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The entrance and exit area of parking facilities has the characteristics of high concentration of urban traffic and prominent traffic
intertwining phenomenon, which easily induces rapid congestion of mixed heterogeneous traffic at specific times and local locations
and quickly spreads to the entire road section or even a larger area. In order to better understand the congestion distribution
characteristics and propagation effects of access section of the parking entrance and exit from the mid and microperspective, a
5m = lane width pixel grid is used to divide the frontage road research. It also proposes a spatially robust autoregressive model and
complex network tools suitable for analysis of local traffic flow to analyze it. The results show that as spatial scale increases, the
congestion propagation decreases sharply and spatial adjacency within the fourth order can account for more than 90% of the
propagation; the frontage road to the entrance and exit is the place where the congestion first happens, and the congestion gradually
attenuates as it propagates to the inner lane and the upstream of the road segments; the lateral congestion propagation attenuates
faster, so the area affected by congestion is mainly distributed in the outermost lane. This paper can provide theoretical guidance for

alleviating traffic congestion in the entrance and exit areas of parking facilities and has theoretical and empirical significance.

1. Introduction

Increasing car park [1], which exacerbates the contradiction
between the supply and demand of urban parking, along
with the lag of parking facilities planning [2-4] and other
factors, causes more severe traffic congestion problems in
the entrances and exits of parking facilities. Since the en-
trances and exits of parking facilities are generally set up on
secondary arterial roads or branch roads with low capacity,
the interweaving of incoming and outgoing vehicles with
external traffic will reduce the traffic capacity [5, 6], increase
the delay time of main road traffic [7, 8], and even cause a
bottleneck and congestion on the upstream road.

At present, research focused on the traffic conditions in
entrances and exits of the off-street parking is still very rare.
Previous research mainly focuses on the complex impact of
the bus stop [9-14] and on-street parking [15-18] on the

traffic flow. Compared with other road facilities, the settings
of entrances and exits of parking facilities can bring more
complicated impact: on the one hand, due to the uncertainty
of the occurrence and attraction of parking facilities, the
temporal and spatial distribution of parked vehicles are
more disorderly; the intermittently concentrated entering
and departing of vehicles enhance the occasional distur-
bance to the road; on the other hand, the interwoven flow of
incoming and outgoing vehicles, the traffic flow of the main
road, and the flow of motor vehicles and nonmotorized
vehicles [19] increase the heterogeneity of the traffic flow and
the complexity of the occurrence of congestion in this area to
a certain extent.

In the analysis of traffic congestion, scholars have built
various models to reveal the essence of congestion. At the
macrolevel [20-24], traffic congestion is generally regarded
as a process of compression, blockage, and spread of traffic
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flow. At the microlevel [25-29], more attention is paid to
conflicts, queuing, and easing of vehicles. Spatial autocor-
relation is a geographic concept, which refers to the potential
interdependence between observed data of some variables in
the same distribution area [30, 31]. The development of this
theory in the field of transportation has resulted in its wide
use in traffic feature recognition [32] at the macrolevel and
mid level and accident analysis [33-36]. In addition, com-
plex network theory, as a new scientific theory for revealing
network complexity phenomena, has a wide range of ap-
plications for the organization and optimization of trans-
portation logistics [37-40] and the macrointerpretation of
transportation systems [41-46], but it is rarely used in the
study of traffic flow characteristics at the meso-microlevels.

To sum up, although there are rich research outcomes on
congestion propagation, research on the frontage roads of
parking facilities is still relatively rare; besides, although the
spatial autocorrelation theory has developed in the field of
transportation, due to its higher requirements on spatial
stability, it is not suitable for the research of transportation
theory at the mid and microlevel. In response to the
abovementioned problems, improving the spatial autocor-
relation model, building a model of the spatial congestion
propagation in the entrances and exits of the parking fa-
cilities from the mid and microperspective under the
guidance of the complex network theory and other theories,
and exploring the attenuation effect and key nodes in the
process of congestion propagation based on the observed
data are of great significance for alleviating traffic congestion
in the entrances and exits of parking facilities.

2. Data Description

In order to determine the objective of the study, the frontage
road of this article is defined as follows: the free road seg-
ments from about 140 m upstream to about 20 m down-
stream from the entrance and exit access points. This paper
selects the entrance and exit of the parking lot of the West
Affiliated Hospital of Yangzhou University as a typical
off-street parking area. The frontage road is the one-way
three-lane road (a part of the two-way six-lane road with a
separation zone in the middle), and the upstream area is far
away from the intersection. The traffic volume and entry rate
vary significantly in different periods, and the road segment
is free of vegetation, billboards, and other structures, which
are conducive for data collection. The data set in this paper is
obtained by aerial filming, with a wind-proof drone
MAVIC_AIR2 recording the traffic conditions in the ex-
perimental area at an altitude of 100-150 m (each video lasts
10-15 minutes, 100 videos in total). Then, the open-source
vehicle-tracking algorithm based on YOLOV5 and Deep-
Sort [47] is used to monitor the location parameters of the
moving vehicle [48, 49] in real time (as shown in Figure 1).

