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ABSTRACT Automated driving technologies are expected to reduce traffic congestion. Research studies
have been conducted on the use of multi-agents as a method for analyzing and resolving traffic congestion
involving a mixture of automated and manually driven vehicles using connected automated vehicles (CAVs).
Existing methods that use multi-agent flow and density can analyze the occurrence of congestion and its
mitigation, but cannot sufficiently characterize the starting point of congestion and the extent of its impact.
By contrast, this study analyzes the interaction of communication and actions within agents, in addition
to flow and density to identify the starting point of congestion and the extent of its influence. Specifically,
we represent traffic flows consisting of manually and automatically driven vehicles as multi-agent systems
consisting of cooperative and non-cooperative agents to evaluate the traffic congestion owing to altruistic
lane changes by CAVs. Then, identify the starting point of congestion and the extent of its influence, a
demand-for graph, which is a graph representation of the interaction of actions and communications among
agents, is incorporated into the network search of an already existing asymmetric simple exclusion process.
By deriving the state-transition equations of the adjacency matrix of the demand-for graph, this study
clarifies the starting point, expansion, and resolution speed of congestion size due to altruistic lane changes.
The results of this study enable the derivation of congestion occurrence and resolution conditions using the
CAV control method for multiple traffic conditions.

INDEX TERMS Traffic congestion analysis, demand-for graph, connected automated vehicle (CAV)

I. INTRODUCTION

Multi-agent systems have a wide range of applications and,
therefore, have been studied in various fields. Of particular
note, is the mitigation of traffic congestion using the co-
operative functions of agents, wichi, as a cross-disciplinary
research topic, has been addressed in several research fields.
For example, the use of connected automated vehicles (CAV)
is expected to reduce traffic congestion [1]–[10]. However,
although the facilitation of traffic flows composed solely of
CAVs must also be studied, it dows not always apply to
real scenarios, wherein traffic flows typically include cars
that have not yet been replaced by CAVs. In addition, mal-
functions, cyber-attacks, or incompatibilities among CAVs
produced by different auto manufacturers [11] may prevent
some CAVs from connecting to other. Traffic facilitation by

CAVs may interfere with manually driven vehicles. Earlier
studies [9], [10], [12]–[16] have considered control methods
for automated vehicles operated in environments that include
both automated and manually driven vehicles. A problem
typically encountered in traffic facilitation using CAVs is
the generation of speed shock waves caused by the stop and
go motion of vehicles in traffic flow [1], [2], [6]–[10]. One
crucial method for suppressing these speed shock waves is
lane changing [6]–[8]. This study focuses on the generation
and resolution of congestion in mixed flows composed of
manually driven vehicles and CAVs as a result of coordinated
lane changes by the CAVs.

When manually driven vehicles are present alongside
CAVs in traffic, the formation and resolution of congestion
must be considered. Congestion studies generally focus on

VOLUME x, 202x 1

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2024.3468622

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



Y. Mochizuki et al.: Demand-for graph and its state transition expression evaluating traffic congestion due to CAVs control

traffic flow under congested conditions. In Jamology, con-
gestion is modeled as a state in which the flow rate of
vehicles decreases as their density increases [17]–[22]. To
analyze congestion in traffic networks, research studies have
been conducted on asymmetric simple exclusion processes
(ASEP) in multi-agent systems and ASEP network searches
[17], [19], [21], [22]. When both automated and manually
driven vehicles are present in traffic, the congestion caused
by CAVs must be considered in addition to the conventional
congestion caused by traffic concentration. In our previous
study [23], we proposed a demand-for graph of congestion
for evaluating the expansion and reduction in the scale of
congestion owing to altruistic lane changes by CAVs under
the cooperative control of agents.

Traffic flows depend on various factors such as road struc-
ture, traffic rules, and weather conditions, and thus, predict-
ing and identifying the causes of traffic congestion is a prob-
lem that congestion studies have been trying to solve [24],
[25]. Past studies [12]–[16] have analyzed the occurrence and
mitigation of congestion from the viewpoint of traffic flow
and density but have not sufficiently characterized the origin
of congestion and the extent of its impact.

This study analyzes the interaction of communication and
behavior within agents, in addition to flow and density, to
identify the starting point and extent of the impact of con-
gestion caused by agent control. To be able to evaluate traffic
congestion due to altruistic lane change by CAVs, we first
represent traffic flow involving manually and automatically
driven vehicles as a network exploration of multi-agent sys-
tems consisting of cooperative and non-cooperative agents.
Here, we derive the state transition equations of the adjacency
matrix based on the communication and movement between
agents according to the demand-for graphs of congestion
proposed in our previous study [23]. Finally, we characterize
the traffic congestion due to altruistic lane changes using
these equations.

The first contribution of this study is (to the best of our
knowledge) the first-ever visualization of the causal rela-
tionship between the occurrence and resolution of traffic
congestion and the cooperative control of CAVs. The second
contribution is the elucidation of the characteristics of traffic
congestion due to altruistic lane changes by CAVs in traffic
flows. The proposed congestion-analysis method based on
the use of a demand-for graph allows for the effectiveness
of cooperative control to be evaluated. Specifically, by clar-
ifying the characteristics of the new congestion caused by
introducing the cooperative function, the effectiveness of this
function in easing the existing congestion and preventing
new congestion can be assessed. This is also verified through
numerical experiments.

The remainder of the paper is structured as follows. Sec-
tion 2 describes the mathematical expressions and altruistic
lane changes that constitute the problem setting of this study.
Section 3 presents conventional congestion-analysis methods
for the ASEP network search representation of traffic flow.
Section 4 details the mathematical calculations for the al-

truistic lane change shown in Section 2 and the traffic-flow
representation shown in Section 3. Section 5 presents the
demand-for graphs corresponding to conventional conges-
tion and congestion due to altruistic lane changes using the
mathematical models shown in Sections 3 and 4, respectively.
Section 6 provides a derivation of the state-transition equa-
tions corresponding to the adjacency matrix of the demand-
for graphs shown in Section 5. Section 7 presents new proofs
for the theorem derived in [23] using the state-transition
equations of the adjacency matrix of the demand-for graphs
shown in Section 6 and discussions on the characteristics of
traffic congestion caused by altruistic lane changes. Finally,
Section 8 provides a verification of the characteristics of the
traffic congestion due to altruistic lane changes, previously
described in Section 7, via numerical experiments and an
evaluation of the changes in the flow rate of vehicles due to
the introduction of CAVs.

II. PROBLEM SETTING
A. NOTATION
In this paper, the following notation is used frequently:

a = b, (1)

a← b, (2)

a≡ b, (3)

a⊃ b≡ ¬a∨b. (4)

Equation (1) indicates the equivalence of the values a and
b, whereas Equation (2) indicates the assignment of value
b to the variable a. Equation (3) indicates that proposition
a is a necessary and sufficient condition for proposition b,
whereas Equation (4) states that it is a sufficient condition
for proposition a to be true that proposition b to be true.

