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Abstract: Based on the significant hotspots analysis method (Getis-Ord Gi* significance statistics),
space-time cube model (STC) and the Mann—Kendall trend test method, this paper proposes a G-
STC-M spatio-temporal analysis method based on Archaeological Sites. This method can integrate
spatio-temporal data variable analysis and the space-time cube model to explore the spatio-temporal
distribution of Archaeological Sites. The G-STC-M method was used to conduct time slice analysis on
the data of Archaeological Sites in the study area, and the spatio-temporal variation characteristics of
Archaeological Sites in East China from the Tang Dynasty to the Qing Dynasty were discussed. The
distribution of Archaeological Sites has temporal hotspots and spatial hotspots. Temporally, the distri-
bution of Archaeological Sites showed a gradual increasing trend, and the number of Archaeological
Sites reached the maximum in the Qing Dynasty. Spatially, the hotspots of Archaeological Sites are
mainly distributed in Jiangsu (30°~33° N, 118°~121° E) and Anhui (29°~31° N, 117°~119° E) and
the central region of Zhejiang (28°~31° N, 118°~121° E). Temporally and spatially, the distribution
of Archaeological Sites is mainly centered in Shanghai (30°~32° N, 121°~122° E), spreading to the
southern region.

Keywords: Archaeological Sites; G-STC-M; spatio-temporal analysis

1. Introduction

In archaeology, “Archaeological Sites” refers to the remains of ancient human ac-
tivities, which exist in the process of historical development with important value [1-3].
By analyzing Archaeological Sites and understanding the characteristics of their spatio-
temporal variation, it is helpful to deepen the understanding of Archaeological Sites in
historical periods.

According to the archaeological records and historical materials summarized by schol-
ars in the past, we can see that in the Tang Dynasty, the hotspots of human activities were
mainly distributed in Yangzhou Prefecture, Changzhou Prefecture and Hangzhou Prefec-
ture. In Song Dynasty, Hangzhou Prefecture, Taizhou Prefecture and Luzhou Prefecture
became hotspots of human activities. In the Yuan Dynasty, Ningguo Prefecture appeared
in hotspots. In Ming Dynasty, hotspots were mainly distributed in Suzhou Prefecture,
Anging Prefecture and Ningguo Prefecture. In the Qing Dynasty, Fengyang Prefecture
and Yingzhou Prefecture also became the main hotspots of human activities [4-6]. These
archaeological records are mainly recorded by the original data of physical materials in the
form of words and images [7-9]. There are some comparisons of historical data, but the
volume of data is incomplete, and the extent of the regions divided by each dynasty is not
consistent, which affects the analysis of the archaeological record.

Archaeological Sites include ancient cultural sites, ancient tombs, ancient buildings,
grotto carvings and other categories (such as ancient wells, ancient roads, etc.). They are
characterized by incomplete residual, with a certain geographical scope [10,11]. At present,
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the main methods of spatio-temporal analysis and expression of Archaeological Sites are as
follows: statistical index analysis method of spatial data, representation of spatio-temporal
model and analysis method of spatial statistics changing with time. The statistical index
analysis method of spatial data is based on the statistical indicators of the centralized
trend in statistics, combined with the descriptive analysis method of events, and puts
forward the statistical indicators to describe the centralized trend in spatial analysis. This
method mainly includes the data local spatial autocorrelation analysis method [12-14]
and the data and time series-related hierarchical analysis method [15]. The purpose of the
data local spatial autocorrelation analysis method is to determine whether the variables
are spatially correlated and how relevant they are. It contains cluster analysis [16,17],
factor analysis [18], correspondence analysis [19], regression analysis [20,21] and hotspots
analysis [22,23]. Among them, the hotspots analysis method refers to the Getis-Ord Gi*
statistical calculation method for each element in the Archaeological Sites dataset. Using the
data calculated by this method, we can clearly judge the clustering location of high- or low-
value elements in space. This method can better test the data of Archaeological Sites and
identify whether there are statistically significant hotspots of Archaeological Sites among
the research objects. The data and time series-related hierarchical analysis method is a
statistical method for dynamic data processing, which studies the statistical rule of random
data and time series correlation. It mainly includes stationary time series analysis [24], the
ensemble empirical mode decomposition method [25,26] and Mann-Kendall trend test
analysis [27,28]. Among them, Mann—Kendall trend test analysis is a statistical method to
test the correlation between the value of Archaeological Sites and the rank of time series
in the study of Archaeological Sites. The advantage of Mann—Kendall trend test analysis
is that it is not required to follow a certain distribution of research samples and is not
disturbed by a small number of outliers. This method is more suitable for type variables
and sequence variables, and the calculation is relatively simple.

The spatio-temporal model is a kind of geographic model which can effectively
organize and manage temporal geographic data. It has more complete attribute, spatio-
temporal semantics, and expresses the dynamic structure changing with time [29]. The
spatio-temporal model is mainly used in the analysis of temporal changes of geospatial
data. Usually, it contains an event-based spatio-temporal data model [30], spatio-temporal
object model [31], base state with amendments model [32], sequent snapshots model [33],
space-time composite model [34] and space-time cube model [35-37]. Among them, the
space-time cube model combines two-dimensional spatio-temporal dimension, and dis-
plays the change characteristics of spatio-temporal data from three-dimensional space in
the form of a cube. This form can better combine the spatial location and age data of Ar-
chaeological Sites, and more intuitively and clearly express the spatio-temporal distribution
of Archaeological Sites.

