramp rg,
with route p; ¢”,(t) is the part of the newly generated traffic
demand ¢,4(t) from region o to region d that is assigned to
route p.

(i) p(-+1) = j

(i) p(-+4) = i, @

B. CTM-Based Traffic Model for Expressway Network

For the expressway network, we propose a CTM-based traffic
model. The expressway division in the mixed network is shown
in Fig. 4. Based on the CTM theory, every expressway is divided
into cells according to the traveling direction and the length
of each cell is Ls. Denote sg,; ;,; as a mainline cell on the
expressways F;;,l;; € 1, Lij]. When there are expressways Ep;
and Ej; intersecting in regioni, connecting ramp rg,, g,; will
be provided to realize interchange between expressways. For
simplicity, the ramps are all a cell of length Ls. Donate the
traffic densities of mainline cell sg,, ;,,, on-ramp cell r;g,;,
off-ramp rg,,; and connecting ramp 7, g, are Kg,, 1,.(t),
Kig,;(t), Kg,;;(t) and Kg,, g, (t), respectively. For a more
accurate traffic flow prediction, multi-class CTM is used to
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Fig. 4. Diagram of expressway division in the mixed network.

distinguish and track traffic flows with different routes within the
expressway networks [48]. Let K gij L (t) be the traffic density
in cell sg, 1, with route p, thusKp,; 1, (t) = >, Kgi,-,l“ (t).
Similarly, K7, 7, (0. K gj ;(t)and K, £, (t) are donated as the
traffic densities in cell 7, ;, rg,;; and 7g, , g,; With route p.

The CTM usually defines the sending and receiving flows of
a cell by using a triangular fundamental diagram (FD) [49]. For
the mainline cells, the FD parameters are free-flow speed Vi,
the capacity C,, the congestion wave speed w,,, and the jam
density K ,,,. For the ramp cells, the FD parameters are free flow
speed V., the capacity C,., the congestion wave speed w,., and
the jam density K ;... The density dynamics for each type of cell,
from vehicles entering to exiting the expressway, are established
and introduced as follows.

1) On-Ramps: Vehicles leaving the region for the express-
way are the first to enter the on-ramps. The sending flow for
traffic density K7/, £, (t) within the on-ramp 7, is:

0fg,, (t) = min{Vy, - Kl (1), Cr} (8)

K2

The receiving flow of the on-ramp 7, is:

CiEij (t) = min{wT : (KjT - KlEu (t))’ CT’} )

The vehicles that have just left the on-ramp will enter the first
mainline cell. If there exists a connected expressway Ey;, the
traffic demand for F;; comes from both the on-ramp r; Eij and
the expressways Ep,;. Therefore, the traffic flow merging from
the on-ramp r;,; into the mainline is:

ipEij (t) = min

8 (k) O, (1) Caya(t)
S Ot () + Yope, Yon Oy, (B) 00
(10)

where (g, ,1(t) is the receiving flow of the first mainline cell of
expressway I;;; 5fEU (t) is the sending flow with route x in the
on-ramp i, ;; 0%, B (t) is the sending flow with route x in the
connecting ramp 7 g, , g, - Additionally, the actual transfer flow
of traffic demand 0%, (t) subject to constraints is donated as

Biyy (0)-

The dynamics of a cell are due to the difference between
its inflow and outflow. The traffic dynamic of on-ramp r;g,;



5064

considering RM constraints is:

dK /g, (1)
)

where i, ; (t) is the RM rate for on-ramp 7; g, ; at time .

2) Mainline: Vehicles in the mainline transfer in the travel
direction to the downstream cells. When the VSL controls the
mainline cell, the vehicle will be traveling at a limited speed.
The sending flow of vehicles with density K, P s (t) and the
receiving flow of cell rg,; ., affected by the VSL control can
then be determined as [50]:

ij

5gij7lij (t) = min{ng,, (t) - Kgi]’Ji]’ (t),Cusr} (12)
CEUJU (t) = min{wm : (ij - KEUJU (t))v Cvsl} (13)
where 7, (t) is the speed limit for expressway Ej;; Cy is the

maximum flow under the current speed limit.

