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1 | INTRODUCTION

Summary

In high seismic risk regions, it is important for city managers and decision makers to
create programs to mitigate the risk for buildings. For large cities and regions, a mit-
igation program relies on accurate information of building stocks, i.e., a database of
all buildings in the area and their potential structural defects, making them vulner-
able to strong ground shaking. Structural defects and vulnerabilities could manifest
via the building’s appearance. One such example is the soft-story building - its ver-
tical irregularity is often observable from the facade. This structural type can lead
to severe damage or even collapse during moderate or severe earthquakes. Therefore
it is critical to screen large building stock to find these buildings and retrofit them.
However, it is usually time-consuming to screen soft-story structures by conventional
methods. To tackle this issue, we used full image classification to screen them out
from street view images in our previous study. However, full image classification
has difficulties locating buildings in an image, which leads to unreliable predictions.
In this paper, we developed an automated pipeline in which we segment street view
images to identify soft-story buildings. However, annotated data for this purpose is
scarce. To tackle this issue, we compiled a dataset of street view images and present a
strategy for annotating these images in a semi-automatic way. The annotated dataset
is then used to train an instance segmentation model that can be used to detect all

soft-story buildings from unseen images.

KEYWORDS:
Soft-story buildings, Street view images, Instance segmentation, Machine learning, Deep learning, Rapid

seismic screening, Seismic risk

The aftermath of an earthquake may significantly impact a region on several levels, including casualties, damage to the hous-
ing stock and infrastructure, and severe economic losses. Even though it is difficult to predict earthquake occurrence, certain
architectural constructs are known to be vulnerable to strong ground shaking, causing immediate damage to buildings and infras-
tructure !. It is usually economically feasible to perform pre-earthquake strengthening of such seismically vulnerable structures?.
However, the screening and identification of these structures on a large scale has proved to be difficult. The screening process
includes collecting data of the structural components of a building and then conducting an evaluation of the structural integrity
by a licensed professional engineer. A typical example is FEMA-154 Rapid Visual Screening of Buildings for Potential Seismic
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(a) Observation of soft-story collapse during the Loma Pri-
eta earthquake (J.K. Nakata, U.S. Geological Survey) (b) Soft-story failure mechanism

FIGURE 1 Soft-story buildings are vulnerable to moderate and severe earthquakes. An observation of soft-story building
collapse is shown in (a) and its failure mechanism is shown in (b)

Hazards: A Handbook?, which was developed to provide a reliable methodology to: (1) estimate the seismic safety of a large
stock of buildings inexpensively and rapidly by their visual appearance, with minimum access to the inside of the buildings; and
(2) determine if those buildings require a further detailed examination. Such visual screening procedures generally provide good
results when identifying buildings for further risk investigation®, but they need to be conducted by experienced professionals.

One of the most seismically vulnerable building types that can be identified by such visual screening is the soft-story (SS)
building, which is a common archetype with distinct visual characteristics whereby the first floor is not as stiff as the upper
floors. This structural defect makes SS buildings vulnerable to both moderate and severe earthquakes (see Figure 1). Soft-story
building is very common in the United States while at the same time many of its regions are situated in zones of active seismicity.
As a result, a series of building reinforcements and mandatory retrofit projects have been launched since 20097, aiming to
reduce the structural deficiencies and to improve the performance of SS buildings during earthquakes. However, screening large
inventories for SS buildings is challenging because the aforementioned FEMA method requires professional knowledge and is
time consuming. Deep learning-based image analysis shows great potential for this purpose.