The analysis method of spatial statistics changing with time is also a method used
to study the spatio-temporal distribution of Archaeological Sites. This method includes
spatial statistical index time series analysis and spatio-temporal index change analysis. The
spatial statistical index time series analysis reflects the change of spatial pattern with time.
The commonly used methods include composition analysis [38], comparative analysis of
the same kind [39], multi-index analysis [40] and temporal trend analysis [41]. Among
them, temporal trend analysis can analyze the spatial statistical value of Archaeological
Sites according to the corresponding time series, so as to obtain the variation trend of the
spatial statistics of Archaeological Sites and time. This method is practical and widely
used, which clearly expresses the spatial differentiation characteristics of Archaeological
Sites [42]. In addition, the change of spatial statistics with time can also be shown by
spatio-temporal index change analysis. The spatio-temporal change is regarded as the
change of spatial distribution with time, and the spatial statistics are made at each time
point respectively, and then linked together according to the time sequence to reflect the
change of spatial statistical index. The spatio-temporal index change analysis method is
usually realized by spatio-temporal slice analysis. Spatio-temporal slice analysis refers to
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the method of time segmentation of a group of long time series data of Archaeological Sites,
and then statistical spatial distribution of each time series, and finally, comparative analysis
of spatial statistics of different time series sites. The spatio-temporal slice analysis method
makes it easier to process the spatio-temporal data with a large amount of information
and analyzes the spatial distribution changes of Archaeological Sites with different time
series in a more detailed way, which provides a strong support for accurately describing
the spatial differentiation characteristics and evolution process of Archaeological Sites.

This paper proposes a method to study the spatio-temporal distribution of Archaeo-
logical Sites, which combines the analysis of spatial statistical index, the space-time cube
model and the analysis of temporal variation of spatial statistics. In this method, (1) the
statistical index analysis of spatial data is used to judge the spatio-temporal correlation
of Archaeological Sites” data, (2) the space-time cube model is used to express the spatio-
temporal distribution of Archaeological Sites and (3) spatio-temporal variation analysis of
spatial statistics is used to explore the spatio-temporal variation of Archaeological Sites in
the study area. Finally, this method is used to analyze the time-slice data of Archaeological
Sites, and the spatio-temporal variation characteristics of Archaeological Sites are obtained.

The research results are helpful to deepen the understanding of the spatio-temporal
distribution of Archaeological Sites in historical periods, and also promote the interpreta-
tion of the law of human activities and facilitate the further development of the excavation
and protection of Archaeological Sites [43—45].

2. Research Area and Research Method
2.1. Archaeological Data

The area studied in this paper is located in east China (27°02'-35°20" N,114°54'-123°10’ E),
including Anhui province, Zhejiang province, Jiangsu province and Shanghai city, with
a total area of about 359,140 km?. These areas are dominated by hills, basins and plains,
with an obvious monsoon climate, densely covered rivers and lakes and rich historical and
cultural resources.

According to China’s State Administration of cultural heritage listed among the first to
eighth batch of provincial-level cultural relics protection unit information guide, this paper
selects the study area in the Tang Dynasty, Song Dynasty, Yuan Dynasty, Ming Dynasty and
the Qing Dynasty, five dynasties in the Archaeological Sites in the national and provincial
cultural relics protection unit, as the research object (a total of 1846 sites). The published
information includes the geographical location of the Archaeological Sites, the dynasty in
which it existed and the type of archaeological site it belongs to. In terms of the dynasties
to which the Archaeological Sites belong, the Archaeological Sites of Tang, Song, Yuan,
Ming and Qing dynasties are respectively 67, 191, 57, 623 and 908. In terms of the type of
Archaeological Sites, ancient cultural sites, ancient buildings, ancient tombs, stone carvings
and grottoes and other categories are respectively 109, 1463, 134, 112 and 30, as shown in
Table 1.

We collected the spatial longitude and latitude of these Archaeological Sites” data
and input all the attribute values into the analysis tool to get the database of the research
object. In the Archaeological Sites database, each Archaeological Site is represented by the
corresponding point data. Its attribute values include ID, name, dynasty, time interval,
start time, end time, longitude, latitude, types and the corresponding geographic location,
as shown in Figure 1.

The study area of the Tang Dynasty to the Qing Dynasty, covering five dynasties in
Archaeological Sites spatial distribution, is shown in Figures 2 and 3.
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Table 1. Research data introduction.

Categories Number Example
Ancient cultural sites 109 Zicheng site in Jiaxing, Qiyunshan stone carvings
Ancient buildings 1463 Stone pagoda of lingjiu Temple, Shouxian ancient city wall
Ancient tombs 131 Tomb of Li Bai, Beishan tombs
Stone carvings and grottoes 112 Confucius Temple stele forest, Qiyunshan stone carvings
Other categories 30 Shuanggou old pit group, Jinshan ancient well

Some data sources:

http:/ /www.jiangsu.gov.cn/art/2019/4/8/art_64797_8297355.html
(accessed on 8 April 2019)

http:/ /www.ah.gov.cn/public/1681/7925731.html (accessed on 9 April 2019)

http:/ /www.zj.gov.cn/art/2020/12/4/art_1229441734_210.html (accessed on
8 November 2019)

http:/ /www.shpt.gov.cn/wenhuaju/gkfawen /20200918 /523481.html
(accessed on 13 April 2016)

T ox
-8R0 Ex
X
1D Name l_)&ty Time Interval Start Time | End Time itude thg Tm Location ~
4 JiuLingShan Kiln site Tang-Song 618-1279 618 1279 119. 877319 31. 104067 | Ancient cultural sites HuZhou City
5 Tongshan copper mine site | Tang 618-907 618 907 118, 716236 29.373934 | Ancient cultural sites HangZhou City
6 HuNan Silver mine site Tang-Ming 618-1644 618 1644 118, 842648 28. 715153 | Ancient cultural sites QuZhou City
7 ZiCheng City Wall Site Tang-Song 618-1279 618 1279 120. 109122 30. 873286 | Ancient cultural sites HuZhu City
) Z Tans-Qing §18-1912 618 1912 121193686 28.932419 LA JaiZhou City
9 Sh He tomb Tang-Qing 618-1912 618 1912 121, 364909 30. 165402 | Ancient tombs NingBo City
10 | HeZhiZhang Stone Carving | Tang 618-907 618 907 120. 633471 29. 960881 | Stone carvings and grottoes | ShaoXing City
11 YanDangShan Stone Carving | Tang-Qing 618-1912 618 121. 068225 28, 357574 | Stone carvings and grottoes|Wen Zhou City
12 DalingBei Ancient road Tang 618-907 618 118. 797868 29. 021723 | Other categories QuZhou City
13 XianXia Ancient road Tang-Qing 618-1912 618 118, 528154 28. 388287 | Other categories QuZhou City
14 HuiJiShan Ancient road Tang-Qing 618-1912 618 120. 305333 30. 213446 | Other categories ShaoXing City
15 YangShan Stone Carving Tang-Qing 618-1912 618 120. 548207 30. 120573 | Stone carvings and grottoes | ShaoXing City
16 ShanYa Stone Carving Tang-Qing 618-1912 618 120. 579242 30. 007984 | Stone carvings and grottoes | TaiZhou City
17 QianCang Stone Carving Tang-Qing 618-1912 618 120, 514677 27. 596936 | Stone carvings and grottoes | WenZhou City
18 JiaXing Wall Site Tang-Qing 618-1912 618 120, 759759 30. 766914 | Ancient cultural sites JiaXing City v
< >
o4 0 » . (0 out of 1846 Selected)
rchaeological Sites|
ID Name Dynasty Time Start End  Longitude  Latitude Types Location
Interval Time Time
9 ShuangHe Tang-Qing 618-1912 618 1912 121.364909  30.165402 Ancient tombs NingBo City
Tomb
10 HeZhiZhang Tang 618-907 618 907 120.633471 29.960881 Stone carvings ~ ShaoXing City

