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Spatial interpolation of global DEM
using federated deep learning
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The digital elevation model (DEM) provides important data support for 3D terrain modeling. However,
due to the complex and changeable terrain in the real world and the high cost of field measurement,

it is extremely difficult to obtain continuous and high-density elevation data directly. Therefore,

it is necessary to rely on spatial interpolation technology to restore the DEM overall picture in the
original sampling area. The traditional spatial interpolation method usually has the characteristics of
low model complexity and high computational cost, which leads to low real-time performance and
low precision of the interpolation process. The interpolation operation based on DEM data can be
considered as a special image generation process where the input is a DEM image with missing values
and the output is a complete DEM image. At present, a large number of studies have proved that
deep learning methods are very effective in image generation tasks. However, the training of deep
learning models requires the support of a large number of high-quality data sets. DEM data in various
countries, especially in key regions, are usually restricted by privacy protection regulations and cannot
be disclosed. The emergence of Federated Learning (FL) provides a new solution, which supports local
training on multiple end nodes, without sending local data to a remote center server for centralized
training, effectively protecting data privacy. In this study, we propose a DEM interpolation model
based on FL and multiScale U-Net. The experimental results show that compared with the traditional
method, this model has faster processing speed and lower interpolation precision. At the same time,
this research result provides a new way for efficient and secure use of terrain information, especially in
those application scenarios that have strict requirements for DEM data privacy and security.

DEM is the three-dimensional model that uses a series of elevation points to represent the terrain of the earth
surface. It stores the height value of the terrain in the form of a grid, and can reflect the fluctuation state of the
surface in detail and accurately. This kind of data not only contains the basic morphology of mountains and valleys,
but also can show the subtle changes of plains, hills and other terrain, which is an important data for analyzing
and understanding surface characteristics. DEM can also provide vital topographic data reference for large-scale
engineering construction, earth science and safe navigation. For example, tasks in practical applications such as
cross-sea bridge construction, oil and gas resource exploration, deep-sea sediment migration pattern research,
earth plate dynamics research, and water and underwater traffic safety assurance rely on accurate topographic
data as support'~>.

Marine Geographic Information System (MGIS), as a new Marine information management technology,
has the advantages of high data integration, strong analysis ability and good visualization effect. It can realize
multiple functions such as Marine environment monitoring, Marine resource management and Marine scientific
research, and is an important Marine information infrastructure. In recent years, with the increasing demand
for Marine resources development and environmental protection, MGIS has been widely used and developed
rapidly in the world. Marine geospatial information technology service software based on electronic chart is a
comprehensive service technology that integrates MGIS technology, remote sensing technology, oceanography
and computer science. It mainly relies on the standard electronic chart (ENC) file for the storage, management
and display of Marine spatial geographic distribution data to support the needs of Marine resources development,
Marine environment monitoring, maritime navigation safety and Marine scientific research and other fields.

At present, most of the existing electronic chart systems in the market are mainly two-dimensional map
display, because the three-dimensional terrain display of electronic chart depends on high resolution and high
precision DEM data. DEM data in ENC file is mainly stored in the form of bathymetry layer. However, due to
the limitation of sampling cost and accuracy, the depth information of bathymetry often has the problem of
missing sampling points and low resolution. In order to reconstruct the full depth information of the sampling
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area, we need to rely on the spatial interpolation algorithm. Traditional spatial interpolation methods such as
inverse distance weighted interpolation (IDW)?® and Kriging interpolation’ usually have low model complexity
and require a lot of iterative computation to approximate interpolation points. This often results in significant
errors and lower real-time in the generated depth data. At the same time, DEM data in key areas are usually
sensitive information and generally will not be made public. Traditional privacy protection algorithms are
often ineffective in protecting such data. In order to effectively protect data privacy, we need to study a privacy
protection mechanism for discrete elevation sampling points spatial interpolation algorithm to solve the above
problems.

