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Abstract. Ancient glass is extremely susceptible to weathering by the influence of the buried 
environment, resulting in a change in the proportion of glass components. In order to classify different 
kinds of glass, this paper uses k-means++ clustering method to analyze the classification law, and 
summarizes the major and minor chemical composition data of the cluster center, so as to establish 
a glass classification model. In order to identify unknown types of glass, this paper mixes the data of 
eight groups of unknown types of glass into the known data, outputs the types of eight groups of 
glass through cluster analysis, calculates the center distance of the lead barium glass group to the 
subclass of the type in these eight groups, and then divides the subclass, and at the same time 
divides the subclass of the high potassium glass in the eight groups. 
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1. Introduction 

As a famous overland trade route connecting Asia and Eurasia, the Silk Road has been an important 

economic and cultural bridge between East and West since ancient times [1-2]. Today, when diverse 

cultures coexist, the Silk Road has also been endowed with richer connotations [3]. 

Glass was one of the items transported to China by the Silk Road, and its own characteristics also 

made glass a precious material evidence of the early trade of the Silk Road [4]. On the basis of 

Western glass craftsmanship, ancient Chinese craftsmen chose Chinese local materials to innovate 

and make Chinese glass, so although China's ancient glass and foreign glass are more similar in 

appearance, they are different in chemical composition [5-6]. 

The main raw material for making glass is quartz sand, and its main chemical component is silica 

(SiO2). In order to facilitate firing, flux needs to be added to reduce the melting temperature, and the 

main chemical composition of the glass will also change depending on the type of flux. For example, 

lead barium glass with lead ore as a flux has a high content of lead oxide (PbO) and barium oxide 

(BaO); The flux used in potassium glass is a substance with a high potassium content, such as grass 

and wood ash [7-8]. 

Because the manufacturing process is not perfect, ancient glass is extremely easy to weather under 

the influence of the buried environment. In the process of weathering, the elements inside the glass 

are exchanged with the elements in the environment, resulting in a change in the proportion of the 

components of the glass, which in turn affects the correct judgment of the glass category in today's 

research. Therefore, it is of great significance for archaeological research to carry out appropriate 

modeling and analysis of the relationship between the composition category of glass products and 

weathering [9-10]. 
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2. Establish a glass classification model 

2.1. Analysis of classification law of high potassium glass and lead barium glass  

Using the K-means++ clustering model, we clustered 67 groups of glass artifacts in clusters of 3. 

The flowchart is shown in Figure 1 below: 

 

Figure 1. Clustering flowchart 

The 67 sample points were divided into 3 clusters. Analysis of statistical data shows that cluster 1 

is mainly the weathered part of lead-barium glass, cluster 2 is mainly the unweathered part of lead-

barium glass, and cluster 3 is mainly high-potassium glass. 

Find the three cluster centers, as shown in Table 1 below: 

Table 1. summarizes the data clustering center results table 

 clustering 

 1(Barium weathering) 2(Lead barium not weathered) 3(High potassium) 

Silica (SiO2) 25.735 57.875 77.490 

Sodium oxide (Na2O) 0.178 2.023 0.445 

Potassium oxide (K2O) 0.166 0.196 6.189 

Calcium oxide (CaO) 2.837 1.187 3.746 

Magnesium oxide (MgO) 0.628 0.700 0.811 

Alumina (Al2O3) 2.709 5.305 4.992 

Iron oxides (Fe2O3) 0.702 0.675 1.327 

Copper oxide (CuO) 2.469 1.251 2.099 

Lead oxide (PbO) 44.964 20.559 1.114 

Barium oxide (BaO) 12.727 8.496 0.569 

Phosphorus pentoxide (P2O5) 5.106 1.234 0.996 

Strontium oxide (SrO) 0.455 0.238 0.027 

Tin oxide (SnO2) 0.048 0.078 0.128 

Sulfur dioxide (SO2) 1.279 0.183 0.066 
 

Analyze the proportions of each chemical component in the cluster center of the three data. 

SiO2 is the main chemical component of glass, according to the classification law of the chemical 

component content, it is judged that the glass cultural relics with high SiO2 content are high potassium 

glass, the glass cultural relics with moderate SiO2 content are the unweathered parts of lead barium 

glass, and the glass cultural relics with low SiO2 content are the weathered parts of lead barium glass. 

K2O, as a chemical component of high-potassium glass, has a high content in high-potassium glass 

and almost zero in lead-barium glass. 