Expressway merging zones often experience capacity degra-
dation. This paper simulates this phenomenon using the method
proposed by Han etal. [49]. If cell 7, 1, is merging bottleneck,
the maximum outflow of cell rg,, , . is:

KEijalij (t) — Kem
ij - Kcm

(14)

Cglg’j,ij (t) = min {Cm, Co - (1 ¢

where K., is the critical density, and ¢ denotes the maximum
extent of the capacity drop.

Let p(—E;;) and p(+E;;) denote the previous and next nodes
of Ej; in the route p, respectively. Thus, the traffic flow of the
mainline cell g, . ;.. can estimated based on its location and the

ijolij

type of the next node:

B, (1) =

min{sy, | (t), 267‘3) ooyt 1 (O} () Ly < Ly

min{df, (0 257(3) ) e

min{df, (1), ﬁ ey, (1) gi;(i e
T as)

where 0%, ;. (t) is the sending flow in cell s g, 1, at time ¢ with

route x; (p,,;(t) and (g, p,,(t) are the receiving flow of the

off-ramp r g, ; and the connecting ramp r g, , g, ,, respectively.
The traffic dynamic of mainline cell 7 g, , ; is estimated based

on its location and the type of the previous node:

dKp, 4, (1)

ijs

d(t)
O ()= Qy (1)

(0 B 0 (=1 p( )=
QEijﬁlijfl( ) Qp E;j,l 7( ) (111) lij >1
(16)

Where Q%,, E,, (t) is traffic flow of the connecting ramp g, &,
with route p.
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3) Off-Ramps: When vehicles travel on the mainline to reach
its end, they access the connecting region via the off-ramp. The
flow from the off-ramp rg, ,; into region j is:

Q%ijj(t) = min
0%, (1), ;) -¢j(n;(t))
B3 EZ oS+ Z Z%,”](t) .

A7)

Therefore, the traffic density dynamic of off-ramp 7, ; is:

dK gij () ) , .
a9 (1) = Q,,;(t), p(+Ey) =7 (18)

4) Connecting Ramps: If connecting expressways are avail-
able for vehicles on the expressway, they can transfer to the con-
necting expressways via connecting ramps. The traffic density

dynamic of the connecting ramp r g, , g, is:

aw Qi L, () = p(+Eni) = Eij

19)

%hi E;j (t)v

C. Route Choice Modeling for Mixed Road Networks

Building on the proposed models for expressways and re-
gions, this section establishes a route choice model for the mixed
network. The route choice probability is derived by estimating
travel times of all alternative routes between region ODs. Donate
O, as the set of all routes between any OD pair w and p,, as an
alternative route in ©,,. The total travel time for each route is
the sum of travel times at all nodes, so each node’s travel time
must be evaluated.

For an expressway node, the travel time within the cells can be
extrapolated based on the density using CTM. For a region node,
the travel time constitutes two terms: (i) inherent regional travel
time and (ii) queuing delay at the boundary or on-ramp. The
second term is estimated by dividing total queuing accumulation
by transferring flow and finding the mean value for any vehicle
during any simulation step time interval 7 [51]. Based on this,
the travel time of vehicles within region ¢ moving to the next
node p(+i) via route p is:

L, 12, ”ZQ() $(+‘)
7 () = : T 20
A ) R PR e O Rl
where 7 (i) is the pre-known parameter: K7 (i) = =11If

the next node of region ¢ via route x and p are the same
(i.e., z(+i) = p(+z)) and 7, =0, otherwise. Therefore,
Y nigt) - K] To(+1) 18 the total queuing accumulation in region
i moving to the next node p(+1).