In order to describe the location of the lanes in an easy
way, the lanes in the experimental area are numbered, where
the outermost lane is Lane 3, the middle lane is Lane 2, and
the innermost lane is Lane 1. In addition, in order to study
the relationship of the traffic state of each spatial unit in the
entrance and exit and the spatial congestion propagation,
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this paper divides the road into three lanes and then further
divides these three lanes into 5-meter wide spatial units,
which can ensure the spatial accuracy of the model and meet
the requirements of velocity measurement, as shown in
Figure 2.

The investigation finds that the time for vehicles to enter
the parking lot is generally within the range of 3 to 13
seconds. In order to extract the traffic information of each
spatial unit to the greatest extent, this paper uses a time
interval of 3 seconds to calculate the average speed of ve-
hicles in each spatial unit. The sample data are shown in
Table 1.

3. Method

3.1. Improved Spatial Autoregressive Model. The traditional
spatial autoregressive model requires the data to have spatial
stability. However, due to the influence of external factors
such as the actual environment and traffic conditions, the
spatial stability of the measured data is often poor. In order
to reduce the influence of external factors on the modeling
results, this paper improves the traditional spatial autore-
gressive model and builds a robust spatial autoregressive
model based on repeated observation data that consider
spatial instability and multiple correlations.

The traditional spatial autoregressive model adds a
spatial lag term to the general regression model, that is, the
dependent variable of a spatial object is related to the in-
dependent variable on the same object, and it is also related
to the independent variable and dependent variable of ad-
jacent objects. Its general form is shown in

z=pW,z+ XB+u,
p=AWyu+e, (1)
£~ N(O,O’ZI).

Here, z represents the spatial attributes of the research
object, or the dependent variable; X represents the spatial
attribute of the adjacent objects, or the independent variable;
p is the spatial autoregressive coefficient; 8 is the regression
coefficient; y represents the residual of the model; A rep-
resents the residual spatial regression coeflicient; ¢ repre-
sents the random error; and W, and W, represent the spatial
adjacency matrix of the spatial units of frontage road.

Observing the influencing factors of the attribute value
of the spatial unit in the study area, it is not difficult to find
that the change of the attribute value of the spatial unit is
mainly affected by the adjacent spatial unit, while the ex-
planatory variable X has almost no contribution. Therefore,
X and W, in formula (1) can be assigned to 0, and the first-
order spatial autoregressive model can be obtained, as shown
in

{ z=pW, z+g, @)

e~ N(0,0°I).
In order to study the propagation mechanism of con-

gestion at different spatial scales, this paper divides adjacent
spatial units according to “distance” and takes the influence
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FIGURE 1: Vehicle tracking.
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FiGure 2: Grid division of road sections.
TaBLE 1: Samples of average speeds of spatial units (unit: km/h). K B}
! A7 !
. Time y = ZpkW y +yl+e (3)
Spatial k=1
unit 2 3 4 110
0s-3s 3s-6s5 6s-9s 9s-12s 3275-330s Here, y' represents the velocity disturbance sequence of
1 4146 4121  41.03  43.82 35.78 the research object; W™ represents the k-order spatial ad-
2 4111 4099  40.84  44.02 35.56 jacency matrix considering spatial instability; e represents
3 4080  40.85 4098 4415 35.39 the error term of the improved spatial autoregressive model;
4 4046 4083 4112 4427 3523 I is the constant term; pj represents the spatial lag term; the
regression coefficient of W'; y represents the regression
102 4512 4493  44.46 44.46 40.45

of spatial units under each adjacent number on the research
object as an independent variable. Taking into account the
correlation between the independent variables, the direct use
of traditional parameter estimation methods based on the
least squares method will cause larger errors. Therefore, this
paper proposes an improved first-order spatial autore-
gressive model that takes into account spatial instability and
multiple correlations.

In the improved spatial autoregressive model, the dis-
turbance of the research object is the dependent variable and
the disturbances of other spatial units are the independent
variables to describe the relationship between the spatial
units in the research attributes, as shown in formula

coeflicient of the constant term; k represents the number of
spatial adjacencies; and K is the maximum number of spatial
adjacencies considered.

For the space unit under study, the historical sequence of
the previous ¢ cycle formula (4) can be constructed to obtain
the velocity sequence of each space unit:

Y11 V21 Yu-11 Yni
Y = )’1,2')’2,2 yn—1,2‘ Y2 (4)
yl,c y2,c yn—l,c yn,c

Here, y; represents the data of space unit i in ¢ cycles and
Vi = 1Yi1 Yio» Vizr---» Vil is the speed history data se-
quence of space unit i.