Herein, we use directed graphs to represent communica-
tion under cooperative behavior among agents and traffic
congestion. We denote a directed graph comprising finite sets
of nodes V and arcs E as G = (V,E).

We denote the n-character unitary matrix as IIIn. Column
vectors of order n where all elements are 0 and 1 are denoted
as 000n and 111n, respectively. The transpose of the matrix MMM is
denoted as MMMT.

B. LANE CHANGE AND VEHICLE GROUP FORMATION
First, we introduce findings from past research study [8]
about CAVs changing lanes to facilitate traffic. In [8], a
lane-change method for a group of automated vehicles with
different speeds, to ensure the flow rate of the entire group of
vehicles by ensuring the speed of each vehicle, was proposed.
Each vehicle decides whether to move forward or change
lanes based on its maximum speed, current speed, and target
distance, and the maximum speed of the surrounding vehi-
cles. When each vehicle determines that it cannot accelerate
to the maximum speed simply by changing lanes on its own,
it demands the vehicle in front to change lanes to facilitate
traffic.
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In this paper, the vehicle that demands the lane change
and that which receives this demand are referred to as the
current and front vehicles, respectively, as in [8]. The vehicle
that receives a deceleration demand from the front vehicle is
called the assistant vehicle. Under an altruistic lane change,
the current, front, and assistant vehicles form a group of ve-
hicles for cooperative control. In [8], to simplify the control,
the vehicles that are already in the group reject any new lane
change or deceleration requests. The front vehicle notifies the
current and assistant vehicles that the lane has been changed,
and the group of vehicles under altruistic lane change is
released.

This study focuses on the deceleration required by the as-
sistant vehicle for altruistic lane change and the temporary re-
duction in the speed of the vehicles behind the vehicle group,
especially of that following the assistant vehicle. Therefore,
we introduce a new concept, called an acceleration demand,
for controlling CAVs to aid in evaluating the congestion due
to altruistic lane changes and the deceleration required for
changing lanes. When a vehicle pauses to avoid colliding
with another vehicle belonging to a group, the former vehicle
merges with the group and demands the latter vehicle to
accelerate. Finally, we denote the vehicle that issued the
acceleration demand as the follow vehicle. Therefore, the
congestion due to the altruistic lane change is evaluated as
a decrease in the speed and an increase in the density of the
follow vehicle. In the following section, we refer to traffic
congestion due to altruistic lane changes and their demand as
altruistic congestion.

An example of an altruistic lane change and the formation
of a group of vehicles for changing lanes by five CAVs is
shown in Fig. 1, Ai ∈ {A1,A2,A3,A4,A5} denotes each
CAV. The following two scenarios, shown in Fig. 1, are
assumed: (1) the front of A1 is blocked by three vehicles (A2,
A3, and A4), the maximum speeds of which are lower than
that of A1; and (2) the speeds of A2, A3, and A4 are equal.

FIGURE 1: Altruistic lane change

If A1 attempts to move to any of the three lanes, it will
be blocked by other vehicles and will be unable to reach
its maximum speed. Then, A1 will demand a lane change
from A3, which is located in front of A1 in the same lane
as that of the current vehicle. Subsequently, A3 will be set
as the front vehicle, but will be blocked from changing
lanes by two vehicles, A2 and A4, occupying the lane and
moving at almost equal speeds. Next, A3 will demand that
A2 decelerate to maintain the distance required for the lane
change. Therefore, A2 will be set as the assistant vehicle,

and A3 will continue to move forward at the current speed
until A3 can change lanes. At this point, A5 will decelerate
to avoid collision with A2. After successfully changing its
lane, A3 will notify A1 and A2 that it has completed its lane
change. After receiving the notification, A2 will accelerate to
the maximum speed to maintain vehicle speed. Consequently,
A1 will be able to accelerate to its maximum speed owing to
A3 changing lanes. The vehicle group includes a maximum
of one each of the current, front, and assistant vehicles.

C. DEMANDS FOR ALTRUISTIC LANE CHANGE
In this study, we evaluate the relationship between lane
change, deceleration, and acceleration demands associated
with altruistic lane changes and the size of traffic congestion.
In this subsection, we present the lane change, deceleration,
and acceleration demands associated with the altruistic lane
change of CAVs {A1,A2, · · · ,AI}. In the following, we
denote the i-th vehicle among the CAVs as Ai (i ∈ I :=
{1,2, · · · , I}). The value of i is considered to be the ID of
the vehicle.

To increase their speed, vehicles have to request lane
changes from those in front of them. The identification (ID)
of the vehicle from which Ai demands a lane change at time
t is denoted by rc(t, i) ∈ ({0}∪I ). If Ai does not request a
lane change from another vehicle at time t, then rc(t, i) = 0.
Meanwhile, the ID of the vehicle that Ai demands to decel-
erate at time t is denoted by rd(t, i) ∈ ({0}∪I ). If Ai does
not demand the declaration of other vehicles at time t, then
rd(t, i) = 0. Similarly, the ID of the vehicle that Ai demands
to accelerate at time t is denoted by ra(t, i)∈ ({0}∪I ). If Ai
does not demand the acceleration of another vehicle at time
t, then ra(t, i) = 0. The ID of the vehicle that Ai demands
to change lanes, decelerate, or accelerate at time t is denoted
by r(t, i) ∈ ({0}∪I ). If Ai does not demand that another
vehicle to change lanes, decelerate, or accelerate at time t,
then r(t, i) = 0. In this case, rc(t, i), rd(t, i), and ra(t, i) satisfy

¬(rc(t, i)> 0)∨ (r(t, i) = rc(t, i)) ,

¬(rd(t, i)> 0)∨ (r(t, i) = rd(t, i)) , (5)
¬(ra(t, i)> 0)∨ (r(t, i) = ra(t, i)) .

Equation (5) indicates that at time t, the maximum number of
demands that Ai can set is 1. Consequently, r(t, i) in terms of
rc(t, i), rd(t, i), and ra(t, i) satisfies

r(t, i) = rc(t, i)+ rd(t, i)+ ra(t, i). (6)

III. FORMULATION OF MULTI-LANE ASEP SEARCH
In this study, we represent the single-road driving of a CAV,
which can travel along a straight path, change lanes, and
change speeds, as a multi-lane ASEP search on a multi-agent
system. Based on this multi-lane ASEP search representa-
tion, congestion is then formulated as a decrease in the flow
rate owing to an increase in the vehicle density.

