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Abstract: Artificial intelligence (AI) is delivering major advances in the construction engineering
sector in this era of building information modelling, applying data collection techniques based on
urban image analysis. In this study, building heights were calculated from street-view imagery based
on a semantic segmentation machine learning model. The model has a fully convolutional architecture
and is based on the HRNet encoder and ResNexts depth separable convolutions, achieving fast
runtime and state-of-the-art results on standard semantic segmentation tasks. Average building
heights on a pilot German street were satisfactorily estimated with a maximum error of 3 m. Further
research alternatives are discussed, as well as the difficulties of obtaining valuable training data to
apply these models in countries with no training datasets and different urban conditions. This line of
research contributes to the characterisation of buildings and the estimation of attributes essential for
the assessment of seismic risk using automatically processed street-view imagery.

Keywords: artificial intelligence; semantic segmentation; convolutional neural networks; building
height estimation; seismic exposure; street view imagery

1. Introduction

Digital transformation in the construction sector can lead to the introduction of dis-
ruptive technologies and tools that can result in innovative business models, materials,
and solutions that benefit the entire value chain [1]. Artificial intelligence is considered
within one of the three categories of digital technologies in construction, namely data
information and analysis [2]. It has been observed that the adoption of artificial intelligence
in the construction industry has been limited to pilot projects, with tests being conducted
in structural analysis, design, and optimisation. Results show that the implementation of
artificial neural networks can be used for structural damage assessment (e.g., detecting
structural damage after earthquakes) or structural health monitoring (e.g., identification of
damage and nonlinearities in wind turbine blades based on a pattern recognition technique).

In recent decades, managers and scientists have faced the challenging task of devel-
oping tools to assess the seismic vulnerability of existing building parks to define reliable
risk-mitigation plans. Several large-scale approaches have been proposed to identify the
most vulnerable sets in a building stock, using established procedures [3,4]. In this field,
urban image analysis is being used to estimate the seismic exposure of buildings, an es-
sential step to calculate their seismic vulnerability. There is a need for new automated
tools capable of rapidly estimating the vulnerability of existing buildings from pictures,
such as VULMA, a tool for the evaluation of the vulnerability response of individual
buildings and for large-scale seismic risk estimation [5]. This line of research necessarily

Appl. Sci. 2023, 13, 5037. https:/ /doi.org/10.3390/app13085037

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app13085037
https://doi.org/10.3390/app13085037
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-6594-2566
https://orcid.org/0000-0002-2433-9354
https://orcid.org/0000-0003-1038-7459
https://orcid.org/0000-0001-9237-4146
https://doi.org/10.3390/app13085037
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13085037?type=check_update&version=2

Appl. Sci. 2023,13, 5037

20f15

includes the development of specific training datasets for this purpose, as proposed by
Cardellicchio et al. [6].

The determination of seismic exposure is based on the characterisation of the attributes
of the structure with different levels of detail to define the class of exposure of each build-
ing [7], as in the methods proposed by the Global Earthquake Model (GEM) foundation [4].
Previous research identified that one of the most influential attributes for seismic exposure
classification is the height of the building or the number of floors [7,8]. As the attribute that
is needed is the number of floors, a building height estimation with a maximum absolute
error of one floor would be sufficient. There is a need for automated machine learning
models to estimate this parameter in cities with no available data, as is the case of the
capitals in Central America, subjected to high potential seismic hazard and high physical
and social vulnerability [9].

Street view images are readily available in cities in developing countries or can be
obtained at little cost. It is necessary to develop models capable of obtaining building
heights from single-view images, allowing researchers to obtain this parameter in cities
in developing countries from images available on the Internet or captured using mobile
phones, creating the necessary databases for obtaining the seismic exposure of the buildings
in a city.

The aim of this research is to develop low-cost methods for building height data
collection for the purposes of seismic risk assessment in cities in developing countries
in Central America. This research contributes to determining the exposure of buildings
using street view images processed by various convolutional neural networks. This will
provide valuable tools that accurately estimate relevant seismic exposure features using
free imagery, thus being easily applicable to the monitoring of large areas of cities in
developing countries.

This research applies technology originally developed for autonomous car driving to
the gathering of building data and automatic building surveying. A new model is proposed
combining RestNext and HRNet, and a method is developed for building height estimation
using semantic segmentation and a single street view image.