Interchanges between nodes in a mixed network may require
ramps, and we incorporate the travel time on the ramp passed
before entering the node into the total travel time at that node.
If a node in the route is region ¢, considering the types of the
previous and next nodes, the total travel time spent for vehicles
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passing through region ¢ via route p,, is:

TP (t) =

K3

T (t) (i) pw(—1) is a region & py,(+i) =

g, (1) (ii) puw (—1) is a region & py, (+i)= Eij

VE’LT(t) +sz—71>)J (t) (iii) puw (=) = Eni & po(+i) =
(iv) pu(—1) = En;i & pow(+i)=E;;

2n

L
Voo T 4 h, ()

where Vg, ,;(t) is the average speed of the off-ramp g, ,;. The
terms (i) and (ii) in (21) indicate that when the previous node
of region ¢ in the route is a region, no ramp travel time should
be considered. Whereas the previous node of region ¢ in the
terms (iii) and (iv) is an expressway, so the traveling time of the
off-ramp should be added.

If the node in the route is an expressway, the total travel time
spent for vehicles passing through expressway F;; viaroute p,,
is:

L. : .
Vig,; (t) Zl ij=1 Vi, l,7(f) (1) p(—Eij) =1

TEq; ( ) = L. L. .
] Vepe, @ 21”71 Vo @ (ii) p(—Eij)=Eni
(22)

where Vi, (t) and Vg, , g, (t) are the average speed of on-ramp
rig,,; and the connecting ramp r g, , g, ; , respectively; Vg, 1, (f)
is the average speed of the mainline cell sg,; ;-

To relax the assumption that travelers are fully informed about
traffic, this paper uses a logit model to simulate the route choice
decision based on the more realistic concept of stochastic user
equilibrium [52]. The probability that the newly generated traffic

demand on OD w chooses route p,, is [53]:

exp(=A77 (1))
cw,, OXP(=AT7 (1))

w

0p.,(t) = > (23)

where 77+ (t) and 7*v (¢) denote the total traveling time spent on
routes p,, and z,,, respectively, for the newly generated traffic
flow on OD w; A is the logit model parameter that indicates the
drivers’ knowledge of the mixed network travel time.

IV. COOPERATIVE CONTROL

Based on the mixed network traffic model, this section pro-
poses an MPC-based cooperative control model to minimize
overall network congestion. The control measures adopted in
this study include PC, RM, and VSL, and the corresponding im-
pacts of the control inputs on the traffic flow have been integrated
into the above traffic model. Minimizing the TTS of vehicles in
the mixed network as the objective function. For convenience,
the accumulation of vehicles in the entire expressway network
is described as:

=2 L

i€R jEB;

Zi?:l K1, (t) + Kig,, (t)

+KEijj(t) + ZhEBi KEMEij (t)
(24)

AEN(t
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Thus, the MPC problem at every control step is formulated as
follows:

J = minT, Z (Z ni(t) + AEN(t )) (25a)
t=0 1€R

8.0 < ugi(t), pip,, (1) <1 (25b)

Vinin < gy, (1) < Vi (25¢)

e, (8) = e, (t = 1)] < Av (25d)

ne,, (t)mod 10 = 0 (25e)

0 < ni7(t) < nijam (25f)

where Vi, is the minimum speed limit for expressway main-
lines; Av is the maximum speed limit difference between adja-
cent time steps on the same expressway.

The MPC formulations are detailed: The objective function
(25a) incorporates vehicle accumulation in both regions and
expressways to minimize overall congestion. Control inputs are
bounded by (25b) and (25¢). Eq. (25d) restricts the difference
between speed limits at adjacent time steps on the same express-
way to prevent large fluctuations. Eq. (25¢) ensures speed limits
are integer multiples of 10 km/h for driver compliance. Lastly,
(25f) stipulates that traveling accumulation must not exceed the
jam accumulation.