Stone Carving

and grottoes

Figure 1. Attribute table of Archaeological Sites” data.
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Pavilion in Suzhou country, (c) The Baoen Temple Pagoda in Suzhou country, (d) The Two pagodas of Guangjiao Temple in

Xuancheng country.



ISPRS Int. ]. Geo-Inf. 2021, 10, 312

6 of 25

2.2. Getis-Ord Gi* Statistical Method of Significant Cold- and Hot-Spots

Getis-Ord Gi* is a statistical method proposed by Getis and Ord in 1995 for identifying
hotspots in spatial datasets [46,47]. Local spatial autocorrelation between Archaeological
Sites describes the correlation between Archaeological Sites in the study area and its neigh-
boring provinces (municipalities directly under the Central Government). As an indicator
for evaluating local spatial autocorrelation, local Getis-Ord Gi* statistics are used to de-
termine whether the Archaeological Sites in the study area are clustered with high values
(hotspots) or low values (cold spots). In this paper, the Getis-Ord Gi* method was used to
identify the cold- and hot-spots with statistical significance among the Archaeological Sites
within the study area. Local statistics of Getis-Ord Gi* can be expressed as (Equation (1)):

Ejnzl Wi,]'X]' — Y Z]nzl Wi,j

oy Lt (]

where: xi is the attribute value of Archaeological Sites element j, and w(i,j) is the space
weight between the Archaeological Sites elements i and j. When the element j falls in
the neighborhood space range and time range of the target element i at the same time,
w(ij) = 1; otherwise, w(i,j) = 0, and n is the total number of elements. Equations (2) and (3)
are as follows:

G.*:

1

)

X = L? 5 2)

L (X)? 3)

=}

In the equations, Gi* statistics return a Z-score, which is a multiple of standard
deviation and reflects the dispersion degree of a dataset.

The prerequisite for using Getis-Ord Gi* to calculate the significant cold- and hot-spots
of Archaeological Sites is that the Archaeological Sites” datasets have spatial clustering
characteristics. Based on the null hypothesis of the random distribution of Archaeological
Sites, this paper first carries out element model analysis. Element model analysis is mainly
used to judge the spatial correlation of Archaeological Sites. The Z-score and p-value
calculated by this analysis tool can be used to determine whether the Archaeological
Sites” data shows statistically significant clustering characteristics or discrete patterns. In
a normal distribution, Z-scores and p-values are used to measure the spatial distribution
pattern. Z-score is a multiple of standard deviation, reflecting the dispersion degree of a
dataset. The p-value represents the probability, and reflects the probability of an event [48].
As shown in Figure 4, if on both ends of the statistical results appear very high or very
low Z-scores, corresponding to the smaller p-values, the Archaeological Sites are detected
with a point spatial distribution pattern of a dataset that does not conform to the null
hypothesis represented by a random pattern, whereas if the absolute value of Z-score is
higher, corresponding to the larger p-values, it represents that the Archaeological Sites of
point data have obvious characteristics of spatial clustering.

The spatial distribution of Archaeological Sites” data is tested by “confidence”. Con-
fidence refers to the proportion of data with spatial clustering characteristics in the data
of Archaeological Sites. Confidence is a necessary prerequisite for rejecting the null hy-
pothesis. In general, confidence is 90%, 95% or 99%, among which 99% represents rejection
of the null hypothesis, that is, the spatial position in a certain region does not present a
completely random distribution.

If the data of Archaeological Sites show spatial clustering characteristics through
element pattern analysis, then Getis-Ord Gi* is used to calculate the significant cold-
and hot-spots of Archaeological Sites. However, using the Getis-Ord Gi* method can
only calculate the cold- and hot-spots of Archaeological Sites in space, which shows the
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distribution of high-value clustering or low-value clustering of Archaeological Sites in
space. The time attribute of Archaeological Sites is not fully utilized.

Significance Level Critical Value
(p-value) (Z-score)
0.01 [N Bl <258
0.05 [m B 2.58~-1.96
0.10 [ 1 -1.96~-1.65
o E E —1.65"1.65
0.10 1 0 1.65~1.96
0.05 [ 3 1.96~2.58
0.01 [N B 258
<« 4 (Random) |
- 1 —>
Significant Significant
|
|
0.01 0.05 0.10 0.10 0.05 0.01
2.58 -1.96-1.65 1.65 1.96 2.58

Figure 4. Normal distribution diagram.

2.3. Construction of Space-Time Cube Model

The spatio-temporal scale includes the time scale and space scale. In this paper, we
use the Knox method for spatio-temporal scale calculation. Determining a spatio-temporal
scale is the premise of expressing the space-time cube. If the scale is too large, the accuracy
of space-time cube analysis may be affected; if the scale is too small, a large number of
empty columns may appear [49,50]. In spatial clustering analysis, the Knox spatio-temporal
interaction test method is usually used to find the variation rules of spatial distribution
of data in different spatial scopes, and according to the obtained variation rules, it can be
used as a reference to determine the distance threshold in clustering analysis [51]. In this
paper, the Knox spatio-temporal interaction test method is used to explore the aggregation
patterns of Archaeological Sites under different time and space conditions, and on this
basis, the spatio-temporal scale of the space-time cube of Archaeological Sites is calculated.