2. Background

Research on the seismic vulnerability of buildings using imagery to extract basic
parameters such as height or facade material is increasing worldwide [7]. Surveys are
traditionally performed manually through visual inspection, which is time consuming and
expensive. A current trend is moving towards the automation of these processes, as in
the recently published VULMA model, which performs surveys automatically through a
categorical classification machine learning model [10]. The reviewed experiences involve
taking an image of the facade of a single building and applying the required labels using a
classifier model. In real-world applications using street view images, multiple buildings
and other elements such as the street are visible; hence, the classifier model would not
function correctly, as it is not able to focus on the building of interest.

A building is defined in the INSPIRE scheme [11] as a construction, above and below
ground, for the purpose of accommodating people, animals and things, or production
and distribution of goods or services, this construction being a permanent structure on
the ground. In the definition of a building, one or many BuildingParts are characterised,
as each of the constructed areas in a cadastral parcel having homogeneous volume, either
above and/or below ground. A BuildingPart element hosts the attributes related to height,
namely, number of floors above ground, below ground level height in meters, and number
of floors below ground [11].

As building heights are usually available through INSPIRE in Europe, new techniques
were developed for automatic building height estimation, in part to aid data collection for
cadasters in cities without data. Using ESA’s Sentinel 1 and 2 data series and particularly
Synthetic Aperture Radar (SAR) data [12,13], it was possible to extract building height data
automatically on a large scale [13] with an error of less than 5 m for average-height buildings
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but much larger error for higher buildings. Satellite techniques were improved using multi-
view satellite imagery [14] achieving an error of around 2 m. Aerial imagery [15] and
Aerial Laser Imaging Detection and Ranging (LIDAR) can be used to measure building
heights [16], although this approach is expensive and requires manual work; thus, the
viability of using it for large-scale data collection is questionable. Other recently developed
methods use street-view imagery, that is, driver-view images taken from a car. The image
is segmented using machine learning methods, and the top corners of the buildings are
detected. The horizontal distance from the camera to the building is then calculated
using the camera position and a database such as Openstreetmap, which registers the x
and y coordinates of the corners of the building [17] and building rooflines [18]. Having
determined certain parameters such as camera height, estimation of three vanishing points
and the detection of the vertical lines of a building with the help of semantic segmentation,
the height can be computed by considering the perspective of the image [19]. The relative
error obtained using this method is 5%. Finally, the height can be obtained through
trigonometry. Spherical images allow other more complex geometrical methods to be used
which do not require 2D external corner coordinates [20].

In the field of computer vision, substantial advances have been made in recent years
with regard to image classification tasks using new machine learning models such as the
vision transformer [21] or its version for semantic segmentation [22]. These models are
developed by large companies and contain a large number of parameters; hence, they are
difficult to train. Other simpler models developed recently for image classification are
RestNexts [23,24]. With regard to semantic segmentation, very good results have been
achieved with HRNets [25], a model which processes an image in multiple resolutions.
Computer vision is used primarily in the context of cities for tasks related to autonomous
car driving, especially with regard to currently available public datasets, such as Cityscapes
or Vistas [26,27]. Its use for other tasks such as building inspection or data collection has
scarcely been developed to date.

3. Image Processing Methods

In this section, we present various image convolutions used for image processing,
which constitute the core of our model.

3.1. Image Convolutions

An image convolution is a mathematical operation that consists of convolving a linear
kernel function over each pixel of an image. The image is interpreted as a matrix with
w pixels in the width parameter and h pixels in the height parameter. A RGB image
would have a third dimension containing three features, the red, green and blue channels.
The image would therefore be a (w x h x 3) matrix. A kernel on an image convolution
would be a matrix with a given width and height and a third dimension equal to the
number of features in the image. A (500 x 250 x 3) RGB image could be convolved with a
kernel of size (5 x 4 x 3) obtaining a (500 x 250 x 1) result. The convolution operation is
performed by multiplying the kernel and the image pointwise and by sliding the kernel
over each pixel, as shown in Figure 1.

