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highlights
 Limit number of vehicles that the grid road network can handle before going into gridlock is simulated.
 The critical density of a road network decreases with the increase in network scale.
 The expansion rate of road network carrying capacity is lower than the increase rate in the network size.
 The increase rate of the road network carrying capacity is lower than the increase rate of widening lanes.
 Optimizing O-D distribution can increase the carrying capacity of an urban road network.
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network can handle before going into gridlock. In the proposed model, two update rules,
including lane-changing and the longitudinal location update, are adopted to describe the
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is able to expand the carrying capacity of a road network, whereas the expansion rate is

Critical density

lower than the change rate in the network size. The carrying capacity is also associated
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with the structure of road network. The carrying capacity is inversely proportional to the
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number of intersections, and proportional to the length of the road in the network. Also,
optimizing the origin-destination (O-D) distribution can increase the carrying capacity of
an urban road network.
© 2019 Periodical Offices of Chang'an University. Publishing services by Elsevier B.V. on
behalf of Owner. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1.

Introduction

Capacity of a road network ought to be an essential part of
urban traffic planning and management. The capacity of an
urban road network indicates the maximum attainable
throughput of a given network (Yang et al., 2000), which is
highly associated with various factors, such as road layout,
right of way, type of intersection, control method, mainline
section capacity, intersection spacing, origin-destination (OD) distribution pattern, route choices and level of service
(LOS).
The primary objective of a network capacity problem is to
determine the maximum attainable flow that a network can
carry (Chen et al., 2002). For a simple network with a single OD, its network capacity is defined as the maximum flow and
minimum cut problem, i.e., the maximum flow between two
nodes r and s in a network is equal to the capacity of the
minimum cross section in all cut sets that separate these
two nodes (Ahuja et al., 1993; Ford and Fulkerson, 1956).
However, the maximum flow-minimum cut theorem can
only describe the maximum flow problem of one O-D pair,
and cannot solve the maximum flow problem with multiple
O-D pairs. When the O-D demand pattern is fixed and only
route choice behavior is considered, the maximum capacity
of a road network can be obtained by a traffic assignment
method (Lam and Zhang, 2000). On the other hand, when all
or part of the road users choose their own destinations, the
O-D demand pattern becomes uncertain. A nonlinear
programming method can be used to estimate the
maximum attainable flow in a road network with uncertain
O-D demand patterns (Kasikitwiwat and Chen, 2005; Zhu
and Zhang, 2008). Similar research includes the studies on
reserve capacity (Gao and Song, 2002; Miandoabchi and
Farahani, 2011; Wong, 1996; Wong and Yang, 1997; Zhang
et al., 2010), and capacity reliability (Brilon et al., 2005; Chen
et al., 1999, 2009; Soltani-Sobh et al., 2016). In addition, a
number of studies have been conducted to optimize road
network capacity from the perspectives of design variables,
routing behavior models, demand characteristics, and
design objective functions (Chen et al., 2011; Farahani et al.,
2013; Sohn, 2011; Xu et al., 2017; Yang and Bell, 1998).
Most of the methods mentioned above focused on the
maximum demand that the network can handle without
traffic delay. However, the results from these methods cannot
indicate how many vehicles the road network can support,
which is known as carrying capacity. The term carrying capacity is borrowed from biology, where it is defined as the
maximum number of members of a species that can survive
indefinitely in a given environment, given the space and

resources available (Angus and Butler, 2011). It can be used as
a new network performance index to estimate the traffic flow
that the urban road network can support.
One way to understand the carrying capacity of an urban
road network is to run a micro-simulation of traffic movements in the network based on relevant micro-simulation
models such as the cellular automata (CA) model. CA is a
discrete model studied in computability theory, mathematics,
physics, complexity science, theoretical biology, microstructure modeling, and transportation modeling. In 1983, Wolfram
(1983) proposed the first traffic CA model. Then, Nagel and
Schreckenberg (1992) proposed the one-dimensional CA
traffic model (NaSch), and Biham et al. (1992) proposed the
two-dimensional CA traffic model (BML). Based on the
advantages of these two models, a new CA model for grid
networks named Chowdhury-Schadschneider model was
developed
(Chowdhury
and
Schadschneider,
1999;
Schadschneider et al., 2000). The influences of advanced
traveler information system and adaptive traffic lights are
studied with a Manhattan-like road network (Jiang et al.,
2016; Li et al., 2011). Zhang et al. (2013) proposed a stochastic
cellular automaton model for urban traffic flow to study and
compare macroscopic fundamental diagrams (MFDs) of
arterial road networks governed by different types of
adaptive traffic signal systems. Recently, the network
fundamental diagram and dynamic characteristics of
network traffic flow are investigated with a grid network CA
model (Li et al., 2017; Shi et al., 2014, 2015).