Deep learning techniques, e.g., deep convolutional neural networks (CNN5s), have been applied to image analysis and achieved
impressive performance in various applications in civil engineering. Gao® used VGGNet to classify damages to structural
components. Wang”’ used AlexNet and GoogLeNet to classify damages to masonry historic structures. Guo® used a meta
learning-based CNN model to classify defects on building walls. Cha® used Faster R-CNN for detecting cracks on the surface
of concrete structural components. Czerniawski '° used DeepLab for segmenting structural components from RGB-D images.
Narazaki'! used SegNet for bridge component recognition. There is a line of research investigating buildings using images
taken from the street level. Such images can provide rich information and are inexpensive to obtain. Kang 2 tested several CNN
architectures (AlexNet, VGG, and ResNet) for classifying street view images of different types of buildings (e.g., church, apart-
ment, industrial buidling, museum, hospital, parking garage, hotel, etc), with an accuracy of 70-75%.. Yu 13 14 ysed ResNet and
Inception V3/V4 for classifying street view images of buildings into soft-story or non-soft story categories, with an accuracy of
86.61%.. Gonzalez > compared five different models (VGG16, VGG19, InceptionV3, ResNet50, and Xception) for classifying
images into concrete or masonry buildings, with accuracy scores ranging from 60% to 82%. Rueda-Plata'® used VGG, Incep-
tionV3, Xception, ResNet50 to classify images of masonry buildings into two classes: rigid or flexible roof diaphragm, with
an accuracy of 80%. Pelizari!’ tested Xception, InceptionResNet-v2, and NasNet-A for classifying building street view images
into Seismic Building Structural Types'®, with an accuracy of 81%. Different from full image classification, Lenjani'® used an
object detection method (Faster R-CNN) to detect buildings from 360 panoramas from both pre- and post-disaster street view
images. The work focused on detecting the instances of buildings from the environment, without further analyses of the prop-
erties of the detected buildings, i.e., classifying the detected buildings. The model resulted in an average precision of 85.47%.
Kalfarisi?® also used object detection method to identify buildings from street view images and classify the detected instances
as soft-story building and non-soft-story buildings, with an accuracy of 75.14% at high confidence level. Wang?! used instance
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(a) Classification: this is an image of a
non-SS building

(d) Instance segmentation: there are
neither SS nor non-SS buildings in the
image

(b) Classification: this is an image of a
SS building

(e) Instance segmentation: there is a
SS building in the image, and the loca-
tion of the building is identified

(c) Classification: this is an image of a
non-SS building

(f) Instance segmentation: there are a
SS and a non-SS building in the image,
and the locations of the buildings are

identified

FIGURE 2 Using full image classification and instance segmentation for inferring on street view images regarding buildings.
Instance segmentation provides more accurate information.

segmentation (Mask R-CNN) to identify masonry building instances from street view images and classify them into two cate-
gories: reinforced or un-reinforced, with a mean average precision (mAP) 78.97% at intersection over union (IoU) 0.5. Many
of these approaches demonstrated that it is feasible to use deep learning-based methods to identify buildings at risk from street
view images. This is much more efficient compared to traditional visual screening methods.

In the aforementioned examples of extracting building information from street view images, most focused on full image classi-
fication. 19292 ysed either object detection or instance segmentation, which might be a better choice than full image classification
for the focal scenario of this paper, i.e., finding SS buildings in the environment. We proposed to use full image classification in
our previous study 4. The full image classification model takes a given picture as input and returns the classification for deter-
mining whether the object of a specific class is displayed in the picture or not. Full image classification works well for images
containing one and only one building, such as Figure 2(b). For a random street view image, it is often that there is no building
captured (Figure 2(a)) or there could be multiple buildings captured in one imaged, and they might belong to different classes
(Figure 2(c)). In addition to buildings, there could be other objects present in an image. For example, in Figure 2(b): there are
two trees, two cars, a lawn, the sky, and the pavements; the building occupies only a small fraction of the image. A full image
classifier takes all pixels into consideration, increasing the difficulty for training a model that should make inferences based on
the features of buildings.
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Object detection or instance segmentation can locate and classify buildings in street view images. It overcomes the aforemen-
tioned difficulties faced by full image classification: if there is no building, it gives no prediction, as shown in Figure 2(d); if there
are multiple buildings present, it will locate all buildings along with the category prediction of each building, such as shown
in Figure 2(f). Work done by’ shows object detection method is suitable for detecting SS buildings from street view images.
However, there are difficulties to achieve high performance. Because street view images are captured by cameras mounted on
moving vehicles, they might contain very complex scenes and noises. Commonly, buildings in a street view image can be heav-
ily occluded by vegetation. Furthermore, an image may not be able to capture a building because of an improper viewpoint.
One way to improve the model performance is to increase the training data to cover variations as much as possible. However,
annotating a large number of images (using bounding boxes or polygons) for training a detection or segmentation model can
be tedious, labor-intensive, and time-consuming. To address this issue, a semi-automatic strategy to annotate the dataset was
developed, based on a model pre-trained on another large dataset.