3.2. Depthwise Separable Convolutions

A depthwise convolution consists of using one different two-dimensional convolu-
tion for each feature dimension. A (500 x 250 x 3) image could be convolved with three
(5 x 4) convolutions, obtaining a (500 x 250 x 3) result. A pointwise convolution is a
(1 x 1 x number of features) convolution. A (500 x 400 x 3) image could be convolved
with a pointwise convolution (1 x 1 x 3), obtaining a (500 x 250 x 1) result. A depthwise
separable convolution consists of applying first a depthwise and then a pointwise convolu-
tion. A layer of a convolutional network that uses depthwise convolutions applies a single
depthwise and then multiple pointwise convolutions. This produces the same result as a
normal convolution but requires significantly less computations [28]. This can be better
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understood through an example: A (500 x 250 x 3) image is convolved with 32 normal
(3 x 3) kernels. The number of multiplications that are performed is 500 * 250 pixels in
the input image, with 3 * 3 x 3 parameters in each of the 32 kernels (500 * 250 * 3 * 3 * 3
* 32 = 108 million). However, when depthwise separable convolutions are used, a single
depthwise (3 x 3) convolution would be applied, which has (500 * 250) pixels in the input
image, 3 * 3 parameters in the kernel and one different kernel for each input of the 3 input
features. The pointwise convolution has 500 * 250 pixels in the input image, with 113
parameters in each kernel and 32 kernels. The number of computations with this type of
convolution is (500 * 250 * 3 * 3 * 3 + 500 * 250 * 1 * 1 * 3 x 32 = 15 million) multiplications,
which is more than 7 times less operations compared to normal convolutions.

(a) (b)

Figure 1. Figure showing the effects of a convolution on an image. (a) Original image from the

10 -1
Cityscapes test dataset. (b) Result of applying a (% 8 7%) kernel to the grey-scaled original image.

This kernel highlights edges on the image as it computes the local difference around every pixel.

3.3. Dilated Convolutions

A dilated or atrous convolution is an image convolution with spacing between the
values in the kernel so that the field of view is widened, as shown in Figure 2. These
convolutions are the basis for the spatial atrous pyramid layer [29]. This consists of
applying a series of dilated convolutions with various dilation rates over the input and
subsequently concatenating all outputs over the feature dimension. This gives the network
a more global understanding of the image.

Figure 2. A (3 x 3) kernel with dilation rate d = 2 has a field of view of (5 x 5). Blue are the elements
for the kernel and white are the skipped elements

4. Machine Learning Methods

In this section, we present a brief explanation of the machine learning algorithms and
datasets available for urban image analysis.

4.1. Convolutional Neural Networks

The convolutional neural network is a type of neural network developed specifically
for image processing [30]. Each layer in a convolutional network consists of applying an
image convolution using various kernels and obtaining several new images. All images
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are concatenated over the feature dimension. This means that, given an input image
with three features, red, green and blue channels and size (width x height x 3), applying
32 different kernels would result in a matrix with 32 features and size (width x height x 32).
The parameters that will be optimised are those of all kernels from all image convolutions
in the network.

After a convolution is applied, a non-linear activation function is applied to each
pixel of the output image. This makes the neural network a nonlinear function, achieving
complex behaviour. ReLu is the most widely used activation function, as it is simple
and fast to compute. On most layers, we use a variation of ReLu called GeLu, as shown
in Figure 3, which performs better for classification tasks [23]. A depthwise separable
convolution [28] is a type of convolution that uses even fewer parameters, achieving the
same result as a normal convolution. Therefore, in our models, we almost exclusively use
this type of convolution. Convolutional networks usually extract local information from an
image, although it is not suitable for extracting global information, as two distant pixels in
the image will not be processed by the same or by nearby kernels. To avoid this problem,
models usually include a bottleneck. This consists of gradually reducing the resolution of
the image and increasing the feature dimension. This brings all the pixels closer together.
After running through the bottleneck for semantic segmentation tasks, the image enters the
decoder, which gradually upsamples the image to its original resolution. This approach
presents the disadvantage that detail is lost in the output image. The atrous spatial pyramid
layer [29] is a convolutional layer that is also aimed at solving the global information
problem by using dilated kernels, that is, kernels that skip proximate pixels and use those
which are further away.

20 r
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Figure 3. Comparison of the ReLu and GeLu activation functions. ReLu is simpler to compute,
but GeLu avoids overfitting, as it is able to work better with negative-valued neurons.

4.2. Loss Functions

The aim of the training process is to minimise the loss function, thus achieving the best
possible prediction. For classification tasks, the cross-entropy loss function (Equation (1))
is used [31]. It computes the difference between two probability distributions. Here, .*
denotes pointwise vector product, i is the model output and y is the real output.

crossentropy(y,y) = —sum(y. x log(7)) 1)

To obtain a probability distribution, the prediction is passed through the softmax func-
tion [32], which transforms an arbitrary vector into a vector whose sum is one and which
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has elements ranging from (0) to (1) (Equation (2)). The target must also be transformed
into a probability distribution.

softmax(x); = exp(x;)/sum(exp(x;)) )

To obtain a single error value, cross-entropy is applied pointwise to the output image,
and the mean is then computed.

