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Abstract

This study uses remote sensing images combined with Geographic Information Systems statistical approach -
spatial autocorrelation analysis to identify traffic incident hotspot locations. It evaluates the statistical
significance of hotspot clusters to support forecasting road traffic incidents applied for Thanh Hoa province of
Vietnam with traffic accident data during four years from 2020 to 2023. Based on spatial analysis techniques,
including severity index and Getis-Ord Gi* statistical analysis with inverse distance weighting interpolation,
hotspot clusters are identified and sorted by rank. Applying spatial autocorrelation analysis has important
implications in enumerating hotspots in sequence. The analysis results identified 64 hotspots, of which the 32
dangerous incident points are in Thanh Hoa province's transportation system. The results demonstrate the
effectiveness of using Getis-Ord Gi* spatial statistical techniques to identify traffic incident hotspot locations
and evaluate the statistical significance of hotspot clusters to support forecasting road traffic incidents in Thanh
Hoa province.

Keywords: Autocorrelation, Getis-Ord Gi*, Hotspot Analysis, Inverse Distance Weighting, Severity Index,

Traffic Incident

1. Introduction

Road traffic incidents (RTI) are one of the significant
concerns and have a severe impact, causing traffic
congestion, especially in major cities in Vietnam [1].
The potential effects of RTI, such as injuries, deaths,
property damage, disability, and high financial costs
on both GDP and road users and involved individuals
[2]. According to a report by the World Health
Organization, low- and middle-income countries
bear the most significant burden of RTI in the world
[3]. In Vietnam, road traffic is very complicated
because motorbikes are the primary means of
transport due to their convenience, ease of use, and
low cost.

Due to that convenience, motorbikes are also the
type of vehicle that causes many RTIs in Vietnam [4].
Besides motorbikes, many other means of transport,
including rudimentary vehicles such as carts,
bicycles, cyclos, animal-drawn vehicles, etc, run
alongside modern road vehicles such as large and
small cars. In addition, many people do not obey
traffic regulations when participating in traffic. The
traffic system with various rudimentary vehicles and
poor awareness of traffic participants is the cause of
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many traffic accidents in Vietnam [5] and [6]
minimize accidents in Vietnam; it is necessary to
warn of locations where incidents often occur. That
is the location of the hotspot or blackspot of road
traffic accidents [7] and [8]. Previously, many
methods for identifying hot spots were researched,
such as the incident rate method [9], equivalent
property damage index [10], Bayesian empirical
method (EB) [11], etc. The most effective way to
identify hot spots is the EB method [12]. However,
the EB method has limitations in requiring training
and high skills in statistical analysis.

Over the last two decades, the rapid development
and application of GIS technology as a tool to
manage, explore, analyze, and visualize spatial data
and spatial data analysis methods included in the
modules of GIS software have received increasing
attention [13]. GIS can easily encode locations and
map incidents [14] or create an incident density
distribution map [15]. Some studies have focused on
two techniques, which are Getis-Ord Gi* statistics
[16] and [17] and kernel density estimation (KDE)
[18] and [19] using GIS to identify hotspots.


https://doi.org/10.52939/ijg.v20i9.3537

Hotspots are considered as the number of severe
injury collisions occurring within a defined length
segment (500 m) in 3 years or if the number of deaths
is equal to or greater than 10 [20]. In other words, a
cluster of crashes with high levels of injuries is called
hotspots.

Conversely, if there is a cluster of low-injury
crashes, it is called "coldspots ". In this study,
hotspots were locations with positive Getis-Ord GI*
statistics with significant z-scores at a 90% or higher
confidence level. Similarly, coldspots are locations
with adverse Getis-Ord Gi* statistics and significant
z-scores at a confidence level of 90% or higher. In
other words, a cluster of crashes with high levels of
injuries is called a hotspot. Conversely, a cluster of
low-injury crashes is called a coldspot. Black spots in
road traffic are also known as dangerous road
locations, high-risk locations, accident-prone
locations, hot spots, prospective locations, and
priority investigation locations [21].