In this paper, we will investigate the effect of these control
measures and the combinations between them on improving
traffic congestion through the following schemes: (1) no control
(NCO); (2) PC only; (3) RM and PC (RMPC); (4) VSL and PC
(VSLPC) and (5) Cooperative control (CC), i.e., the combination
of PC, RM and VSL.

V. CASE STUDIES
A. Network Description and Simulation Setup

In the case studies, a real-world mixed network from the main
urban area of Hefei, China, is utilized, covering approximately
214 km? with a length of 18.32 km and a width of 11.73 km.
The network features a central urban area with traffic gradually
dispersing toward the outskirts. The expressway system follows
acircular-radial structure, facilitating both regional connectivity
and long-distance travel. The network is divided into 7 regions,
and the expressway system within this area is extracted and
segmented into 10 bidirectional expressways, as shown in Fig. 5.
To ensure the accuracy of parameter settings, each region’s
boundary is determined using OpenStreetMap. Additionally, the
MEFD for all regions is calibrated through traffic simulation in
SUMO, with the production MFD data shown in Fig. 6(a). The
average trip lengths of the regions are { L; } = {3862, 4456, 4552,
4675,4020,3748,3659} m, wheret = 1,2, ..., 7.Regarding the
expressways, the mainline length of each expressway is shown
in Table II. The length of a cell is Ly = 500 m. The expressway
mainline is assumed to have a free-flow speed of 80 km/h and a
capacity of 5000 veh/h, while all ramps have a free-flow speed
of 40 km/h and a capacity of 2000 veh/h. The capacity decrease
parameter ¢ = 0.3. In simulation and control, the simulation time
intervalis Ts =20 s, and the control sampling time is 60 s. For the
MPC controller, the control horizon is set to 3 and the prediction
horizonis setto 9. The logit model parameter A is set to 0.5. Note
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TABLE II
THE MAINLINE LENGTH OF EACH EXPRESSWAY

Expressway E12/E>1 E23/E32 Es34/Esz E4s/Esq Es¢/Ess Ei6/E61 Ei7/E71 E>7/E7> Eq7/E74 Es7/E7s
Length(km) 8.0 5.5 6.5 8.0 4.5 5.5 6.5 6.0 7.0 4.0
N @E, (OFY ©E,; D E;, (©) £y,
16 6 11 11 13 80
A 211 211 Z27 27 Z 9
S 6 S 6 N N S s
. 1 1 1 70
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Time (h) Time (h) Time (h) Time (h) Time (h) 102
)
W E, WE, (m)E,, mE, () £y, Z
1 11 13 13 12 5
z 7 Z 7 29 Z 9 =9 *a
S 4 3 4 3 s 3 s S s
1 1 1 1 1
0123 0123 0123 0123 012 320
Time (h) Time (h) Time (h) Time (h) Time (h)
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29 29 Z 9 2 2
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Time (h) Time (h) Time (h) Time (h) Time (h)
The central area of Hefei Fig. 7.  Density of expressways under the NC scheme.
Fig.5. A real-world mixed network from the urban area of Hefei, China. 5 5 5
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that to make VSL control more flexible, speed limits are applied
only to the last four cells of each expressway mainline. The
minimum speed limit is 30 km/h, and the maximum speed limit
difference is Av =20 km/h. Finally, the traffic demand, as shown
in Fig. 6(b), is adopted to test and compare the proposed control
schemes. The control schemes start after the initial 0.5 h traffic
loading phase when the vehicle count is low. All experiments
were conducted on a desktop machine with a 3.8 GHz AMD
Ryzen 7 7840HS processor, 16 GB of memory, and integrated
Radeon 780M Graphics. Simulations were carried out using
MATLAB R2022b.

