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Abstract: Traditional grass-roofed dwellings are important components of Chinese vernacular ar-
chitecture. Building a comprehensive nationwide database of traditional grass-roofed dwellings is
crucial for the inherence of this cultural heritage and its traditional ecological technologies. This
study proposes classifying traditional Chinese grass-roofed dwellings into three types according to
recognizable appearance features. Based on the YOLOv8 deep learning framework, a recognition
model is constructed to recognize and spatially locate various grass-roofed dwellings from the image
dataset on a county-level. Further, by conducting spatial overlap analysis with a variety of natural
and socio-environmental factors on ArcGIS, their influences on the distribution pattern of traditional
grass-roofed dwellings were examined. The study findings are as follows: (1) Traditional grass-
roofed dwellings are concentrated on the southeast side of the Hu Line with different distribution
patterns according to their types. (2) The natural environment influences the original construction
and distribution of traditional grass-roofed dwellings in terms of the growth of grass resources and
the ecological adaptability of grass material. (3) The development of economy, population, and
urbanization pose challenges to the retention of grass-roofed dwellings. This research provides useful
references for the precise preservation of various grass-roofed dwellings and introduced a novel
approach for the classification of traditional buildings.
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1. Introduction

For a long time, for the study of Chinese vernacular architectural roofing materials,
researchers have mainly focused on stone, tile, raw earth, and wood, while grass building
materials, as non-mainstream materials, are less involved. In fact, as a lightweight material,
grass is widely used in the construction of traditional houses. Using various kinds of grass
plant as the main material for building (mainly folk dwellings) roof coverings is one of the
typical ways of grass utilization in building construction (Figure 1). We collectively refer to
this type of folk building as “grass-roofed dwellings”, which were once widely distributed
around the world. They reflect the use of environmental resources by the inhabitants of
farming societies and have important historical and cultural values [1]. However, with
the development of urbanization, this architectural cultural heritage is in a state of rapid
extinction globally and has become endangered or even extinct in some regions. Therefore,
we need to find a way to quickly understand the overall retention status of grass-roofed
dwellings before they are replaced by modern buildings and to draw the attention of a
greater protection force of cultural heritage.
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Figure 1. Construction of traditional grass-roofed building. Note: The construction of traditional 
grass-roofed building dwellings reflects the knowledge and experience in using herb-based local 
materials. It generally requires four steps: processing of grass, fixing, laying, and post-maintenance. 

Typically, the collection of data on the distribution of traditional Chinese dwellings 
is based on traditional field survey techniques, which rely on a certain degree of technical 
expertise and a large number of human resources, making it a time-consuming, labor-
intensive, and costly task. Traditional techniques have also been shown to suffer from a 
lack of granularity in data collection. For example, Wang Wen-qing roughly delineated 
the building material zoning map of traditional Chinese dwelling construction patterns 
according to climate, topography, and materials, which involved the spatial distribution 
of grass-roofed dwellings [2]. Using building materials as cultural factors, Wang Lei pro-
duced a cultural zoning map of traditional residential roofing material techniques in the 
Northeast and found that grass-roofed dwellings are mainly concentrated in central Hei-
longjiang Province and central Jilin Province [3]. These studies have produced some re-
sults on the spatial distribution and zoning of grass-roofed dwellings. However, due to 
the difficulty in obtaining complete data across the country, only a small number of stud-
ies have conducted distribution studies at the provincial scale, while most studies have 
been limited to the municipal or sub-municipal scales or have involved only case studies. 
In other words, at present, we only have a very vague and rough knowledge of the distri-
bution of traditional grass-roofed dwellings in a nationwide vision. There still lies a huge 
gap between the information we have and the actual remains of grass-roofed dwellings, 
which is very unfavorable for the research and protection of these built heritages. As a 
result, a comprehensive database of traditional Chinese grass-roofed dwellings has yet to 
be established, and the update and registration of these heritage lists are also lagging be-
hind. There is a huge information gap from the information we had and the actual remains 
of thatched roof dwellings, which is very unfavorable for the research and protection of 
endangered traditional grass-roofed dwellings. 

Compared with traditional data collection methods, advanced artificial intelligence 
technology can integrate richer data sources, bringing possibilities for more comprehen-
sive and refined data collection, database construction, and data analysis. These technol-
ogies have been widely applied in the field of construction engineering. Seung-Yeul Ji et 
al. used deep learning mainstream models for traditional East Asian building form and 
type recognition [4], Wang et al. automated the damage detection of brick masonry struc-
tures of historic buildings based on ResNet deep learning models [5], and Konstantina 
Siountri et al. used a YOLO network to identify Athenian cultural heritage building 

Figure 1. Construction of traditional grass-roofed building. Note: The construction of traditional
grass-roofed building dwellings reflects the knowledge and experience in using herb-based local
materials. It generally requires four steps: processing of grass, fixing, laying, and post-maintenance.

Typically, the collection of data on the distribution of traditional Chinese dwellings is
based on traditional field survey techniques, which rely on a certain degree of technical
expertise and a large number of human resources, making it a time-consuming, labor-
intensive, and costly task. Traditional techniques have also been shown to suffer from a
lack of granularity in data collection. For example, Wang Wen-qing roughly delineated
the building material zoning map of traditional Chinese dwelling construction patterns
according to climate, topography, and materials, which involved the spatial distribution
of grass-roofed dwellings [2]. Using building materials as cultural factors, Wang Lei
produced a cultural zoning map of traditional residential roofing material techniques in
the Northeast and found that grass-roofed dwellings are mainly concentrated in central
Heilongjiang Province and central Jilin Province [3]. These studies have produced some
results on the spatial distribution and zoning of grass-roofed dwellings. However, due to
the difficulty in obtaining complete data across the country, only a small number of studies
have conducted distribution studies at the provincial scale, while most studies have been
limited to the municipal or sub-municipal scales or have involved only case studies. In
other words, at present, we only have a very vague and rough knowledge of the distribution
of traditional grass-roofed dwellings in a nationwide vision. There still lies a huge gap
between the information we have and the actual remains of grass-roofed dwellings, which
is very unfavorable for the research and protection of these built heritages. As a result,
a comprehensive database of traditional Chinese grass-roofed dwellings has yet to be
established, and the update and registration of these heritage lists are also lagging behind.
There is a huge information gap from the information we had and the actual remains
of thatched roof dwellings, which is very unfavorable for the research and protection of
endangered traditional grass-roofed dwellings.

Compared with traditional data collection methods, advanced artificial intelligence
technology can integrate richer data sources, bringing possibilities for more comprehensive
and refined data collection, database construction, and data analysis. These technologies
have been widely applied in the field of construction engineering. Seung-Yeul Ji et al.
used deep learning mainstream models for traditional East Asian building form and type
recognition [4], Wang et al. automated the damage detection of brick masonry structures of
historic buildings based on ResNet deep learning models [5], and Konstantina Siountri et al.
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used a YOLO network to identify Athenian cultural heritage building categories [6]. In
fact, for grass-roofed buildings, due to the special appearance of grass materials, their
material information can be directly obtained from the two-dimensional appearance image
data of the building [7]. Therefore, deep learning models such as image classification,
target detection, and object segmentation can be well adapted to the visual features of
grass-type materials, providing efficient means for the automated extraction and analysis
of grass-roofed buildings.