Hereafter, for simplicity, the terms agent and vehicle will
be used synonymously, unless otherwise specified.
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A. ASEP
An ASEP consists of Y cells, including start and end cells.
In an ASEP, the cells are arranged in a one-dimensional grid.
Agents move from the start cell of the ASEP to the end cell.
If the next cell is not occupied by other agents at time t, then
every agent moves to the next cell with probability p at time
t + 1. The flow quantity of an agent in an ASEP depends on
the density ρ (0 < ρ < 1) of the agents in the ASEP. When
ρ is greater or less than 1/2, the flow quantity decreases or
increases, respectively, in proportion to the increase in ρ .

An example ASEP of length Y is shown in Fig. 2. An agent
in the ASEP moves from the start cell to the end of the ASEP,
one plot at a time, with a certain probability. Agents can move
only to the cells wherein no other agent is present. In Fig. 2,
v1 is called as the start cell of the ASEP, and if no agent
is present in v1, an agent will appear in v1 with a certain
probability. On the other hand, vY in Fig. 2 is called as the
end cell of the ASEP. If an agent is present, it will disappear
with a certain probability.

FIGURE 2: Example ASEP

The ASEP search system, i.e., the search for multi-lane
ASEP N by I agents, is decentralized and involves a group
of agents or vehicles capable of movement, speed change,
and communication. In addition, each agent can altruistically
change lanes and form vehicle groups, as will be demon-
strated in Section 4. In this subsection, we mathematically
model the movement of the agents in an ASEP.

The agent has self-position identification and surrounding-
agent detection functions. For these functions, we define the
binary variable ε(t, i,v) ∈ {0,1}, which indicates if Ai is in
cell v at time t. If Ai is present in cell v ∈ N at time t, then
ε(t, i,v) is 1. Otherwise, ε(t, i,v) is 0. On the other hand,
the position of Ai at time t is denoted as εA (t, i) ∈ N. If
no Ai is present at time t, then εA (t, i) is 0. Meanwhile, the
ID of the agent present in cell v ∈ N at time t is εN (t,v) ∈
({0}∪I ). If no agent is present in cell v, εN (t,v) is 0. In
this study, based on proposed method, we use εN (t,v) for
the congestion analysis based on density and flow rate and
εA (t, i) for the congestion evaluation based on agent motion
interference. In this case, εN (t,v) satisfies the following
conditions for ε(t, i,v):

(εN (t,v) = i) ≡ (ε(t, i,v) = 1) , (7)

(εN (t,v) = 0)≡ (ε(t, i,v) = 0, ∀ i ∈I ) . (8)

The movement of Ai to v at time t is denoted as δ (t, i,v) ∈
{0,1}. If Ai moves to v at time t, then δ (t, i,v) will be 1.
Otherwise, δ (t, i,v) will be 0. The destination cell of Ai

at time t is denoted as δA (t, i) ∈ N , which satisfies the
following conditions for δ (t, i,v):

(δA (t, i) = v)≡ (δ (t, i,v) = 1) . (9)

Additionally, the target destination cell of Ai at time t is
represented by δ̂A (t, i) ∈N . The agent either moves to the
target destination cell or pauses to avoid a collision. Then,
δA (t, i) satisfies the following conditions for δ̂A (t, i) ∈N
and εA (t, i):

¬(δA (t, i) = v)

∨
((

δ̂A (t, i) = v
)
∨ (εA (t, i) = v)

)
. (10)

In this subsection, we denote the x-th compartment of the
ASEP as vx. Considering the distance traveled by the agent,
δA (t, i) satisfies

¬(δA (t, i) = vx)∨ (εA (t, i) ∈ {vx−1,vx}) . (11)

For δA (t, i), v = δ̂A (t,i), and ε(t, i,v), the conditions for
pausing to avoid collision are as follows:

¬

(
∑

j∈(I \{i}
ε (t, j,v) = 1

)
∨ (δA (t, i) = εA (t, i)) (12)

When the left-hand side of (12) is satisfied, the vehicle pauses
to avoid a collision.

In this study, the speed of an agent is expressed as a
movement probability. The agent has two speed parameters,
namely, the current and maximum speeds. The current speed
of Ai at time t is denoted as p(t, i)(0≤ p(t, i)≤ 1), whereas
the maximum value of p(t, i) is denoted as pmax(i)(0 ≤
pmax(i)≤ 1), where pmax(i) denotes the maximum speed of
Ai. This study does not consider transient speeds in defining
the accelerations and decelerations of the agents.

To be able to determine the behavior of Ai, we express the
congestion due to the overcrowding of agents as follows:

εN

(
t, δ̂A (t, i)

)
̸= 0. (13)

B. MULTI-LANE ASEP
A multi-lane ASEP is an ASEP network in which multi-
ple ASEPs of equal lengths are connected in parallel. The
search target is a multi-lane ASEP N := L1 ∪L2 ∪ ·· · ∪
LX with number of lanes X and length Y , where Lx :=
{vx

1,v
x
2, · · · ,vx

Y}(1≤ x≤ X) represents the ASEP located in
the x-th lane of N, and vx

y ∈Lx represents the y-th compart-
ment of ASEP Lx.

A multi-lane ASEP with number of lanes 3 and length 8 is
shown in Fig. 3. An agent on the multi-lane ASEP can move
to the previous cell and the adjacent ASEP. Fore example, the
agent located at v2

4 in Fig. 3 changes lanes to v1
4 or v3

4.
In this subsection, we extend the mathematical model of

the movement of the agents to be able to accommodate multi-
lane ASEP search.

During a multi-lane ASEP search, agents can change lanes
to adjacent lanes in addition to moving forward. Therefore,
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FIGURE 3: Multi-lane ASEP

the constraint equation (11) for the movement range of the
agent is extended as follows:

¬
(

δ̂A (t, i) = vx
y

)
∨
(
εA (t, i) ∈ {vx−1

y ,vx
y−1,v

x
y,v

x+1
y }

)
.

(14)
This study considers a straight-line priority rule to prevent

collisions between agents. This rule restricts the movements
of agents in the destination cell and of those in the adjacent
cells behind the destination cell when changing lanes. There-
fore, we extend the pausing condition for avoiding collisions
as follows:

¬
(

∑ j∈(I \{i}) ε
(
t, j,vx

y
)
+ ε

(
t, j,vx

y−1

)
= 1
)

∨(δA (t, i) = εA (t, i)) ,
vx

y = δ̂A (t, i).

(15)

In [17]–[22], congestion was evaluated using the relationship
between the densities of the agents, which are indicated by
ε(t, j,v), and the flow rate, which is derived from δ (t, i,v).

In this study, we clarify the relationship between the de-
mand for altruistic lane change and the flow rate using the
demand-for graphs presented in Section 5.

IV. CONTROL ALGORITHMS FOR CAVS
In this section, we extend the algorithms used for vehicle
group formation and lane changes by the CAVs involved
in the multi-lane ASEP search. Additionally, we present a
mathematical model for setting the lane change, deceleration,
and acceleration requirements of the vehicle.