B. Control Performance Comparison

We will analyze the state of the mixed network under each
control scheme separately and then compare their effective-
ness using various traffic indicators. Before that, define the

queueing accumulation before the on-ramp in any region %
as nf'n(t) =32, 2 jca, M o(t) - K], and the queueing accu-
mulation at the boundary in any region ¢ as nﬁYQ(t) =5
> jes Migt)  Kig, -

1) NC: Fig. 7 shows traffic density on expressways under
NC. Fig. 8 displays (a) traveling accumulation, (b) queuing
accumulation at region boundaries, and (c) queuing accumu-
lation before on-ramps for each urban region. Regions 1, 5,
6 and 7 are smooth. Regions 2 and 4 have minor congestion,
while region 3 faces more severe congestion during peak hours.
The average traveling accumulation in urban regions is 23727
vehicles. Without flow control measures, queuing at boundaries
is minimal, with the average queuing accumulation of 68 veh at
region boundaries and 272 veh before on-ramps.

2) PC: Fig. 9 depicts expressway traffic density under PC.
Fig. 10 illustrates (a) traveling accumulation, (b) queuing accu-
mulation at region boundaries, and (c) queuing accumulation

p
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Fig. 10.  (a) Traveling accumulation, (b) queuing accumulation at the region

boundaries, and (c) queuing accumulation before the on-ramps under the PC
scheme.

before on-ramps under PC. Average traveling accumulation
decreases to 20471 veh, an 13.72% reduction compared to NC.
The average queuing accumulation before on-ramps is 275 veh,
similar to NC, while at region boundaries, it increases to 173 veh,
which is 1.54 times that in NC.

3) RMPC: Fig. 11 shows expressway density under RMPC.
Fig. 12 presents (a) traveling accumulation, (b) queuing accu-
mulation at region boundaries, and (c) queuing accumulation
before on-ramps. The average traveling accumulation decreased
to 19544 vehicles, a 4.53% reduction from PC. However, on-
ramp queuing increases to 561 veh, 1.04 times higher than PC,
while region boundary queuing drops to 202 veh, similar to PC.
RMPC alleviates regional congestion but significantly increases
on-ramp queuing.

4) VSLPC: Fig. 13 shows expressway traffic density under
VSLPC. Due to the speed limit control on the mainline, there
is a noticeable increase in density in the speed limit sections.
Fig. 14 presents (a) traveling accumulation, (b) queuing accumu-
lation at region boundaries, and (¢) queuing accumulation before
on-ramps. The average traveling accumulation is 18651 veh, a
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Fig. 15.  Density of expressways under the CC scheme.

4.57% decrease from RMPC. On-ramp inflow is unrestricted,
resulting in an average queuing accumulation before on-ramps
of 324 veh, a 42.25% reduction compared to RMPC. Queueing
at regional boundaries averages 183 veh, similar to RMPC. The
results indicate that VSLPC increases expressway density but
reduces urban congestion and queuing compared to RMPC.

5) CC: Fig. 15 shows the expressways density under CC. In
the cooperative strategy, both RM and VSL affect the traffic state
of the expressway network. Due to the speed limit control, there
is a noticeable increase in density in the speed limit sections.
Fig. 16 shows (a) traveling accumulation, (b) queuing accumu-
lation at the region boundaries, and (c) queuing accumulation
before the on-ramps. The average traveling accumulation in all
regions is 17220 veh, which is a 9.33% and 7.67% decrease
compared to the RMPC and VSLPC, respectively. The average
queueing accumulation before the on-ramps is 431 veh, which is
anincrease of 33.02% from the VSLPC but a decrease of 23.17%
compared to the RMPC. The average queueing accumulation at
the regional boundaries is 228 veh, with no significant difference
compared to the RMPC and VSLPC. Overall, the CC optimizes
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Fig. 17. (a) The accumulation of the whole network, (b) the accumulation
of urban regions, (c) the accumulation of the expressway network, (d) total
queueing accumulation, (e) total exiting flow, and (f) TTS under different control
schemes.

the network state by restricting boundary transferring flows and
regulating the traffic on the expressway.

We evaluate the effectiveness of control schemes using several
traffic indicators and the results are shown in Fig. 17. For clearer
and more direct comparisons, these results are summarized in
Table II1.