In this paper, it is assumed that there are n Archaeological Sites in space-time, and
the Knox method first combines all Archaeological Sites in pairs to form N Archaeological
Sites point pairs, as shown in Equation (4). Meanwhile, a critical value is defined on both
time (t) and space (d). Then, the adjacency relationship between the Archaeological Site
pairs is judged one by one. If the spatial distance of two Archaeological Sites is between
[0, d], then these two Archaeological Sites belong to spatial proximity. The number of
adjacent Archaeological Sites is counted, and Ns is defined as the logarithm of adjacent
Archaeological Sites in space. If the time interval between two Archaeological Sites is
between [0, t], then these two Archaeological Sites belong to the time adjacent, and Nt is
defined as the log of the time-adjacent Archaeological Sites. Only when two Archaeological
Sites both meet spatio-temporal adjacency can the pair of Archaeological Sites be judged
as spatio-temporal adjacency. According to the adjacent relationship between the two
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Archaeological Sites, the observed value, K, is the statistical test quantity, as shown in

Equation (5):

n(n—1)
2

1
Kzizmzn#mDmnmen ®)

where m and n respectively represent Archaeological Site m and Archaeological Site n in
the Archaeological Sites pair. Dmn represents the spatial adjacency relationship between
the Archaeological Site pairs. If the Archaeological Sites m and n are adjacent in space,
Dmn = 1; otherwise, Dmn = 0. Tmn is the temporal adjacency relationship between the
Archaeological Site pairs. If the Archaeological Sites m and n are adjacent in time, Tmn = 1;
otherwise, Tmn = 0.

We use the space-time cube to express the space-time dimension. The space-time cube
model was proposed by Hagerstrand, who introduced the time axis into the traditional
two-dimensional space and expressed spatio-temporal data by constructing the space-time
cube [52]. Each space-time cube is made up of a single space-time bar, consisting of rows,
columns and time steps. In the space-time cube, the number of rows multiplied by the
number of columns multiplied by the number of time steps is the total number of columns
in the space-time cube. The rows and columns of the space-time cube describe the spatial
position of geographical objects, and the time step of the space-time cube represents the
time attribute of the geographical object. The space-time cube is constructed to intuitively
show the spatial characteristics and attribute characteristics of geographical entities (or
phenomena) changing with time in the three-dimensional space, as shown in Figure 5.

N = 4)

Time Series

Time Slice

il

Y €
Figure 5. The expression of the space-time cube.

In this paper, Archaeological Sites’ points are aggregated into spatio-temporal columns,
in which rows and columns describe the geographical location of Archaeological Sites’
points, and time steps describe the historical time of Archaeological Sites” points. The space-
time cube of the Archaeological Sites is visualized through a number of spatio-temporal
columns, in which each column represents the change of the Archaeological Sites at a
certain location over time, and the total column represents the change of the Archaeological
Sites at different locations at different times. The columns covering the same location and
distributed in different time step ranges share the same location and constitute a column
time series in the Archaeological Sites dataset. Columns covering the same time range and
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distributed at different spatial locations share the same time and constitute a time slice in
the Archaeological Sites dataset. The space-time cube model of the Archaeological Sites
can be seen as a three-dimensional cube composed of a large number of spatio-temporal
columns at different spatial positions.

The advantage of creating the space-time cube model of Archaeological Sites is that it
is very intuitive to express the temporal attributes of Archaeological Sites. If the integration
of mathematical statistical methods is lacking, the spatial and temporal distribution of
Archaeological Sites cannot be quantitatively described. On the other hand, as the amount
of data increases, the manipulation of the cube becomes more and more complex, to the
point that it eventually becomes unmanageable.

2.4. Mann—Kendall Trend Test Method

The Mann-Kendall method, proposed by Mann and Kendall, is a test method for
correlation analysis between the numerical value of statistical geographical phenomena
and the rank of time series [53]. The test method of Mann-Kendall is non-parametric (no
distribution test). Its advantage is that the test premise does not require the samples of
Archaeological Sites to follow a certain distribution law or be disturbed by a few outliers,
and it can accurately test the changes of the data variables of Archaeological Sites that
increase or decrease over time.

In this paper, the Mann-Kendall test is used to test the variation trend of the space-time
cube distribution in Archaeological Sites. At each location with data, the Mann-Kendall
trend method performs tests on the time series of spatio-temporal columns of independent
Archaeological Sites. The trend of the time series of each space-time bar will be recorded as
a Z-score and a p-value. A small p-value indicates that the trend has statistical significance.
Symbols associated with a Z-score can determine whether the trend is an increase in spatio-
temporal bars (positive Z-score) or a decrease in space-time bars (negative Z-score). For
the time series, X = {x1, x2, ..., xn,}, and the Mann-Kendall trend test is as shown in
Equations (6) and (7):

n—1 n
S=Y Y sgn(x—x) (6)

i=1 j=it1
1 2 > Xj
sgn(x —x;) = 0,% =X (7)
—1,x <X

When n is greater than or equal to 10, the spatio-temporal column statistic, S, of the
Archaeological Sites basically obeys a normal distribution, with a mean value of 0, and the
variance is calculated as in Equations (8) and (9):

n(n—1)(2n+5)

Var(S) = 18 8)
S5—-1
—,5>0
\/ Var(S)
Ze = 0,S=0 )
Si ,S <0
Var(S)

The Mann-Kendall method can be used to detect the changing trend of Archaeological
Sites and the significance of the changing trend. However, this method can only be used
for trend analysis of time series. If combined with the Archaeological Sites space-time cube,
the space-time bar value trend of the geographical position of each Archaeological Site can
be measured, and the time series trend of the Archaeological Sites in the whole study area
can be obtained.
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2.5. G-STC-M Method

The G-STC-M method refers to the research method of spatio-temporal distribution
of Archaeological Sites, which integrates Getis-Ord Gi*, the space-time cube model and
the Mann—Kendall trend test method. Getis-Ord Gi* is used to judge the spatio-temporal
correlation of Archaeological Sites” data, the space-time cube model is used to express
the spatio-temporal distribution of Archaeological Sites and the Mann-Kendall trend test
method is used to explore the spatio-temporal variation of Archaeological Sites in the
study area.