In the rapid development of the field of image processing, deep learning methods!®~!> have emerged in
recent years, especially in image enhancement, image restoration and image generation, showing significant
advantages. It is especially worth mentioning that the invention of convolutional neural network (CNN)!¢17
has brought a new idea for spatial interpolation technology, which can extract the hidden deep information
in the image by using the unique convolutional layer, and achieve good results in the image cavity completion
task. Spatial interpolation is a kind of void completion task, which is based on finite discrete measurement
points and realizes the accurate mapping of global space by learning the interrelation between these points. For
example, lizuka et al.!® built a generative adversarial network with a dual discriminator structure to enhance the
stability of the network while ensuring the global consistency of the completion region. Liu et al.!” use partial
convolutions to segment the invalid parts of the feature graph and transfer them to the next layer of the network
to form an irregular mask, thereby improving the accuracy of the completion region. Donget al.2’ proposes a
framework of conditional generation adversarism networks. Combined with L1 norm loss function, remarkable
filling effect has been achieved on Shuttle Radar Topography Mission (SRTM), a global standard DEM dataset.

In this study, we evaluate and study U-Net network based on multi-scale modules and conduct spatial
interpolation studies of discrete elevation points using a FL framework®!-2%. The experimental phase was trained
and tested using the open source global terrain model dataset ETOPO 2022, which provides 15 arcseconds
((approx. 500 m at the equator) resolution elevation data covering the world’s oceans and land. Our goal is to
highlight the advantages of FL and deep learning networks in the task heavy interpolation of discrete elevation
point Spaces, especially in protecting user data security and confidential execution. And, the main contributions
of this paper are summarized as follows:

1. A DEM interpolation task based on FL framework is designed, which effectively protects the privacy and
security of local data.

2. The client is randomly selected for training, and the number of local iterations for each client is increased,
which effectively reduces the number of communications.

3. The DEM interpolation task is innovatively transformed into the learning task of the deep learning model,
and the accurate interpolation reconstruction can be carried out without any prior knowledge through the
trained network.

4. The designed U-Net network with multi-scale module can complete the interpolation task well, and has the
advantages of fast interpolation speed and high interpolation precision compared with the traditional meth-
od.

Ralated works

Spatial interpolation

Spatial interpolation can be considered as a special kind of image restoration process, whose input is finite and
discrete measurement points, and the purpose is to output an accurate map of the global space by learning the
cross-correlation between the existing measurement points. Deep learning methods are widely used in natural
language processing and image generation. In recent years, CNN-based models have been used more and more
widely, especially in the field of images. Therefore, it is necessary to extend the CNN model to overcome the
differences between CNN and spatial interpolation tasks in order to achieve accurate global estimation of the
sampled data in a given space.

Zhu etal.** combined the idea of conditional generative adversarial networks to transform spatial interpolation
tasks into conditional generative adversarial tasks, and designed a new spatial interpolation deep learning
architecture called conditional encoder-decoder generative adversarial neural networks. The network combines
adversarial learning model with encoder-decoder structure to capture the similarity between deep expression
and local structure in geospatial data, and provides a new solution for spatial interpolation of land terrain DEM
data. Zhang et al.?, proposed a deep generation model, which uses the generation of reconstruction loss and
anti-network loss to assist network training, and realizes fine reconstruction of images in the DEM filling space
task. For an ocean-related interpolation task, Hirahara et al.?® designed a sea surface temperature (SST) image-
mapping algorithm to estimate the error value of SST (i.e. the difference between SST and mean SST). In this
algorithm, the cloud-free mean SST is used as a preliminary estimate of SST. Then, the cloud free SST image is
reconstructed by using the anomaly mapping network to complete the mapping of SST in the missing region.

The quality of a deep learning model depends largely on whether the data used for training is sufficient and
good enough. However, because high-precision DEM data is generally limited by security problems, we need to
develop a joint learning framework to solve the problem that local data cannot be uploaded to the central server
for training.

Federated learning

In 2016, FL was proposed as a new distributed machine learning training method. The core goal is to train
the same model with devices scattered across different geographic locations, while ensuring effective privacy
protection for local data. This approach is significantly different from traditional centralized machine learning
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training methods and parallel computing methods. The latter focuses on optimizing machine learning
computational efficiency by taking advantage of the parallel computing advantages of multiple processors on
centralized data sets. While existing machine learning technologies demonstrate strong performance, they face
data privacy challenges. Because these technologies often require training data to be sent to a central server, this
process can lead to data security issues when data is captured and shared*”%,