There is also a lack of granularity regarding the definition of grass-roofed dwellings,
lacking a detailed differentiation of various grass materials. In fact, grass-roofed dwellings
in different regions utilize a diverse array of grass materials, as documented in literatures,
including seagrass, thatch, wheatgrass, reed, Ula grass, goat grass, etc. [1]. It is worth noting
that there are significant differences in the physical attributes and visual appearance of these
grass materials. For example, wheatgrass is yellow and more flammable than seagrass,
which is white [8]. The differences in grass materials reflect the differences in the natural
environment, climatic conditions, and social structure of different regions. At the same time,
the technical feasibility, accessibility of construction materials, and climate were decisive
factors for shaping the style of the constructions of a place [6]. Subdividing the material
types of grass-roofed dwellings allows us to explore the relationship between external
factors and the choice of roofing materials and to analyze the reasons for the differences in
the distribution of grass-roofed dwellings according to different factors, so as to enhance
the relevance of the research on the protection measures for grass-roofed dwellings.

A wealth of research has been revealed on the link between the environment and
the use of materials in grass-roofed dwellings. Paul Oliver examined palm-leaf-roofed
dwellings in the Americas, coconut-straw-roofed dwellings in Oceania, rectilinear straw-
roofed dwellings in Zambian, and straw-roofed dwellings in East and Southeast Asia, and
noted that unique construction skills that adapted to the local environment were the key
to understanding these dwellings [9]. Indeed, the local reed and cogon-roofed dwelling
of the Ivatan of Bataan Islands, Philippines is designed to withstand strong typhoons,
and the thatch-roofed dwelling in central Vietnam is featured to adapt to hot and humid
climates [10,11]. In China, traditional grass-roofed dwellings also reflect an imprint of their
surroundings. Zhang Jie found that building roofs using sorghum straw handle and cereal
grass for dense and thick pavement can be better adapted to the high local temperature
and rainy climate [12]. According to Wang Jiang et al., thatched cottages in Asia using
easily accessible materials like bark, thatch, or palm leaves for roofing are convenient
for demolition and reconstruction, and are therefore representative of local simple folk
dwellings, reflecting the characteristics of certain regional economic environments [13]. In
addition, Chen Ruixin believes that, due to its remote location, inconvenient transportation,
and poor communication with the outside world, villagers in Baicha village, Hainan will
continue their traditional habit of regular maintenance of thatch-roofed boat houses, which
can effectively maintain the regional characteristics and vitality of the buildings [14]. As
seen from these studies, traditional grass-roofed dwellings not only reflect their adaptability
to the natural environment but are also influenced by the humanistic environment. By
choosing appropriate materials and designs responding to local climatic and socio-economic
changes, these buildings have demonstrated the wisdom and adaptability of local residents,
thus effectively perpetuating their unique cultural and historical values.

In view of the problems of small scale, large granularity, and limited access to data
sources in the existing research on the distribution and classification of traditional grass-
roofed dwellings, this study aims to construct a nationwide fine-classified grass-roofed
dwelling distribution database through rapid identification and large-scale collection of
traditional grass-roofed dwelling samples by means of deep learning methods and the
abundant open image resources. On this basis, the spatial characteristics of traditional grass-
roofed dwellings and their intrinsic correlations with natural and human environmental
factors can be explored. The significance of this study is as follows:



Land 2024, 13, 1595 4 of 34

(1) Refinement of the classification of grass-roofed dwellings. By reassessing the differ-
ences between various grass-roofed dwellings and drawing a classification map, the
study provides a basis for the conservation of diversity and sustainable construction
of different types of grass-roofed dwellings.

(2) Efficient construction of a large-scale distribution database of traditional grass-roofed
dwellings. Through the development of a deep learning model, image data of grass-
roofed buildings are collected through computer networks, and grass-roof features
are extracted directly from the images for type recognition. This method overcomes
the limitations of local data collection and realizes the construction of a nationwide
classification and distribution database of traditional grass-roofed dwellings.

(3) Improving the classification accuracy of different types of grass-roofed dwellings. By
re-evaluating their distinctions and drawing distribution maps, this research provided
a basis for the precise preservation of various grass-roofed dwellings and introduced
a novel approach for the classification research of other traditional building materials.

2. Materials and Methods
2.1. Research Scope and Data Sources

The scope of this study is the whole region across China. The granularity of the data is
based on county-level administrative divisions according to the Rules for Preparation of
Zoning Codes and Urban and Rural Delineation Codes for Statistical Purposes officially
issued by the National Bureau of Statistics (NBS) in 2022. On this basis, data collection,
quantity statistics, and spatial distribution analysis are carried out.

This study involves two types of data. The first type of data is 2D image used for deep
learning model training and prediction. For model training, the dataset must encompass
all kinds of grass-roofed dwelling types, ensuring a sufficient sample size. Images in the
prediction dataset should include their location information to facilitate subsequent spatial
analysis. To ensure the recognizability of visual features in the images and enhance model
accuracy, the images in the training dataset need to fulfill the following criteria:

(1) Using ground-level perspective images that have rooflines and horizons exposed intact.
(2) Ensure that the content of the images primarily focuses on traditional grass-roofed

dwellings rather than other objects.
(3) Grass material should be used as the main enclosure structure for roofs. Instances

where grass are used as auxiliary materials to enhance adhesion and toughness will
be excluded, e.g., flat roofs constructed of a mixture of sheep grass and clay, as seen
in the Tun-domed dwelling in northeast China, should be avoided. This is because
the use of such mixtures may not exhibit obvious herbaceous characteristics in visual
features and could be misjudged as loess materials, thus affecting the effectiveness of
the recognition model.

The second type of data comprise the basic data used for spatial correlation analysis.
This includes statistic data and thematic data sourced from the Chinese Resource and
Environment Science and Data Center (RESDC). These data were primarily employed
to examine the natural and social factors that influenced the type differentiation and the
spatial distribution of traditional grass-roofed dwellings.

A detailed description of all the data is shown in Table 1.
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Table 1. List of data used in this study.

Data Type Data Sources Data Volume and Format Note

Training dataset

Public images collected
from Bing web search
platform based on the
known cases of
grass-roofed dwellings
listed in authoritative
sources

342 pieces of raw JPG
images

1400 pieces of
enhanced JPG images

Prediction dataset *

Public images in 2853
county-level units
obtained on the web
search engine Bing by
python script

Adopting the first 100 images obtained for each
county, making a total of 258,300

Search images using
“administrative district
+ traditional folk
dwellings” as
keywords

Filtered dataset Filtered from the
predicting outcomes 474 JPG images in total

Screening images of
traditional grass-roofed
dwellings and
removing images
containing modern
dwellings

Vagetation type RESDC raster data Nationwide

Annual precipitation RESDC raster data Nationwide in 1970

Moisture index RESDC raster data Nationwide

Annual average
temperature RESDC raster data Nationwide in 1970

Digital elevation model RESDC raster data Nationwide

Spatial distribution of
GDP RESDC raster data Nationwide in 1995

Spatial distribution of
Population RESDC raster data Nationwide in 1990

Road network Web crawler vector data Nationwide in 1990

* Note: The use of county-level administrative units is mainly based on the following considerations. Firstly,
the purpose of this study is to reveal the distribution pattern of grass-roofed dwellings across the country, so
the images need to have the geographic coordinates information. Since the name of each county-level unit in
the country will not be repeated, this will reduce the confusion of information and improve the recognition
accuracy. Secondly, the exterior features of traditional dwellings vary little at the county scale, so data collected
at this level can be representative. In comparison, the greater diversity of dwelling types within larger scale
geographic units such as a prefecture-level city or province may result in incomplete samples, while the greater
homogeneity of dwellings in smaller-scale geographic units like township or village will result in data redundancy
and reduced efficiency.