3.1.1. Speed Disturbance Sequence. “Urban Traffic Man-
agement Evaluation Index System” (2002, China) stipulates
that when the average speed of motor vehicles on the main
road is not less than 30km/h, the road is unblocked.
Therefore, the speed perturbation sequence of the unit of the
space is calculated according to the speed history data se-
quence. As shown in formulas (5) and (6), y; is the historical
velocity sequence of space unit i and ¥ is the historical
velocity perturbation sequence:

> )A)n] T’ (5)

)’, =y= [5’1’5’2>5’3>~~~

¥i = ~(y: - 30). (6)

3.1.2. Considering the Spatial Adjacency Matrix That Is Not
Stationary. The traditional spatial adjacency matrix based on
the boundary adjacency method or the center-of-gravity
distance method assumes that all adjacent objects have the
same weight value, which is inconsistent with the actual sit-
uation of congestion propagation. On the one hand, the
number of adjacencies in different spatial units is different. On
the other hand, the traffic flow is not homogenous and the
effects of adjacent units in different directions are not the same.
The spatial adjacency matrix determined based on the
boundary adjacency method is shown in formulas (5) and
(6). In the formula, w i indicates that there is a k-order
adjacency relationship between space unit i and space unit j.
Determining the spatial adjacency matrix based on the
boundary adjacency method is a commonly used method to
determine the adjacency relationship between area units; if
two spatial units have the same boundary, they have a first-
order spatial adjacency relationship and the k-order adja-
cency relationship can be determined according to the
transitivity of the spatial adjacency relationship.

-k k k k
Wy Wy o Wy o Wy,
kook k k
Wy Wyy 0 Wy = Wy,
k
wWe=| k & k k
Wiy Wip o0 Wip oor Wiy P
(7)
ko k k k
-wn,l wn,Z wn,j wn,n-
P 1, iand jhavek — order adjacency,
w. . =
* 10, iand jdonothavek — order adjacency.

In order to accurately describe the relationship between
the spatial units, first, according to the spatial adjacency
matrix W*, determine the set of spatial units that have a
k-order adjacency relationship with each spatial unit,
denoted as f;(i,7),j=1,2,3,...,7,...,R; then, the rth
space unit that has an adjacency relationship of order k with
the space unit i is denoted as f (i, 7).
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Let vector ; = [Ji1, Piz» Vi« > Vipr---» Jir)’ be the
velocity history perturbation sequence of space unit i, and
HF is the matrix of velocity history perturbation sequences
of all space units that have a k-order adjacency relationship
with space unit 4, as shown in

ST gn)
(8)

In order to preserve the features in H¥ to the greatest
extent and reduce their dimensionality, the principal
component analysis method is used to extract the first
principal component that is most similar to the velocity
history disturbance sequence y; of space umt i from HE.

Let the vector u = [uf G 1))ufk(’2)’ufk i3y ..,u’}k(”

couk G R)] be the welght value of each spatial unit that has
a kth order adjacency with the spatial unit i, in order to
ensure each weight value can accurately describe the degree
of association between spatial units, and the covariance
between HXii* and 7; should be the largest, as shown in

H; = [)A/fk (i,1) )A/fk (i,2)> j’fk (i3p - ))A/fk (i) -

max(Hfﬁf) V. 9

Use the Lagrangian method to solve the model, as in

formula (9):
F =(Hf ak) - Maa - 1). (10)

Calculate the partial derivative of F with & and A, as
shown in

OF

ﬁ=Hf‘cT?i—sz’ (11)
OF KT~k

a = —(ui ui — 1) (12)

According to formula (12),

+_ HTy

i i
i KT ~ || (13)
|75
The value u’}k (ir) IR @if represents the spatial association
relationship of the rth spatial unit that has a k-order ad-

jacency with the spatial unit i; the sign of u’}k(i)r) indicates
the positive or negative correlation between the space unit i
and the rth space unit that has a k-order adjacency rela-
tionship, and the absolute value indicates the relationship
between the space units. The greater the correlation, the
greater the absolute value, and vice versa. In actual road
conditions, the propagation of congestion is the same
direction, so only the positive numbers in the vector are
retained to construct the smoothed spatial adjacency
matrix W', as shown in



Journal of Advanced Transportation

r—k ok —k kA
Wy Wy o Wy Wy
—k  —k —k —k
Wy Wy, - Wy Wy
Wk= mk wk wk wk > (14)
i1 Wiz ij in
—k —k —k —k
LWy Wyyp 0 Wy o Wy ]
k
0, Uy, (i) <0,
—k
W, = k (15)
b S C) k

uy >0,
R _k 4 S Gor)
Zr:l ufk(i,r)

3.2. Parameter Calculation Method. In order to study the
spatial propagation process of traffic congestion in the en-
trance and exit area of parking facilities, in the improved
spatial autoregressive model, the disturbance of the research
umt 1s used as the dependent variable and the spatial lag term
w* y' of the disturbance under different spatial adjacency k
is used as an independent variable; theie is a linear corre-
lation between the spatial lag terms W'y’ under different
spatial adjacency numbers k.