4.3. Optimisation

Batch gradient descent [33] updates the model’s parameters after computing the mean
of the gradient of a certain number of training examples. This makes the steps more robust
and precise but takes more computation effort and time. In our training procedure, we start
updating the parameters in every single training example, and when the model is found
not to be improving, the batch size is increased, updating parameters after a larger number
of training examples. The ADAM optimiser [34] is used for all our models.

4.4. Categorical Classification

Categorical classification is a task in machine learning that consists of assigning a
unique class to an image, thus identifying the general content of the picture [35]. For in-
stance, in the case of a model developed for vehicle classification, when a street view image
showing a car is inputted, the class “car” would be the output. If the image contained a
car and a bus, the model would probably encounter difficulty, as it is not able to assign the
image to a unique vehicle class. This is solved by building a model that outputs a vector
with a length equal to the number of possible classes and by applying the softmax function,
hence providing a kind of probability distribution expressing how likely the model con-
siders the image to belong to a given class. The correct class must also be expressed as a
probability vector. In particular, one with a length equal to the number of possible classes
and which is one for the assigned class and zero for all other possible classes.

4.5. Label Smoothing

When training, the strategy of expressing classes as probability distributions can
produce overfitting problems, as the model is trained to output probabilities near to one,
which will usually not resemble the confidence level of the model, thus producing a model
that outputs high probabilities for wrong classification. To correct this problem, label
smoothing is usually applied, which consists of reducing the probabilities in the correct
class probability distribution (Equation (3)). For instance, for three possible classes, the
distribution used for training could be [0.8,0.1,0.1] instead of 1,0, 0]. Label smoothing is
only applied for training.

ysmooth =1 — ay + ak ©)]

« is the smooth factor, which is the probability that will be subtracted from the value
of one, and k is the number of classes.

4.6. Semantic Segmentation

Semantic segmentation is similar to categorical classification, with the difference that
it assigns a unique class to each pixel in an image [36]. In the example used previously,
when this type of model is inputted with a street view image showing a car and a bus,
the model would assign the class ‘car’ to the pixels belonging to the car and the class ‘bus’
to the pixels of the bus. In this task, losing detail in the output image is an unwanted
effect of the bottleneck of convolutional networks. A new type of machine learning model
has recently been developed to address this issue, the HRNet [25]. Here, the image is
copied, and multiple branches are processed at the same time. Each branch has a different
resolution, thus having at least one high-resolution branch which helps maintain all the
detail in the output image and a low-resolution branch that provides the bottleneck effect.
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The branches are combined through cross-convolutional layers that upscale or downscale
each resolution path and concatenate all branches together over their feature dimension.

4.7. Datasets

Datasets are essential for developing a working machine learning model. They
must contain a sufficient number of correctly labelled images from a variety of contexts.
The model will only be able to solve similar cases to those contained in the dataset used for
training. A problem that we are facing and that occurs frequently in research dealing with
machine learning is that the trained model is unable to generalise—to work with real-world
data that are too different from the data used for training. This can happen with real-world
imagery, as the camera and lighting conditions of the images are different from those of the
training datasets. This problem is usually solved by changing the model architecture and
training with more diverse data. The manual work needed to create a dataset is substan-
tial; hence, it is often the case that the datasets already created are insufficiently diverse.
In our case, we had a lack of images from countries in the developing world, as only large
institutions can afford to create large datasets, especially in the semantic segmentation
task, which requires the most manual work. This is a problem, as the light conditions and
urbanism in the cities for which data are lacking are different from the cities where models
are usually trained (mainly in Germany). Data augmentation addresses the issue of a lack
of generalisation and consists of altering the input images of a dataset, thus creating new
data from the existing dataset [37]. We used horizontal flipping—low image rotations as
augmentation options.

5. Artificial Intelligence Applied to Building Height Estimation

In this section, neural network algorithms are applied to obtain building heights.
The neural network developed for this purpose and the post processing algorithm
are presented.