2.2. Research Framework

As shown in Figure 2, the framework of this study mainly includes four stages: (1) The
classification criteria of traditional grass-roofed dwellings are proposed to categorize the
grass-roofed dwellings into three types. (2) A deep learning model for rapid and automatic
identification of the distribution of traditional grass-roofed dwellings is established to con-
struct a national database of traditional grass-roofed dwellings. (3) The database is linked
to the GIS platform to analyze the overall distribution characteristics of traditional grass-
roofed dwellings across China. (4) The relevant factors of the distribution of traditional
grass-roofed dwellings are analyzed.



Land 2024, 13, 1595 6 of 34Land 2024, 13, x FOR PEER REVIEW 6 of 36 
 

 
Figure 2. Research framework. 

2.3. Methods 
2.3.1. Classification of Traditional Grass-Roofed Dwelling Based on Grass Plant Family 

The classification of grass-roof materials is often complex and varied in existing stud-
ies, with generic or ambiguous terms like “grass thatch roof” commonly being used. For 
instance, Cara Steger categorized the 205 species globally used for grass-roof into three 
types: Gramineae, palms, and other families, considering grass-roofed buildings to occur 
in grass-like or palm-like forms [15]. Similarly, Zamolyi roughly classified grass roofs into 
three categories according to their appearance and characteristics: those using branches 
with leaves, those using leaves only, and those made of rods such as reeds or straw [16]. 

In fact, despite varying interpretations among scholars regarding grass-roofed dwell-
ing types, their classification principles primarily involve the morphological features of 
the plants. Therefore, this study proposes a comprehensive classification approach, 
namely, based on the differentiation of plant families, grass material with similar struc-
tures and appearance were classified into the same category. On this basis, combined with 
references to the classic bibliography “Typological Collection of Traditional Chinese 

Figure 2. Research framework.

2.3. Methods
2.3.1. Classification of Traditional Grass-Roofed Dwelling Based on Grass Plant Family

The classification of grass-roof materials is often complex and varied in existing
studies, with generic or ambiguous terms like “grass thatch roof” commonly being used.
For instance, Cara Steger categorized the 205 species globally used for grass-roof into three
types: Gramineae, palms, and other families, considering grass-roofed buildings to occur
in grass-like or palm-like forms [15]. Similarly, Zamolyi roughly classified grass roofs into
three categories according to their appearance and characteristics: those using branches
with leaves, those using leaves only, and those made of rods such as reeds or straw [16].

In fact, despite varying interpretations among scholars regarding grass-roofed dwelling
types, their classification principles primarily involve the morphological features of the
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plants. Therefore, this study proposes a comprehensive classification approach, namely,
based on the differentiation of plant families, grass material with similar structures and
appearance were classified into the same category. On this basis, combined with references
to the classic bibliography “Typological Collection of Traditional Chinese Dwellings” [17],
we categorized the grass materials used in all grass-roofed dwellings into three types:
thatch, grain-grass, and seagrass, each of them including several specific materials from
the same grass plant family. Accordingly, we obtained the corresponding three types
of grass-roofed dwellings: thatch-roofed dwellings, grain-grass-roofed dwellings, and
seagrass-roofed dwellings, each using the abovementioned three types of grass as major
roof-laying materials (see Table 2). This classification criterion takes into account both
the recognizability of physical attributes and the appearance features of different grass
material types, providing clear objectives and an effective dataset for training of the deep
learning model.

Table 2. Traditional grass-roofed dwelling types and features.

Type Material
Family

Material
Properties

Appearance
Characteristic

The Morphology of Raw
Materials Typical Example

Thatch-roofed
dwellings

Herbs,
perennial,
with long

stout
rhizomes

Anti-corrosion
Pest control

Moisture proof

Mostly green when
fresh, with stiff,
straight stems,

turning yellow when
dried off the soil,

with hairy spikes on
the roof and

protruding leaves.
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roofed

dwellings
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black after oxidation
off the soil. The roofs
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2.3.2. Spatial Database Construction Based on Deep Learning

YOLO is a deep learning model that implements an end-to-end detection neural net-
work based on the regional recommendation algorithm [19]. This study uses the YOLOv8
version of the YOLO family for recognition model construction. The device we used to run
this algorithm is DELL EMC DSS 8440 equipped with 10*A40 GPUs for accelerating the
training process, which is manufactured in Xiamen, China by Dell (China) Co.

Figure 3 depicts the specific building process, which consists of 4 main steps.
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(1) Building the training dataset

The first step was to build a training dataset. Based on the literature review, a total
of 342 images of known samples were collected through a search engine (www.bing.com,
accessed on 2 April 2024). These images were manually annotated according to the three
types of traditional grass-roofed dwellings by the tool “Labelme”. In order to enhance the
learning of the model, data enhancement methods such as adjusting image brightness and
contrast, rotating, scaling, cropping, and noise removal were performed on the original
342 images to expand the dataset to a total of 1400 images. The data situation of the training
set is shown in Table 3.

Table 3. The data situation of the training set.

Data Valid Image Amount Total Valid Amount Enhanced Image Amount Final Image Amount

Thatch-roofed dwellings 122
342

490
1400Grain-grass-roofed dwellings 102 405

Seagrass-roofed dwellings 118 505

(2) Model construction and evaluation

The YOLOv8 framework was employed to develop a recognition model for intelli-
gently recognizing various types of grass-roofed dwellings from images. The training set
was fed into the neural network as a priori knowledge about the characteristics of various
types of grass-roofed dwellings for the model learning.

To assess the performance the model, the Recall and Precision metrics are used, which
are calculated as follows:

recall =
TP

(TP + FN)
(1)

precision =
TP

(TP + FP)
(2)

In these two formulas, the variables TP, TN, FP, and FN represent the sum of predic-
tions for different samples specifically as follows:

TP: The number of actually positive samples that are correctly predicted to be positive;
TN: The number of actually negative samples that are correctly predicted to be negative;

www.bing.com
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FP: The number of actually negative samples that are mistakenly predicted to be
positive;

FN: The number of actually positive samples that are mistakenly predicted to be
negative.

The mAP (mean Average Precision) metric is also used for the results evaluation,
which is widely adopted for assessing the performance of object detection algorithms
across multiple classes. In this paper, we considered mAP50, which calculates the average
precision for all classes at a threshold of 0.5 [20].

(3) Image recognition and database construction

In order to obtain comprehensive coverage of candidate residential image data as
much as possible, a Python script was used to automatically gather images of traditional
dwellings from the open website (www.bing.com), with a quantity of 100 images per
county-level unit. These gathered images, serving as the prediction dataset, were fed into
the constructed recognition model. Finally, a national database of grass-roofed dwellings
with location information (county) and type information was constructed, with images that
cannot recognize the target objects, i.e., non-traditional grass-roofed dwellings, filtered out.
It should be noted that during the experiments, recognition screening was performed by try-
ing to incorporate different numbers of search results to ensure that the first 100 alternative
images currently used for screening had sufficient coverage. In addition, we consider these
data as the reflection of all available historical situations and analyze them on a synchronic
platform that does not involve analysis on a timeline.

In order to visualize the distribution analysis of the recognition results on the map, the
database was linked to an attribute table on ArcGIS based on the geographic information
of the counties they located. The type of grass-roofed dwellings of each image were binary
differentiated in the attribute table, with 1 or 0 representing the presence or absence of a
certain grass roof material.