When a vehicle receives a demand for lane change, decel-
eration, or acceleration from another vehicle, it forms a vehi-
cle group with the demanding vehicle. The inclusion of Ai in
the vehicle group at time t is denoted by ξ (t, i) ∈ {0,1}. At
time t, if Ai is included in the vehicle group, then ξ (t, i) = 1.
We denote the notification of the separation of the vehicle
groups containing Ai at time t, i as gc(t, i) ∈ {0,1}. If Ai
separates from the vehicle group at time t, then gc(t, i) = 1.

First, the vehicle determines whether a lane change must
be demanded. For each lane, Ai determines the target dis-
tance d ∈ {1,2, ...,∞} to be maintained and whether it can
accelerate to pmax(i) within the target distance d. Then,
Ai determines whether acceleration is possible in lane x′

according to the speeds of the other vehicles within the target
distance and its position vx

y = ε(t, i) using Algorithm 1.
Using Algorithm 2, Ai determines whether it is possible

to accelerate to the maximum speed by changing lanes,
based on whether acceleration is possible in each lane. If Ai

Algorithm 1 VehicleDetectionForSingleLane(x′): Accelera-
tion availability at Lx′

1: Set x and y from vx
y = εA (t, i);

2: if (|x′− x|)> d then
3: return false;
4: else
5: for l← 1;l < d−|x′− x|; l ++ do
6: if (y+ l ≤ Y ) then
7: if

(
pA (t,εN (t,vx′

y+l))< pmax(t, i)
)

then
8: return false;
9: end if

10: end if
11: end for
12: return true;
13: end if

determines that acceleration is impossible after a lane change,
it sends a lane-change demand to the vehicle immediately
in front of it in the same lane. In this case, the ID of the
vehicle that receives the demand is set to rc(t, i). If the target
vehicle already belongs to a vehicle group, then the lane-
change demand is rejected. Then, for ξ (t, i), rc(t, i) satisfies

¬((rc(t, i) ̸= rc(t−1, i))∧ (rc(t, i) ̸= 0))
∨(ξ (t,rc(t, i)) = 0) . (16)

In the case of rc(t, i) ̸= 0, Ai is the current vehicle and Arc(t,i)
is the front vehicle that merges into the vehicle group.

Algorithm 2 VehicleDetectionForMultileLane(): Accelera-
tion on its own or not

1: Set x from vx
y = εA (t, i);

2: if Function1(x)=true then
3: return true;
4: end if
5: for (m← 1; m < d; m++) do
6: if VehicleDetectionForSingleLane(x+m)=true then
7: return true;
8: end if
9: if VehicleDetectionForSingleLane(x−m)=true then

10: return true;
11: end if
12: end for
13: return false;

When it receives a lane-change demand, Ai determines
whether to change lanes to the adjacent lane based on the
collision-avoidance condition on the left side of (15). If a
lane change is possible, Ai sets δ̂A (t, i) to change lanes to the
adjacent lane. If a lane change is impossible, Ai sets the ID
of the nearest vehicle behind the adjacent lane to rd(t, i) and
sends a deceleration demand to Ard(t,i). If the target vehicle
is already part of the vehicle group, the deceleration demand
is rejected. Thus, for ξ (t, i), rd(t, i) satisfies

¬((rd(t, i) ̸= rd(t−1, i))∧ (rd(t, i) ̸= 0))
∨(ξ (t,rd(t, i)) = 0) . (17)
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If rd(t, i) ̸= 0, then Ard(t,i) is added to the vehicle group as
the assistant vehicle. The front and assistant vehicles are
split from the traffic congestion only by communication.
Therefore, rc(t) and rd(t) satisfy

¬(rc(t +1) = 0)∨ (rc(t) = 0∨gc(t, i) = 1) , (18)

¬(rd(t +1) = 0)∨ (rd(t) = 0∨gc(t, i) = 1) . (19)

Based on whether acceleration is possible in the current
lane and the lane change demand rc(t, i), Ai determines the
target moving cell δ̂A (t, i) at time t. After determining the
target moving cell, Ai sets the moving probability p(t, i) in
accordance with the deceleration demand rd (t, j, i) of the
surrounding vehicles as follows:

p(t, i)←

 pd

(
if ∃ j ∈I ,

s. t. (rd(t, j) = i)

)
pmax(i) otherwise

. (20)

After setting the movement probability p(t, i), Ai moves
according to Algorithm 3.

ra(t, i)←


0 (if gc(t, i) = 1)

εN (t, δ̂A (t, i))
(

else if
ξ (t,εN (t, δ̂A (t, i))) = 1

)
ra(t−1, i) otherwise

(21)
At this time, Ai sets the acceleration demand ra(t, i) accord-
ing to lines 3–8 of Algorithm 3. The condition of the if
statement in line 3 of Algorithm 3 matches the left-hand side
of (15). If ra(t, i) ̸= 0, then Ai is added to the vehicle group
as a follow vehicle. Next, Ai updates ξ (t +1, i) based on the
movement result and separates the vehicle group. A vehicle
separates from the vehicle group when its lane change, de-
celeration, or acceleration demand is satisfied. The algorithm
for updating ξ (t + 1, i) is given by Algorithm 4. Line 3 of
Algorithm 4 indicates that when Ai changes lanes based on
a lane-change demand, the current vehicle is notified. Line 5
indicates that when Ai changes lanes, the assistant vehicle,
which receives the deceleration demand, and the current
vehicle, which issues the lane-change demand, are notified
of the completion of the lane change and separation of the
two vehicles.

By using r(t, i) and gc(t, i), Ai obtains ξ (t +1, i), which is
given by

(ξ (t +1, i) = 0)≡
(r(t, i) = 0∧ (r(t, j) ̸= i,∀ j ∈ I))∨ (gc(t, i) = 1) . (22)

Thus, in accordance with (6) and (22), a vehicle group is
formed by the current, front, assistant, and follow vehicles.
If r(t, i) ̸= 0, then Ai merges into the vehicle group. Other-
wise, Ai separates from the vehicle group. Additionally, if
Ai demands another vehicle to change lanes, decelerate, or
accelerate (i.e., r(t, i) ̸= 0), Ai will maintain r(t, i) until the
demand is fulfilled. Subsequently, ξ (t + 1, i) and r(t + 1, i)
satisfy

¬(ξ (t +1, i) = 1)∨

 (rc(t +1) = rc(t))
∧(rd(t +1) = rd(t))
∧(ra(t +1) = ra(t))

 . (23)

Algorithm 3 Moving agents

1: Set x and y from vx
y = δ̂A (t, i);

2: if (rand()< p(t, i)) then

3: if

(
∑ j∈(I \{i} ε

(
t, j,vx

y
)