According to the space lag term W' y' of the disturbance
under different number of space delay periods, the inde-
pendent variable matrix is constructed, as shown in
,ka',...,WKy'

Z(K) = le',Wzy',W3y', .

(16)

3.2.1. Improved Spatial Autoregressive Model Parameter
Estimation Process. For the convenience of calculation, the
dependent variable matrix y' of the improved spatial
autoregressive model is marked as F,, the independent
variable matrix is marked as E,, and the parameter esti-
mation is performed.

Extract the first principal component ¢, from the in-
dependent variable matrix, where ¢, is the linear combi-
nation of E, of the independent variables as shown in
formulas (17) and (18). Since the dependent variable con-
tains only one variable, the first principal component of the
dependent variable is F,,.

t; = Eguy, (17)

u, = [“1,1’u1,2’ . ,ul)k]T. (18)

For the needs of regression analysis, the extracted
principal components must simultaneously meet the re-
quirements of the first principal components ¢, and F,, of the
variables to reflect the characteristics of the variable group to
the greatest extent and the correlation between the two first
principal components to reach the maximum. Considering

the requirements of modeling comprehensively, covariance
is selected to characterize the principal components, as
shown in

T

<t ,Fyzu E F, — max,
Jl Lo 22Uy 0 (19)
uju; =1

According to the Lagrangian multiplier method, the
following formula can be obtained:

L =1 EgFy - Muju, —1). (20)

Respectively, find the partial derivatives of u; and A to get
the following formulas:

oL

T
a:EOFO_ZAul =0, (21)
oL _
i (ulTul 1)=0. (22)
According to formula (22), we can get
E,F
i, 00 (23)
gl

According to the principle of principal component
analysis, the sample is expressed as a linear combination of
components, that is, regression on ¢, is performed on E; and
F,, respectively, as shown in formulas (24) and (25), where
E, and F, are residual matrixes.

E,=t,p, +E,, (24)
Fy=tr, +Fy. (25)

According to (25), the following formulas can be ob-
tained from the least square estimation:

T
B =T, (26)
Jlea]
T
7, =0l (27)
Jea

Replace E, and F, with the residual terms E, and F,.
Repeat the above steps to obtain the weight vector #,
(formula (28)) of the second principal component t, of E,
and the regression coefficients p, (formula (29)) and r of E,
and F, with respect to 7, (formula (30)).

T
2, = ﬁi (28)
T
p, = 1% (29)
lez|
T
7 Fre (30)
ez



Assuming that a total of h principal components are
extracted, the regression model between F, and E, can be
obtained, as shown in

Fy=e 7 +eyry,+esrs+---+eyry+Fpy,

(31)
Fy=EB,+Fy, (32)
By = T1ily +Tlly + T3ty + ... Tgily, (33)

where B, is the perturbation sequence F, of the dependent
variable y' of the improved spatial autoregressive model and
the regression coefficient vector between the perturbation
matrix E; of the independent variable. Determine the value
of the regression coefficient according to the position of the
respective variable in Z (K). For example, the kth element in
B, represents the estimated value of py.

3.2.2. Determination of the Optimal Number of Principal
Components. The partial least squares method is a method
of establishing a regression model by extracting the principal
components of the independent variables. If the number of
principal components is too small, the relationship between
the variables cannot be reflected; otherwise, overfitting will
occur. In order to ensure the validity of the model, the cross-
validity criterion is selected to determine the number of
principal components to be extracted.

The cross-validity criterion is mainly to test whether the
extracted hth principal component can significantly improve
the prediction performance of the model compared to the
(h—1) th principal component. For the improved spatial
autoregressive model, the cross-validity criterion is selected
to determine the number of principal components, which is
mainly calculated by using all the spatial unit disturbance
value sequences to extract the difference between the pre-
dicted value and the true value of the spatial unit disturbance
when the number of principal components is (h—1). The
sum of squared deviations SS;,_; is shown in formula (34).
And, extract the hth principal component based on the
sequence after removing the perturbation value of its own
spatial unit and calculate the sum of squared deviations of
the predicted value and the true value based on the new
sequence PRESS;, as shown in

n

$S1 =Y (Vi) - 7)) (34)

i=1

n

PRESS, = ¥ (71 (i) - 3/_,(i))’. (35)

i=1

According to SS;, and PRESS,,, calculate the effectiveness
of extracting the hth principal component Qfl (formula (36)).
When Q7 >1-0.95% it indicates that the hth principal
component has significantly improved the prediction per-
formance of the model, and it is necessary to continue to
extract the principal components; when Qj <1-0.95%
indicating the introduction after the hth principal
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component, the model has no obvious improvement, and
there is no need to continue to extract principal components.

