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ABSTRACT

Street view imagery (SVI), an emerging geospatial dataset, is useful for evaluating
active transportation infrastructure, but it faces potential biases from its vehicle-
based capture method, diverging from pedestrians’ and cyclists’ perspectives. Exist-
ing literature lacks both an examination of these biases and a solution. This study
identifies and quantifies these biases by comparing conventional SVI with views
from the road shoulder/sidewalk. To mitigate such perspective biases, we introduce
a novel framework with generative adversarial network (GAN)-based image genera-
tion models (Pix2Pix and CycleGAN), an image regression model (ResNet-50), and
a tabular model (LightGBM). Experiments assessed model effectiveness in trans-
lating car-centric views to those from pedestrian and cyclist perspectives. Results
show significant differences in semantic indicators (e.g., green view index) between
road center and road shoulder/sidewalk SVI, with low Pearson’s correlation coeffi-
cients r (0.35-0.55 for road shoulders and 0.45-0.47 for sidewalks) indicating bias.
The framework succeeded in creating realistic images and aligning pixel ratios be-
tween perspectives, achieving strong correlation coefficients (0.81 for road shoulders
and 0.83 for sidewalks), thus reducing bias. This work contributes by providing a
scalable and model-agnostic approach to produce accurate SVIs for urban planning
and sustainability, setting a foundation for improving bikeability and walkability
assessments and promoting active transportation.
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1. Introduction

Active transportation (e.g., walking and cycling) plays an important role in improv-
ing sustainability and people’s health in cities (Neves and Brand 2019, Cao and Shen
2019, Yap et al. 2023). Assessment of walkability and bikeability at a high resolution
is beneficial for promoting such sustainable modes of transport for people in cities,
and many studies have proposed various methods to assess them, such as on-site field
observations/surveys (Clifton et al. 2007, Hoedl et al. 2010, Wahlgren et al. 2010,
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Horacek et al. 2012, Koh and Wong 2013), Geographic Information System-based ap-
proaches (Titze et al. 2012, Manton et al. 2016, Cain et al. 2018, Porter et al. 2020),
and virtual audits (Gulbn et al. 2015, Arellana et al. 2020). Recently, developments in
machine learning have enabled researchers to propose scalable assessment methods by
using street view imagery (SVI) and computer vision models (e.g., semantic segmen-
tation), which allowed detailed evaluation of streets at a large scale without involving
human labor (Ito and Biljecki 2021, Li et al. 2022a, Kang et al. 2023). However, these
methods have limitations, such as variable perspectives. Google Street View, one of
the primary data sources, provides images typically taken from a camera mounted
on top of a car and, thus, rarely captures the perspectives of pedestrians or cyclists
(Anguelov et al. 2010). Although some crowdsourced SVI platforms have images from
cyclists and pedestrians, it is not viable to acquire them on a large scale due to the
limited number of SVI from such perspectives (Biljecki et al. 2023, Hou et al. 2024).
Studies on bikeability and walkability assessment using road center SVI have faced
this issue and pointed it out as a potential major limitation that might create biases
when analyzing data (Steinmetz-Wood et al. 2019, Ito and Biljecki 2021). For exam-
ple, semantic segmentation is a popular technique adopted by such studies and used to
calculate pixel ratios for di erent semantic classes (e.g., greenery, sky, and buildings),
and the bias in this context refers to the di erence in the pixel ratios between di er-
ent perspectives. Although the bias can potentially cause inaccuracies in SVI-based
assessments for active mobility, it is still unclear how large the bias is when using SVI
with conventional perspectives (i.e., vehicular perspectives) due to a lack of research
on this matter (Rui 2023).

Previous studies have also utilized SVI and machine learning models to predict
and supplement urban features that are not widely available. For example, urban
soundscape (Zhao et al. 2023, Zhuang et al. 2024), urban morphology (Zhang et al.
2021b), and building characteristics (Hu et al. 2020). Generative Adversarial Networks
(GAN) have also demonstrated their capability to exibly translate perspectives of
images for cases where deterministic approaches cannot fully translate perspectives
due to the absence of all the necessary information (i.e., camera parameters and visible
areas in the image) in the input images to create views from other points of view. For
example, GAN models have been used to translate aerial imagery to SVI (Toker et al.
2021, Regmi and Borji 2019, Wu et al. 2022a). However, no study has leveraged such
machine/deep learning and GAN models to investigate the possibility of translating
the perspective of SVI taken from highly positioned cameras on cars plying centers
of motor lanes of roads to cyclists' views, which may be substantially di erent from
existing works.