In this study, we propose to use instance segmentation for better screening of SS buildings; we also propose a scalable semi-
automatic strategy for creating the training data. The development of this SS building identification method included three tasks:
(1) the collection of street images; (2) semi-automatic annotation of the collected images; and (3) the training of the identification
model. The trained model can then be used for analyzing new street view images.

2 | METHODOLOGY

2.1 | Overall workflow

The objective of this research is to develop an instance segmentation model that is capable of identifying SS buildings from
street view images with the minimum amount of human annotation. The complex contexts in street view images present a
unique challenge. The model must be trained on a large dataset to facilitate identifying building objects and further classifying
them into different categories. This study proposes dividing the process into two consecutive steps. The overall workflow is
shown in Figure 3.

Step 1: semi-automatic annotation of soft-story buildings

The first step is called the semi-automatic annotation. The objective of this step is to obtain training data for use in the next step,
i.e., to obtain the mask annotations of SS and SS building objects. First, an instance segmentation model is trained on a large
dataset, in which buildings are annotated so that the trained model can identify buildings from an image. This model is called
the building detector, as shown in Figure 3. An engineer will then work with the detector to annotate SS and non-SS buildings
in a small dataset: The engineer is first given a raw street view image of a building and asked to classify the building as SS or
non-SS. The image is then fed into the building detector to generate the mask on the building. Details of this semi-automatic
annotation step can be found in Section 4.

Step 2: Training the soft-story building detector

In the second step, the annotated small dataset is then used for training the second model, which can not only detect building
objects from an image but is able to classify them into SS / non-SS categories. This model is called the soft-story building
detector or soft-story detector. The details of the second step are explained in Section 5.

2.2 | Models

The two models — the building detector and the soft-story detector — have the same architecture, which is based on the Mask R-
CNN approach originally developed by22. This approach is an extension of the Faster R-CNN algorithm?? by adding a branch
for predicting segmentation masks on each Region of Interest (Rol) in parallel with the existing branch for classification and
bounding box regression. The street view image is first input into a pre-trained backbone CNN (ResNet with 101 layers), which
is connected with a Region Proposal Network (RPN) for proposing regions of interest (Rol) from the feature maps output by the
backbone. The Rols are then fed into two parallel branches: the mask branch and the bounding box branch. The mask branch is a
small fully convolutional network (FCN) applied to each Rol, predicting a segmentation mask in the pixel level. The box branch
is a set of fully-connected (fc) layers that yield the class softmax and the bounding box regression. During the backpropagation,

the loss is calculated for eachRol: L = L, + L,, + L where L is the total training loss; L, is the loss of the classification

cls mask>
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FIGURE 3 Overall workflow of the proposed method: the engineer work with the building detector to semiautomatically anno-
tate the dataset, which is used for training the soft-story detector
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FIGURE 4 The architecture of Mask R-CNN 22

and L,,, is the loss of bounding box; and L, is the loss of the mask. More details about the algorithm and the detailed
definitions of L, L,,  and L, are referred to* and?2. Figure 4 shows the architecture of the Mask R-CNN.

cls»

3 | TRAINING DATA

Common Objects in Context (COCO) dataset?* is one of the most popular datasets for image segmentation and object detection.
The COCO dataset was created with the goal of gathering a large number of images of complex everyday scenes that contain
common objects in their natural context. This dataset eventually gathered 328k images, in which 2.5 million instances were
annotated. It consists of images covering 91 categories that can be easily recognized by human beings. A subset of this dataset
was later annotated at the pixel-level, including 164K images covering 80 "thing" classes and 91 "stuff" classes. This subset is
called the COCO-Stuff?3, which is used to train the building detector.