The architecture of FL follows a typical master-slave configuration, as shown in Fig. 1. In a FL framework,
each independent actor (or device) trains its own local model individually using the private data it has. These
devices then send updates of their own local model to a central server, which uses aggregation algorithms to
consolidate all local updates to update the global model. Finally, the local actor downloads global updates from
the central server to update the local model and repeats the process until the model converges. Based on local
training data, FL can be subdivided into three main types: horizontal FL, vertical FL, and transfer FL. In order
to ensure that the local data security and privacy, the researchers have been put forward for the polymerization
technology, many algorithms*-3!. For example, the earliest FeadSDG algorithm?®? performed a single batch
gradient calculation by randomly selecting a subset of clients in each round of communication. Then, in order
to improve the efficiency of communication, the researchers proposed the FedAVG algorithm. Unlike FeadSDG,
it allows the local client to perform multiple rounds of iterative training locally before returning the gradient
calculation results to the central server. Therefore, FeadSDG algorithm greatly saves the communication time.

Meanwhile, it has been shown that sharing raw local updates compromises users’ privacy>*-%. The existing
differential privacy technologies in FL can be roughly divided into two categories: curator model (DP) and
local model (LDP). Dp-based FL can achieve higher learning accuracy, but relies on a trusted analyzer to
collect the original updates of the local endpoint. For example, McMahan et al.’® added a user-level differential
privacy protection mechanism to the FegAvg framework to achieve effective protection of local user data
without basically losing prediction accuracy. Geyer et al.*” proposed a federal optimization algorithm for client
differential privacy protection, and analyzed and concluded that a model can be trained to meet the accuracy
when the number of clients is sufficient. Ldp-based FL encrypts local updates before they are sent to the remote
end to ensure that the privacy of local updates is not disclosed, but it is limited by the computing power of
the local end. For example, Wang et al.*® proposed an ¢-local differential privacy algorithm, which effectively
protects the private information of local users and aggregate analyzers from being leaked. Liu et al.*® proposed a
two-stage framework for federal SGD under LDP to alleviate dimension dependency problems, and verified its
effectiveness through a large number of experiments.

Methodology

Problem statement

The spatial interpolation task based on discrete sampling DEM is completed by the interpolation network under
the FL framework. The input of the network is the DEM image after random sampling, and the output is the
complete DEM image, so that the network is expected to learn the relevant knowledge of spatial interpolation
after training.

Suppose we denote the data domain as V & RE*W*H with W and H signifying the spatial breadth and height
dimensions, respectively, of the input DEM image, and C indicating the quantity of color channels embedded
within the data; for monochromatic images, this count is unity, but for RGB images, it triples to three. The
unprocessed DEM information can be embodied as an element x within V. Further, given that the training
dataset x adheres to a particular sampling scheme expressed as f* = [(c1,71), (2, 72), ..., (Cons Tmi)| € B2,
wherein (cy, rj;) pinpoints the positional coordinates of the k-th sampled datum, the depiction of the image
post-sampling proceeds can be represented as follows.

Center server

Upload local Publish glogal
parameters / \ parameters
[ local model ] [ local model ] local model

[ local data ] [ local data } local data

Fig. 1. Federated learning under server-worker architecture.
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The key of this task is to make the model learn the ability of spatial interpolation through training process
and to ensure the security of local user data. Therefore, we innovatively design a spatial interpolation model
architecture based on FL to solve the spatial interpolation problem of random discrete sampling DEM data.

Federated learning framework

Federated learning is a distributed machine learning framework in which multiple local users can jointly
train a more Ruben global model without sharing private data. Figure 2 shows a schematic of the deployed FL
framework. The framework consists of five core steps. Step 1, the initialization operation, involves initializing
the model on the central server and delivering the model to the default client. The second step is local training,
in this process, each client uses the received model, combined with their own private DEM data for localized
training. Next comes Step 3, the parameter transfer phase, where each client model update is transmitted to
the central server for processing after the client training is completed. This is followed by Step 4, the model
aggregation phase, in which the central server uses specific aggregation algorithms to aggregate model updates
from each client to generate an optimized global model. Finally, Step 5, the global model sharing and evaluation

phase, distributes the trained global model to all clients and evaluates it on the test data set.