In this method, the space-time cube model of the Archaeological Sites was first con-
structed, the standard space-time cube of the Archaeological Sites is only the expression
of the number of Archaeological Sites in space-time, and then, the significant cold- and
hot-spots were counted for each spatio-temporal column. The space-time cube calculated
by the Getis-Ord Gi* statistical method can show the appearance of cold- and hot-spots of
Archaeological Sites in space-time. Secondly, the Mann—Kendall trend statistical method
was used to analyze the trend of the time series of each column of the space-time cube of
the Archaeological Sites, with Z-value obtained by the Getis-Ord Gi* statistical method.
In this method, all site data are integrated into a space-time cube model to display the
spatio-temporal data in a three-dimensional state and reflect its spatio-temporal charac-
teristics. Combined with G and M methods of spatio-temporal data variable analysis, the
spatio-temporal hotspots and their variation trends of Archaeological Sites are quantita-
tively analyzed. Finally, by using this method and slicing analysis of the space-time cube,
the spatio-temporal variation characteristics of Archaeological Sites are obtained.

The technical process is shown in Figure 6.
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Figure 6. Technical flow chart.
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3. Experiment

In this experiment, ArcGIS® Pro of Esri Company was used as the experimental tool.

3.1. Calculation of Significant Cold- and Hot-Spots at Archaeological Sites

The cluster analysis tool in the ArcGIS® Pro spatial statistics tool was used to conduct
element model analysis on the Archaeological Sites in the study area. The start time in the
data attribute of Archaeological Sites was set as the analysis field to conduct spatial correla-
tion analysis. The results show that the Z-score was 1.874696, and the p-value was 0.060835.
In other words, the Archaeological Sites present spatial clustering characteristics, as shown
in Figure 7. Then, the hotspot analysis tool was selected to calculate the significant cold-
and hot-spots of Archaeological Sites. By classifying the calculated Gi* statistic (Gi_Bin),
Z-score and p-value, the standard of cold and hot clustering degree can be obtained.

Moran's Index: 0.125885 Significance Level Critical Value
z-score: 1.874696 £ " (z-score)
001 gmm <-2.58
p-value: 0.060835 0.05 -2.58 - -1.96
0.10 £ -1.96--1.65
— L -1.65-1.65
0.10 = 1.65 - 1.96
0.05 =3 1.96 - 2.58
0.01 | =] >2.58
— P
Significant Significant

Dispersed Random Clustered
Figure 7. Spatial autocorrelation results.

If Gi_Bin is zero and the Z-value is between —1.65 and 1.65, the corresponding p-value
is greater than 0.1, which means that there are no statistically significant cold spots or
hotspots in the study area. When the values of Gi_Bin appear as 1, 2 and 3, it indicates
that hotspots exist in the distribution of sites in the study area. Furthermore, the larger the
value of Gi_Bin, the higher the confidence degree, and the probability of Archaeological
Sites” hotspots clustering is greater, as shown in Table 2.

According to the degree of cold and hot clustering, the cold- and hot-spots’ distribution
map of the Archaeological Sites is visualized. Finally, the spatial distribution diagram of
the hotspots of Archaeological Sites was obtained, as shown in Figure 8.
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Table 2. Significant degree of cold- and hot-spots’ clustering.

Gi_Bin Z-Score p-Value  Confidence/(%) Cold and Hotspots
3 (or —3) >+2.58 (or <—2.58) <0.01 99 Hotspots (or cold spots)
2 (or —2) >+1.96 (or <—1.96) <0.05 95 Hotspots (or cold spots)
1 (or —1) >+1.65 (or <—1.65) <0.1 90 Hotspots (or cold spots)
Not statistically
0 —1.65<Z<1.65 >0.1 - significant hot or
cold spots
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Figure 8. Significant distribution of cold- and hot-spots at Archaeological Sites.

The hotspots in the research area are mainly distributed in Anhui and Zhejiang
provinces, while the cold spots are mainly distributed at the intersection of Anhui, Zhejiang
and Jiangsu provinces: parts of northern Anhui (33°~35° N, 115°~117° E), such as Fuyang
and Bozhou, and western Anhui (30°~32° N, 116°~117° E), such as Anqging, Lu’an and
Hefei. In the central region of Zhejiang (28°~30° N, 119°~131° E), such as Jinhua, Taizhou
and Ningbo, the positive Z-score and p-value obtained by Getis-Ord Gi* statistics are
relatively high, corresponding confidence value is relatively high and the high-value
clustering degree is relatively large, and these areas have become hotspots of spatio-
temporal distribution of Archaeological Sites.

The corresponding cold spots are mainly distributed at the intersection of the three
provinces (30°~32° N, 119°~121° E), such as Suzhou, Jiaxing, Huzhou, Xuancheng and
Wuxi. In some regions, the Z-score shows a trend of gradual decrease. The negative Z-score
is small, and the low-value clustering is close, making it a cold spot for spatio-temporal
distribution of Archaeological Sites.
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3.2. Constructing the Space-Time Cube Model of the Archaeological Sites
3.2.1. Space-Time Cube Scale Analysis of Archaeological Sites

Based on the sites of the five historical dynasties in the research area, in this paper,
a series of space-time cubes with different time intervals and distance intervals were
constructed. Based on these cubes, the spatio-temporal hotspots analysis was conducted,
and the research results were compared. Then, the appropriate time and space analysis
scales were determined by combining with Knox space-time interaction test method. This
experiment was performed in the ArcGIS® Pro Space-Time Pattern Mining Tools, selecting
the Create Space-Time Cube by Aggregating Points tool to create the space-time cube
model of the Archaeological Sites, and selecting the Start Time in the Archaeological Sites
data as the time field.

Under the condition of setting the same time interval, the distance between the space-
time cubes in the Archaeological Sites is increased continuously to study the differences
of spatial differentiation features of the cube models constructed under different distance
intervals. The results show that with the increase of distance interval, the number of
empty columns in the cube decreases obviously, the overall growth trend of the number
of Archaeological Sites remains stable, the number of cold- and hot-spots in the same
hotspots analysis spatio-temporal domain gradually decreases and the proportion of cold-
and hot-spots in space and time decreases, as shown in Table 3.