Fig. 1 e Diagram of the grid network.
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Fig. 2 e Diagram of the road.
In this paper, the CA model is further updated with the rules
of the two-way-four-lane all-way stop-controlled intersection
and the practicality of the CA model is improved accordingly.
Simulations are carried out to investigate the effects of road
network scale, road network structure, and O-D demand distribution pattern on the road network carrying capacity.
The rest of the paper is organized as follows. In section 2, an
updated CA model is proposed for urban two-way-four-lane
networks. In section 3, the simulation results are presented
and discussed. Finally, the conclusions are drawn in section 4.

2.

Updated CA model

As shown in Fig. 1, an urban road network with S  S roads is
constructed (here S ¼ 5). Each road has 2 one-way mainline
sections, and the numbers in Fig. 1 indicate the number of
mainline sections. Each mainline section has 2 lanes, and
there are Q cells in each lane (here Q ¼ 20). The length of
each cell is 7.5 m, and each vehicle takes up one cell. Vehicle
runs along the right side of the road, which can turn left,
right, or go through at intersections, but driving in the
reverse direction is not allowed. All-way stop control is
applied to all intersections, which means vehicles need to
stop and wait for a safe gap before proceeding into the
intersection. The total number of the cells (Ncell ) in the road
network is the sum of the number of cells in roads and
intersections, as expressed in Eq. (1).
Ncell ¼ 8SðS  1ÞQ þ 16S2

assumed that vehicles travel along the shortest path in terms of
their distances to relevant destinations. Then, the Dijkstra's algorithm can be used to generate the shortest path tree between
mainline sections (Dijkstra, 1959). For example, in Fig. 1, there are
three shortest paths from mainline section 20 (origin) to mainline
section 67 (destination). Among these three shortest paths, a
vehicle randomly selects one to finish its trip. Once the vehicle
arrives at its destination, a new destination will be assigned. In
this way, vehicles in the network keep moving and the number
of vehicles in the road network is constant, which is a
precondition for further study of the urban road network traffic
flow under different traffic densities.
When the density of a road network is lower than a certain
level, vehicles can travel at high speeds without gridlock.
Otherwise, gridlock will be formed after a while, leading to
congestion where no movement is possible. The certain level
of density is defined as critical density rc ðNÞ. The carrying
capacity of a road network (Nc ðrÞ) is the maximum number of
vehicles that can move indefinitely (or for a very long time)
without traffic degradation (gridlock) in a given road network,
which is the product of the total number of cells and the
critical density as shown in Eq. (2).
Nc ðrÞ ¼ Ncell rc ðNÞ

(2)

Starting from section 2.1, the rules of vehicle movement in
the network will be discussed in details. As the driving
characteristics of mainline and intersection are different,
the discussion of the rules of these two parts are arranged in
different sections.

(1)

Network density is defined as the percent of the total
number of cells occupied by vehicles, while the network speed
is the average of instantaneous speeds of all vehicles in a road
network (Shi et al., 2014).
At the initial time, N vehicles (all vehicles are assumed to be
cars) are randomly distributed in the network. Each vehicle is
randomly assigned with an origin and a destination. Except the
cells in intersections, all other cells can be selected as origins and
destinations by vehicles. The distance is adopted to reflect the
different impedance between mainline section pairs. It is

2.1.