5.1. Facade Detection: Semantic Segmentation Model

The first step in any tool for data collection from images is to detect the spatial and
categorical information of a certain object in the input images. In our case, the input images
are street view images from the point of view of a car driver, from which we extract spatial
information of buildings, cars, pavement and other objects. This is conducted with a
semantic segmentation machine learning model that assigns a class to each pixel of the
input image. We developed a fully convolutional neural network based on the HRNet
encoder [25], which maintains a high-resolution representation of the input image during
the whole model representation. The output labelled image has half the resolution of the
input to enable faster runtime. The HRNet encoder Figure 4 splits the input image into two
branches, one with half the original resolution and the other one with one sixteenth of the
original resolution. The second branch acts as the bottleneck, while the first one acts as a
high-resolution representation of the image. The downscaling process of the input image
takes place gradually through the encoder, halving the resolution in the second branch
in each encoder layer. Both branches are correlated together through cross-convolutions
(Figure 5).
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Figure 5. Encoder layer. The first cross-convolution is not applied, and mean pool is applied on
branch 1 in the encoder layer 1. x denotes array dimension and * denotes multiplication.

In the encoder, ResNext (Figure 6) convolutions [23] are used and, subsequently,
an atrous spatial pyramid (Figure 7) convolution [29] is applied. ResNext is a recently
proposed model that uses depth separable convolutions [28] with an inverse bottleneck
and achieves state-of-the-art results using less training parameters. DenseNet layers are
layers that increase the feature dimension by concatenating outputs from convolutions to
the input and by repeating this process multiple times [38].

Batch Covolution DenseNet
g
[8) <
3 < &
= £ £ o x o 8 o o =
Simple Attention
ReNext
g 2 22

- )

= 2 z 5

= = £ =

Figure 6. Basic layers of the model. x denotes array dimension and * denotes multiplication.

In the decoder (Figure 8), simple depthwise convolutions without a bottleneck are
used. After applying an attention mechanism (Figure 6), skip connections coming from
layers 5, 4 and 3 are fused with the decoder layers 1, 2 and 3, respectively, concatenating
over the feature dimension of each branch. In every decoder layer, the second branch is
upsampled until the size of the first branch is achieved in the last decoder layer, just before
both branches are fused together using an attention mechanism. The attention mechanism
assigns an attention, which establishes how important each pixel is and provides a criterion
for fusing two images together.
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Figure 7. Atrous spatial pyramid layer.

The model is programmed in the Julia programming language [39] using Zygote [40]
and Flux [41] libraries and cross-entropy [42] as the loss function for classification tasks.
Optimisation is done with supervised learning using the ADAM optimizer [34]. Training
is performed with a A100 Nvidia GPU on a Magerit supercomputer at Cesvima UPM.
For model parameter initialization, a glorot uniform distribution [43] is used.

Decoder

From enconder layer 3 From enconder layer 2 From enconder layer 1

SAttention SAttention SAttention

BatchConv
BatchConv
BatchConv
BatchConv

BatchConv
SAttention

From enconder layer 1

From enconder layer 2

BatchConv
BatchConv
BatchConv

BatchConv

Figure 8. Model decoder. x denotes array dimension.

5.2. Extracting Spatial Information

This model provides 2D relative spatial information from the image. However, we
would like to obtain 3D real-world spatial information, as we could then measure building
height directly. This requires a point cloud to be generated from the input image. There
are machine learning models that provide pixelwise depth estimation from single-view
images. With the depthmap of the image and camera data such as focal length, we would
be able to assign a distance and direction to every pixel of the image and thus create the
point cloud. Unfortunately, the precision of the single-view depth estimation models [44]
developed to date is insufficient for this purpose. In the KITTI benchmark, the best models
present an error of around 8%. This means an error of 8 m in the depth estimation of a
building at a distance of 100 m from the camera. We carried out tests with depth models
trained on KITTI, but the point cloud we obtained was not accurate. As it was not possible
to generate a point cloud from single view-images, we follow two alternative approaches.
Firstly, a point cloud can be generated through photogrammetry from multiple images
or a video [45]. This implies a high computational cost and takes away versatility from
our method, as it is much more difficult to obtain multiple images with the necessary
characteristics from a video. The second option is to develop a method that does not
require a point cloud, which is the approach we have found to be the most feasible.