Table 3. Space-time cube spatio-temporal scale effect (Distance).

Distance Time Number Number of Ratio of Cold- and
Interval Interval  of Empty Z-Score Cold- and Cold- and Hot-Spots
(km) (Year) Columns Hot-Spots Hot-Spots  Change Ratio
20 50 92.32% 0.6098 164 27.79% -
40 50 89.19% 0.6098 28 10.48% —17.31%
60 50 86.77% 0.6098 14 9.72% —0.76%
80 50 84.99% 0.6098 19 20.65% 10.96%
100 50 83.30% 0.6098 8 12.70% —7.95%

Under the condition of setting the same distance interval, the time interval of the
space-time cube of the Archaeological Sites is increased continuously, and the difference
of the evolution process of the cube model constructed under different time intervals is
studied. The results show that with the increase of distance interval, the number of empty
columns in the cube decreases significantly, the overall growth trend of the number of
Archaeological Sites remains stable, the number of cold and hotspots in the same hotspots
analysis spatio-temporal range gradually decreases and the proportion of cold- and hot-
spots in space-time decreases, as shown in Table 4.

Table 4. Space-time cube spatio-temporal scale effect (Time).

Distance Time Number Number of Ratio of Cold- and
Interval Interval  of Empty Z-Score Cold- and Cold- and Hot-Spots
(km) (Year) Columns Hot-Spots Hot-Spots  Change Ratio
60 50 86.77% 0.6098 59 40.97% -
60 60 84.57% 0.727 55 38.19% —2.78%
60 70 81.48% 0.7871 52 36.11% —2.08%
60 80 78.53% 0.8012 42 29.17% —6.94%
60 90 76.74% 0.8839 39 27.08% —2.09%

Combined with the Knox spatio-temporal interaction test method, the space-time cube
model of Archaeological Sites” points was established at a time interval of 50 years and a
space interval of 100 km.
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3.2.2. The Space-Time Cube Expression of Archaeological Sites

The space-time cube of the Archaeological Sites” data converges 1846 points into
340 mesh positions through 11 time-steps. Each location is 50 km by 50 km squared. The
entire space-time cube of the Archaeological Sites” data spans 850 km from west to east
and 1000 km from north to south. The duration of each time step interval is 100 years, so
the entire time period covered by the space-time cube of the Archaeological Sites” data is
1100 years. Of the 340 total locations, 189 (55.59%) are effective locations, which contain at
least one point. The 189 locations were composed of 2079 time-boxes, of which 479 (23.04%)
had point counts greater than zero.

The symbolized cube directly expresses the spatio-temporal trend changes of the
Archaeological Sites” data. The darker the color of the column is, the more Archaeolog-
ical Sites that appeared in that period. A single gray cube indicates that the number of
Archaeological Sites is 1 or less than 1. According to the cube diagram, the spatio-temporal
distribution of the Archaeological Sites and the changing trend of each time stage can be
analyzed, showing the changes of Archaeological Sites from the Tang Dynasty to the Song
Dynasty, as shown in Figure 9.
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Figure 9. The space-time cube expression of Archaeological Sites in the study area.

3.3. The Space-Time Cube Trend Analysis of Archaeological Sites

At each spatio-temporal column position of the Archaeological Sites” space-time cube,
the Mann-Kendall trend tested the independent spatio-temporal column time series. The
values of the spatio-temporal bars of the first period are compared with the values of
the spatio-temporal bars of the second period. If the former is less than the latter, the
comparison result is given as 1. If the former is greater than the latter, the comparison result
is —1. If the two are equal, the comparison result is 0. Sum the comparison results for each
pair of time periods. If the expected sum is 0, then there is no trend in the spatio-temporal
bar in the space-time cube over time. The trend of the time series of each spatio-temporal
bar will be recorded as a Z-score and a p-value. Z-scores and p-values are both measures of
statistical significance.

If the Z-value is high, it indicates that the sequence of changes in Archaeological Sites
is in an upward trend. If the Z-value is close to 0, it indicates that there is no significant
change trend, and the significance of the change trend is graded, as shown in Table 5.
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Table 5. Grading table of the variation trend of Archaeological Sites.

Classification Z-Score p-Value Confidence/(%)  Trend of Change

-3 Z < —258 p<0.01 99 downward
-2 —258<Z<-196 0.01 <p<0.05 95 downward
-1 —-196 <Z< —1.65 0.05<p<01 90 downward

0 —1.656 <Z <1.65 p=>0.1 - no significant trend
1 1.65 <Z <196 005<p<01 90 upward

2 196 <Z <258 0.01<p <0.05 95 upward

3 Z > 258 p <01 99 upward

Based on the space-time cube model of Archaeological Sites” data, the trend test of
the whole space-time cube model of Archaeological Sites” data and the time series of each
column was carried out by using the Mann—-Kendall trend test method. This experiment
selected the Visualize Space Time Cube in 2D tool under Utilities and set the display theme
to trends to conduct the space-time cube trend analysis of Archaeological Sites. The results
are visualized hierarchically by the value of Trend_Bin, as shown in Figure 10.

115 N6 n 1% 191 2001 121 229 123°1 124°1

o All Archaeological Sites
All Archaeological Sites Cube
Trend_Bin [-28'N

EE Up Trend - 99% Confidence
Up Trend - 95% Conlidence
0 50 100 200 300 Up Trend - 90% Confidence
27°N - Kilometers No Significant Trend 27N

151 nel nz = 1% 191 2001 121 29 123°1 12491

Figure 10. The space-time cube trend analysis of Archaeological Sites.