Update rules of vehicles in mainline sections

In Fig. 2, the position and speed of the nth vehicle on a given
mainline section are denoted as xn and vn , respectively. Let
vmax indicate the maximum speed of vehicles, and vn ¼ 0 ;
1 ; / ; vmax . The distance between the nth vehicle and its
leading vehicle is denoted as dn , which can be calculated by
Eq. (3).
dn ¼ xnþ1  xn  1

(3)
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When the nth vehicle is the first vehicle in the mainline
section, dn is estimated by Eq. (4).
dn ¼ L  xn

(5)

Let dback represent the distance between the nth vehicle and
its following vehicle in the adjacent lane, and dother represent
the distance between the nth vehicle and its leading vehicle in
the adjacent lane. The length of prohibitions against changing
lanes is indicated as davoid . The lane number of the nth vehicle
is Kn , where Kn is either 1 or 2, with 1 indicating that the vehicle
is driving on the innermost lane and 2 indicating driving on
the outermost lane. The direction of the nth vehicle on the
next intersection is represented by Fn . The value of Fn could be
1, 2, and 3 for left-turning, right-turning and through movement, respectively. Let Dt indicate a time step. At each Dt, the
speed and position of each vehicle on a mainline section is
updated in parallel according to the designed lane-changing
rule and the longitudinal location update rules.

2.1.1.

Lane-changing rule

There are two cases of lane-changing. Firstly, a vehicle will
adjust lanes to match the direction to the downstream intersection. Secondly, within a fleet, if a leading vehicle suddenly
stops or slows down and the driving speed in the adjacent lane
is relatively faster with acceptable safe gaps, part of the
following vehicles would select to change to the adjacent lane,
while the rest might still remain in the original lane.
If the nth vehicle meets all the following conditions, it will
change to the adjacent lane with a probability of pchange .
(1) xn  L  davoid , the nth vehicle is in the front of prohibitions against changing lanes.
or
(2) fminðvn þ 1 ; vmax Þ > dn and dother > dn g,
f Fn s3 and Fn sKn g, the nth vehicle has a motivation to change lanes.
(3) dback > vmax Dt, the nth vehicle's lane-changing will not
affect the vehicle at the back of it in the adjacent lane.

2.1.2.

(4) Vehicle movement. xn /xn þ vn . It indicates that each
vehicle moves forward vn cells.

(4)

where L is the length of the mainline section.
The distance between the nth vehicle and the downstream
intersection is Sn , the calculation of which is similar to dn as
shown in Eq. (5).
Sn ¼ L  xn
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2.2.

Update rules of vehicles in intersection areas

Three rationales are used to establish the update rules of vehicles
in intersection areas. Firstly, the rule of all-way stop control is
followed, which means that vehicles need to stop and wait for a
safe gap before proceeding into the intersection. Secondly, due to
the stop of vehicles before the stop line, they can only pass
through the intersection at lower speeds. Finally, the earlier
entry vehicle has priority over the later entry vehicle. The main
benefit for the use of all-way stop control at intersections is
safety. Another benefit of it is to assure that vehicles enter the
intersection at low speeds and have more time to take heed of the
traffic situation. Two disadvantages associated with all-way stop
control are increase in emissions of hydrocarbons as well as increase in average delay (Elvik et al., 2009).
As shown in Fig. 3, vehicles from different directions travel
through an intersection with different trajectories. Using the
eastbound movement as an example. The left-turning
vehicles travel to the north through cells 17, 12, 13, 14, 15, 8,
and 29. The going-through vehicles travel to the east
through cells 17, 12, 13, 14, 5 and 25 (the left lane) or cells 18,
1, 2, 3, 4 and 26 (the right lane). The right-turning vehicles
travel to the south through cells 18, 1, and 32. The
movements of vehicles in the remaining three directions
follow the same patterns. The speed of the vehicle in an
intersection is assumed to be either 0 or 1. Hence, a vehicle
must travel through the cells one by one along its trajectory
in the intersection areas. Symbolic system and the
algorithmic of update rules are shown below.
The coordinate of a vehicle at an intersection is expressed as
ðx; yÞ, indicating the position of the cell in a grid road network.
The front cell of the vehicle is denoted as ðx front;y frontÞ. The
front cell is subject to vehicle's heading direction (through, leftturning, right-turning). Let cellsðx; yÞ and cellsðx front; y frontÞ
represent the state of cell ðx; yÞ and its front cell ðx front;
y frontÞ, respectively, both of which are either 0 or 1. While 1
indicates that the cell is occupied by one vehicle, 0 means that