The SCAFFOLD algorithm proposed in 2020 is an improvement on FedAvg and can solve the problem of
non-independent co-distribution and client-drift of local data. During the system’s training, a “control variate”
¢ is introduced to adjust the training direction. Every time the client iteratively updates the model, this control
variable is also updated synchronously to ensure the accuracy of the training process. At the same time, the
algorithm can effectively reduce the degradation of training results caused by the difference of multiple local
private data and the imbalance of distribution. Therefore, we choose the SCAFFOLD algorithm to build a FL
framework. And, the implementation of the SCAFFOLD algorithm consists of three core stages: First, the client
model is updated locally (Step 3); Next, perform the appropriate local update for the clients control variables

(Step 4); Finally, do a summary update (Step 5). Algorithm 1 describes the above steps in detail.
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1: central server’s input: initial x and ¢, and global step-size 1,
2: client i’s input: ¢;, and global step-size 1,

3: for eachround r=1,...,R do

4 sample clients S C {1,...,N}

5 communicate (x,c) to all clients i € S

6 for each clienti € S do

7: initialize the local model using y; <— x

8 fork=1,...,K do

9 compute the mini-catch gradient g; (y;)

10: Vi <y — M (gi (y;) —ci+c)

11: end for

12: c;r < (1) gi(x), or (ii) ci—c—l—KLm(x—y,«)
13: communicate (Ay;,Ac;) < (yi —x,¢;” —c¢;)
14: ci ¢

15: end for

16: (Ax,Ac) < g7 Xies (Ay;, Aci)

17: x<—x—|—7‘]gAxandc%c—|—|]‘\S,—v|Ac

18: end for
Algorithm 1. SCAFFOLD: stochastic controlled averaging for FL.

Spatial interpolation model
MultiScale U-Net
The U-Net structure was originally used for medical image segmentation tasks. Because of its excellent
performance, it has been applied in many fields in recent years. As shown in Fig. 3, it consists of two paths. The
path on the left is an encoder consisting of a shrink path for feature extraction. The correct path is a decoder
consisting of an extended path that is used to reconstruct the interpolated image from the features.

According to one research paper®’, the addition of a batch normalization layer can make the network difficult
to train and even cause the network to diverge on image generation tasks. Therefore, we mainly use convolutional
layers to construct our network, which is defined as follows:

z:;kzi®‘rg,1+bi. )
a=f(z) (3)

\
\
\
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Fig. 3. The overall structure of MultiScale U-Net.
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Fig. 4. MultiScale convolution module.

where, k; denotes the convolution kernel, x;_; signifies the preceding layers output feature map. The bias
term b; is also incorporated, and the resultant z represents the feature map following the convolutional layer’s
transformation. The nonlinear activation function f(-), as specified in equation (3), augments the network’s
representational prowess by introducing distortions or transformations to the input, thus empowering the
network to capture intricate features. For the purpose of this study, the ReLU function is chosen to expedite the
convergence of the network’s training procedure.

In light of the intricate nature of geographic spatial data features encountered in spatial interpolation tasks,
we have introduced modifications to the U-Net architecture by integrating multi-scale convolution modules,
thereby naming it the Multi-Scale U-Net, as show in Fig. 4. The input data flows through four parallel processing
branches, each employing distinct kernel sizes, and the outputs from these branches are subsequently fused.

Joint loss

In order to improve the generation ability and interpolation accuracy of the model, we use a joint loss to
train the network, including a reconstruction loss and a perception loss. Each loss function is targeted at a
different Angle of generating the graph, that is, each loss function corresponds to a specific subtask. Since the
fundamental purpose of these two losses is to strengthen the similarity between the generated image and the
original unsampled image, they can share the same network structure without adding new branches. And, the
total joint loss function is defined as follows:

l total = wll con ’(Ugl pec (4)

where, [ .on and [ .. correspond to content loss and perception loss respectively, and w; and w, are the weight
coeflicients of the two kinds of losses.

Content loss: The measure of content loss refers to the loss of pixels at matching position between the authentic
training image (") and the fake image G (f (z¢ )) which is generated by the network via extraction from
transformed data f (z")

In 2017, Ledig et al.*! employed the the loss function of mean squared error (L2), attaining high scores in
quantitative evaluations. However, this approach often leads to overly smooth textures in the generated imagery,
conveying a blurred appearance. Zhao et al.*? observed that models trained with the Manhattan distance loss
(L1) exhibited superior performance and faster convergence rates through extensive experimentation. Therefore,
we utilize L1 loss as our content loss function, and its formulation is detailed as follows:

(on = W Z Z |l’,7 ))17‘ (5)

=1 j=1
where, W and H represent the width and height of input image.