Firstly, for the NC, the average accumulation of the whole
network is 29720 veh, with 24067 veh in urban regions, 5633 veh
on the expressway network, an average queueing accumulation
of 340 veh, an average exiting flow of 21.73 veh/s, and a TTS
of 82224 veh-s.

After implementing the PC, the average accumulation of
the whole network decreases by 10.44% to 26616 veh. The
average accumulation in urban regions decreases by 13.08% to
20919 veh. The TTS decreases by 10.44% to 73639 veh-s. How-
ever, the average queueing accumulation significantly increases
by 31.76% to 448 veh. The average exiting flow increases by
6.68% to 23.18 veh/s.

With the RMPC, the average accumulation of the whole
network further reduces by 4.05% to 25539 veh compared to
the PC. The average accumulation in urban regions decreases by
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TABLE III
THE EVALUATION METRICS UNDER DIFFERENT CONTROL
Control  Avg. accumulation of Avg. accumulation Avg. accumulation of Avg. queueing Avg. TTS
schemes the whole network of urban regions expressway network accumulations exiting (veh-s)
(veh) (veh) (veh) (veh) flow
(veh/s)
NC 29,720 24,067 5,653 340 21.73 82,224
PC 26,616 20,919 5,697 448 23.18 73,639
RMPC 25,539 20,307 5,232 763 23.70 70,657
VSLPC 24,942 19,158 5,784 507 24.23 69,003
CC 23,630 18,379 5,251 659 24.90 65,374
2.93% to 20307 veh. The TTS decreases by 4.05%, from 73639 %107 x10° x10°
to 70657 veh-s. However, due to ramp metering, the average — _ "r sr| o "r a1l o "Lr st
queueing accumulation significantly increases to 763 veh, an § 20 far T er f\§ 20 far T er § 20 :M‘ o1
increase of 70.31% compared to the PC. Meanwhile, the average g 15 :” "1 g 15 :” 7T g 15 W T
exiting flow increases by 2.23% to 23.70 veh/s. N e N e N “
Next, with the introduction of VSLPC, the average accumula- g % g
tion of the whole network further decreases by 2.34% to 24942 § 5 g 5 & E 5 &
veh compared to RMPC. The average accumulation in urban 0 0 0
regions drops to 19158 veh, a 5.66% reduction compared to o1 2 3 o1 2 3 o 1 2 3
RMPC. However, the average accumulation on the expressway s ® JTims® e )
network increases by 10.55% compared to RMPC, from 5232 to — " " <10 . . 10 <10
5784 veh. The TTS is 69003 veh-s, a slight decrease compared to % 20 (——ny i, ;f 20 n:; n;; % g Y-
RMPC. The average queueing accumulation drops significantly = 5 nyr 1| 2 s nor 2l 2 /_
by 33.55% to 507 veh compared to RMPC, showing a significant £ "yr § "yr § 6
improvement. The average exiting flow increases to 24.23 veh/s. é 10 é 10 é 4 _i - g;
Finally, with the CC, the average accumulation of the whole § s g s g, A=05
network is 23630 veh, areduction of 5.26% compared to VSLPC < & < & < 2
and 7.48% compared to RMPC. The average accumulation in L T T T
urban regions is 18379 veh, a reduction of 4.07% compared to Time (h) Time (h) Time (h)
VSLPC and 9.50% compared to RMPC, significantly improving ) © ®
traffic flow. The average queueing accumulation increases by Fig. 18.  The traveling accumulation in regions with different values of A:

29.98% to 659 veh compared to VSLPC but decreases by 13.63%
to RMPC. The TTS decreases to 65374 veh-s, a reduction of
20.49% compared to NC, 7.48% compared to RMPC, and 5.26%
compared to VSLPC. The average exiting flow increases to
24.90 veh/s, 2.77% higher than VSLPC and 5.06% higher than
RMPC.