Longitudinal position update rule

The rule of longitudinal position update consists of the
following four consecutive steps, which are performed in
parallel for all vehicles.
(1) Acceleration. vn ¼ minðvn þ 1 ; vmax Þ. It indicates that
all vehicles have the characteristic of driving at the
maximum speed.
(2) Deceleration. If Fn ¼ Kn or Fn ¼ 3, then vn ¼ minðvn ;
dn ; Sn Þ; otherwise, vn ¼ minðvn ; dn ; Sn  davoid Þ. It
takes into account vehicle collisions.
(3) Randomization. vn ¼ maxðvn 1; 0Þ with a probability of
pslow . It takes into account natural velocity fluctuations
either due to human behavior or due to varying external
conditions.

Fig. 3 e Cell representation of an intersection.
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the cell is empty. Let cells_directionðx; yÞ represent where the
vehicle in cell ðx; yÞ will go. The value of cells_directionðx; yÞ
could be 0, 1, 2, 3 and 4 for empty, eastbound, westbound,
northbound, and southbound, respectively. Let vðx; yÞ represent
the speed of the vehicle in cell ðx; yÞ. The algorithm as an
example of the vehicle from west is shown below.
Step 1: Update of speed.
(1) For cells 13, 14, 15, 8, 5, 2, 3 and 4.
If cellsðx front;y frontÞ ¼ 0, then vðx;yÞ ¼ 1; otherwise, vðx;
yÞ ¼ 0.
(2) For cells 17, 18 and 12.
If cellsðx front; y frontÞ ¼ 0 and fcellsðx  1; y þ 1Þ ¼ 0, or
ðcellsðx 1; y þ1Þ ¼ 1 and cells_directionðx  1; y þ 1Þs 4Þg,
then vðx; yÞ ¼ 1; otherwise, vðx; yÞ ¼ 0.
(3) For cell 1.
① When cells_directionðx;yÞ ¼ 1, it means that the vehicle
will go through.
If cellsðx front; y frontÞ ¼ 0 and fcellsðx  1; y þ 1Þ ¼ 0, or
ðcellsðx 1; y þ1Þ ¼ 1 and cells_directionðx  1; y þ 1Þs 4Þg,
then vðx; yÞ ¼ 1; otherwise, vðx; yÞ ¼ 0.
② When cells_directionðx;yÞ ¼ 4, it means that the vehicle
will turn right.
If cellsðx front;y frontÞ ¼ 0, then vðx;yÞ ¼ 1; otherwise, vðx;
yÞ ¼ 0.
Step 2: Vehicle movement.
If vðx;yÞ ¼ 0, the vehicle will remain in cellsðx; yÞ: If vðx;yÞ ¼
1, the vehicle will move from cellsðx; yÞ to cellsðx front;
y frontÞ.

3.

Simulation results

3.1.

Parameter settings

The variables of the proposed CA model are preset for five
network scales to investigate the change in the capacity of the
two-way-four-lane road network. Specifically, the scale of
network changes from 3  3 to 7  7 with increment of 1 road.
The cell number of each mainline section is 20 and the length
of it is 150 m. The values of vmax , davoid , pslow and pchange are 3, 3,
0.3, and 0.2, respectively. The network density ranges from

Fig. 4 e Influence of road network scale on carrying
capacity.

0.005 veh/cell to 0.900 veh/cell with an increment of 0.005 veh/
cell. Each simulation runs for 107 time steps until gridlock
happens and all vehicles stop. Network speed will decrease
with the increase in network density, until it drops to 0 (Figs.
4e7). In this case, the network density is the critical density of
the road network rc ðNÞ, and the corresponding number of
vehicles is the carrying capacity rc ðNÞ.

3.2.