2.3.3. Distribution Analysis Based on ArcGIS

(1) Nearest neighbor index

The spatial distribution of point elements is typically classified into three types: uni-
form distribution, random distribution, and agglomeration distribution [21]. This can be
assessed by the nearest neighbor index, which serves as a geographical indicator of the
proximity among point-like entities. The specific formula is as follows:

R =
ri
rE

= 2
√

D (3)

where ri represents the actual nearest neighbor distance, rE represents the theoretical
nearest neighbor distance, and D represents the point density. The point elements are
considered to be randomly distributed when R = 1, uniformly distributed when R > 1, and
clustered when R < 1. By utilizing the Average Nearest Neighbor tool in ArcGIS (10.6.1)
for calculation, we can derive the nearest-neighbor point index for each type of grass roof
material. Subsequently, the macro-distribution characteristics of the building materials
across the whole country can be assessed.

(2) Kernel density analysis

Kernel density analysis is a method that effectively illustrates the dispersed or discrete
characteristics of elements. This approach acknowledges that a geographic event can
potentially occur at any spatial location, but the probability of occurrence varies across
different locations. The denser the distribution of points, the greater the likelihood of
the geographical event occurring, and vice versa. In this study, traditional grass-roofed
dwellings served as the center of the circle, with the input values determining the radius

www.bing.com
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of the circle. The Rosenblatt–Parzen function was utilized to estimate the probability of
occurrence of the grass roof material point element F within the circle [22]. The equation is

F(x) =
1

nh

n

∑
i=1

k
[

d(x − xi)

h

]
(4)

In this equation, k
[

d(x−xi)
h

]
represents the kernel function, h represents the search

radius, d(x − xi) represents the distance from the estimated point to the observation point,
and n represents the number of data points for a single class of grass roof material. After
the kernel density analysis, the distribution density of various materials in geographic
space can be revealed.

2.3.4. Relevance Factor Analysis Based on Map Overlaying

Overlay analysis is the operation of overlaying two or more map features based on
coordinate alignment to create a new feature layer. Specifically, this study superimposes
the point elements of traditional grass-roofed dwellings with the polygonal elements in
the patch maps of various factors. Then, by performing intersection operations based on
the spatial relationship between elements on the two layers (i.e., the inclusion relationship
between points and polygons), the information of the relevance factor can be assigned to
the corresponding grass-roofed dwellings though generating new attributes for them.

3. Results
3.1. The Recognition Results

Upon completion of the previous training, our recognition model was evaluated
using the metrics mentioned in Section 2.3.2. In general, the model exhibited distinguished
outcomes (Table 4), with each mAP value reaching 0.8 or more, characterizing the suitability
of the model for grass-roofed dwelling type recognition. The best-performing model during
the training process was adopted for the recognition of three types of traditional grass-
roofed dwellings from raw images collected from a website (Figure 4).

Table 4. Model performance evaluation.

Assessment
of Indicators

Overall Recognition
Model (Box *, Mask *)

Recognition Results of Single Type (Box *, Mask *)

Thatch-Roofed Dwellings Grain-Grass-Roofed Dwellings Seagrass-Roofed Dwellings

Recall 0.76 0.753 0.729 0.729 0.681 0.66 0.869 0.867
Precision 0.876 0.867 0.837 0.837 0.881 0.854 0.909 0.909

mAP 0.879 0.866 0.825 0.807 0.843 0.847 0.97 0.945

* Note: Box refers to the rectangle marked by the algorithm in the image to frame the target object it recognized.
Mask refers to the irregular patches mask of the entire roof shape that the algorithm recognized and marked in
the image.

A total of 526 images were recognized as eligible traditional grass-roofed dwellings
from the prediction set of traditional dwellings images (a total of 285,300) from 2853 counties
in China. Due to the identification of a small number of false positive samples and mis-
classifications, these 526 images were manually inspected, screened, and type-corrected,
resulting in a total of 474 valid images covering a range of 246 counties. The quantity of
the recognition result and the final database are detailed in Table 5. We also statistically
sort out all the cases involved in the existing studies. It can be seen that the distribution
database constructed in this paper is significantly improved compared to those of existing
studies, especially in term of scope coverage.
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Table 5. The quantity of the recognition result and the final database.

Category
Recognition Results Valid Results after Manual Screening Cases Covered by Existing Studies

Num of Images Coverage (Num
of Counties) Num of Images Coverage (Num

of Counties)
Num of Specific

Cases
Coverage (Num

of Counties)

Thatch-roofed
dwellings 239 135 208 136 22 41

Grain-grass-
roofed dwellings 201 130 188 131 7 12

Seagrass-roofed
dwellings 86 28 81 23 5 9

Total 526 293 474 290 34 62

3.2. Spatial Distribution of Traditional Grass-Roofed Dwellings in China

The GIS platform was used to link the previously obtained 474 images to the corre-
sponding county administrative units, where they are located to generate a visualized
distribution map. Table 6 shows the information of example samples of the three types of
grass-roofed dwellings recognized by the model.
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Table 6. Recognition results (examples) of the prediction dataset.

Name and Number
of the Image

Recognition Results Map Points and Remarks

Marking Labeling and
Photograph X Y

Lingbi_0 1

Grain-grass-roofed
dwelling 117.531189 33.686076
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3.2.1. Overall Spatial Distribution Showing Agglomeration

On a national scale, by calculating the nearest neighbor index of traditional grass-
roofed dwellings in China according to Equation (3), the following results were yielded:
the average observed distance is 70.5 km, and the predicted average distance is 102.8 km.
Consequently, the nearest neighbor index (R) is 0.685697, with a Z score of −9.373071 and a
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significance of p < 0.01, indicating that traditional grass-roofed dwellings show obvious
agglomeration characteristics in geographic space (Figure 5).
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According to the kernel density map (Figure 6), it can be seen that the distribution
points meander across Yunnan, Guizhou, Sichuan, Shaanxi, Henan, Hebei, Shandong,
Anhui, Liaoning, and Heilongjiang Provinces, forming strong intensity centers in fringe
areas like Yunnan, Hainan, and Shandong. It is worth noting that the areas where the grass-
roofed dwellings are distributed cover different typical topographic landscapes such as
mountains, plains, and coasts, as well as climatic regions with great differences such as cold,
hot and humid, which means that grass-roofed dwellings exist in natural environments with
great differences. More importantly, the distribution of traditional grass-roofed dwellings
shows a pattern characterized by a major concentration in the southeastern part of the
Hu Line. The Hu Line, stretching from Aihui in Heilongjiang to Tengchong in Yunnan
in the northeastern–southwestern direction, serves as a significant national geographic
demarcation line in China. It reveals differences in demographic, economic, and natural
geographic factors between the eastern and western regions of China [23]. The distinctive
characteristics of both sides of this line, as well as fringe areas, exert a significant influence
on the distribution of traditional grass-roofed dwellings. This issue will be discussed in the
following section.
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3.2.2. Spatial Distribution Difference of Grass-Roofed Dwelling Types

Further, we explore differences in the spatial distribution of different types of grass-
roofed dwellings. In terms of quantity, the thatch-roofed dwellings constitute the majority,
scattered across 25 out of 28 provinces that have grass-roofed dwellings in China, of
which Yunnan Province has the most, accounting for more than 1/5 of the total. Slightly
less than the thatch-roofed dwellings in quantity, the grain-grass-roofed dwellings are
distributed in 23 provinces, being the most abundant in Shandong, Heilongjiang, and
Yunnan. Compared to the first two, the seagrass-roofed dwellings are relatively rare in
number and only distributed in the four coastal provinces, of which about 2/3 are clustered
in Shandong (Figure 7).