As can be seen from the figure, the purple region is the time series of the Archaeological
Sites” data bars with an upward trend. Among 189 data cube locations of Archaeological
Sites, 47 data cube locations of Archaeological Sites showed an upward trend. On the whole,
these upward trending space-time cube bars are mainly distributed in the marginal areas
and some central areas, and it shows that the distribution of Archaeological Sites in these
areas is increasing in time and space. Among them, belonging to Anhui Province, there
were 17 spatio-temporal columns, accounting for 29.79%. Belonging to Jiangsu Province,
there were 9 spatio-temporal columns, accounting for 19.14%, and belonging to Zhejiang
province, there were 21 spatio-temporal columns, accounting for 44.68%.
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3.4. The G-STC-M Method for Archaeological Sites

In this paper, based on the space-time cube model of Archaeological Sites, Getis-
Ord Gi* statistical method and Mann-Kendall trend test were combined to identify the
spatio-temporal cold- and hot-spot trend changes of Archaeological Sites.

Firstly, the time slice of each Archaeological Sites” data (TIME_STEP_ID) is taken as
the unit to calculate the local Getis-Ord Gi* statistics values of all spatial positions on the
time slice. Then, the Getis-Ord Gi* statistics Z-score and p-value of each Archaeological
Sites” data cube position are obtained. Finally, the distribution trend of the cold- and
hot-spots in the spatial position in the time series is obtained. According to the Getis-Ord
Gi* statistical analysis results of each column and the Mann-Kendall trend test results of
each spatio-temporal column containing the Archaeological Sites’ data, the spatio-temporal
variation rules of the cold- and hot-spots of each location were judged, and the recognized
spatio-temporal cold- and hot-spots were classified. The cold- and hot-spots’ pattern
classification is shown in Table 6.

Table 6. Significant cold- and hot-spots trend classification.

Model Type

Description

New (Cold) Hotspots

Consecutive (Cold) Hotspot

Intensifying (Cold) Hotspot

Persistent (Cold) Hotspot

Diminishing (Cold) Hotspot

Sporadic (Cold) Hotspot
Oscillating (Cold) Hotspot

Historical (Cold) Hotspot

No Pattern Detected

The current position is the last time step (cold) hotspot and has not been statistically significantly
(cold) hot before

The current position contains statistically significant (cold) hotspots in the last time-step interval
and is not continuously uninterrupted, and is not a (cold) hotspot before the last (cold) hotspots,
and up to 90% of all bars are statistically significant (cold) hotspots.

The current position is a statistically significant (cold) hotspot for 90% of the time-step interval
(including the last time step). In addition, the clustering intensity of each time step showed an
increasing trend on the precedent, and the trend was statistically significant.

The current location is a statistically significant (cold) hotspot with a 90% time-step interval, and
the degree of clustering does not tend to increase or decrease over time.

The current position is the (cold) hotspot with statistical significance of a 90% time-step interval
(including the last time step), and the clustering strength of each time step generally presents a
decreasing trend, and the trend is statistically significant.

The current position is intermittent (cold) hotspots, and up to 90% of the time-step intervals are
statistically significant (cold) hotspots.

A (cold) hotspot of statistical significance for the last time-step interval, and the interval has a
history of being a (cold) hotspot in the previous time step.

The most recent time period is not a (cold) hotspot, but at least 90% of the time-step intervals are
statistically significant (cold) hotspots.

Does not belong to any of the (cold) hot patterns defined.

The spatio-temporal cold- and hot-spots trend analysis of Archaeological Sites is based
on the space-time cube of the above Archaeological Sites” points as input data. According
to the space-time cube created, the spatio-temporal hotspots analysis is carried out, and the
corresponding Z-score and p-value are obtained through statistical analysis of each column.
This experiment selected the Visualize Space Time Cube in 2D tool under Utilities and set
the display theme to hot- and cold-spot trends to conduct the spatio-temporal variation
trends of Archaeological Sites. Then, according to the definition of the spatio-temporal
trend pattern of cold- and hot-spots, the result diagram is obtained, as shown in Figure 11.
By analyzing the spatio-temporal hotspots of the Archaeological Sites created by the space-
time cube, the Archaeological Sites can be visually displayed on the map in the form of
cold- and hot-spots to express their spatio-temporal variation trends.
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Figure 11. G-STC-M analysis of Archaeological Sites.

It can be seen from the figure that among 189 data cubes of Archaeological Sites,
64 cube positions are hotspot distribution positions. Among them, there are 26 newly
added hotspots, 33 consecutive hotspots and 5 dispersed hotspots.

The hotspots are mainly distributed in the southern part of Jiangsu and Anhui
provinces, the central part of Zhejiang province and Shanghai region and the southern Part
of Jiangsu province (30°~33° N, 119°~121° E), such as Taizhou, Changzhou and Suzhou. In
the eastern part of Zhejiang (29°~31° N, 116°~119° E), such as Huzhou, Jiaxing, Hangzhou,
Shaoxing, Quzhou, Jinhua and Lishui, these areas contain newly added hotspots, con-
tinuous hotspots and dispersed hotspots. Shanghai mainly has new hotspots, while the
southern part of Anhui (30°~33° N, 119°~121° E), such as Xuancheng, Tongling, Anqing,
Chizhou and Huangshan, contains new hotspots and continuous hotspots.

4. Analysis and Discussion

In order to better analyze the spatio-temporal changes of Archaeological Sites and
reflect the changing state of ancient human activities, the time interval of the Archaeological
Sites” data is divided more carefully, that is, the Archaeological Sites” data in the study area
is analyzed by time slice based on the G-STC-M method. The data of the Archaeological
Sites in the research area includes five dynasties in terms of time. After 1293, the time
series data are divided into four adjacent time intervals (Tang-Song, Song—Yuan, Yuan-—
Ming and Ming—-Qing), and the significant cold hotspots’ distribution of the space-time
cube of the Archaeological Sites” data in the adjacent dynasties is obtained, as shown in
Figures 12 and 13.
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Figure 12. Analysis of space-time cube slices in Archaeological Sites. (a) G-STC-M analysis of Archaeological Sites of Tang
and Song Dynasties, (b) G-STC-M analysis of Archaeological Sites of Song and Yuan Dynasties, (c¢) G-STC-M analysis of
Archaeological Sites of Yuan and Ming Dynasties, (d) G-STC-M analysis of Archaeological Sites of Ming and Qing Dynasties.
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Figure 13. The space-time cube expression of Archaeological Sites. (a) The space-time cube expression Archaeological
Sites of Tang and Song Dynasties, (b) the space-time cube expression Archaeological Sites of Song and Yuan Dynasties,
(c) the space-time cube expression Archaeological Sites of Yuan and Ming Dynasties, (d) the space-time cube expression

Archaeological Sites of Ming and Qing Dynasties.
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The number and location of hotspots in Archaeological Sites changed between differ-
ent adjacent dynasties. From the Tang Dynasty to the Qing Dynasty, more and more dark
cubes appeared, and the number of Archaeological Sites gradually increased, indicating
that human activities gradually expanded. In addition, in the analysis based on the G-
STC-M method, the number of newly added hotspots gradually increased from scattered
hotspots to more and more new hotspots, and the number of newly added hotspots reached
the maximum in Yuan and Ming Dynasties, and finally, the number of dispersed hotspots
was the most obvious in Ming and Qing Dynasties.