The effect of road network scale

Table 1 shows the network carrying capacity estimation from
the simulation results for the five networks with five scales (K
is assumed as the number of lanes in one road). The influence
of the road network scale on carrying capacity is illustrated in
Fig. 4. It can be observed that there are some relationships
between the road network scale and carrying capacity,
which are stated in the following paragraphs.
(1) There is a specific critical density and road network
carrying capacity in different scales of road network. For
example, the critical density of the 3  3 road network is
0.135 veh/cell, and the network carrying capacity is 149
veh. When the road network changes to 5  5, the critical density and the carrying capacity of it become 0.085
veh/cell and 306 veh, respectively. If the traffic flow in
the road network exceeds the road network carrying
capacity and the operation time is long enough,
congestion will be formed, leading to gridlock.
(2) The critical density decreases with the increase in road
network scale. The critical density rc ðNÞ would be
higher when the network scale is smaller. When the
road network scale is large and thus the density is low,
the local deadlocks would possibly occur if most vehicles are concentrated on a particular region, such as a
central business district (CBD). This also explains why
big cities are more prone to traffic congestion even
though the average road area per vehicle is the same.
The present simulation results are not yet determined
to converge to a critical value, or converge to 0 when the
road network scale tends to infinity.
(3) The carrying capacity of the road network is proportional to the road network scale, but the carrying

Fig. 5 e Increase in carrying capacity due to the increase in
road network scales.
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configurations of road networks. Three road networks with
different structures, which are used to simulate and analyze
the influence of road network structure on road network
carrying capacity, are shown in Table 2.
The influences of the road network structure on carrying
capacity are plotted in Fig. 6. It can be observed that there are
some relationships between the road network structure and
carrying capacity.
(1) Widening lanes can improve road network carrying capacity, but the increase in carrying capacity is less than the
increase in the number of lanes. For example, the critical
density of a 5  5 two-way-two-lane road network is 0.110
veh/cell, and the carrying capacity is 187 veh. Assuming
that the road length and scale of the network are constant,
and the two-way-two-lane roads are changed to two-wayfour-lane roads, then the total number of cells is changed
from 1700 to 3600. Here, the road width is doubled and the
total area of the road network is increased by 1.1 times, but
the road network carrying capacity is only increased to 306
veh (by 0.6 times). This means simply widening roads
cannot induce the same effect in the growth of road
network carrying capacity.
(2) The carrying capacity of the road network is inversely
proportional to the number of intersections and proportional to the road length. For example, there are two
different road network structures for a two-way-fourlane network. One is a 5  5 network with 20 cells in the
road length and 25 intersections. Another one is a 4  4
network with 35 cells in the road length and 16 intersections. The total number of cells of the two road
network is 3600 and 3616, respectively. Table 2 shows
that the critical density of the 5  5 road network is
0.085 veh/cell, and the carrying capacity is 306 veh,
while the critical density of the 4  4 road network is
0.090 veh/cell, and the carrying capacity is 325 veh. This
means the decrease in the number of intersections and
the increase in the length of the road are beneficial to
improve the carrying capacity of the road network.

Fig. 6 e Influence of road network structure on carrying
capacity.

capacity is less sensitive to the change in the network
scale. For example, the 7  7 road network has
7504 cells, which is 6 times more than that of the 3 3
road network (1104 cells). Nevertheless, the road
network carrying capacity only increases less than 3
times, from 149 veh to 488 veh. This implies that even if
the expansion of the road network matches the growth
of traffic demand, the urban road network will still be
even more congested.
The increase in carrying capacity, which is due to the increase in the scale of road networks, is illustrated in Fig. 5.
Here, the standard error of the intercept and slope Nc ðrÞ are
14.003,93 and 2.695,06, respectively, and the goodness of fit
is R2 ¼ 0:996; which means there is a significantly positive
linear correlation between scale and carrying capacity of
road networks.

3.3.