Perceptual loss: Perception loss focuses more on capturing the high-level semantic differences between the
images, while content loss focuses on measuring the difference between the corresponding pixel positions in
the image. For example, let’s say we have two extremely similar images A and B, where B is an offset image with
A horizontally shifted by one pixel. Although the two images are visually very close, content loss may give a
larger error, while perception loss may show a smaller error. The specific form of the perceived loss function is
as follows:

pcc = H@ G@p f HZ (6)
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where, p(-) serves as the function responsible for the extraction of high-level semantic features. As the network’s
architecture deepens, the nature of the extracted features shifts from fundamental to increasingly sophisticated
and high-level representations. Recognizing the proficiency of pre-trained image classification networks in
feature extraction, our study leverages the pre-trained VGG19 network to procure high-level semantic features
from input images. Additionally, to ensure a comprehensive capture of multi-scale features within the images,
we opt to integrate the outcomes of the VGG19 network’s initial 13 layers, thereby establishing the basis for our
final perceptual loss calculation.

Experiment

Dataset

Our experimental data comes from the ETOPO 2022 Global Relief Model, a dataset of authoritative global
terrain models. The dataset covers the world’s oceans and lands, providing elevation information accurate to
a resolution of 15 arcseconds (approx. 500 m at the equator). To simulate FL framework built with multiple
local clients, we selected data from nine different locations around the world and cropped the collected data to
a uniform 64 x 64 pixel size for the consideration of computational efficiency. Among them, the data from 8
locations are used as training sets and verification sets for network training, and the data collected from another
location is used as test sets for network testing. Each region had 3136 pieces of data, 80% of which were used for
training and the remaining 20% for validation.

In the training process, in order to ensure that the model can learn the comprehensiveness and diversity of
terrain features without requiring too much sampling information, we adopted a random sampling method and
randomly selected 1200 pixels from each 64 x 64 DEM data. The randomly sampled data is used as the spatial
interpolation task of the input discrete DEM data of the interpolation network, as shown in the Fig. 5. The
elevation is indicated by different shades of color, with the darker color representing the lower altitude and the
corresponding lighter color representing the higher altitude. For the unsampled points in the randomly sampled
image, that is, the region with pixel value 0, we mark them with blue color blocks.

Experimental setup
The experiments were conducted on an Ubuntu system server equipped with an Intel®Xeon®Silver
4214R@2.40GHz CPU and an NVIDIA RTX 3080Ti 12GB graphics card. We used Python 3.8.10 and the Pytorch
deep learning framework to build our model, as well as the cuDNN 8.1.0 and CUDA 12.2 toolkit, enabling the
utilization of GPUs for enhanced deep learning capabilities. We configured the framework and model according
to the hyperparameters listed in Table 1, and initialized the initial weights of each node in the neural network
with Gaussian distribution.

In the training phase, we use the Adam optimizer. In total, we collected DEM data from 9 different regions in
the world, and the pixel size is 64 x 64 gray iamge. Eight of these regions represent eight clients for training and
validation, and one for testing. And the global training runs a total of 50 epochs.

Performance evaluation metrics

In order to accurately measure the effect of reconstruction, we used four key evaluation indexes: mean absolute
error (MAE), root mean square error (RMSE), peak signal-to-noise ratio (PSNR) and structural similarity
index (SSIM), which together constitute the benchmark for evaluating the accuracy of reconstructed images.

Fig. 5. (a) The original 64 x 64 pixels size DEM image, (b) the image after random sampling of 800 points
from original DEM image.

Scientific Reports|  (2024) 14:22089 | https://doi.org/10.1038/s41598-024-72807-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Hyper-parameters Value

Image shape 64 x 64 x 1

Local clients number | 8

Rate of selected clients | 0.5

Global epochs 80
Local epochs 4
Batch size 128
Learning rate 0.0003

Activation founction | LeakyReLU

Optimizer Adam

B4 of Adam optimizer | 0.9

(32 of Adam optimizer | 0.999

€ of Adam optimizer | 10-8

Table 1. Hyper-parameters settings.