o7 — 1 PRESS,
" Sy

(36)

3.3. Improving the Validation of the Spatial Autoregressive
Model. For the speed disturbance sequence studied, the
improved spatial autoregressive model is used to fit and the
model’s fitting effect is tested from two aspects: the model’s
goodness-of-fit (R?) index and visual observation. When R?
is closer to 1, it means that the fitting effect is good. On the
contrary, when it is close to 0, it means that the fitting effect
is poor. When the change trend of the measured value curve
and the predicted curve is close, it indicates that the model
can reasonably describe the space average speed at each
position. On the contrary, it means that the model cannot
reasonably reflect the real situation.

3.4. Analysis Method of Congestion Evolution in the Entrance
and Exit Area. The improved spatial autoregressive model
takes the velocity disturbance of each spatial unit as the
dependent variable and independent variable and uses the
partial least square method to estimate the parameters of the
improved spatial autoregressive model and obtain the pa-
rameter estimated value p, under the number of adjacent
spaces in each space. The estimated value p, represents the
degree of correlation between the degree of velocity dis-
turbance of the k-order adjacent unit of each spatial unit and
the degree of correlation between the spatial unit.

Therefore, the parameters in the improved spatial
autoregressive model are defined as the propagation
structure of each spatial unit velocity disturbance in space.
The influence of the disturbance of the space unit on its
adjacent space unit of order k is denoted as V (W"), as shown
in

V(Wk> oW k=12 k.. K. (37)

The spatial propagation process of congestion can be
summarized as a process in which the influence of local
spatial units gradually spreads outwards through neigh-
boring units. Congestion first spreads from spontaneously
congested spatial units to neighboring spatial units and then
from neighboring spatial units to second-order units. The
continuous spread to the surroundings eventually leads to
the proliferation and transformation of congestion. There-
fore, the spatial propagation effects of local congestion can
be calculated by formula (37), and the distribution of
congestion spatial propagation effects under different spatial
adjacency numbers can be investigated and then the spatial
process of congestion propagation can be studied.

3.4.1. Propagation Effect of Congestion. Suppose that the
space unit is congested and the speed of its first-order ad-
jacent unit is disturbed through the adjacency relationship.
The first-order propagation effect generated by the space
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unit, that is, the influence on each adjacent unit can be
represented by V(Wl)i) ; (j is the first-order adjacent space
unit of i). Similarly, after congestion is propagated k times,
the influence of sB(atial unit i on its k-order adjacent unit is
expressed as V (W), ;. Then, the ratio of the kth propagation
effect to the total propagation effect is shown in

v(v),

= W# (38)

Mk

3.4.2. Interaction Degree Matrix between Spatial Units.
The change of velocity perturbation of each space unit in the
study area is the result of the combined effect of multiple
space units. In order to quantify the degree of mutual in-
fluence between spatial units, the disturbance formed by the
influence of spatial unit j by i is recorded as v;; and then the
degree of influence of spatial unit i on spatial unit j is
calculated:

Wy Wiy o0 Wy s Wy
Wy Wyp v+ Wyj - Wy,
W=l w,; w, -+ w; - wy, |, (39)
L Wy Wyp 0 Wy oo Wy |
w oW (40)
ij = w102 >
Zi:lvi,jz
< K
Vi,j = Zpk(w )i,jyi . (41)
k=1

3.4.3. Identification of Key Nodes. In the discipline of
complex networks, nodes that are easily damaged and have a
greater impact on other nodes are called key nodes. With
reference to the definition of key nodes in a complex net-
work, this paper proposes a method for identifying key
nodes in the congestion evolution process of the entrance
and exit areas: the space where the speed of the space unit is
susceptible to influence and has a greater impact on the
speed of adjacent space units. The unit is defined as the key
node in the congestion evolution process of the entrance and
exit area.

Based on the abovementioned definition of traffic
congestion and related standards, “Urban Traffic Manage-
ment Evaluation Index System” (2002, China), the spatial
unit under the transmission effect is divided into 5 states:
spontaneously congested units, heavily congested units,
moderately congested units, lightly congested units, and
immune units. The specific classification criteria are shown
in Table 2.

The first of the above five traffic states is the congestion
formed under the influence of its own factors, while the
other four are under the comprehensive influence of the
congestion propagation effect of neighboring units. When
the disturbance rises sharply and reaches a certain threshold,
the traffic state gradually changes from unblocked to con-
gested, indicating that the propagation effect is the main
reason for the decline in service level and even congestion in
the entrance and exit areas.