The superiority of the KDE algorithm was
compared to other clustering techniques, including k-
means, k-medoids, CURE (Clustering Using
Representatives), BIRCH (Balanced lIterative
Reducing and Clustering Using Hierarchies), STING
(Statistical Information Grid), CLIQUE (Clustering
in  Quest), DBSCAN (Density-Based Spatial
Clustering of Applications with noise) and OPTICS
(Ordering Points to Identify the Clustering Structure)
[22]. The KDE algorithm helps determine the range
that covers an incident's danger level. Thus, it
visually depicts where problems will likely occur
according to spatial relationships.

Furthermore, the KDE analysis process creates a
raster layer whose pixels are assigned values
corresponding to the intensity that characterizes the
entire area for comparison and classification [23].
KDE is, therefore, effective in clearly displaying
areas with high incident density [24]. However, the
limitation of KDE is that it does not provide
statistical significance of hot spots [25] and [26], and
there are no criteria to prioritize incident hotspots [2].
To overcome that, some other studies have applied
statistical analysis -Getis-Ord Gi* to detect important
locations where accidents occur [27] and [28].
Getis—Ord (Gi*) spatial statistics were used to
identify hotspots on the highway scale [27]. The
method successfully identified accident clusters from
more than 47.359 accident incident records from
2016 to 2019. Twenty-five hotspots were identified
in this study area, accounting for 26.81% of reported
cases, with the most extended hot spot cluster being
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31.2 km and the shortest being 300m. There were 16
identified hotspots, equivalent to 64% of the total
number of hotspots occurring at locations with
intersections, exits, ramps, resorts, or parking stops.
The spatial pattern of traffic accident hot spots along
the internal and significant road networks was used
to present the local hotspot analysis technique
(Getis—Ord Gi*) in a GIS environment. Data was
collected from 2015 to 2019 for the Irbid
Governorate, Jordan.

Analysis of traffic accident incidents at a severe
level shows a precise spatial distribution of hotspot
locations. Less serious traffic accidents (~95%) occur
on the internal road network, at a 99% significance
level along the internal and significant road network
segments. Both studies define the output of statistical
Gi™* as z-scores and p-values for each failure location
to determine whether the cluster is statistically
significant. In addition, the accident severity index
(S1) is also considered in most studies. Some authors
indicated that it is better to pay attention to the
severity of an accident incident because the accident's
impact may be related to the injury [29] and [30]. The
purpose of this study is to analyze the spatial pattern
of road traffic incidents, as well as map incident
hotspots in the Thanh Hoa province area. The survey
result will assist people in understanding the causes
of incidents, handling dangerous locations, and
providing reasonable proposals and costs to enhance
road safety and minimize the risk of accidents.

2. Materials and Methodology

2.1 Study Area

Thanh Hoa is a large province of the North Central
region of Vietham with geographical coordinates
ranging from 20°40’ to 19°18' North latitude and
from 106°04’ to 104°22' East longitude. There is a
convenient transportation system for regional,
national, and international travel from Thanh Hoa
with the Trans-Vietnam Railway system, Ho Chi
Minh Road, many national highways, Nghi Son
deep-water seaport, and a river waterway [31].
However, the density of the provincial road network
is unevenly distributed among regions, mainly
concentrated in urban areas. Furthermore, the scale of
the road network and structure is low; the asphalt
road system primarily focuses on national and
provincial highways, and the asphalt pavement
structure is low. That has significantly affected the
travel process of traffic participants and caused many
severe incidents in road traffic. Figure 1 is the map of
Thanh Hoa province.
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Figure 1: Thanh Hoa province of Vietnam

Table 1: Satellite imagery data

Satellite  Processing level Path/row Acquisition Date
127/046 18/04/2022

Landsat-8 L1GT 127/046 06/09/2022
127/047 17/08/2023

2.2. Data

In this study, two different datasets were utilized, that
is:

1) Map of Thanh Hoa road network and
administrative boundaries digitized from Google
Earth in shapefile form. Road attribute data includes
length, width, road type, speed limit, etc. Collected
data from reports provided by Thanh Hoa
Department of Natural Resources and Environment.
In addition, surface cover is classified and verified
from 3 Landsat-8 satellite images with information in
Table 1.