According to the calculation of the nearest neighbor index (Table 7), both thatch-roofed
and grain-grass-roofed dwellings showed significant clustering characteristics in geo-space,
while the seagrass-roofed dwellings failed to form a distribution pattern of clustering.
Figure 8 shows the distribution of kernel density for each type:

(1) The thatch-roofed dwellings form multiple cluster regions in Yunnan, Guizhou,
Hainan, Sichuan, Shaanxi, northern Zhejiang, and Shandong–Henan junction, present-
ing a pattern of multi-center distribution, and the most clustered areas are primarily
located at provincial boundaries, far away from provincial administrative centers
(Figure 8a).

(2) The grain-grass-roofed dwellings are clustered in three main regions: Jiangsu–Shandong,
southern Yunnan, and eastern Liaoning. While Heilongjiang Province in northeastern
China lacks a prominent center of clustering, it still hosts a considerable number of
grain-grass-roofed dwellings evenly distributed across the province (Figure 8b).
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(3) Unlike the first two, seagrass-roofed dwellings did not form a significant clustered
pattern in spatial distribution but were mainly distributed in the south of the Bohai
Sea, i.e., from the Bohai Strait to the tip of the Shandong Peninsula, and a small
number of them spread southward to Jiangsu Province, while no distribution was
found in other coastal areas of China (Figure 8c).
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Table 7. Calculation results of the nearest neighbor index of traditional grass-roofed dwellings.

Thatch-Roofed Dwellings Grain-Grass-Roofed
Dwellings Seagrass-Roofed Dwellings

Observed mean distance (m) 95,998.38 85,318.87 91,902.39
Expected mean distance (m) 136,059.31 116,440.85 82,615.96

Nearest neighbor index R 0.705563 0.732723 1.112405
Z-score −6.568907 −5.852324 1.031287

Significance p <0.01 <0.01 >0.1
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In addition, the distribution of different types of grass-roofed dwellings is not mu-
tually exclusive; 2–3 different types of grass-roofed dwellings may coexist in the same
province or even the same county unit, which is related to the compatibility of growing
environments for different types of grass materials and will also be specifically discussed
in the next section.

3.3. Factors on the Distribution of Grass-Roofed Dwellings

Based on the results obtained in the previous experiments, such as the database of
traditional grass-roofed dwellings and its corresponding distribution map obtained by new
method, we will continue to explore the distribution pattern and reveal the regularity of
traditional grass-roofed dwellings remains so as to provide inspirations for the protection
and inheritance of this special architectural heritage.

In the introduction of this study, it was mentioned that classification and distribution
are the final results of this study but they are not the final mission of traditional grass-
roofed dwellings conservation; therefore, we continue to explore the distribution pattern of
traditional grass-roofed dwellings in the discussion section, hoping to provide inspiration
for the policy response to the conservation of traditional dwellings.

In the previous experiments, we obtained a new method of constructing the database
information of traditional grass-roofed dwellings and distribution maps, and the core
agglomeration centers of each type of grass-roofed dwellings have distribution differences,
which means that the degree of protection of grass-roofed dwellings is affected by the
role of external factors. Previous analysis indicates that grass-roofed dwellings are mainly
distributed on the southeastern side of the Hu Line and in fringe areas. The Hu Line
serves as a delineation for various socio-environmental factors, including population
distribution, urbanization levels, and production modes. It also marks a distinction in
natural geographic factors such as annual precipitation exceeding 400 mm and differences
in topography between plateaus, plains, and hills. Based on this perception, the paper
proposes to investigate the distribution patterns of traditional grass-roofed dwellings
through the lens of both natural geographic and socio-environmental factors.

3.3.1. Natural Geographical Factors

Natural systems have shaped the orderly distribution and structure of herbaceous
ecosystems, in which only specific grass species from specific regions are suitable as
materials for house construction. Based on this understanding, we superimposed the
map data of various types of natural geographic factors with the distribution maps of
different types of grass-roofed dwellings for spatial analysis and data statistics, which
explains in detail how the natural geographic factors affect the distribution of traditional
grass-roofed dwellings.

Traditional grass-roofed dwellings are a product of history and have a service life of
between 30 and 50 years. Grain-grass-roofed dwellings using wheat or straw as the main
material generally have a service life of 20–30 years [24], while seagrass material can last
for 40 years or more [15]. Therefore, the construction of existing traditional grass-roofed
dwellings can be traced back to the 1970s and 1990s. Therefore, geospatial data from the
corresponding period are employed, aiming to establish a more reasonable understanding.

(1) Resource distribution pattern: acquisition of the grass materials

The differences in the distribution of the three types of grass-roofed dwellings are,
first of all, directly related to the distribution pattern of the raw material, i.e., the grass
plants themselves. From the superimposed map of grass-roofed dwellings and vegetation
types (Figure 9), most of the grass-roofed dwellings are distributed in areas of cultivated
vegetation, which are closely related to human activities. In fact, the acquisition of con-
struction materials should not simply be a passive extraction from nature but rather an
organic integration with human production and efficient utilization of resources in order to
achieve the goal of sustainable construction. For example, Heilongjiang, Shandong, Yunnan,
Liaoning, and Jiangsu are China’s major grain-producing provinces, with crops such as
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soybeans, rice, maize, and wheat, which, while providing grain, also provide rich building
materials for the construction of grain-grass-roofed dwellings [25,26]. A different story
is that in the coastal areas of Shandong, due to the early consumption of a large amount
of vegetation materials by the coastal salt industry, the local people turned to collecting
seagrass that surged ashore with seasonal tides to build roofs [12]. However, due to the de-
terioration of the natural environment and excessive human excavation, the main material
of seagrass-roofed dwellings, the large leaf algae, has been listed as “vulnerable” in the Red
List of Threatened Species by the International Union for Conservation of Nature [27,28].
Therefore, the survival of the seagrass-roofed dwelling heritage also inevitably needs to be
closely related to the ecological protection and restoration projects of the seagrass resources
that have been initiated [29].
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(2) Precipitation: Grass growth environment and waterproof performance

Precipitation, on the one hand, is directly related to the growing conditions of grasses
and, on the other hand, poses different demands on the roofs of buildings for rain protection.
Figure 10 reflects the distribution of traditional grass-roofed dwellings in relation to the
annual precipitation in 1970 across the country. The traditional grass-roofed dwellings
in different precipitation levels are roughly normally distributed, mainly concentrated in
L3–L7 (precipitation of 400 mm–2000 mm), with only a sporadic distribution in the L1
with precipitation below 200 mm. Among them, grain-grass-roofed dwellings are evenly
distributed in the L3–L6 section with an annual precipitation of 600–1500 mm, while half of
the thatch-roofed dwellings are distributed in the area with annual precipitation of more
than 1500 mm.
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Of the three grass roofing materials, thatch and grain-grass are both biologically
inclined to loose and moist soil, with the exception of seagrass, which grows on the seashore.
Higher precipitation can provide more water to the soil and satisfy the growth demand of
thatch and grain-grass. Therefore, in the context of building houses with local materials,
areas with higher precipitation can provide more raw materials for the construction of
grass-roofed dwellings.