Based on the method of judging the traffic state, this
paper defines the space unit with a speed greater than
10km/h and an impact on adjacent space units greater than
30% as a key node in the congested traffic state/process.

4. Results

4.1. Goodness-of-Fit Test. The goodness-of-fit test is con-
ducted on the velocity disturbance sequence in the exper-
imental area under the improved spatial autoregressive
model. According to the parameter fitting results, the
goodness-of-fit (R?) value of the improved spatial autore-
gressive model is 0.7423, indicating that the model has a
good fitting effect.

According to the test shown in Figure 3, divergence
between the actual observed value and predicted value in
each spatial unit is small and the actual observed value curve
and the predicted value curve are very close, indicating the
improved spatial autoregressive model can reasonably de-
scribe the trend of speed at various locations. In a nutshell,
the model performs well in predicting the speed disturbance
of each spatial unit and can truly and reasonably reflect the
spatial correlation of the traffic of various units in the area.

4.2. Analysis on the Evolution Law of Congestion in the En-
trance and Exit. Congestion evolution analysis, the method
proposed in this paper, is used to study the evolution of
congestion in the entrance and exit. Twenty sets of observed
data whose traffic flow is 2000 pcu/h and entry rate is 20%
are collected for research. By calculating the congestion
propagation in the entrance and exit and the influence
matrix of different spatial units, the key nodes of the evo-
lution of congestion in the area can be perceived and its
formation mechanism can be analyzed.

4.2.1. Analysis of Congestion Propagation in the Entrance and
Exit. Based on the criteria in Table 2, the traffic of each
spatial unit in the entrance and exit can be determined and
the spatial distribution is shown in Figure 4. It can be seen
from the distribution of various congestion units that the
spread of local congestion is not isotropic; the frontage road
to the entrance and exit of the parking lot is the culprit of
local congestion, and the units where they are located are
mostly the spontaneous congestion units; the congestion
propagates to the inner lane and the downstream of the road
segments from the spontaneous congestion units. The outer
lane is affected most, and the affected area is also the largest;
the middle lane and the inner lane are the least affected; and
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TABLE 2: Definition of the traffic status of the space unit (unit: km/h).
Status Disturbance range Speed range Description
Spontaneously congested unit Congestion occurs first
Heavily congested unit >20 <10 Vehicles are in a queue
Moderately congested unit 10~20 10~20 Low speed with a standstill
Lightly congested unit 0~10 20~30 Moderate speed with no standstill
Immune unit <0 >30 Faster speed in a free-flow state

Disturbance value (km/h)
=

0 10 20 30 40 50 60 70 8 90 100
Space unit ID

—e— Predicted value

—e— Actual value

Figure 3: Comparison between the predicted value curve and
actual observed value curve.

the downstream area of the entrance and exit and the up-
stream of the affected area are almost no longer affected.

In order to further explore the interaction between
spatial units and understand the characteristics of conges-
tion propagation, five spatial units with different traffic are
selected and the distributions of congestion of spatial units
of different orders are compared. The result is shown in
Figure 5. It can be seen from the figure that the propagation
whose spatial adjacency is within the fourth order accounts
for more than 90% of the total propagation. Propagation
gradually decreases as the spatial adjacency increases. This
shows that when congestion happens in a spatial unit, its
impact on the most adjacent spatial unit (first-order adjacent
unit) is the greatest, and as the spatial scale increases, the
impact decreases sharply.

4.2.2. Spatial Evolution Mechanism of Congestion in the
Entrance and Exit. In order to further analyze the evolution
mechanism of congestion in the entrance and exit, this paper
calculates the influence matrix of spatial units based on the
improved spatial autoregressive model and quantifies the
degree of mutual influence between spatial units under the
influence of congestion propagation. The spatial unit is
regarded as the node, the mutual influence between the
spatial units as the edge, and the degree of mutual influence
as the weight, and a directed weighted network of the spatial
units can be constructed, as shown in Figure 6.

It can be seen from Figure 6 that the directed weighted
network of spatial units in the experimental area takes the
shape of a “band,” which is consistent with the above-
mentioned attenuation characteristics of congestion

propagation. To better analyze and study the evolution
mechanism of congestion in the area, this paper divides the
congestion evolution process into entrance and exit section
area, transition area, and upstream area based on different
spatial locations where the congestion happens. Figure 7
draws a directed weighted network for the three areas and
uses the abstract network to analyze the evolution process of
congestion.