2) The Thanh Hoa Transportation Police Department
provided an Accident incident data set from 2020 to
2023 in Thanh Hoa province. This dataset includes
essential information such as the date, time, and
location of the accident, the type of accident and

vehicle involved, the number of deaths, and the
number of injuries. These two datasets were
combined and processed using ArcGIS 10.8
software. Figure 2 illustrates the distribution of road
traffic incident locations in Thanh Hoa province over
four years from 2020 to 2023.

Data was collected to build a database of road
traffic incidents in Thanh Hoa province for four
consecutive years, from 2020 to 2023, and a
geographic database including road network,
administrative boundaries, and surface cover.
Analysis results were obtained by running the hotspot
analysis tool in ArcGIS software. The study proposes
a research framework for analyzing incident hotspots
using the Getis-Ord Gi* spatial statistical technique,
as shown in Figure 3. It can be divided into three
parts: 1) Collected data, 2) Analysed data, and 3)
Results.
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Figure 3: Road traffic incident hotspot analysis process

2.3.2 Data analysis

Moran's Index Statistics of Spatial Autocorrelation:
Statistically significant analysis of hotspots is a
measure of spatial autocorrelation by observing
incidents' distribution patterns. The test will decide to
stop when there is a random distribution and vice
autocorrelation

versa. The spatial

cluster patterns; when the Moran index value is close

1[33]:
technique

examines the location and properties of the incident
severity z values of determined Moran's | ranging
from -1 to 1, which are considered statistically
significant [32]. When the Moran index value is close
to 1, the data contain spatial autocorrelation and

to -1, the data is not continuous and scattered.

At the same time, an absolute zero index value
indicates no spatial autocorrelation. Based on the
weight matrix, Moran’s I is calculated from equation

— nzin:lzr;zlvvi,j ZiZj
S0l

Equation 1
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In which: z;, z; are the deviation from the average
value; wi;,jis the spatial weight between feature i and
j; n is the number of features, So is the sum of all
spatial weights and is calculated as in equation 2 [34]:

S _Z| 12] =1 hj
Equation 2

The z; score is calculated from equations 3 to 5:

ZI
[1]
Equation 3
With:
1
E[l]=-—
Equation 4
V[I] = E[I”] - E[1]?
Equation 5

Incremental Spatial Autocorrelation (ISA) Tool:

An incremental spatial autocorrelation tool in
ArcGIS is used to calculate Moran's | index values
and the associated z-score, indicating statistical
significance at different threshold distances. The
distance where the z-score is highest is the desired
threshold distance and is chosen for cluster mapping
using the GetisOrd Gi* function. The ISA tool gives
results as a graphical representation between
different distance thresholds and the associated z-
score. The first or highest peak can be selected for
optimal clustering among other values.

Getis-Ord Gi Statistics:

Mapping incident clusters in the study area based on
hotspot analysis - Getis-ord Gi*. The output of this
method includes Gizscores and Gipvalues that
indicate whether high-value or low-value objects
tend toward clusters [32]. The z-score and p-value
obtained from spatial autocorrelation analysis
indicate the incident locations with high values -
hotspots and low values -coldspots. However, to be
designated as a hot spot, the incident location needs
to have a higher value, with surrounding incident
characteristics also having high values. The Getis-ord
Gi* statistic was calculated to identify such hotspots
according to equation 6:

X2 ja

Z —1W|XJ_
an,l (2w,

n-1

& -

Equation 6
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There, x; is the attribute value of object j, wi ;is the
spatial weight between objects i and j, and n is the
total number of objects.

With:
)z _ Zj:lxl
Equation 7
n 2
8= Zj:lxl _ )Zz
n
Equation 8

The correlation between significance level p,
confidence, and z-sore is shown in Table 2. A
positive z-score value (>2.58) is statistically
significant (p =0.01), indicating that the observations
are hot spot spatial clusters, and a negative z-score (<
-2.58) is statistically significant (p = 0.01); otherwise,
it is the cold spot. Regarding z-score > 2.58 and p-
value < 0.01, the observations are spatial clusters, and
Gi* is statistically significant at the 99% confidence
level. On the contrary, in the case of p-value > 0.01,
the observations are random [8] and [32].