However, it should be noted that the number of grass-roofed dwellings is not linearly
positively correlated with precipitation. The increase in precipitation not only nourishes
the growth of grass but also brings requirements for rainproofing of the building roofs.
According to a previous study, in order to meet the rainproof requirements, the grass roof
needs to be thatched to a thickness of at least 15 cm by a thick paving technique [1]. In
addition, it is also necessary to incorporate a variety of techniques to enhance drainage and
rain protection, including increasing the slope of the roof, increasing the smoothness of
the roof by planting moss or surface dressing, and special paving. For example, in Hainan
Island, where annual precipitation exceeds 2000 mm, local materials such as white thatch,
hemp bamboo, and sunflower leaves are adopted by the Li people to build the roofs [30].
During the construction process, thatched grass is clipped into thin bundles after drying.
These bundles are then laid along the eave line in a zigzag line from bottom to top. This
ensures that the roofs maintain firmness, preventing leaks or collapse, even in adverse
weather conditions [31]. Another example is the grass-roofed mushroom houses of the
Hani ethnic group concentrated in Honghe Prefecture in Yunnan Province, which also has a
rainy climate. According to the research of ethnologists, the grass roofs of those mushroom
houses with a steep slope of up to 60◦ were an improved device made specifically for
rain protection after the transplantation to rainy areas of the Tu-zhang houses, a type
of flat top rammed earth building commonly found in dry and hot areas of Yunnan [1].
However, compared to roofs made of other waterproof materials such as stone and tiles,
grass roofs in the same area require a greater slope to meet the rainproof requirements,
which makes excessive rainfall a greater constraint for the construction of grass-roofed
dwellings [32]. In conclusion, precipitation has a bi-directional effect on the distribution of
grass-roofed dwellings in terms of growth suitability and rainproof requirement, resulting
in the distribution of grass-roofed dwellings being concentrated in areas with moderately
high levels of precipitation. At this point, the three types of grass-roofed dwellings have
certain commonalities.

(3) Humidity: Insect and fire prevention

Due to the strong correlation between precipitation and wetness index, we analyzed
these two factors together. As can be seen from Figure 11, the distribution of the three
types of grass-roofed dwellings on different moisture index levels all peak at “humid”.
Both grain-grass-roofed and thatch-roofed dwellings show a normal distribution, but
the former has more distribution below the peak than above it, while the latter is the
opposite, i.e., more distributed in wetter areas. This situation basically corresponds to their
distribution in correlation with the precipitation. As has been discussed above, grass roofs
can reduce the accumulation of rainwater by strengthening surface drainage, but still have
a certain degree of water absorption. If the air environment itself is not conducive to drying
the roof, especially in warm and humid conditions, it will promote the development of
microorganisms and fungi in the grass materials, attracting insects to feed and subsequently
attracting birds, who may take the materials away from the roof for nesting. All of these
factors will accelerate the decay and damage of the roof [9]. It can be seen that the provinces
in the south where the temperature is higher and most humid, including Hunan, Jiangxi,
Fujian, and Guangdong, have very few distributed grass-roofed dwellings. On the contrary,
an overly arid environment obviously increases the risk of fire, and flammability is the
biggest drawback in the performance of grass materials compared to other materials.
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(4) Air Temperature: Grass growth environment and thermal performance

Similar to the precipitation factor, temperature is also related to the construction of
grass-roofed dwellings in terms of both the growing environment of grass and the tempera-
ture adaptation of buildings. Figure 12 reflects the correlation between the distribution of
traditional grass-roofed dwellings and the average annual temperature of various places
in China in 1970. It can be seen that grass-roofed dwellings are distributed in the area
with an average annual temperature ranging from −4 to 24 ◦C. Seagrass-roofed dwellings
are distributed in areas with 8–16 ◦C, grain-grass-roofed dwellings are more distributed
in areas with 2–4 ◦C and 12–18 ◦C, and thatch-roofed dwellings are distributed in areas
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with 14–18 ◦C. Among them, thatch-roofed dwellings have the widest distribution range in
different temperature levels. The distribution of the three types of grass-roofed dwellings
in different temperature conditions reflects not only the growth environment pattern of
various grass species but also the differences in adapting and adjusting temperature as
building materials.
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The distribution of seagrass-roofed dwellings is a significant example of the effect of
temperature on the spatial pattern of raw material growth. The fact that seagrass-roofed
dwellings are concentrated only in North China and not in South China along the coastline
is precisely related to the differences in seagrass species under different temperatures.
According to the distribution zoning, seagrasses in China are mainly distributed in the
Indo-Pacific Tropical Seagrass Distribution Area and the North Pacific Temperate Seagrass
Distribution Area [33]. The Jiaodong Peninsula, where seagrass-roofed dwellings are
concentrated, belongs to the latter. Its main roofing material, eelgrass, belongs to the
macrophyte family of temperate seagrasses, with rhizome diameters of 2–4 mm, some
even only 0.15 mm, and internode lengths of 5–70 mm, which is very suitable for use
in roof coverings. In contrast, the seagrass grown in the coastal areas of South China
is mainly typical tropical seagrass such as Tylophora and Acorus calamus, which have
stout fibrous roots with diameters of 15–20 mm, resulting larger gaps after cascading or
bundling; thus, they are unsuitable to be used as a roof covering [34,35]. Therefore, there is
no distribution of seagrass-roofed dwellings in these areas. Coincidentally, on the other
side of the globe, on the island of Rais in Denmark, which is located in the same latitude
and temperature zone as the Jiaodong Peninsula, there are also seagrass-roofed dwellings
made of macroalgae and dwarf macroalgae grown on the local coast [36].

On the other hand, the biological properties of grasses make the grass roofs have a
certain degree of climate adaptability. For example, the raw material, straw—used in the
roof of the grain-grass-roofed dwellings—has a typical closed thin-walled cavity structure,
which is light and fluffy, with a lower thermal conductivity than general roof materials
such as wooden boards and stone slabs [37,38]. It has good thermal insulation performance
and can effectively maintain the balance of indoor microclimate. Another example is the
commonly used Wula sedge in thatch-roofed dwellings in Northeast China. The chemical
composition of its grass fibers has superior thermal insulation properties [39].

Grass roofs can also be adapted to different climates by flexibly adjusting the thickness
and angle of the roof covering, e.g., the thickness of roof is about 20 cm in warmer areas
in South China, while that in the colder areas in North China can be up to 30–50 cm [39].
More extreme examples, such as the Shirakawa-go Hapu houses in Japan, with grass roofs
as thick as 1 m and as steep as 60◦, are able to achieve better thermal insulation and reduce
snow cover with lighter weight compared to other materials [1]. On the contrary, in high-
temperature environments, grass roofs can help to enhance heat reflection and absorption,
and reduce indoor heat accumulation through higher breathability [40].

(5) Elevation: Vertical landscape differences and wind protection

Figure 13 reflects the distribution of traditional Chinese grass-roofed dwellings at
different elevations. It can be seen that within the range of elevation below 1000 m, the dis-
tribution of grass-roofed dwellings shows a significant decreasing trend from low elevation
to high elevation, with the vast majority (>70%) distributed in areas below 800 m. However,
it is interesting to note that in the section of elevation at 1000–2500 m, the grass-roofed
dwellings have a considerable amount of distribution, even becoming the second most
abundant section. Observing the locations of the grass-roofed dwellings distribution points
in Figure 13a, these high-elevation grass-roofed dwellings are mainly located in Shaanxi
and Ningxia in Northwest China as well as the Yunnan–Guizhou Plateau region in South-
west China. However, as the elevation continues to rise above 2500 m, the distribution of
grass-roofed dwellings once again decreases to very few.
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The pattern of distribution of grass-roofed dwellings in relation to elevation is influ-
enced by the distribution of human settlement density on the topographic gradient itself,
but in addition to this, due to the vertical differences in climate, different elevation also
affects the growth pattern of grass resources. Take the Red River region of Yunnan, which is
the highest elevation section in the distribution area of grass-roofed dwellings, as an exam-
ple. Both its natural and humanistic landscapes have the typical characteristics of vertical
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distribution differences. In the main human settlement area at an elevation of 1000–2000 m,
rice terraces, bamboo forests, tea plantations, forests, and upland grasslands are distributed
from low to high, respectively. In the Hani ethnic settlement areas at lower elevation,
people use crops grown in terraced fields to build grain-grass-roofed dwellings, forming
the unique Hani “mushroom house”, while the high-elevation forest areas provide a large
amount of timber and thatch, and the Yi people living there use these materials to build
double-sloped thatch-roofed dwellings [41].