PbO and BaO, as secondary chemical components of lead barium glass, have higher content in 

lead barium glass, higher in the weathered part of lead barium glass than in the unweathered part, and 

almost zero in high potassium glass. 

Therefore, according to the comprehensive analysis of chemical composition of lead-barium glass 

and the classification law of high potassium glass, the glass cultural relics are classified as shown in 

Table 2 as follows: 
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Table 2. Basis for classifying glass artifacts 

SiO2 BaO PbO Glass composition 

high low low High potassium glass 

middle middle middle Unweathered part of lead barium glass 

low high high Weathering part of lead barium glass 
 

Select obvious indicators (SiO2, K2O, PbO) for visualization and plot for example 

Figure 2 and Figure 3 show a three-dimensional scatterplot. 

 

Figure 2. Visualization 3D plot of characteristic chemical composition clustering results 

 

Figure 3. 3D visualization of 3D clustering of characteristic chemical components 

The appropriate chemical composition is subclassified for each category 

Through the overall cluster analysis, the lead-barium glass is divided into two categories, one is 

the unweathered part of the lead-barium glass, and the other is the differentiated part of the lead-

barium glass. Then, the lead barium glass is clustered separately, and k=2 is set to obtain the clustering 

result and clustering center. 

According to the chemical composition of lead barium glass, it is divided into two subcategories: 

one is low silicon high phosphorus lead barium glass (cluster center 1), and the other is high silicon 

low phosphorus lead barium glass (cluster center 2). 
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Then the subclass analysis of high potassium glass can be carried out, and the high potassium glass 

can be divided into one class through overall cluster analysis, which does not have obvious 

characteristics. The high-potassium glass is clustered separately, set k=2, and the clustering results 

and clustering centers are shown in Table 3 and Table 4 below: 

Table 3. High potassium glass clustering results 

Item number, type and 
clusteri

ng 

distanc

e 
Item number, type and 

clusteri

ng 

distanc

e 

Surface weathering 1 7.295 Surface weathering 2 4.866 

01High potassium; No weathering 1 5.06 
03High potassium; No weathering - 

part 1 
2 3.89 

03High potassium; No weathering - 

part 2 
1 4.299 07High potassium weathering 2 5.442 

04High potassium; No weathering 1 2.31 09High potassium weathering 2 7.207 

05 High potassium; No weathering 1 9.545 10 high potassium; weathering 2 4.809 

06 High potassium; No weathering - 

part 1 
1 7.951 12 high potassium; weathering 2 11.981 

06 High potassium; No weathering - 

part 2 
1 6.548 18 high potassium; No weathering 2 13.978 

13 High potassium without 

weathering 
1 5.582 21 high potassium; No weathering 2 2.775 

14 high potassium; No weathering 1 5.682 22 high potassium; weathering 2 4.138 
 

Table 4. High potassium glass clustering results 

 1(High potassium without weathering) 2(High potassium weathering) 

Silica (SiO2) 64.9 90.29 

Sodium oxide (Na2O) 0.94 0 

Potassium oxide (K2O) 11 2.016 

Calcium oxide (CaO) 6.5 1.337 

Magnesium oxide (MgO) 1.16 0.444 

Alumina (Al2O3) 7.49 2.79 

Iron oxides (Fe2O3) 2.36 0.445 

Copper oxide (CuO) 2.88 1.502 

Lead oxide (PbO) 0.41 0.141 

Barium oxide (BaO) 0.59 0.222 

Phosphorus pentoxide (P2O5) 1.55 0.54 

Strontium oxide (SrO) 0.05 0.008 

Tin oxide (SnO2) 0 0.27 

Sulfur dioxide (SO2) 0.14 0 
 

From the above data, the division results of high potassium glass are obtained. According to the 

chemical composition of high-potassium glass, it is divided into two subcategories: one is high-

potassium low-silicon high-potassium glass (cluster center 1), and the other is low-potassium high-

silicon high-potassium glass (cluster center 2). 

2.2. Plausibility and sensitivity analysis 

(1) Plausibility analysis 

In this problem, the k-means++ clustering method is used to classify lead-barium glass and high 

potassium glass according to the chemical composition of glass, and different clustering results are 

obtained according to the distance between different chemical components. Since the relationship 

between glass subclass classification and chemical composition is still in the research stage, there is 

a lack of sufficient professional knowledge for the rationality of classification results, and we judge 

the rationality of classification results with the help of prediction intensity method. 
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For the division, the method of cross-validation is used, the data is randomly divided into 4 equal 

parts, and one of them is taken out each time as the test set, and the rest is the training set to calculate 

the prediction strength. Repeat this step to get a total of 4 values, and take the average to get the 

average prediction intensity. The result is shown in the figure 4 to 5. 