C. Sensitivity Analysis and Computational Efficiency

This section performs sensitivity analyses to investigate the
impact of the choice of key parameters on the road network state
and computational efficiency.

1) Logit Model Parameter: Firstly, the impact of different
A values in the logit model on network states is examined.
In the simulation without control, as A increases from 0.1 to
0.9 with an interval of 0.1, the traveling accumulations in all
regions are shown in Fig. 18(a)—(e). Specifically, as A increases,
the accumulations exhibit a general decreasing trend, while the
relative congestion between regions remains consistent. Even
with significant changes in A, the accumulation trends remain
stable. This indicates that the model maintains a stable response,
demonstrating that the proposed mixed network traffic model
has strong robustness in terms of regional adaptability and sta-
bility, and can effectively capture network states under different

(a) 0.1, (b) 0.3, () 0.5, (d) 0.7, and (e) 0.9; and (f) TTS under different values
of A.

conditions. Fig. 18(f) shows the comparison of TTS at different
A values, with the TTS during the entire simulation period
being 86644 veh-s, 83873 veh-s, 82224 veh-s, 79477 veh-s,
and 77078 veh-s. The results show that as travelers’ ability to
perceive traffic conditions improves, traffic congestion in the
network is gradually alleviated.

2) MPC Prediction Horizon: The sensitivity analysis of the
MPC prediction horizon is conducted while keeping other opti-
mization parameters consistent, where only the prediction hori-
zon is varied under each control scheme. Fig. 19(a) shows the
reduction in TTS for each control scheme relative to the NC
case at different prediction horizons. Overall, as the prediction
horizon increases, the TTS decreases for all control schemes, but
the marginal improvement gradually diminishes. For example,
with the CC scheme, as the prediction horizon increases from
1 to 9, the TTS reduction increases from 7.93% to 20.49%,
but when the prediction horizon is further increased to 15, the
TTS only decreases to 21.06%, indicating that the control effect
is approaching saturation. A similar pattern is observed for the
VSLPC and RMPC schemes. The PC scheme shows the weakest
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Fig. 19. (a) TTS improvement over NC and (b) average CPU times for each

control scheme with varying prediction horizons.

optimization effect, with a reduction of only 10.44% at a predic-
tion horizon of 9, much lower than CC and VSLPC, indicating
its limited optimization capability. Overall, CC performs best
across all prediction horizons, and by prediction horizon 9, it is
close to the optimal value, with further increases in the prediction
horizon offering limited improvement.

Additionally, the analysis compares the impact of the predic-
tion horizon on the computational efficiency for each control
scheme. Fig. 19(b) shows the average CPU time required for
an optimization process at different prediction horizons for
each control scheme. It is evident that the CPU time increases
significantly as the prediction horizon grows for all schemes.
The PC scheme, involving the smallest number of control vari-
ables, experiences the slowest increase in CPU time, starting at
6.26 s with a prediction horizon of 1, and rising to 50.33 s at
a prediction horizon of 15. In contrast, the CC control scheme,
which involves the largest number of control variables, shows
the most substantial increase, starting at 9.91 s for a prediction
horizon of 1 and increasing to 66.92 s at a prediction horizon
of 15. Similarly, both the VSLPC and RMPC schemes exhibit
comparable trends, with CPU times reaching 57.87 sand 57.41 s,
respectively, at a prediction horizon of 15.

Considering the balance between computational efficiency
and optimization performance, although a longer prediction
horizon increases the computation time, the corresponding re-
duction in TTS justifies the additional computational cost. Ac-
cording to the results, the TTS optimization effect for the CC
scheme is close to the optimal value at a prediction horizon
of 9. Moreover, the average CPU time for the CC strategy at
a prediction horizon of 9 is 38.99 s, which is below the 60 s
control sampling time requirement of this study, meaning the
optimization calculation can be completed within each control
cycle. Therefore, choosing a prediction horizon of 9 signifi-
cantly reduces TTS, effectively controls computational costs,
and meets the real-time requirements, making it a reasonable
choice.