+ε

(
t, j,vx

y−1

)
= 1

)
then

4: δA (t, i)← εA (t, i);
5: if ξ

(
t,εN (t, δ̂A (t, i)

)
= 1 then

6: ra(t, i)← εN

(
t, δ̂A (t, i)

)
;

7: end if
8: else
9: δA (t, i)← δ̂A (t, i);

10: end if
11: else
12: δA (t, i)← εA (t, i);
13: end if

Algorithm 4 Separation of vehicle groups

1: Set x and y from vx
y = εA (t, i);

2: if (∃ j ∈I s.t. rc(t, j) = i) then
3: if

( (
δA (t, i) = vx+1

y
)
∨
(
δA (t, i) = vx−1

y
) )

then
4: gc(t, j)← 1;
5: if (rd(t, i) ̸= 0) then
6: gc (t +1, i)← 1;
7: gc (t +1,rd(t, i))← 1;
8: end if
9: end if

10: else if (ra(t, i) ̸= 0) then

11: if

( (
δA (t, i) = δ̂A (t, i)

)
∧(ξ (t,ra(t, i)) = 0)

)
then

12: gc(t, i)← 1;
13: end if
14: end if

V. DEMAND-FOR GRAPHS OF TRAFFIC CONGESTION
In this section, we present the demand-for graphs of traffic
congestion, which we initially proposed in [23].

The demand-for graphs can be used to evaluate the size
of traffic congestion based on the demand for cooperative
control and deceleration agents. The pausing and decelera-
tion of an agent implies a reduction in the flow rate of the
entire search system. Therefore, we propose a congestion-
evaluation method based on the demands for cooperative
control made by individual agents to prevent them from
pausing and decelerating.

The demand-for graph at time t is denoted as Gd(t) =
(Vd ,Ed(t)), where Vd : {n1,n2, · · · ,nI} are the nodes repre-
senting the vehicles, Ed(t) are the edges representing the
demands between the vehicles, and ni ∈ Vd is the node
corresponding to Ai. Additionally, (ni,n j)∈ Ed(t) represents
demand from Ai to A j at time t.

6 VOLUME x, 202x

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2024.3468622

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



Y. Mochizuki et al.: Demand-for graph and its state transition expression evaluating traffic congestion due to CAVs control

A. CONVENTIONAL TRAFFIC CONGESTION
In this subsection, we present the demand-for graph of con-
ventional congestion due to traffic concentration as described
in [14]–[19]. For conventional traffic congestion, Gd(t) is
given by

Ed(t)←
⋃
i∈I

⋃
j∈(I\{i})

f1(t, i, j), (24)

f1(t, i, j) =

{
(ni,n j)

(
if εN

(
t, δ̂A (t, i)

)
= j
)

/0 otherwise
.

In this case, if εN

(
t, δ̂A (t, i)

)
= j, then Ai pauses according

to (12). Based on (12) and (24), (ni,n j) ∈ Ed(t) implies that
Ai is decelerating owing to conventional congestion.

B. ALTRUISTIC CONGESTION
Next, we present the demand-for graph of altruistic conges-
tion. For this type of congestion, Gd(t) is expressed as

Ed(t)←
⋃
i∈I

⋃
j∈(I\{i})

f2(t, i, j), (25)

f2(t, i, j) =
{

(ni,n j) (if r(t, i) = j)
/0 otherwise .

Fig. 4 and Fig. 5 show an example of an altruistic lane
change and the corresponding demand-for graph, respec-
tively, where the boxed line represents the vehicle group
involved in the altruistic lane change. Furthermore, in Fig. 5,
(n1,n3) represents the lane-change demand made by A1
to A3 shown in Fig. 4; (n3,n2) represents the deceleration
demand made by A3 to A2; (n5,n2), (n7,n6), and (n6,n1)
represent the acceleration demands. The decelerations of
the assistant and follow vehicles cause altruistic congestion.
Therefore, we consider the edges in Gd(t) to be of altruistic
congestion.

FIGURE 4: Grouping for altruistic lane change

FIGURE 5: Demand-for graph

C. SIZE OF CONGESTION

Herein, the beginning of traffic congestion is defined by the
vehicle corresponding to the endpoint ni, which has a zero
outgoing order on the demand-for graph. Based on (24), if
Ai is located at the beginning of the traffic congestion, then
r(t, i) = 0 is valid. We also define the distance between the
endpoints in the demand-for graph as the length of the traffic
congestion. The distance between the nodes in the graph
indicates the length of the shortest path connecting the two
nodes. Equations (22) and (24) reveal that the length of the
traffic congestion represents the number of demands that the
vehicle at the tail end of the traffic congestion needs to fulfill
to be able to separate from the vehicle group. Therefore, the
time required to completely resolve the traffic congestion is
proportional to the length of the congestion.

VI. STATE-TRANSITION EQUATIONS OF DEMAND-FOR
GRAPHS

Here, we derive the state-transition equations of the adja-
cency matrix corresponding to the demand-for graph pro-
posed in [23]. Subsequently, we derive new proofs for the
altruistic congestion theorems presented in [23] using the
derived equations and discuss the characteristics of these
theorems.

In this section, we present a method for evaluating the
expansion and resolution speeds of congestion based on the
time variation of the adjacency matrix. This matrix cor-
responds to the demand-for graph related to the scale of
the congestion, which is discussed in Section 5. We denote
the adjacency matrix of the demand-for graph at time t as
ΦΦΦ(t)∈ {0,1}I×I . Then, we denote the state transition of ΦΦΦ(t)
as

ΦΦΦ(t +1) = BBBuuu1(t)−DDDuuu2(t). (26)

In Equation (26), uuu1(t) denotes the issuance of an action
demand associated with an altruistic lane change; uuu2(t) rep-
resents the fulfillment of the action demand by the agent; and
BBB and DDD are the input matrices that represent the changes
in the demand-for graphs corresponding to uuu1(t) and uuu2(t),
respectively. The setting of BBB and uuu1(t) allows the expansion
in the size of the congestion to be defined and observed,
whereas the setting of DDD and uuu2(t) allows the size of the
congestion due to cooperative and non-cooperative behavior
to be defined and observed.

A. CONVENTIONAL TRAFFIC CONGESTION

From Equation (24), we derive the adjacency matrix of the
demand-for graph shown in Equation (26) corresponding to
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conventional congestion, as follows:

uuu1(t) =

 UUU1(t,1)
...

UUU1(t, I)

 , (27)

UUU1(t, i) =


f3(t, i,1) 0 · · · 0

0 f3(t, i,2)
. . .

...
...

. . . . . . 0
0 · · · 0 f3(t, i, I)

 ,

f3(t, i, j) =

{
1
(

if εN (t, δ̂A (t, i)) = j
)

0 otherwise
,

BBB =


111I

T 000I
T · · · 000I

T

000I
T 111I

T . . .
...