Inverse Distance Weighting (IDW):

The calculated hotspot values were interpolated using
the inverse distance weighting (IDW) interpolation
technique in ArcGIS software. This IDW technique
assumes that the influence of the mapping variable
decreases with increasing distance from the sampling
location. Therefore, this technique gives higher
weight to variables near the sampling location and
vice versa. The estimated value of the point at a
particular location can be calculated using equation

9:
s 1
2utigr
1

ZS dk

Zy, =

Equation 9

Where 7o is the estimated value at point 0; z; is the
measured value at point i; s is the number of points
used to estimate the unknown value; d; is the distance
from point i to point 0; k is the exponential value that
determines the effect of distance.
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Table 2: Correlation between confidence level and z-score, confidence level and z-score p-value [8]

Confidence level (%) zscore p-value
90 <-1.65 or >1.65 <0.10
95 <-1.96 or >1.96 <0.05
99 <-2.58 or >2.58 <0.01

3. Result
3.1 Global Spatial Autocorrelation Analysis -Spatial
Autocorrelation Moran's |

According to Figure 4 and the correlation in Table 2,
analysis of Global Moran's | show that Moran's | is
0.3840 (> 0.00), which shows that traffic incidents
positively correlate with the spatial distribution. A p-
value of 0.0000 (<0.01) indicates that the probability
of random distribution of traffic incidents is less than
1%. In contrast, the spatial clustering state in Figure
4 has a more than 99% probability. Furthermore, the
value z = 7.6543 is higher than 2.58, which proves
that the spatial aggregation trend of accident

Moran's Index: 0.383853
z-score: 7.654305
p-value: 0.000000

incidents distributed according to the global Moran is
very significant; that is, traffic incidents have a
concentrated pattern.

3.2 Incremental Spatial Autocorrelation Analysis
Incremental spatial autocorrelation is applied to
analyze spatial autocorrelation using different
distance ranges, called bandwidths. Each bandwidth
gives a z-score and statistical significance level p, as
shown in Table 3. According to Figure 5, the
maximum peak value is 10250, with z-score of
3.748003 and p-value of 0.000178, at which we can
find the maximum clustering ability.

Critical Value
(z-score)
<-2.58
-2.58 - -1.96
-1.96 - -1.65
-1.65-1.65
1.65-1.96
1.96 - 2.58
>2.58

Significance Level
(p-value)
0.01

apoooon

Clustered

Figure 4: Spatial autocorrelation report

Table 3: Global Moran’s T Summary by Distance

Distance  Moran’s Index Expected Index Variance z-score p-value

10000.00 0.018421 -0.000628 0.000026 3.723879 0.000196
10250.00 0.018175 -0.000628 0.000025 3.748003 0.000178
10500.00 0.014999 -0.000628 0.000024 3.177986 0.001483
10750.00 0.016979 -0.000628 0.000023 3.650584 0.000262
11000.00 0.016423 -0.000628 0.000022 3.612572 0.000303
11250.00 0.015534 -0.000628 0.000021 3.543530 0.000395
11500.00 0.016051 -0.000628 0.000020 3.725932 0.000195
11750.00 0.014330 -0.000628 0.000019 3.396120 0.000683
12000.00 0.013956 -0.000628 0.000019 3.368443 0.000756
12250.00 0.011782 -0.000628 0.000018 2.917117 0.003533

First Peak (Distance; Value): 10250.00; 3.748003
Max Peak (Distance; Value): 10250.00; 3.748003
Distance measured in Meters
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Figure 5: Spatial autocorrelation over distance

3.3 Cluster Analysis and IDW

Analysis of hotspots and coldspots of road traffic
incidents in Thanh Hoa province shows that areas
with high spatial clustering (red dot clusters) are
concentrated on national highways and provincial
roads in these areas such as Thanh Hoa city, Bim Son
town, Ha Trung district, Hau Loc district, Hoang Hoa
district, Sam Son city, Quang Xuong district, Dong
Son district. Areas with low spatial clustering
(coldspots consisting of light blue dots), such as some
locations in Nhu Thanh District, Nong Cong District,
Nghi Son Town, Quan Hoa District, and Thach
Thanh District. Some remaining districts have no
spatial clustering (representing a random distribution
of incidents). Figure 6 illustrates an Inverse Distance
Weighting incident hotspot Map, while Figure 7 is
the distribution of hotspots and coldspots of traffic
incidents in Thanh Hoa province.