3) Control Sampling Time: To evaluate the impact of control
sampling time on system performance under the CC scheme, a
sensitivity analysis is conducted by setting the control sampling
time to 60 s, 80 s, 100 s, 120 s, and 140 s, while keeping
the prediction horizon at 9 and other parameters unchanged.
Fig. 20 illustrates the total accumulation and the TTS over

IEEE TRANSACTIONS ON NETWORK SCIENCE AND ENGINEERING, VOL. 12, NO. 6, NOVEMBER/DECEMBER 2025

4 4
6% 10 g X 10
z
= 6
Z 4 :
=
g 24
= Jl=—=0s ©n —60s
g2 / —==180s » ——80s
g |/ 100s 2 100s
< |j |7mmi20s —120s
=== 140s == 140s
0 0
0 1 2 3 0 1 2 3
Time (h) Time (h)
(a) (b)
Fig. 20.  The total accumulation and the TTS under different control sampling
times.

the simulation period under different control sampling times.
The results show that as the control sampling time increases,
the total accumulation in the mixed network rises, indicating
a higher level of congestion. Meanwhile, the TTS increases
continuously, reaching 65374 veh-s, 67981 veh-s, 69614 veh:-s,
71182 veh-s, and 71922 veh-s, respectively. When the control
sampling time extends from 60 s to 140 s, the TTS increases
by approximately 10%, reflecting a significant decline in traffic
efficiency. This is primarily due to the reduced responsiveness
of the system to dynamic traffic conditions, making the control
strategy less adaptive to fluctuating demand. Therefore, prop-
erly setting the control sampling time is crucial for improving
control performance. Considering that the average computation
time for each control step in this study is 38.99 s, a sampling
time of 60 s is both computationally feasible and capable of
achieving relatively optimal control performance under the CC
scheme.

VI. CONCLUSION

This paper proposes a cooperative control method for multiple
urban regions traffic flow coupled with an expressway network,
focusing on three main aspects. Firstly, a traffic model for the
mixed network is established using the MFD and CTM, along
with a route choice model. Secondly, a cooperative control
method integrating PC, RM, and VSL is proposed within an
MPC framework. Finally, case studies compare the effectiveness
of different control schemes in addressing congestion in the
mixed network.

The analysis of results leads to three key conclusions. First,
while the PC scheme is somewhat effective in controlling traffic
between regions, it alone cannot alleviate congestion in mixed
networks as it does not address expressway traffic inflow into
urban regions. Secondly, adopting VSL for expressways is more
advantageous than RM when combined with the PC strategy,
as expressway mainlines have more storage capacity, reduc-
ing urban congestion, ramp queue lengths, and overflow risks.
Finally, the CC scheme achieves better coordination between
urban and expressway traffic, reducing vehicle accumulation
and improving flow rates, proving the necessity of cooperative
control strategies in large mixed networks.
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Finally, the limitations of this study and directions for future
research are discussed. Regarding network construction, this
study assumes that each region has only one on-ramp and one
off-ramp, which is a simplification. Nevertheless, this assump-
tion still captures the essential structural feature of connections
between expressways and urban regions, though it neglects the
behavior of vehicles choosing among multiple ramps. On this
basis, future research could consider the existence of multiple
ramps within each region to enrich the network structure. First,
from the perspective of road network design, the number and
locations of ramps could be optimized. Then, a ramp selection
model could be developed to enable vehicles to flexibly choose
ramps according to real-time traffic conditions. With the expan-
sion of urban areas, future research could also focus on designing
a more efficient expressway network system by considering
factors such as urban growth patterns, traffic demand, and land
use, to enhance connectivity. In addition, there is still room
for further development in terms of control strategies. Future
research can integrate route guidance strategies to dynamically
allocate vehicles across alternative routes, thereby fully leverag-
ing the structural advantages of mixed networks and achieving
more efficient traffic management.
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