...
. . . . . . 000I

000I
T · · · 000I

T 111I
T

 , (28)

uuu2(t) =

 UUU2(t,1)
...

UUU2(t, I)

 , (29)

UUU2(t, i) =


f4(t, i,1) 0 · · · 0

0 f4(t, i,2)
. . .

...
...

. . . . . . 0
0 · · · 0 f4(t, i, I)

 ,
f4(t, i, j) =

{
f3(t, i, j) (if δA (t, j) ̸= εA (t, j))

0 otherwise ,

DDD =


111I

T 000I
T · · · 000I

T

000I
T 111I

T . . .
...

...
. . . . . . 000I

000I
T · · · 000I

T 111I
T

 . (30)

In Equation (27), UUU1(t, i) is a diagonal matrix with f3(t, i, j)
as the j-th row, j-th column elements. In Equation (29),
UUU2(t, i) is a diagonal matrix with f4(t, i, j) as the j-th row,
j-th column elements, where f4(t, i, j) indicates whether the
action demand made by Ai to A j is fulfilled by the move-
ment of A j. In Equations (28) and (30), BBB and DDD are each
defined as a diagonal block matrix with row vector 111I

T as
the diagonal elements, where III is the number of elements of
the vector. In Equations (29) and (30), the i-th row, DDDuuu2(t)-th
column elements in (26) are the i-th to j-th column elements
from Ai to A j by moving the parcel of A j. Equations (26),
(27), and (29) satisfy

uuu2(t)≤ uuu1(t). (31)

Meanwhile, in Equations (28) and (30), uuu1(t)− uuu1(t − 1)
and uuu2(t) denote the increase in and elimination of traffic
congestion, respectively, when BBB = DDD in Equation (26).

B. ALTRUISTIC CONGESTION
From Equation (25), we derive uuu1(t) under altruistic conges-
tion as follows:

uuu1(t) =

 UUU1(t,1)
...

UUU1(t, I)

 , (32)

UUU1(t, i) =


f5(t, i,1) 0 · · · 0

0 f5(t, i,2)
. . .

...
...

. . . . . . 0
0 · · · 0 f5(t, i, I)

 ,

f5(t, i, j) =

 1

if

(
δA (t, i) = δ̂A (t, i)
∧ξ (t, i) ̸= 0

)
∨(rc(t, i) = j)∨ (rd(t, i) = j)


0 otherwise

,

and uuu222 as follows:

uuu2(t) =

 UUU2(t,1)
...

UUU2(t, I)

 , (33)

UUU2(t, i) =


f6(t, i,1) 0 · · · 0

0 f6(t, i,2)
. . .

...
...

. . . . . . 0
0 · · · 0 f6(t, i, I)

 ,
f6(t, i, j) =

{
f5(t, i, j)gc(t, i) (if ra(t, j) = 0)

f5(t, i, j)(1− f3(t, i)) otherwise .

Meanwhile, BBB and DDD are given by Equations (28) and
(30), respectively. In this case, for Equations (32) and (33),
f5(t, i, j) satisfies

( f5(t, i, j) = 1)≡
(

f3(t, i, j) = 1∨ rc(t, i) = j
∨rd(t, i) = j

)
. (34)

The lane-change demands represented by rc(t, i) and the
deceleration demand represented by rd(t, i) are both action
demands for cooperative behavior that require communica-
tion. Equations (32) and (34) constitute an altruistic lane
change by a CAV. An increase in traffic congestion, which
originates from the two coordinated actions required for lane
change and deceleration, can be observed. The two coopera-
tive actions in Equation (33) satisfy the following conditions:

( f6(t, i, j) = 1)≡ f4(t, i, j) = 1∨gc(t, i) = 1. (35)

Equation (35) indicates that the traffic congestion shown in
Equation (33) is naturally resolved because of the commu-
nicated information gc(t, i) that represents the cooperative
actions. Therefore, a demand-for graph of the congestion
based on Equations (32) and (33) can be used to reevaluate
the changes in the size of the congestion due to the issuance
and fulfillment of action demands to achieve cooperative
behavior.

In this case, Equations (32) and (33) prove that Equa-
tion (31) is valid. Therefore, uuu1(t)− uuu1(t − 1) and uuu2(t)
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correspond to expansion and reduction in the congestion,
respectively.

VII. MAIN RESULTS
In this study, we consider the expected reduction in the length
of traffic congestion at time t as the resolution speed σrl(t) of
this congestion, and thus, σrl(t) satisfies Theorem 1.

Theorem 1. All front vehicles are assumed to have com-
pleted the altruistic lane change at time t − 1. In this case,
σrl(t) is equal to the movement probability of the second
vehicle from the beginning of the traffic congestion.

Proof. Based on assumptions (5), (18), and (19), rc(t, i) and
rd(t, i) satisfy

rc(t, i) = rd(t, i) = 0, ∀i ∈I . (36)

In this case, the vehicle at the beginning of a traffic con-
gestion is a follow vehicle. Let i′ be the ID of the follow
vehicle at the beginning of the altruistic congestion. Based
on Equations (32), (33), and (36), uuu2(t) satisfies

f6(t, i, j) = f5(t, i, j)(1− f3(t, i)) . (37)

Based on Algorithm 4 and Equation (22), ra(t, i′) satisfies

¬
(
ra(t, i′)> 0∧gc(t, i′) = 1

)
∨δ
(
t,ra(t, i′)

)
= δ̂A (t,ra(t, i′)). (38)

Equation (38) is revised for A j, as follows:

¬
(
ra(t, j) = i′

)
∨

(
gc(t, j) = 0∧ ∑

i∈I
ε(t +1, i,εA (t,ra(t, i′))) = 0

)
. (39)

Based on Equations (32), (33), (37), and (39), the σrl(t) of
Ai′ at the beginning of altruistic congestion is obtained as
follows:

σrl(t) = p(t, i′). (40)

Theorem 1 reveals that after the front vehicle changes
lanes, the agent separates from the traffic congestion. In this
case, the beginning of the traffic congestion shifts to the inlet
side over time. This is consistent with traffic congestion due
to traffic concentration as reported in [19].

Next, we describe the conditions for the reduction in
altruistic congestion. Notably, σrl(t) satisfies Theorem 2.

Theorem 2. If the front vehicle does not change lanes, then
σrl(t) = 0.