(1) Section Area of the Entrance and Exit. The directed
weighted network near the entrance and exit shows that
affected by the parking behavior, there are significant dif-
ferences in the weight values of the spatial units near the
section. Based on the directed weighted network near the
section (Figure 8), Figure 9 is drawn. All units in Figure 9 are
spatial units in the section area of the entrance and exit; A, B,
and C indicate Lane 1, Lane 2, and Lane 3, respectively, 1, 2,
3, 4, and 5 indicate adjacent spatial units from upstream to
downstream of the road; C3, C4, and C5 are spontaneous
congestion units, and other units are general units. It can be
seen from the figure that the lateral interference on the
spatial unit accounts for about 85% of the total in Lane 1
(outermost lane), and the lateral interference on the spatial
unit accounts for 60% of the total in Lane 2 (middle lane).
The main reason for the spontaneous congestion units in
Lane 3 (innermost lane) is that the service capacity of the
entrance and exit of the parking lot cannot meet the needs of
parking and the entry time is prolonged due to the conflict
between motor vehicles and nonmotorized vehicles. These
ultimately make it impossible to ease the vehicles and cause
congestion to propagate upstream.

(2) Transition Area. From the directed weighted network
in the transition area (Figure 10) and the diagram of spatial
units (Figure 11) (all the units in the figure are units in the
transition area and all are general units, and the meanings of
all the other symbols are the same as the preceding text), it
can be seen that under the influence of the vehicle stag-
nation, the ratio of longitudinal interference to the total
interference the spatial units receive in Lane 3 varies within
the range of [0.5, 0.65], and the ratio of longitudinal in-
terference to the total interference and the distance between
the spatial units and the entrance and exit is inversely
correlated. The ratio of the longitudinal interference to the
total interference the spatial units receive on Lane 2 varies
within the range of [0.35, 0.6], and the ratio of the lateral
interference to the total interference the spatial units receive
on Lane 2 varies within the range of [0.1, 0.45]. Moreover,
the ratio of longitudinal interference to the total interference
is positively correlated with the distance between the spatial
units and the entrance and exit, and the ratio of lateral
interference to the total interference is negatively correlated
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Figure 5: The attenuation process of spatial congestion
propagation.

with the distance between the spatial units and the entrance
and exit. This is because the spatial units in Lane 2 is affected
by the combination of stagnation of vehicles in the same lane
and lane changing of driving vehicles in Lane 3, and the
speed is disturbed. As the distance increases, the impact of
lane changing on Lane 2 gradually decreases, and the impact
of stagnation on the upstream units gradually becomes the
main factor, which is manifested by the gradual increase in
the weight value of the units in Lane 2. The longitudinal
interference the spatial units receive on Lane 1 accounts for
about 65% of the total, which is mainly caused by the ve-
hicles changing lanes.

(3) Upstream Area. The directed weighted network of the
spatial units in the upstream area of the entrance and exit is
shown in Figure 12. The weight value between the spatial
units in the upstream area tends to be stable, which means
that the congestion is propagated upstream in the same
pattern. The relationship between spatial units is illustrated
by Figure 13 (all the units in the figure are units in the
upstream area and all are general units, and the meanings of
all the other symbols are the same as the preceding text). It
can be seen from the figure that the lateral interference the
spatial units receive in Lane 1 accounts for more than 90% of
the total. The main reason for this phenomenon is that the
vehicles in Lane 1 rarely stagnate, and the spatial units are

mainly affected by “friction effect”; in Lane 2, the lateral
interference the spatial units receive in Lane 2 is about 60%.
This is because the intermittent queuing of vehicles parked
near the entrance and exit causes the vehicles in the up-
stream area to stagnate. Therefore, the mutual influence
between the spatial units in the same lane is relatively high.
Lane 3 is the lane directly connected to the entrance and exit.
Due to the combination of frequent queuing, following the
traffic flow and lane changing of parked vehicles, the lon-
gitudinal and lateral interferences the spatial units receive in
Lane 3 are both about 50%.

To sum up, from the perspective of the impact value, the
congestion propagation is the strongest in the frontage road
to entrance and exit of the parking lot, where the congestion
first happens; there is moderate propagation in the transition
area, the main area where congested vehicles stagnate;
congestion propagation is weak in the downstream area,
stagnation of vehicles is barely seen, and there is a relatively
fast-flowing traffic. From the perspective of the proportion,
from the frontage road to the transition area and then to the
upstream area, the proportion of longitudinal interference
gradually increases, while the proportion of lateral inter-
ference gradually decreases. This shows that the lateral
propagation of congestion attenuates faster than longitu-
dinal propagation.