This article is protected by copyright. All rights reserved.



6 Wang ET AL

8 e
:'90//01 :
. Q&
&

FIGURE 5 Street view image acquisition. The query returns the image taken at the point closest to the building

The dataset for training the soft-story detector is created from a small dataset containing raw street view images. The procedure
is described in the semi-automatic annotation Section 4. The raw images are downloaded using Google Static Street View API.
These images are photographed from vehicles on the roads. Given the location of a target (i.e., a building), the API will calculate
the heading direction to find the image that contains the object. A building could appear in several images from different angles,
as shown Figure 5. The API returns the image taken at the closest point. We show street view examples of soft-story and
non-soft-story buildings in Figure 6.

(a)

T | =4

® (& () (M) @

FIGURE 6 Examples of Soft-story and non-soft-story buildings; a-e are soft-story; f-j are non-soft-story

In addition to the location of the target, other parameters used for calling the API are "pitch" and "field of view" (FOV). Pitch
is set to be 0 degrees, which means the view of the camera is flat horizontal; FOV is the parameter that determines the horizontal
field of view. For a fixed-size street view image, the FOV controls the zoom level. It has been experimentally determined that
the targeted buildings can be captured in most images when FOV is around 60 degrees. Using the above parameters, a set of
raw street view images are downloaded. These images are used as the input to the semi-automatic annotation procedure, which
is detailed in the next section.
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4 | SEMI-AUTOMATIC ANNOTATION OF BUILDING INSTANCES

Annotating images is quite labor-intensive and time-consuming. In this study, a two-stage workflow that requires minimum
human supervision is developed. It utilizes an available annotated dataset in order to semi-automatically annotate the building
instances from street view images.

Building Predict

Detector

Image preliminarily segmented with An image with a classified

building localized mask annotated on building
t

Create new annotation

)

=
e M|

Manual classification
(Soft-story or Others?)

Classified Images Raw images Images with annotations (mask and class) on buildings

FIGURE 7 Semi-automatic annotating. The engineer classify images firstly. The classified images are input to the building
detector, which generate masks for building instances. The generated masks and the engineer’s classifications are combined to
form the new annotation. This figure serves as a detailed illustration of the semiautomatic annotation procedure in Figure 3.

The procedure of the semi-automatic annotation is outlined in Figure 7. A set of raw images of the street view are first collected
from Google Maps. (Note these images don’t belong to the COCO-Stuff dataset.) A trained structural engineer is then asked to
classify these images into two categories: one contains SS buildings (566 images) while the other contains non-SS buildings
(736 images). These images are then inputted into a segmentation model, i.e., the building detector trained on the COCO-Stuff
dataset, so that buildings can be identified and re-annotated: each identified building has a predicted mask (polygon) indicating
its location in the image. We can assign a new class name (SS / non-SS) to the predicted mask since the image has been labeled
previously with the class name by the engineer. Thus a dataset of street view images containing building objects limited to only
two classes is created. Each building is annotated with a mask (converted into a polygon by contouring the mask) and a class
label (SS / non-SS).

Once all the images in the small dataset are annotated with SS / non-SS polygons, the second step of the pipeline is to use
them to train the soft-story detector. This is detailed in the next section.

S | TRAINING THE SOFT-STORY DETECTOR

This section shows the training of the soft-story detector; note, the aforementioned dataset created using the semi-automatic
annotation method can now be used for training the soft-story identification model.

The soft-story detector is also a Mask R-CNN model, as described in Section 2.2. It has the same architecture as the building
detector: the network uses a ResNet-101 conv5 backbone with dilations in conv5, and standard conv and fully connected heads
for mask and box prediction, respectively. The only difference is that the previous building detector is trained on the COCO-Stuff
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dataset, while the soft-story detector is trained on the street view dataset annotated using the semi-automatic approach described
in the previous section. The input of the model is a raw image. The output of the model is polygons, indicating the locations of
the detected buildings and the corresponding classes (SS / non-SS) and bounding boxes.