Proof. Let i′ be the ID of the front vehicle located at the
beginning of the traffic congestion. Consider the situation
in which Ai′ does not change lanes: In this case, based on
Algorithm 4, gc(t, i) for the current and assistant vehicles
satisfies

¬
(
rc(t, i) = i′∨ rd(t, i′) = i

)
∨gc(t, i) = 0. (41)

Based on Equations (33), (41) and Algorithm 4, gc(t, i) for
the follow vehicle satisfies

¬ra(t, i) = r(t, i)∨gc(t, i) = 0. (42)

Based on Equations (41) and (42), gc(t, i) satisfies

gc(t, i) = 0, ∀i ∈I . (43)

Based on Equation (33), σrl(t) and uuu2(t) satisfy

σrl(t)> 0≡ ∃{i, j} ⊂I ,s. t. ( f6(t, i, j) = 1) . (44)

Based on Equations (33), (43), and (44), if and only if
σrl(t)> 0, then one of the following equations is satisfied:

ξ (t, i) ̸= 0∧ ra(t) = 0∧gc(t, i, j) = 1, (45)

ξ (t,r(t, i)) = 0∧ ra(t) ̸= 0. (46)

However, Equation (43) reveals that Equation (45) is not sat-
isfied. In addition, Equations (21), (22), and (43) indicate that
Equation (46) is not satisfied. Therefore, if the front vehicle
does not change lanes, then σrl(t) = 0 and uuu2(t) = 000.

Theorem 2 shows that before the altruistic lane change of
the front vehicle, σrl(t) is 0. In this case, the vehicles at the
beginning of the altruistic congestion continue to move to the
outlet without separating from the traffic congestion.

Based on Theorem 1 and Theorem 2, the altruistic conges-
tion is reduced if and only if the front vehicle changes lanes
in response to the lane-change demand. From Theorem 1
and Theorem 2, we expect that a stationary position exists
at the beginning of traffic congestion owing to altruistic lane
changes. In this case, the inlet and outlet sides exhibit high
and low densities, respectively. This is an inversion of the
phase separation of the density owing to intersections in the
serial networks of the ASEPs for the existing congestion
as reported in [19]. From Theorem 1 and Theorem 2, we
identify the traffic-flow characteristics of CAVs that change
lanes as a cooperative function, i.e., a high density of vehicles
is observed owing to congestion on the inlet side, and the
speeds of the vehicles increase owing to traffic smoothing on
the outlet side.

VIII. NUMERICAL RESULTS
This section presents an evaluation of the effects of the
reduction in traffic flow due to altruistic congestion and the
increase in traffic flow due to traffic facilitation owing to the
acceleration of the current vehicle after a lane change.

A. SIMULATION LAYOUT
Fig. 6 shows the multi-lane ASEP used in the numerical
experiments conducted in this study.

Fig. 6 is a multi-lane ASEP with number of lanes X = 2
and length Y = 100. The top-left corner of Fig. 6 shows v1

1,
and the bottom-right corner shows v2

100. Of these, vx
1 is the

inlet of a single path; if no vehicle is present, a new vehicle
is created with a probability of 0.5. On the other hand, vx

100 is
the outlet of a single path, and the vehicle in vx

100 at time t will
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FIGURE 6: Simulation layout

disappear at time t + 1. In this experiment, the speed of the
agent is varied in two steps, i.e., 0.3 and 0.9. The speed when
decelerating for a lane change is set to pd = 0.1. The ratio of
the vehicle speeds of each new vehicle is 1:2 for steps 0.3 and
0.9. In these experiments, p(t, i) is applicable to Ai moving
forward. If Ai attempts to change lanes, Ai will move to the
adjacent cell, except under the pause condition, according to
Equation (15).

B. EVALUATION OF TRAFFIC CONGESTION
In [8], congestion relief due to altruistic lane changes was
evaluated. These lane changes involve increased vehicle
speeds due to the communications between vehicles. In [26],
[27], congestion due to multi-lane traffic flow was evaluated
by comparing the time trends of the density distributions
according to the lanes.

Theorem 1 proposed in this study shows that altruistic
congestion is resolved by the movement of the agent after
a lane change by the front vehicle. Thus, traffic congestion
occurs at the inlet and is resolved owing to the movement of
the agent. If the flow rate of the traffic is almost constant,
the density of agents is expected to be higher and lower
on the inlet and outlet sides, respectively. Therefore, this
study evaluates the density of agents, traffic flow rates, and
vehicle speeds relative to the travel distances of the agents. To
compare the inlet and outlet densities of a multi-lane ASEP,
we propose a new method for evaluating these densities based
on the integrated flow rate and the average flow velocity in the
observation interval T s.

We denote the average density between times t and t+Ts in
cell vx

y ∈N as ρ(t,Ts,vx
y) (0≤ ρ(t,Ts,vx

y))≤ 1), and the av-
erage flow rate over the entire search area as Q(t,Ts,vx

y) (0≤
Q(t,Ts,vx

y)≤ 1). We derive Q(t,Ts,vx
y) as follows:

Q(t,Ts,vx
y) =

Ts−1

∑
s=0

∑
i∈I

ε(t + s−1, i,vx
y)
(
1− ε(t + s, i,vx

y)
)
.

(47)
In Equation (47), ε

(
t−1, i,vx

y
)
= 1 denotes that at time

t − 1, Ai is present in vx
y. Similarly, ε

(
t, i,vx

y
)
= 0 de-

notes that at time t, Ai is not present in vx
y. In this

case, ε
(
t−1, i,vx

y
)(

1− ε
(
t, i,vx

y
))

= 1 indicates that the Ai
present in vx

y at time t−1 has made a parcel move. Therefore,
Equation (47) represents the number of agents that have
passed through vx

y during the observation period Ts.
We denote the average speed of the agents between times t

and t +Ts in cell vx
y ∈N as v(t,Ts,vx

y) (0≤ v(t,Ts,vx
y))≤ 1).

In this study, we express the speed of the agent in terms of

movement probability p. Therefore, we derive v
(
t,Ts,vx

y
)

as
follows:

v(t,Ts,vx
y) =

∑
Ts−1
s=0 ∑i∈I ε(t + s−1, i,vx

y)
(
1− ε(t + s, i,vx

y)
)

∑
Ts−1
s=0 ∑i∈I ε(t + s, i,vx

y)

=
Q(t,Ts,vx

y)

∑
Ts−1
s=0 ∑i∈I ε(t + s, i,vx

y)
. (48)

In Equation (48), the denominator denotes the cumulative
number of agents in vx

y. Therefore, v(t,Ts,vx
y) is the reciprocal

of the average number of steps during which the agents
remain in vx

y. Because the flow rate is the product of density
and speed, we derive ρ

(
t,Ts,vx

y
)

from Equations (47) and
(48) as follows:

ρ(t,Ts,vx
y) =

Q(t,Ts,vx
y)

Tsv
(
t,Ts,vx

y
) = ∑

Ts−1
s=0 ∑i∈I ε(t + s, i,vx

y)

Ts
. (49)

C. TEMPORARY TRAFFIC CONGESTION
First, we conducted an experiment in which traffic conges-
tion was generated owing to a low-speed vehicle and then
resolved. In this experiment, the opening of the inlet was
terminated at time t = 200, and changes in the density of
the agents in the multi-lane ASEP were observed up to
time t = 1000. Furthermore, the density of vehicles on the
road after altruistic lane changes (target distance d = 2) was
compared with that without altruistic lane changes. Even in
the case of no altruistic lane changes, agents change lanes for
self-acceleration in accordance with Algorithms 1 and 2.