Appl. Sci. 2023,13, 5037

10 of 15

5.3. Height Comparison Method

In this section, building height is estimated using the 2D information from the image.
On a given street, there are certain objects with known height, such as cars, people or
the windows and doors of buildings. By comparing the size of the building with the size
of a reference class such as those mentioned, we are able to obtain the building height.
Windows and doors would be our best option as a reference class, but unfortunately, these
are not labels contained in the training dataset. Hence, in order to use these objects as a
reference class, we would need to create our own semantic segmentation dataset, which is
a task beyond the capabilities of this research. We therefore decided to use cars and people
as the reference classes, although cars only provide a good reference if they are parked near
the building that is being measured.

Local building height is obtained as the quotient on each column of pixels belonging
to a building in the segmented image and pixels belonging to one of the reference classes
multiplied by the height of the latter. The result of this operation is a vector with a length
equal to the horizontal dimension of the image.

This method is only accurate if the reference object is next to the building. If this is not
the case, then the reference object will appear larger on the image, and the measurement will
not be valid. This may occur if street geometry is not standard, such as at an intersection,
or where there is a moving car or a person crossing the street. Reference objects with
non-standard sizes can also lead to inadequate measurements. As the output is the average
height prior to calculating the mean of the local building height vector, invalid data can
be statistically discarded. This is done by calculating the mean and standard deviation of
the local height vector and by cleaning the vector of data that deviate excessively from the
mean value. Invalid measurements tend to be lower than the true height, as inappropriate
reference objects appear larger in almost every case. Hence, positive deviation over the
mean of the height vector should be less tolerated than negative deviation. Should multiple
images and reference classes be used, it is possible to perform more statistical computations
to further clean up the height vectors.

5.4. Model Training Datasets

In semantic segmentation, most datasets with street-view imagery are created for tasks
related to self-driving cars. These datasets usually contain a building class, a sky class and a
road class, which are all useful to us. Unfortunately, other useful classes, such as windows
and doors of buildings, building materials, etc., are not available in most datasets, as these
classes are not relevant in the case of self-driving vehicles. To perform an initial, broad, low
precision training, we used the Vistas [27], the GTA5 [46] and the Cityscapes coarse [26]
datasets. The Vistas and Cityscapes coarse sets are coarsely annotated, which means that
labels are only assigned to a small percentage of the pixels of an image. Vistas has around
25,000 images from countries all over the world, which makes it the only dataset with
images from Central America. GTA5 is a dataset with around 25,000 images taken from the
GTAS videogame. The labels were automatically generated from game images from the
city of Los Angeles, which appear in this videogame. The images, therefore, have different
lighting conditions and even night scenes. Finally, Cityscapes is a dataset with images from
German cities which has around 18,000 coarsely labelled and 5000 fine-labelled images.
The coarse dataset was used for a broad, initial training, and the fine set was used as a
last refinement. Through this training scheme, the model was trained with more diverse
data, and to a certain degree, we were able to overcome the problems associated with
real-world data.

The model was initially trained using the 18,000 images from the Cityscapes coarse
dataset followed by 25,000 images from Vistas (adapting the labels of the latter to the
Cityscapes labelling scheme), 25,000 images from GTA5 and 5000 images from the Cityscapes
fine dataset. Data augmentation was applied through 10-degree rotations and horizon-
tal flipping.
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6. Case Study: Extraction of Building Height in Cityscapes
6.1. Results

The semantic segmentation model achieved an 86.13% IoU metric (intersection-over-
union) on the Cityscapes fine val set [26]. To illustrate the results, a case study with a
Cityscapes image is presented and discussed. An image from the Cityscapes val set was
run through the model as a (width x height x 3) matrix with values ranging from 0 to
1. The result is a (classes x width * height x 1) matrix ranging from 0 to 1. The values
of the vector represent how likely the model considers a pixel to belong to a given class.
In this case, there are three classes: sky, building and car. The vector is reshaped to the size
(width x height x 1), there now being an integer representing the class with the highest
probability for each pixel. The height vector is then obtained (Figure 9), comparing the
pixels belonging to the building and the car class for each row, after discarding the columns
with no pixels belonging to the sky class. In this example, having cleaned the height vector,
the building height ranges between (3.8) and (4.7) with a mean of (4.34). This means that
the buildings are around (4.34) times higher than a car in this street. Now, the predicted
average building height for this street would be (4.34 * car height ). The car height that
must be used would be calibrated through measurements of the city with buildings of
known height. This method requires uniform street alignment and sufficient visible sky in
the image. As street view images are cheap and simple to obtain, erroneous measurements
from images with moving cars or a non-uniform street could be statistically discarded. This
method could provide average building heights on a street with a maximum error of 3 m
(around 1 floor) and a relative error of 9% in a given city with uniform streets.