4. Discussion

The IDW interpolation technique is widely
implemented to generate spatial hot spot analysis
output [18] and [35]. Figure 6 shows continuous
smooth surfaces classified into five different classes.
Areas with a high risk of incident are shown in red
with high values and based on data overlay of
analysis results using Getis Ord Gi* statistics to
identify incident hotspots and raster surface
interpolation from points using inverse distance
weighting technique. Figure 6 analysis identified 64
hotspots, of which the 32 most dangerous locations

were ranked based on the z-score for each location
and were statistically significant with a 99%
confidence interval. Figure 9 is the map of Thanh
Hoa province's road network. The study results show
that along National Highway 1A, National Highway
217, and National Highway 10, there are incident
points in very high accident-risk areas. Currently,
there is one location, location number 345 - an open
crossroad connecting to National Highway 1A; 4
locations in the curve area consisting of numbers 422,
393, 419, and 389; 2 black spot locations - numbers
379, 331where serious incidents often occur at
intersections. These locations are very dangerous,
uncontrolled, and considered a top priority for
treatment. The results obtained are consistent with
the statistical report of Thanh Hoa Transportation
Police Department from 2020 to 2023 and actual
observation conditions.

There are four main causes of road traffic
incidents in these hotspot areas. The first cause is that
there are often no signs at the connecting crossroad
location, and the terrain is often lower than the
national highway surface, leading to obscured vision.
The second cause is that these national highways are
being degraded in some sections and are in the
process of being upgraded, such as National Highway
1A, National Highway 10, etc, as illustrated in Figure
8. The third cause is frequent illegal behavior in other
corridors, such as exposing agricultural products
[36].
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Figure 8: National highways of Thanh Hoa province are being degraded in some sections
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Figure 9: Road network of Thanh Hoa province

And final cause, there are many undulating buildings
obscure the view, along with the high density of
vehicles participating in traffic, typically in the
location of black point 379 (at Km16+570/QL47) at
the intersection of Highway 47 with Nguyen Duy
Hieu Street in the center of Thanh Hoa City and black
point 331 (at Km 23+780/QL 47) at the intersection
of Nguyen Mong Tuan Street with National Highway
47.

5. Conclusion

The study proposed a process for analyzing road
transportation hotspots using Getis-Ord Gi* spatial
statistical techniques, deployed on a Geographic
Information Systems platform, namely spatial
autocorrelation analysis, to identify and quantify
statistically significant spatial patterns based on the
number and severity of traffic incidents in Thanh Hoa
province for the past years from 2020 to 2023. Using
spatial autocorrelation allows a statistical analysis of
incident space patterns, helping to distinguish high-
incident clusters from low-incident clusters. Risk
hotspots are analyzed, identified, and sorted by
priority. The results obtained are in close agreement
with the statistical report of Thanh Hoa
Transportation Police Department from 2020 to 2023
and actual monitoring datasets. From there, the cause
is found, and a plan to avoid accidents in dangerous
locations comes up in the future. Assessing the
statistical significance of hotspots in the past will
help management agencies make decisions on costs
and appropriately allocate labor safety resources,
reducing property damage and human lives. The
study results prove the correctness of Getis-Ord Gi*
spatial statistical techniques to identify traffic

incident hotspot locations and evaluate the statistical
significance of hotspot clusters to support forecasting
road traffic incidents in Thanh Hoa province of
Vietnam. However, this study has not investigated
the spatial dependence of incidents on road
parameters such as slope, curvature, stopping
distance, etc. In future studies, combining some
clustering methods to improve accuracy is necessary.
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