The optimizer is stochastic gradient descent. The base learning rate of the training is set as 0.0025, which is based on the
training on the COCO dataset. We selected the learning rate based on our experience of training models on the COCO dataset.
The computational platform is FRONTERA at Texas Advanced Computing Center. We used one NVIDIA Quadro RTX 5000
GPU. The training took 25 hours. The training metrics of this model are presented in Figure 8, which shows that the training
converged after 30,000 iterations. The performance of a segmentation model can be evaluated by the average precision (AP) of all
classes at a particular Intersection over Union (IoU) level, which is defined as the intersection of the prediction area and ground
truth area divided by the union of prediction and ground truth areas. Another popular metric for measuring the performance of
segmentation models is the mean average precision (mAP) over a series of IoU levels. For this converged training, the mAP
on the testing set is 0.795 and the mean IoU is 0.763, indicating a good and acceptable performance given that the size of the
training data is small.

Loss AP
25 T T T T I 2_5
—Total loss (train)
- - AP50 (val)
--=- AP75 (val)
2 mAP (val) 5
1.5F 11.5

o

0 - 1 1 1
0 0.5 1 1.5 2 2.5 3

# lteration x10*

FIGURE 8 Total training loss and average precision on the validation set (AP50: Average precision at loU=0.5; AP75: Average
precision at IloU=0.75; mAP: Mean average precision (IoU=0.50:0.95))

A few prediction examples are presented next, followed by a discussion on the performance. The first row of Figure 9 shows
the example of a SS building: (a) the raw street view image; (b) the prediction; and (c) the ground truth. The second row shows
the example of a non-SS building. The classes are predicted correctly, and the masks are predicted with high accuracy.

One common issue is that buildings are often located far away from the camera, occupying only a very small fraction of the
street view image. Although this limitation can be a problem regarding image classification, it can be addressed by the instance
segmentation model, as shown in Figure 10.
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(d) Raw Image (e) Instance segmentation (f) Ground truth annotation

FIGURE 9 Segmentation examples of the soft-story detector (The first row is a SS building, the second row is a non-SS building.)

(a) Raw Image (b) Instance segmentation

FIGURE 10 Small object example. The building far from the camera is detected and classified corrected.
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Google = Google

(a) Raw image (b) Instance segmentation

FIGURE 11 Example of heavy occlusions (Trees and bushes occlude large parts of the building. The segmentation succeeds
still in labeling a large coherent part of the building and the classifier predicts the correct label.)

Another problem often encountered is due to heavy occlusions, which are usually caused by trees. For example, the facade
of the building in Figure 11 (a) is occluded by several trees, leaving only a small part of it visible. As shown in Figure 11, the
model can segment out this part and make the correct prediction of the class.

Shadows and bad lighting conditions are other conditions that may cause potential difficulties. Figure 12 shows an example
of heavy shadows of the trees projected on the building facade. Though the segmentation is not perfect, it can still capture the
building and correctly predict the class.

6 | MODEL TESTING AND APPLICATION

6.1 | Comparison with prior study

It is not suitable to perform a direct comparison of segmentation/detection and full image classification, since they are meant
for different tasks. As shown in Figure 2, they should only be compared for specific scenarios. In the scenario of identifying SS
buildings, the prerequisite for comparing their performances requires the building to occupy a major portion of the image, ideally
centered in the image as examples shown in Figure 6. Therefore, we compare the performance of the model in this paper with
an earlier study %, where the full image classification was used. In the comparison, we use the same benchmark data, with 395
street view images collected from two cities in northern California - Berkeley and San Jose, consisting 198 SS and 197 Non-SS.
The details of this benchmark can be found in2. The result is shown in Table 1. Instance segmentation performs slightly better
on this dataset than full image classification. It should be noted that one emphasis of this study on object detection / instance
segmentation, which can provide explainable inference on images, and thus is more suitable for detecting interested features
from wild street view scenes.