(b)

Figure 9. Cont.
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Figure 9. Example of the method with an image from the Cityscapes test set. (a) Input image.
(b) Model output segmentation. (c) Building height vector considering car height 1.

6.2. Discussion

The image segmentation results are promising, achieving a high performance in the
Citiscapes fine val set [26]. This opens the way to further automatisation of the detection of
buildings and their parts and features.

The results obtained in the case study are satisfactory for the estimation of the building
exposure attribute “height”, which is defined as the height above ground in terms of
the number of storeys (e.g., a building being three storeys high). The height class is
usually defined as a range of storeys or floors, such as 1-3, 4-7 and >8 [4,47]. Thus,
the determination of seismic exposure classes can be performed with one-floor-precision
building height estimates. The proposed method fulfils this requirement with a maximum
error of around one floor.

These results are comparable with those of other methods, such as those using satellite
imagery with absolute errors of around 2-5 m, which usually require SAR data [13] or
multi-view imagery [14,15] and are therefore more complicated.

Street view methods that use machine learning can achieve a lower relative error of
5% but require more data such as building footprints [17,18] or camera heights [19].

The proposed method works without the need for extra parameters, allowing for the
use of images from the Internet or images captured by mobile phones for other purposes as
long as the problem associated with an insufficiently diverse dataset can be overcome.

7. Conclusions

In light of this research, the notable potential of artificial intelligence in terms of au-
tomating the extraction of relevant parameters of buildings can be confirmed, although there
is still a long way to go in the field of computer vision.

There is a lack of high-quality datasets with urban street imagery for tasks such as
image segmentation, especially in the case of imagery from developing countries. Moreover,
the datasets currently available have been created mainly for self-driving car technology,
not for uses related to the construction sector.

It is possible to estimate the average height of the buildings in pilot images with errors
of just a few metres, under conditions that are versatile and which allow for easy matching
without the need for point clouds or any kind of image depth estimation. The semantic
segmentation model achieves noteworthy results and is more versatile as well as faster than
other models, successfully addressing the issues of lack of global information extraction
and image detail loss. However, the model still needs improvements in order to function
adequately for non-European cities due to the lack of suitable datasets.

Further research could address the lack of training data for the segmentation model
through domain adaptation, with a model that converts street images to the style of a
German city. However, it is crucial that datasets are created for other regions of the world.
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A promising line of research includes the development of building height estimation
classifier models. Classifier machine learning models are among the most studied fields in
artificial intelligence. These models will assign the number of floors to each building as a
categorical class. This information is essential for the assessment of seismic exposure and
for the calculation of building vulnerability, an urgent issue in many regions of the world.

Author Contributions: Conceptualisation, M.U.-P.,, RM.-M. and M.M.-S.; methodology, M.U.-P.
and R.M.-M,; software, M.U.-P,; validation, M.U.-P. and M.M.-S.; writing—original draft prepara-
tion, M.U.-P,; writing—review and editing, B.G.-R., RM.-M. and M.M.-S,; visualisation, M.U.-P.;
supervision, RM.-M. and B.G.-R. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received public funds from a grant for the completion of industrial doctorates
(IND2020/TIC-17528) funded by Comunidad de Madrid.

Institutional Review Board Statement: Not applicable
Informed Consent Statement: Not applicable
Data Availability Statement: Not applicable.

Acknowledgments: The authors gratefully acknowledge the KUK_AHPAN project (RTI2018-094827-
B-C21/C22) and the Universidad Politécnica de Madrid (www.upm.es, accessed on 10 February 2023)
for providing computing resources on Magerit Supercomputer.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Abbreviations

The following abbreviations are used in this manuscript:

GEM Global Earthquake Model

INSPIRE ~ European Commission: Infrastructure for Spatial Information in Europe
ESA European Space Agency

LIDAR Light Detection and Ranging

SAR Synthetic Aperture Radar

ReLu Rectified Linear Activation Unit

GeLu Gaussian Error Linear Unit

HRNet High Resolution Network
GTA5 Grand Theft Auto 5 videogame
KITTI Karlsruhe Institute of Technology and Toyota Technological Institute at Chicago

GPU Graphics Processing Unit
UPM Universidad Politécnica de Madrid
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