4.2.3. Key Congestion Nodes. In order to further analyze the
relationship between the location and number of key nodes
in the process of congestion evolution and the traffic volume
of the road segments and the entry rate, this paper calculates
the location of key nodes of congestion propagation when
the traffic volume is 1500 pcu/h, 2000 pcu/h, and 2500 pcu/h,
respectively, and when the entry rate of parked vehicles
stands at 15%, 20%, and 25%, respectively (as shown in
Table 3). Obviously, the traffic volume and the entry rate are
positively correlated with the number of key nodes. As the
traffic volume and the entry rate increase, key nodes spread
from the outer lane to the inner lane and from the frontage
road to the entrance and exit of the parking lot to the
upstream area. Further comparative analysis shows that
when the traffic volume is 1500 pcu/h, the change of the
entry rate does not have a significant impact on the number
of key nodes; when the traffic volume increases to 2000 pcu/
h (especially when it increases to 2500 pcu/h), the number of
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FiGURE 7: Diagram of the division of the entrance and exit.

key nodes increases significantly along with the increase in
the entry rate, which shows that the impact of the entry rate
on the key nodes is enhanced as the traffic volume of the
road segments increases.

The analysis suggests that the degree, distribution, and
number of congestion of spatial units in the entrance and
exit are constantly changing. When the traffic volume of the
road segments and entry rate are high, the degree and
number of congestion of the spatial units of the entrance and
exit will increase significantly, and vice versa. However, for
each specific unit, whether it will become a congestion unit is
not determined solely by the traffic volume or the entry rate,
but by the combination of the traffic volume, the entry rate,
and the location of the spatial unit. In the directed weighted
network in the entrance and exit, some spatial units (key
nodes under the effect of congestion propagation) quickly

evolve into congestion units because of greater turbulence
caused by the increase in traffic volume or entry rate.
However, some units are less or not susceptible to the in-
crease in traffic volume or entry rate. Therefore, in daily
traffic management, the key nodes in the evolution process
should be eased; for spontaneous congestion units, by im-
proving the service capacity of entrances and exits and
reducing the entry time of parked vehicles, the impact of
spontaneous congestion units on adjacent units can be re-
duced; in terms of the key nodes under the influence of
propagation, reducing stagnation of vehicles can alleviate the
longitudinal propagation of congestion; in addition, guiding
vehicles to enter the parking lot from other entrances with
facilities such as parking grading guidance screens to reduce
entry rate improve the frontage roads to the entrances and
exits and enhance the quality of travel for citizens.
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FIGURE 8: Diagram of a directed weighted network in the section area of the entrance and exit.

FIGURE 9: The diagram of spatial units in the section area of the entrance and exit.

FIGURE 10: Diagram of a directed weighted network in the transition area.
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TaBLE 3: Key nodes of congestion propagation.
Traffic flow Entry rate
(+100 peu/h) (+5 (%)) Key nodes
15 95, 96, 97
1500 20 95, 96, 97
25 93, 94, 95, 96, 97, 61, 62
15 92, 93, 94, 95, 96, 97, 58, 59, 60, 61, 62
2000 20 89, 90, 91, 92, 93, 94, 95, 96, 97, 57, 58, 59, 60, 61, 62
25 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 54, 55, 56, 57, 58, 59, 60, 61, 62
15 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 54, 55, 56, 57, 59, 60, 61, 62
2500 20 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62
25 76,77,78,79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 47, 48, 49, 50, 51, 52,

53, 54, 55, 56, 57

5. Conclusions and Discussion

This paper starts with studying the spatial evolution pattern
of congestion propagation in the entrance and exit of a
parking lot. First, it discusses the shortcomings of traditional
spatial autoregressive model and proposes an improved
robust spatial autoregressive model based on the actual
characteristics of the traffic flow in the entrance and exit.
Second, it constructs a smooth spatial adjacency matrix
based on the principal component analysis and designs a
parameter estimation method based on partial least squares.
Third, it selects the frontage road to entrance and exit of a
typical parking lot for research, and the fitting result (R? is
0.7423) shows that the model has a good fitting performance
for the velocity disturbance sequence of the spatial units.
Fourth, by identifying and observing the distribution of
different types of congestion units in the research section,
the mechanism of congestion formation and the main
propagation direction are analyzed. Finally, it explores and
analyzes the congestion propagation and the spatial evo-
lution mechanism of the congestion in the experimental
area. The results show that as the spatial scale increases, the
congestion propagation decreases sharply, and spatial ad-
jacency within the fourth order can account for more than
90% of the propagation; the frontage road to the entrance
and exit is the place where the congestion first happens; the
congestion gradually attenuates as it propagates to the inner
lane and the upstream of the road segments; the lateral
congestion propagation attenuates faster, so the area affected
by congestion is mainly distributed in the outermost lane. In
summary, the proposed method for analyzing the spatial
propagation characteristics of traffic congestion can be
better applied to the frontage roads of parking facilities. The
results of the case analysis show that for the local traffic
congestion at the entrance and exit, the relevant departments
should proceed from a holistic perspective to accurately
monitor and orderly channel the key space nodes. The
conclusions are of great theoretical and practical significance
for improving the frontage roads to the entrances and exits
of parking facilities and the quality of travel for citizens.
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