Specifically, MAE and RMSE measure the overall deviation of pixels or feature values in an image by calculating
the average difference between the predicted value and the true value. PSNR focuses on comparing the peak
signal-to-noise ratio of the reconstructed image with the original image, so as to show the sharpness and detail
retention of the image. SSIM, on the other hand, focuses on comparing the structural information of two images
to assess the similarity between them, including the similarity between the reconstructed image and the reference
image. And, the specific definitions of these indicators are described below.

m

1
MAE = =Y |y —y]
-~ ; |y — | @
Yi — Z/f‘)z ®
\ 2

PSNR =10 «logyy (Y757 )
MAX (9)

= 20 * logy <7’)

2yt + 1) (o, +c2)
(/L% + '“3’ + (:1> (0’5 + 05, + CQ)

where, m represents the pixel count within the input image; y,,.,. and y’ denote the pixel intensities of the authentic
and interpolated images, respectively; M A X signifies the utmost color intensity achievable for any image pixel.
Constants ¢; and ¢, are incorporated to avert division by zero scenarios, while y, 0%, and oyy symbolize the
mean, variance, and covariance, respectively. Notably, a diminution in Mean Absolute Error (MAE) and Peak-
to-Mean Square Error (PMSE) values is indicative of an enhancement in the interpolative quality of the image.
Conversely, heightened values of Peak Signal-to-Noise Ratio (PSNR) and Structural Similarity Index (SSIM) are
synonymous with superior outcomes in image interpolation tasks.

Training

After 60 global epochs, we get a MultiScale U-Net model that can be used for global discrete DEM interpolation.
The change of training loss curve with training eopch is shown in Fig. 6. It can be clearly observed from the figure
that with the increase of training rounds, the interpolation loss of our model gradually decreases and enters a
relatively stable interval after reaching 30 global epoches. In the end, the MultiScale U-Net model stabilized at
about 0.329. This performance means that with the deepening of the training process, the spatial interpolation
ability of the model is significantly improved, and the stable performance is finally achieved.

By observing the training curve, we can understand the dynamic change of the model during the training
process and its generalization ability for unknown data. As the number of training rounds increases, the
interpolation loss of our model decreases gradually. After reaching 30 global epochs, it enters a relatively stable
interval, that is, the loss curve of training and verification remains stable at about 0.1 in the late training period,
which clearly indicates that the model performance has reached a certain convergence. This stability not only
reveals that the model has successfully captured the underlying pattern of the data, but also indicates that the
model is close to the performance saturation point, and the improvement that further training can bring is
relatively limited. Another notable feature is that the training loss curve has been consistently lower than the
verification loss curve since the fifth training cycle and maintains this trend throughout the subsequent training.
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Fig. 6. Training and validation loss with training epoch.
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Fig. 7. (a) The curve of interpolation error as training progresses, (b) the boxplot of interpolation error as
training progresses.

Although this may indicate a slight overfitting, that is, an over-adaptation to the training data, the small gap
between the two indicates that this overfitting is not significant.

Evaluation

In order to verify that our model has the ability to perform spatial interpolation on discretely sampled DEM
data after training, we use the saved intermediate process model in the iterative process to test on the validation
set. Specifically, we use the test set data and randomly select 1200 sampling points for each DEM image as
interpolation data points. Further, we calculate the mean absolute error (MAE) between the false data generated
by model interpolation and the real data, and plot the corresponding interpolation error curve, as shown in Fig.
7a. In addition, we also draw a box plot reflecting the interpolation error distribution of all pixels, as shown in
Fig. 7b.

It can be observed from Fig. 7a that with the progress of training, the interpolation error of DEM shows an
obvious downward trend at the initial stage, and gradually becomes stable after about 30 global iterations.When
the network attains a stable state, the interpolation error approximates € ~ 90 m, which is deemed acceptable
given the range of terrain elevations between — 7 and 6999 m. This is also verified by the box plot in Fig. 7b,
which clearly shows that as training progresses, the average error decreases and the error distribution becomes
more concentrated.