 

Figure 4. Rationality Analysis Mind Map 

 

Figure 5. Predicted intensity 

The predicted intensity is relatively small in multiple clusters, and the chemical composition data 

itself is very mixed, peaking at the predicted intensity k=2 and k=3. The chemical components are 

clustered k=2 and k=3 respectively, and the classes at k=3 have more significant differences while 

the classes at k=3 do not show significant differences, so the clustering at k=3 is more reasonable. 

(2) Sensitivity analysis 

Through the k-means++ model, all glass artifacts are divided into three categories, and then the 

sensitivity of a certain chemical component of the artifact to the cluster to which it belongs is studied, 

and the traditional sensitivity analysis is to change a parameter and control other parameters 

unchanged to study the sensitivity of a certain parameter. After data normalization, the total content 

of chemical components is 100%, changing the content of a chemical component, will inevitably lead 

to the change of the content of other chemical components, in order to reduce the impact, the amount 

of change according to the initial proportion of each chemical component affects the chemical ratio. 

Set the initial values for each chemical component as shown in Table 6: 
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Table 6. gives preliminary values to each chemical component 

chemical composition content /% chemical composition content /% 

Silica (SiO2) 57 Copper oxide (CuO) 1.2 

Sodium oxide (Na2O) 2 Lead oxide (PbO) 20 

Potassium oxide (K2O) 0.2 Barium oxide (BaO) 10 

Calcium oxide (CaO) 1 Phosphorus pentoxide (P2O5) 1 

Magnesium oxide (MgO) 1 Strontium oxide (SrO) 0.3 

Alumina (Al2O3) 5 Tin oxide (SnO2) 0.1 

Iron oxides (Fe2O3) 1 Sulfur dioxide (SO2) 0.2 

 

Analyze 14 chemical components in turn, and these variables fluctuate up and down by 5%, with 

1% as the interval, calculate the distance to the three cluster centers under different amplitude 

fluctuations, and determine which cluster center to classify. A line chart plotting 14 sets of data is 

shown in Figure 5. 

 

Figure 5. Sensitivity analysis line chart 

3. Identify unknown types of glass 

 There are eight groups of glass cultural relics of unknown categories, in order to save the 

calculation process, 8 groups of glass cultural relics sampling points of unknown categories can be 

mixed into about 67 glass cultural relics sampling points of known categories for k-means++ 

clustering, set k=3, and the clustering results and clustering centers are shown in Table 7 and Table 8 

below. 
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Table 7. Summary clustering results mixed with eight sets of unknown data (Partial display) 

Number, type and surface 

weathering of the artifact 

clust

ering 

dist

anc

e 

Number, type and surface 

weathering of the artifact 

clust

ering 

Number, type and surface 

weathering of the artifact 

dist

anc

e 

02Lead barium weathering 1 
16.5

2 
56 lead barium weathering 1 A4 is weather-free 2 

08 Lead barium weathering 1 
27.0

99 
57 lead barium weathering 1 A5 Weathering 2 

08 Lead barium weathering - 

severe weathering point 
1 

34.3

16 
58 lead barium weathering 1 A8 No weathering 2 

11 lead barium weathering 1 
20.9

41 
A2 Weathering 1 

01 High potassium No 

weathering 
3 

19 lead barium weathering 1 
8.67

1 
A3 No weathering 1 

03 High potassium No 

weathering - part 1 
3 

24 lead barium non-

weathering 
1 

23.4

03 

20 lead barium No 

weathering 
2 

03 High potassium No 

weathering - part 2 
3 

26 lead barium weathering 1 
27.5

41 

23 lead barium weathering 

- unweathered point 
2 

04High potassium No 

weathering 
3 

26 lead barium weathering - 

severe weathering point 
1 

38.7

25 

25 lead barium weathering 

- unweathered point 
2 

05 High potassium No 

weathering 
3 

30 lead barium no 

weathering - part 1 
1 

11.8

72 

28 lead barium weathering 

- unweathered point 
2 

06 High potassium No 

weathering - part 1 
3 

 