6.2 | Application

To demonstrate the application of the trained model, we used the trained model for detecting SS buildings in Central Berkeley,
a neighborhood in California that is dense with population and buildings. A total of 1,293 buildings were detected in street view

This article is protected by copyright. All rights reserved.
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(a) Raw image (b) Instance segmentation

FIGURE 12 Vegetation casts complex shadows onto the building. Even though this changes the building’s appearance heavily,
the approach succeeds in labeling sufficient pixel and the overall building class correctly, seen in b).

TABLE 1 Comparison of full image classification vs instance segmentation

Method Average acc. Precision Recall F1
Previous study  Full image classification  87.72% 84.26% 92.39% 0.8814
This study Instance segmentation 88.86% 84.61% 94.92%  0.8947

images downloaded from Google Maps, where 168 of these buildings are SS. The detection result is merged with the building
footprints for visualization in Figure 13. Similar to the Central Berkeley, there are many populated neighborhoods located in
regions of high seismicity, where SS is a common construction type. The approach demonstrated in this study provides a tool
for rapid screening of this type of construction in a large region at very low costs.

7 | DISCUSSION

As mentioned in the literature review section, the technique of using machine learning for extracting useful information from
street view images has been applied in engineering, economic, and sociological studies. To date, using this technique to obtain
information for hazard mitigation starts gaining interest. The objective of this study is to develop a model, with minimum human
annotation, for detecting soft-story buildings from street view images for assisting decision-making for earthquake preparedness.
We demonstrated that with the proposed two-phase semiautomatic annotation strategy, a deep convolutional neural networks
(Mask R-CNN) can be trained to help detect soft-story buildings from street views. The performance of the trained model is
good (with a mean average precision on a randomly selected testing data set of 79.5%), considering that the model is trained on
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FIGURE 13 SS building detection in the Central Berkeley neighborhood, California

a relatively small dataset that contained about only 1000 images. We expect results can be improved even further by collecting
more street view images for use in training.

Prior studies of applying DL to street view image classification have noted that the noises in the data pose difficulties. For the
building recognition problem, the occlusions (e.g., vegetation and vehicles) blocking the image of the buildings is one of the
major sources of noise. This is due to full image classification technique that train the model based on the whole image, without
paying attention to the objects of interest in the image. Thus, not only the objects of the interest but also the noise are taken into
consideration when deciding which class the image belongs to, requiring a huge amount of data to cover all the varieties in both
the objects of the interest. This is labor-intensive and time consuming since all data must be labeled by hand.
Deleting occlusions from street view images is of significant importance for extracting building information; however, using
full classification approach is problematic. Many of the existing literature uses traditional classification methods. This study

builds on progress in the detection/segmentation domain for better building information acquisition from street view images and
has demonstrated that this technique can overcome noise and occlusion problems.

8 | CONCLUSION

The present study aimed at developing a method for rapid identification of soft-story buildings from street view images. The

method used is instance segmentation that is based on a deep convolutional neural network. Facing data scarcity, we devel-
oped a simple yet efficient strategy for annotating images in a semi-automatic way. We then annotated a dataset and trained a
segmentation model, which performs the following tasks:

o Identify building instances from street view images
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e Classify the identified instances of a building in said image into two categories: soft-story building and non-soft-story
building.

When compared with the image classification method, one of the advantages of the present segmentation method is able to
locate instances of buildings in an image. This leads to accurate classification of the building since the decision can be made on
the building itself without interference from noise or occlusions in the image itself. This has significant implications for using
machine learning to understand building attributes from images. The semiautomatic annotation strategy opens great opportunity
for low-cost large-scale annotation to provide sufficient training data.

The presented approach provides an automated and inexpensive method for large-scale regional examinations that can benefit
policymakers in determining seismic risk. Thought this method is not intended to replace more rigorous assessments of building
performance using numerical simulations or statistical methods, it shows great potential for assisting the screening efforts.
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