We demonstrate that ρ
(
t,20,vx

y
)

corresponds to Lanes 1
and 2 in Fig. 7 and Fig. 8, respectively. These figures show
that the all agents reach the end of the ASEP for both Lanes
1 and 2 in the absence of altruistic lane changes within time
t = 700.

FIGURE 7: Simulation results obtained for Lane 1 (without
altruistic lane changes)

Next, we present the traffic congestion generated when a
lane change is made at a target distance of d = 2. Similar to
the case without any lane changes, the opening of the inlet
was terminated at time t = 200, and changes in the density
of the agents in the multi-lane ASEP were observed up to
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FIGURE 8: Simulation results obtained for Lane 2 (without
altruistic lane changes)

time t = 1000. We demonstrate that ρ
(
t,20,vx

y
)

corresponds
to Lanes 1 and 2 in Fig. 9 and Fig. 10, respectively. In Fig. 10,
some agents remain only in Lane 2 of the ASEP at time t =
700, owing to the altruistic lane changes.

FIGURE 9: Simulation results obtained for Lane 1 (with
altruistic lane changes)

FIGURE 10: Simulation results obtained for Lane 2 (with
altruistic lane changs)

Fig. 9 and Fig. 10 reveal the altruistic lane changes

caused by lane segmentation according to vehicle speed.
However, this experiment did not clarify the lane-by-lane
speed changes or the impact of new altruistic congestion on
the density at the inlet side.

D. STEADY FLOW
Next, we conducted a numerical experiment to determine
the flow-velocity variation under steady-state flow. This ex-
periment evaluated the congestion generated as a result of
altruistic lane changes on the inlet side and the reduction in
this congestion after lane changes based on the changes in
flow velocity in each compartment. In this experiment, the
probability of an agent being present at the inlet was set to
0.1.

First, we demonstrate that steady-state flow is achieved in
the absence of altruistic lane changes. Agents change lanes
for self-acceleration in accordance with Algorithms 1 and 2.
In this experiment, a steady flow was generated by repeat-
edly moving the vehicle until the 3900th step. Subsequently,
ρ
(
3900,100,vx

y
)

and Q
(
3900,100,vx

y
)

were observed up to
time t = 4000. On the other hand, v

(
3900,100,vx

y
)

without
lane changes is shown in Fig. 11. Fig. 11 reveals that no
differences occurred in the lane-by-lane flow velocities when
no altruistic lane changes were performed. The average flow
velocities in Lanes 1 and 2 were 0.272 and 0.274, respec-
tively.

FIGURE 11: Simulation results (without altruistic lane
changes)

Next, we demonstrate that a steady-state flow can
be achieved through lane changes. In the experiment, a
steady flow was generated by repeatedly moving the ve-
hicle during the 3900th step, and ρ

(
3900,100,vx

y
)

and
Q
(
3900,100,vx

y
)

were observed up to time t = 4000. The
resulting v

(
3900,100,vx

y
)

due to lane changes is shown in
Fig. 12.

As shown in Fig. 12, the flow velocity increases from
the inlet to the outlet side. This result is consistent with the
inversion of the congestion and free phases in altruistic con-
gestion, which we derive from Theorems 1 and 2 in Section 7.
This result shows that altruistic lane changes by CAVs cause
flow reduction at the inlet due to altruistic congestion and
flow increases at the outlet due to traffic facilitation.

On the other hand, Fig. 12 shows that throughout the multi-
lane ASEP, the velocities in Lane 1 were higher than those in
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Lane 2 owing to altruistic lane changes. The average flow
velocity in Lane 1 was 0.628 and that in Lane 2 was 0.147.
The average flow velocity for the overall ASEP was 0.388,
which exceeded that in the absence of altruistic lane changes.
Now, we compare these results with the flow velocity in the
maximum flow phase. The flow velocity in the maximum
flow phase is obtained to be (1−

√
1− p), where p denotes

the moving probability. Thus, the speed of a low-speed
vehicle in the maximum flow phase is 0.163, whereas the
speed of a high-speed vehicle is 0.684. In this experiment,
the reduction in the average speed compared to that in the
maximum flow phase owing to altruistic congestion was less
than 10%. This result indicates that altruistic lane changes are
effective at reducing traffic congestion.

FIGURE 12: Simulation results (with altruistic lane changes:
d = 2)

The results show that lane separation according to speed
owing to altruistic lane changes is effective at reducing the
overall congestion in a multi-lane ASEP. A comparison be-
tween the flow velocities on the inlet and outlet sides clarified
the occurrence and reduction of new traffic congestion owing
to the introduction of cooperative functions.

IX. CONCLUSIONS
This study focuses on lane changes performed by CAVs for
traffic facilitation. We evaluated the congestion generated as
a result of altruistic lane changes by CAVs and discussed the
characteristics of this congestion. In this study, we modeled
the search behaviors of vehicles as a multi-lane ASEP search
to determine the traffic flow, including lane changes, and
evaluate the impact of the generated congestion on the traffic
flow rate. To evaluate the size of the altruistic congestion and
reduction speed based on agent behavior, we used demand-
for graphs, which is a method initially proposed in [23], to
represent the congestion.

Here, we derived the state-transition equations correspond-
ing to the adjacency matrix of the demand-for graph related
to altruistic congestion. The main contribution of this study
is that it compared the characteristics of altruistic congestion
with those of conventional congestion caused by traffic con-
centration. This was achieved by obtaining another proof of
the necessary condition for resolving congestion using the
derived state-transition equations. In addition, we validated

the characteristics of altruistic traffic congestion via numeri-
cal experiments.

The contribution of this study is the visualization of the
characteristics of altruistic congestion generated as a result of
the cooperative behaviors of CAVs through the inversion of
the congestion and free phases from conventional congestion.
This will enable the trade-off between the decrease in the
traffic flow rate due to altruistic congestion and the traffic
facilitation due to the CAVs to be evaluated.

The results of the numerical experiments have shown that
altruistic congestion occurs at the inlet and is resolved at
the outlet owing to traffic facilitation. Furthermore, these
results reveal that the traffic flow resulting from the traffic
facilitation increases at the outlet and decreases owing to
altruistic congestion at the inlet.

In this study, the proposed congestion-analysis method
was applied to a multi-lane one-way road. In future studies,
the use of the proposed method for the congestion analysis of
more complex traffic networks will be addressed.
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