Table 8. Summary cluster centers mixed with eight sets of unknown data 

 clustering 

 1 2 3 

Silica (SiO2) 26.402 56.962 78.924 

Sodium oxide (Na2O) 0.166 1.812 0.385 

Potassium oxide (K2O) 0.201 0.233 5.452 

Calcium oxide (CaO) 3.154 1.274 3.593 

Magnesium oxide (MgO) 0.613 0.759 0.795 

Alumina (Al2O3) 2.708 5.582 4.942 

Iron oxides (Fe2O3) 0.893 0.914 1.268 

Copper oxide (CuO) 2.311 1.564 2.042 

Lead oxide (PbO) 44.486 20.434 0.962 

Barium oxide (BaO) 12.036 8.352 0.492 

Phosphorus pentoxide (P2O5) 5.349 1.527 0.924 

Strontium oxide (SrO) 0.442 0.243 0.024 

Tin oxide (SnO2) 0.045 0.089 0.110 

Sulfur dioxide (SO2) 1.194 0.257 0.086 
 

Analysis of statistical data shows that cluster 1 is mainly the weathered part of lead-barium glass, 

cluster 2 is mainly the unweathered part of lead-barium glass, and cluster 3 is mainly high-potassium 

glass. A1, A6, and A7 are cluster 3, so their types are judged to be high-potassium glass; A2, A3 is 

cluster 1, A4, A5, A8 is cluster 2, because the pretreatment has a certain error, to judge its subclass 

type is inaccurate, so it is preliminarily judged to be lead barium glass. 

Our previous subcategories of lead barium glass were divided into low silicon high phosphorus 

lead barium glass and high silicon low phosphorus lead barium glass, and the subclass of high 

potassium glass was divided into high potassium low silicon high potassium glass and low potassium 

high silicon high potassium glass. Therefore, the coordinates of each component of the lead-barium 

glass clustering center in Table X can be used to calculate the distances from A1, A2, A3, A6, and 

A7 to the two cluster centers, and the points closer to a cluster center can be classified as this class. 

Similarly, using the coordinates of each component of the high-potassium glass cluster center in Table 
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X before, the distances from A4, A5, and A8 to the two cluster centers are calculated, and the points 

closer to a cluster center are classified as this class. 

Our previous subcategories of lead barium glass were divided into low silicon high phosphorus 

lead barium glass and high silicon low phosphorus lead barium glass, and the subclass of high 

potassium glass was divided into high potassium low silicon high potassium glass and low potassium 

high silicon high potassium glass. Therefore, the coordinates of each component of the lead barium 

glass clustering center in the previous table X can be used to calculate the distance from A2, A3, A4, 

A5, and A8 to the two-lead barium glass subclass clustering centers respectively, and the points closer 

to a cluster center can be classified as this class. Similarly, using the coordinates of each component 

of the high-potassium glass clustering center in Table X before, the distances from A1, A6, and A7 

to the two high-potassium glass subclass clustering centers are calculated, and the points closer to a 

cluster center are classified as this class. 

The results of Table 9 are as follows: 

Table 9. Subclass analysis of cultural objects of unknown categories 

numbering type extent Subclass 

A1 High potassium glass No weathering High potassium low silicon high potassium glass 

A2 Lead barium glass weathering Low silicon high phosphorus lead barium glass 

A3 Lead barium glass No weathering High silicon low phosphorus lead barium glass 

A4 Lead barium glass No weathering High silicon low phosphorus lead barium glass 

A5 Lead barium glass weathering Low silicon high phosphorus lead barium glass 

A6 High potassium glass weathering Low potassium high silicon high potassium glass 

A7 High potassium glass weathering Low potassium high silicon high potassium glass 

A8 Lead barium glass No weathering High silicon low phosphorus lead barium glass 

4. Conclusions 

In this paper, the K-means++ clustering method is used to analyze the classification law, and the 

major and minor chemical component data of the cluster center are summarized. The rationality of 

the model is verified by the prediction intensity method, and the sensitivity analysis model is 

innovatively optimized by controlling the clustering to which other parameters remain unchanged 

and fluctuate by 5% of a parameter, and the sensitivity analysis model is completed by drawing a line 

chart. Then, eight sets of data are mixed into the known data, and the types of eight groups of glass 

are output by cluster analysis, and the center distance of the lead barium glass group in these eight 

groups to the subclass to which they belong is calculated, and then the subclass is divided. At the 

same time, the eight groups of high-potassium glass were also subclassified. 
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