In addition to the environmental disadvantages of aridity and coldness in the high-
elevation regions of Northwest China as mentioned before, the excessive wind speeds
also bring higher requirements for the structural stability of the dwellings. Grass roofs
are lighter than other roofing materials such as stone and tile, which makes their wind
protection problem more severe. A study has found that the slope of grass roofs in coastal
areas, where they are more frequently affected by windy or typhoon weathers, is generally
steeper than in inland areas. For example, the roof slope of the thatch-roofed dwellings in
Leizhou Peninsula, South China is about 50◦, while that of the seagrass-roofed dwellings
in Jiaodong Peninsula is as high as nearly 70◦ [39]. Therefore, it is obvious that the grass
roofs will face too severe a threat of wind damage and lose their safety and suitability in
areas with high wind speeds, such as the Tibetan Plateau [42].

3.3.2. Socio-Environmental Factors

Social environment reflects the intensity of human activities and the level of social
development. With the deepening of urbanization and land expansion, the survival of
traditional grass-roofed dwellings were affected in different ways [43]. Based on the knowl-
edge that factors such as population, economic development, and facility construction
have differential effects on the distribution of traditional dwellings, this study extracts the
distribution of population density, GDP per capita, and road density and superimpose them
with the distribution of traditional grass-roofed dwellings in order to explore in what ways
the socio-environmental factors affect the preservation status of grass-roofed dwellings.

(1) Per capita GDP

Figure 14 illustrates the spatial distribution of China’s per capita GDP in 1995, reveal-
ing that most of the grass-roofed dwellings are distributed in regions with a per capita GDP
below the national average [44].

The relatively backward economic conditions in these areas have led to simpler rural
dwelling construction. Grass-roofed dwellings, combined with locally available materials
such as loess and stones, are cost-effective for the accommodation of large populations.
Furthermore, the relatively lower degree of modernization in these regions has fostered
a conservative attitude among residents, who tend to maintain traditional architectural
styles and lifestyles, thus exhibiting a slower pace in replacing or updating traditional built
environments. Consequently, grass-roofed dwellings are more likely to be preserved and
perpetuated as one of the traditional building forms in these areas.

Comparatively, in Hunan, Hubei and the coastal areas from Guangdong to Zhejiang,
which show high GDP per capita, there are only a small number of grass-roofed dwellings
sporadically distributed. From the bar graph in Figure 14b, the number of grass-roofed
dwellings decreases sharply when the GDP gradually increases.

However, some grass-roofed dwelling settlements in economically developed areas
have been able to survive due to tourism development. For example, in Rongcheng,
Shandong Province, more than 50 seagrass-roofed dwellings with a history of 200 years are
preserved to attract tourists, which not only protects the cultural heritage but also facilitates
local economic development.
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(2) Population Density

Figure 15 depicts the relationship between the spatial distributions of China’s popula-
tion density and the grass-roofed dwellings. The bar graph reveals that the total number
of traditional grass-roofed dwellings initially increases and then decreases as population
density rises, with the peak in the low-density level ranging from 100 to 500 people/km2.
There is generally a positive correlation between population density and economic devel-
opment. Regions with lower population densities often imply slower economic growth and
lower regional attractiveness. In these regions, grass-roofed dwellings tend to congregate
and cluster within small areas. The lack of sustained interactions with larger populations
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over time has contributed to the preservation of grass-roofed dwellings in such areas. The
grass-roofed dwelling clusters with higher kernel density indexes are all located along the
provincial boundaries, far away from the administrative centers, which also indicates that
the marginal areas have better preservation of grass-roofed dwellings. It should be noted
that, in areas with the sparsest population density, which covers most of the northwest
nomadic ethnic areas or extreme climatic zones, there are inherently fewer human settle-
ments, making it reasonable that the number of grass-roofed dwellings in these areas is less
than that in areas with medium population density.
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(3) Road network density

Figure 16 shows that the largest number of grass-roofed dwellings are distributed in
regions with medium and medium-to-high road density areas, such as Shandong, Hebei,
Henan, Jiangsu, Sichuan, Chongqing, etc., where convenient traffic could bring a broader
market for the utilization of traditional dwellings. A considerable portion are distributed
in areas of low-to-medium density, such as Yunnan, Hainan, and Heilongjiang. These
areas, due to their remote locations, experience limited connectivity with the outside world,
thereby reducing the impact of rapid environmental transformation and protecting the
traditional grass-roofed dwellings from developmental damage. In areas with the lowest
road density, mostly in the western regions, the poor accessibility due to natural factors
such as topography and geomorphology would limit the frequency of human activities;
therefore, the quantity of grass-roofed dwellings shows a significant decrease. Finally,
the relatively small portion of areas with a high-density road network within the country
explains the sharp decline in the number of grass-roofed dwellings in these areas.

(4) The overall impact of socio-environmental factors

Compared to the natural factors, the socio-environmental factors such as economic,
population, and urbanization constructions are highly correlated, jointly presenting a
pattern of social development. Therefore, based on the relevant statistics of the above three
factors, we can understand the survival of the grass-roofed dwellings in the context of a
general socio-economic development process.

Firstly, some of the grass-roofed dwellings are concentrated in the central and western
regions with lower levels of modernization, such as Yunnan, Guizhou, Heilongjiang, etc.
These regions have less population mobility and lower land expansion, reducing the
influence of external factors on the preservation of the traditional grass-roofed dwellings.

Secondly, in areas with rapid urbanization, the distribution of the number of grass-
roofed dwellings is relatively small. In these areas, with high development intensity and
rapid urban turnover, the process of replacement construction has often been carried out in
a disorderly manner without a clear understanding of the heritage value of the traditional
dwellings. In this process, some of the traditional grass-roofed houses have had their grass
roofs replaced by tin or tile material or replaced as a whole by modern, newer buildings.

Last but not least, there is not a complete negative correlation between the level of
social development and the survival of traditional grass-roofed dwellings [45]. On the one
hand, the modernization development has brought about the improvement of people’s
spiritual and cultural pursuit, thus creating demands for protecting the built heritages.
On the other hand, the level of urban construction directly affects the scope of cultural
exchange and the speed of cultural dissemination. In general, relying on the isolation from
external influences is not a long-lasting conservation strategy. It is essential to improve
the recognition of the value of cultural heritage and the support of infrastructure to attract
external forces to discover, participate in, and jointly protect the unique architectural
heritage of the grass-roofed dwellings.