Discussion and analysis

Assessing the infuence of client participation

To evaluate the impact of the number of clients in the FL framework on training results, we analyzed the scenarios
with 2, 4, 6, and 8 participating clients. Meanwhile, we chosed the most common federal learning algorithm
FedAVG and FedSGD for comparison. The number of global training rounds for all algorithms is 50 epochs, and
the experimental results are shown in Fig. 8. It can be seen from the figure, as the number of clients increases, the
loss of the model gradually decreases. This result is due to the increase in trainable data set due to the increase in
the number of clients. The SCAFFOLD based model is also the smallest, which further demonstrates its support
for non-independent, uniformly distributed data.
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Effect of number of participating clients on model loss
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Fig. 8. Accuracy of FL algorithms with diferent number of clients.

FedSGD 11,143 13,159 16,418 17,854
FedAVG 8945 11,984 13,984 14,118
SCAFFOLD 4574 6835 8945 11765

Table 2. Communication time required to training convergence.

Kriging | 128.1 210.7 22.8 85.3 3.302
IDW 91.4 168.8 23.7 96.2 0.518
Ours 90.4 158.2 239 96.3 0.046

Table 3. Comparison of the result with traditional methods.

The SCAFFOLD algorithm selects a random percentage of clients for a shorter communication time than if
all clients were selected. In addition, we compared with FedSGD and FedAVG algorithms in terms of calculation
time and cost, and the detailed calculation resuqlts are shown in Table 2.

Compared with traditional methods

Figure 9 shows the comparison of interpolated images obtained by different interpolation methods. From a visual
point of view, compared with the classical Krigining and IDW methods, our model shows better resolution and
closer similarity to the original image in the interpolated image. This significant improvement indicates that our
model can successfully learn complex geographic feature knowledge contained in DEM data after joint training
of FL, and has the ability to perform accurate spatial interpolation from discrete DEM data.

Meanwhile, we also quantitatively compare and evaluate our model with the traditional spatial interpolation
method on the test set data, and the relevant data are summarized in Table 3. As shown in the table, our model
achieved the lowest values in both MAE and PMSE indexes, which were 90.4 and 158.2 respectively. In particular,
compared with the Kriging method, this model achieves a 29.4% and 25.0% improvement on MAE and PMSE,
respectively. Not only that, our model also achieved the best performance in both PSNR and SSIM evaluations.
This result fully proves that this model can provide high quality and high visual effect interpolated image output
while reducing the interpolation error. Moreover, Compared with the previous methods, the proposed method
greatly improves the speed of DEM spatial interpolation. The average time consuming is 0.046s, which is only
8.9% of the Kriging method.

Conclusion

Machine learning technology, especially deep learning technology based on convolutional neural network, is
developing in the field of image generation. In this study, we innovatively transform a discrete DEM based
interpolation task into an image generation task and explore the potential and applicability of FL in this
context. Our proposed DEM interpolation framework based on FL and MultiScale U-Net networks is a new
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Kriging Ours Real

N

Fig. 9. The overall structure of MultiScale U-Net.

paradigm, and although it shows significant advantages in the security and confidentiality of private data, there
is little research in this area. The experimental results show that compared with the traditional interpolation
methods IDW and Kriging, our method has stronger feature capturing ability and lower interpolation error in
DEM spatial interpolation tasks. In addition, the federal learning framework is used to enable users to work
cooperatively on discrete DEM spatial interpolation, while keeping the data private. In addition to focusing on
the performance of the model itself, the actual deployment must also take into account the needs of efficiency
and hardware configuration, which is particularly important in resource-constrained regions. We select three
federative learning strategies for training discrete DEM interpolation tasks, and analyze their efficiency and
accuracy. The results show that the FL framework based on SCAFFOLD has lower communication time and
higher interpolation accuracy. In conclusion, this study lays a foundation for the task of training discrete DEM
spatial interpolation models based on multi-user collaboration, and provides a strong support for in-depth
understanding of the interaction between global gravity field and terrain, exploring the diversity of land balance
mechanisms and the impact of terrain on ocean flow patterns.

Data availability

The experimental phase was trained and tested using the open source global terrain model dataset ETOPO 2022,
which unfortunately we cannot provide due to copyright issues. But the data set can be obtained at https://www.
ncei.noaa.gov/products/etopo-global-relief-mode. Meanwhile, because this paper is jointly completed with the
support of the two universities, and based on the requirements of the cooperation between the two universities,
the data generated and analyzed in the current research process are not publicly available. But the source code
can be obtained from the corresponding author upon reasonable request.
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