In the Tang and Song Dynasties, only continuous hotspots appeared, mainly dis-
tributed in the southeast part of the study area (30°~32° N, 120°~122° E), such as Suzhou,
Jiaxing and Shanghai. In the Song and Yuan Dynasties, the number of continuous hotspots
increased, and the newly added hotspots were Changzhou, Huzhou and Nantong. In
the Yuan and Ming Dynasties, new hotspots began to appear, mainly distributed in
the south of Anhui province (29°~31° N, 117°~ 119° E), such as Chizhou, Tongling,
Xuancheng, Huangshan, Wuhu and Maanshan, the southern part of Jiangsu province
(30°~33° N, 118°~121° E), such as Changzhou, Nanjing, Zhenjiang, Yangzhou and Taizhou
area, and the central part of Zhejiang province (28°~31° N, 118°~121° E), such as Hangzhou,
Huzhou, Jiaxing, Jinhua, Shaoxing, Taizhou and Lishui area. The expanding range of new
hotspots suggests that that human activity is shifting towards these areas and that they are
beginning to converge. Finally, in the Ming and Qing Dynasties, most of the new hotspots
in the Yuan and Ming Dynasties were transformed into continuous hotspots, and new
hotspots also appeared, such as Anqing and Ningbo. The continuous hotspots were mainly
distributed in the central part of the whole research area (29°~331° N, 117 °~ 121° E). Hu-
man activities in these areas were relatively concentrated.

In the past, the study of the state of ancient human activity change, using the observa-
tion and indirect inference of archaeological material, can only obtain the archaeological
records, such as the natural language description of the text or the expression of the
historical plane map. In this study, we used the method of space-time expression and
mathematical statistics to analyze the time slice of ancient sites and used the integrated
expression of time-space to show the spatial-temporal distribution of Archaeological Sites,
quantify the trend of the spatial-temporal distribution of cold- and hot-spots and deter-
mine the corresponding spatial location of the cold- and hot-spots, so as to show the
change state of human activities. This enriches the method of studying the temporal and
spatial distribution of Archaeological Sites in space archaeology on the basis of previous
studies [54,55].

However, in the use of mathematical statistics, the accuracy of research results is closely
related to the accuracy of research data [56]. According to the archaeological records, the
accuracy of the time attribute data of Archaeological Sites needs to be improved. In the
future, with the closer connection between archaeology and other sciences, the research
field of archaeology will be more extensive, and the content of research will be more
in-depth [57-59]. Archaeological methods will not only be combined with mathematical
statistics, but also with artificial intelligence technology [60]. Archaeological research
content and research methods will continue to enrich, and archaeological records will
continue to increase.

5. Conclusions

In this paper, a research method of spatio-temporal variation law based on the G-
STC-M method for spatio-temporal analysis of Archaeological Sites was proposed. In
the analysis of spatio-temporal data variables, the factor pattern analysis of the Archae-
ological Sites” point data was firstly carried out to determine the spatial distribution of
the Archaeological Sites” point data as a clustering pattern. Getis-Ord Gi* was used to
calculate the significant cold- and hot-spots of Archaeological Sites. According to Getis-Ord
Gi* statistics, the returned Z-score and Gi* statistics (Gi_Bin) were obtained, and it was
concluded that the northern and western parts of Anhui province and the central part of
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Zhejiang province in the study area were the hotspots of Archaeological Sites” distribution.
The corresponding cold spots are mainly distributed in the north and south of Jiangsu
province, the southeast of Anhui province and the north of Zhejiang province.

In the construction of the space-time cube model, a series of cube construction ex-
periments and Knox spatio-temporal interaction test methods were firstly conducted to
determine the appropriate space-time scale of the ancient ruins” cube construction. Then,
the Mann—Kendall trend test method was combined with the space-time cube to analyze
the trend of the space-time cube of the Archaeological Sites” data. Finally, based on the
G-STC-M method, the time section analysis of the Archaeological Sites data was carried
out to excavate the spatial differentiation characteristics and evolution process of the
Archaeological Sites in the study area.

According to the space-time cube trend analysis chart of all Archaeological Sites” data,
the Trend_Bin values were classified and counted, and it was found that the positions of
47 Archaeological Sites” data cubes (24.87%) showed an upward trend, among 189 cube
positions. According to the time-slice analysis of Archaeological Sites” data based on the
G-STC-M method, four space-time cube models of Archaeological Sites” data were obtained,
and the distribution of Archaeological Sites has temporal and spatial hotspots. Temporally,
the distribution of Archaeological Sites gradually increased, and the Archaeological Sites
reached the maximum in Qing Dynasty. Spatially, the hotspots of Archaeological Sites were
mainly distributed in the southern region of Jiangsu (30°~33° N, 118°~121° E) and Anhui
(29°~31° N, 117°~119° E) and the central region of Zhejiang (28°~31° N, 118°~121° E).
Temporally and spatially, the distribution range of Archaeological Sites is mainly centered
in Shanghai (30°~32° N, 121°~122° E), spreading to the south.

The distribution of ancient human activities has time and space hotspots. In terms
of time, the distribution of ancient human activities gradually increased, and the ancient
human activities reached the maximum in Qing Dynasty. In space, the hotspots of ancient
human activities were mainly distributed in the southern region of Jiangsu and Anhui and
the central region of Zhejiang. In time and space, ancient human activities mainly centered
on Shanghai and spread to the southwest.
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