In the light of the above analysis, this study concludes that the improvement of
the level of social development will have a double-sided impact on the preservation
and survival of the grass-roofed dwellings and that the degree of economic construction,
population mobility, and external contacts not only affect the differences in the physical
preservation conditions of the grass-roofed dwellings but also influence the transformation
of the social concepts and consciousness, thus forming the characteristics of a diversified
and heterogeneous geographic distribution.
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4. Conclusions

Grass-roofed dwellings represent a distinctive category of traditional vernacular ar-
chitecture, with physical remnants found across various regions worldwide, including
extensive distribution throughout China. In this paper, we construct a classified dataset
comprising three types of traditional grass-roofed dwellings in China and develop a recogni-
tion model through deep learning methods. Utilizing image data with geospatial semantic
information sourced from the internet, we conduct image recognition, classification, and



Land 2024, 13, 1595 30 of 34

spatial positioning of the three types of grass-roofed dwellings. The Geographic Informa-
tion System is applied to create thematic maps and conduct visualized analyses. This study
provides fundamental information and effective methods references for further research on
these endangered traditional dwellings. We draw the following conclusions:

(1) Traditional grass-roofed dwellings in China have a significant clustered distribution
pattern primarily concentrated southeast of the Hu Line and in the fringe areas of
China’s mainland. Among them, thatch-roofed dwellings are most widely distributed,
with high intensity distribution cores in North, South, and Southwest China; grain-
grass-roofed dwellings exhibit a predominant distribution in the northeastern regions,
as well as in Shandong and its surrounding area; and a smaller number of seagrass-
roofed dwellings are mainly distributed in the regions surrounding the Bohai Sea.

(2) The natural environment has an essential influence on the original construction and
distribution of traditional grass-roofed dwellings. Factors such as vegetation type,
precipitation, temperature, humidity, elevation, etc., directly or indirectly impact the
supply of suitable grass materials for roofing by influencing the growth pattern of
grass. The environmental adaptability of grass material will also restrict the construc-
tion and distribution of grass-roofed dwellings. In general, the existing grass-roofed
dwellings are mainly distributed in areas with higher rainfall, higher moisture index,
milder temperatures, and lower elevations, and less distributed in areas that are
rainless, arid, and have severe cold or extreme heat. As an ecological construction
method closely related to natural resources, grass-roofed dwellings reflect the close
interaction between humans and nature—that is, to make full and effective use of
local materials while at the same time ensuring the buildings constructed by these
materials adapt to local natural conditions. In this regard, traditional grass-roofed
dwellings provided us with some inspiration.

(3) Socio-environmental factors, including economic development levels, population dis-
tribution, and road network density, along with the process of regional modernization
development, exert influence on the retention of the existing traditional grass-roofed
dwellings through the substitution of new buildings for traditional dwellings. It
was found that with the growth of economy, population, and modernization, the
protection of traditional grass-roofed dwellings has been subjected to more impacts,
but when the socio-economic development reaches a certain level, the emphasis on
and effective use of traditional architectural culture will promote the retention of
grass-roofed dwellings. This further highlights the importance and urgency of en-
hancing the awareness of the cultural values of traditional architecture. In addition,
the modern adaptation of traditional grass-roofed dwellings and the application of
traditional eco-wisdom in contemporary contexts are issues of significant relevance
and merit further exploration.

5. Discussion

In terms of research content, this study pays attention to the relationship between
the natural and social environments and the spatial distribution of samples of traditional
grass-roofed dwellings. Nowadays, the local constraints of grass-roofed dwellings are
gradually weakening, and how to make traditional grass-roofed dwellings adaptable to
modernization through scientific means is an issue worth further deepening, and also an
important means of fine-tuning protection, for which the studies of many international
scholars have provided good ideas. Some scholars are concerned about the safety and
protection of traditional grass-roofed dwellings. Tensei Mizukami compared fire prevention
methods in grass-roofed dwellings across the UK, Denmark, the Netherlands, and Japan.
He evaluated fireproofing materials, fire protection distances, and firefighting techniques,
emphasizing the importance of addressing potential fire hazards in unnoticed flammable
structures such as the eaves and interior windows [46]. Some scholars also advocate
learning the ecological wisdom in the construction of traditional grass-roofed houses to
make the buildings more sustainable. For example, through the detailed explanation of
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the performance of reed materials, Hayley Bouza et al. proposed that its strong sound
insulation, heat preservation, light weight, and other characteristics are worthy of being
promoted as a material for the construction of residential houses [47]; they also proved
experimentally that grass-roofed houses constructed using coconut leaves have the natural
characteristics of cooling down, which saves energy better [48].

From a methodological perspective, there are also issues worth discussing. Firstly,
in many regions, grass-roofed dwellings historically existed but have since disappeared.
Secondly, traditional grass-roofed dwellings still persist in some areas but have not yet
been detected. Theoretically, both cases could be addressed using the same method—that
is, interpreting specific features from remote sensing images. A number of international
studies have used remote sensing images as data for identification models to quickly extract
vegetation information, building preservation, and ecological spatial evolution in target
areas [49–51]. These studies are mainly at the scale of building complexes and villages,
focusing on a single type of sample. Therefore, there are limitations compared to the
methods used in this paper that use images taken from the ground. Firstly, historical
remote sensing images with full-area coverage are difficult to obtain, resulting in the
incompletion of the spatiotemporal structure of the interpreted samples. Secondly, due
to the small volume of grass-roofed dwellings, their recognition requires extremely high-
precision remote sensing images. This will result in a massive dataset for coverage of
the whole domain, which poses significant demands in terms of computing power and
increases the technical complexity. Nevertheless, compared to the method using ground-
shot image resources employed in this paper, recognition based on remote sensing images
may offer more precise results. Therefore, combining or comparing the outcomes of studies
utilizing different methodologies could provide valuable insights.
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Notes
1 Data Source: Xu, X. (2017). Spatially interpolated dataset of mean conditions of meteorological elements in China. Resource

and Environmental Science Data Registration and Publication System. (http://www.resdc.cn/doi, accessed on 18 March 2024).
https://doi.org/10.12078/2017121301.

2 Data Source: Xu, X., & Zhang, Y. (2017). Meteorological Background Dataset in China. Resource and Environmental Science Data
Registration and Publication System. (http://www.resdc.cn/doi, accessed on 22 March 2024). https://doi.org/10.12078/2017121
301.

3 Data Source: Xu, X. (2017). Spatially interpolated dataset of mean conditions of meteorological elements in China. Resource and
Environmental Science Data Registration and Publication System. (http://www.resdc.cn/doi, accessed on 22 Feburary 2024).
https://doi.org/10.12078/2017121301.

4 Date Source: Xu, X. (2017). Spatial distribution of kilometer grid GDP dataset in China. Resource and Environmental Science
Data Registration and Publication System. (http://www.resdc.cn/doi, accessed on 22 March 2024). https://doi.org/10.12078/2
017121102.

http://www.resdc.cn/doi
https://doi.org/10.12078/2017121301
http://www.resdc.cn/doi
https://doi.org/10.12078/2017121301
https://doi.org/10.12078/2017121301
http://www.resdc.cn/doi
https://doi.org/10.12078/2017121301
http://www.resdc.cn/doi
https://doi.org/10.12078/2017121102
https://doi.org/10.12078/2017121102


Land 2024, 13, 1595 32 of 34

5 Data Source: Xu, X. (2017). Spatial distribution of kilometer grid population dataset in China. Resource and Environmental
Science Data Registration and Publication System. (http://www.resdc.cn/doi, accessed on 22 March 2024). https://doi.org/10.1
2078/2017121101.

6 Data source: Grabbed from the Google map web.
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