The effect of road network structure

Road network structure is a comprehensive concept,
including the functional structure, hierarchical structure and
layout structure. In practice, two road networks with the same
scale may have quite different capacities due to the different

Table 1 e Estimated indicators of road network based on
CA model simulation.
Scale (S  S)
3
4
5
6
7







3
4
5
6
7

K

Q

Ncell

rc ðNÞ(veh/cell)

Nc ðrÞ(veh)

2
2
2
2
2

20
20
20
20
20

1104
2176
3600
5376
7504

0.135
0.100
0.085
0.075
0.065

149
218
306
403
488

Table 2 e Network carrying capacity estimations based
on simulation results.

Fig. 7 e Influence of O-D demand distribution pattern on
carrying capacity.

Scale

K

Q

Ncell

rc ðNÞ(veh/cell)

Nc ðrÞ (veh)

55
55
44

2
1
2

20
20
35

3600
1700
3616

0.085
0.110
0.090

306
187
325
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Table 3 e Probabilities of being selected as an origin or destination in two different types of O-D demand patterns.
Mainline section Probability of being selected in the
number
shortest path set (%)
1, 7, 9, 18, 63, 72,
74, 80
2, 8, 10, 17, 64, 71,
73, 79
3, 5, 27, 36, 45, 54,
76, 78
11, 16, 19, 25, 56,
62, 65, 70
4, 6, 28, 35, 46, 53,
75, 77
12, 15, 20, 26, 55,
61, 66, 69
13, 14, 37, 38, 43,
44, 67, 68
21, 23, 29, 34, 47,
52, 58, 60
22, 24, 30, 33, 48,
51, 57, 59
31, 32, 39, 40, 41,
42, 49, 50
Total

3.4.

Probability in the pattern of
position-independent (%)

Probability in the pattern of
position-dependent (%)

6.0

10.0

14.4

7.2

10.0

13.8

7.3

10.0

12.6

9.0

10.0

10.3

9.4

10.0

9.9

9.9

10.0

9.4

10.3

10.0

9.0

12.6

10.0

7.3

13.8

10.0

7.2

14.4

10.0

6.0

100.0

100.0

100.0

The effect of O-D demand distribution pattern

In the model, the destination of a vehicle is randomly selected.
Therefore, the O-D matrix is position-independent and the
spatial distribution of the O-D demand is balanced, while the
attracted traffic and generated traffic on each mainline section is balanced. Table 3 shows the probability of being
selected for 80 mainline sections within the 5 5 road
network from the relatively shortest path sets. The traffic
flow of each mainline section is positively related to the
probability of what are selected from the shortest path sets.
This means that the higher the probability of being selected,
the heavier the traffic flow would be. Here, the positionindependent O-D matrix pattern is changed to the positiondependent one. Meanwhile, the probabilities of being
selected in the shortest path set increase along with the
decrease in the probabilities of being selected as an origin or
destination in the pattern of position-dependent, illustrating
a negative correlation relationship.
The effect of O-D demand distribution pattern on the road
network carrying capacity is simulated and displayed in Fig. 7.
It can be observed that the critical density is 0.085 veh/cell
when the O-D demand distribution pattern is positionindependent, while the critical density is 0.090 veh/cell
when the O-D demand pattern is position-dependent. As
can be seen, changing the O-D demand distribution pattern
may change the road network carrying capacity.

4.

network carrying capacity. The main findings are summarized below.

(1) Critical density and road network carrying capacity are
varied with road network scales.
(2) Critical density decreases with the increase in network
scale.
(3) The carrying capacity of the road network can be
expanded by increasing its road network scale, whereas
the increase in carrying capacity of the road network is
less than the increase in road network scale.
(4) Widening roads can improve the road network carrying
capacity, but the increase in carrying capacity is less
than the increase in the number of lanes.
(5) The carrying capacity of a road network decreases with
the increase in the number of intersections and the
decrease in the road length.
(6) Changing O-D demand distribution pattern can affect
the network carrying capacity.
Since the updated CA model has not been validated by field
tests, more factors will be considered in the future to simulate
the realistic road network, such as signal control, reasonable
traffic demand distribution, diverse routing choice and so on.
In addition, the road network design problem should be
considered, such as adaptive signal control, connected
vehicle, and route guidance, to optimize the carrying capacity
of urban road networks.
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