This study aims to Il this research gap by investigating the magnitude of biases
when using road center SVI perspectives to assess active transportation modes' per-
spectives and examining whether GAN could be a suitable tool to translate such
conventional perspectives into ones tailored to cyclists' and pedestrians' perspectives.
To study these issues, we collected a training dataset of images taken from road shoul-
ders and sidewalks. We aimed to quantify how large the biases are between road center
SVI (i.e., conventional SVI perspectives) and road shoulder/sidewalk SVI (i.e., active
mobility users' perspectives). Con rming the existence of biases, we created a new
framework to overcome this bias by synthesizing Generative Adversarial Networks
(GANs)-based image generation models (Pix2Pix and CycleGAN), an image regres-
sion model (ResNet-50), and a tabular model (LightGBM), thereby mitigating the
aforementioned perspective bias.

This research contributes to the eld by:



understanding the bias introduced by road center SVI perspectives, particularly
the lack of pedestrian and cyclist viewpoints in urban planning assessments, and
raising awareness about it;

developing a model-agnostic framework with generative/deep/machine learning
models to mitigate the perspective bias in SVI, showcasing the potential of such
an approach in urban planning and sustainability studies;

contributing to urban planning and research by providing a framework to gener-
ate more accurate and reliable data for the assessment of bikeability and walka-
bility, enhancing the sustainability and health aspects of city planning.

2. Literature review

2.1. Applications of street view imagery

Recent development of computer vision techniques and the proliferation of SVI data
have enabled urban studies to map street-level features at large scales and high res-
olutions for various applications (Biljecki and Ito 2021, Wang et al. 20244, Ito et al.
2024). For example, early studies used semantic segmentation to quantify urban green-
ery by analyzing the pixel ratio of greenery in SVI (Yang et al. 2009, Stubbings et al.
2019). Additionally, research has spanned multiple domains including spatial data
infrastructure, urban health, urban perception, land use, building design, and trans-
portation (Ogawa and Aizawa 2019, Keralis et al. 2020, Zhang et al. 2018, Cicchino
et al. 2020, Wang et al. 2024b, Hu et al. 2023, Srivastava et al. 2018, Yao et al. 2019,
Law et al. 2020, Fang et al. 2020, Qiao and Yuan 2021). SVI has also been used to
evaluate active transportation infrastructures such as walkability and bikeability on
urban scales. However, a signi cant limitation is the lack of perspectives from active
transportation users due to the fact that the collection of SVI data is usually carried
out using vehicle-mounted cameras, with limited data from road shoulders and side-
walks (Steinmetz-Wood et al. 2019, Ito and Biljecki 2021). This has resulted in biases
that few studies have addressed or mitigated (Ki et al. 2023, Yin and Wang 2016, Li
et al. 2018, Steinmetz-Wood et al. 2019, Ito and Biljecki 2021). Although some studies
have collected their own images from the perspectives of active mobility users, it is
still resource-intensive; therefore, there needs to be a more scalable solution (Chen
et al. 2024).

2.2. Synthetic data generation in urban science

Numerous works have taken advantage of machine/deep learning models to mitigate
the scarcity of data in urban science elds. Zhao et al. (2023), for example, used
SVI, computer vision models, and tree-based machine learning models to predict and
supplement soundscape characteristics on an urban scale, while Huang et al. (2024)
estimated urban noise from SVI by combining a deep convolutional neural network
model and machine learning models. Other studies have applied SVI and computer
vision models for urban canyon classi cation (Hu et al. 2020) and building function
and facade color classi cation (Zhang et al. 2021b).

Generative Adversarial Networks (GANSs), a deep generative model, have also been
developed to create synthetic data that mimic training data (Goodfellow et al. 2014).
GANs have been used in elds such as medical science and geography to predict un-
observed data and augment scarce data (Aggarwal et al. 2021, Zhao et al. 2021, Kang



et al. 2019, Abady et al. 2020, Isola et al. 2018, Li et al. 2020, Baier et al. 2022). In ur-
ban science, GANs have been applied to tra ¢ volume and speed estimation (Xu et al.
2020, Zhang et al. 2019, Yu and Gu 2019, Lin et al. 2019), air/land tra c trajectory
prediction (Wu et al. 2022b), enriching mobility data with socioeconomic attributes
(Kim et al. 2022), predicting car accidents (Cai et al. 2020), master plan rendering
from sketches (Ye et al. 2022, Choi et al. 2021), and creating synthetic population
data (Garrido et al. 2020, Kim and Bansal 2023). In geographical information science,
GANs have also been used for building footprint generation (Wu and Biljecki 2022),
spatial interpolation (Zhu et al. 2020a), map image generation (Courtial et al. 2023),
and creating privacy-preserving synthetic trajectory data (Rao et al. 2023).

A more relevant research area is the translation of views using GANs, such as the
conversion of aerial images to SVI (Toker et al. 2021, Regmi and Borji 2019). Bajbaa
et al. (2024) reviewed this topic, noting that GAN models are commonly used de-
spite the availability of di usion models (Ho et al. 2020, Dhariwal and Nichol 2021,
Rombach et al. 2022). Di usion models have been applied in remote sensing image
fusion/generation (Sebaqg and ElHelw 2023, Cao et al. 2023), oor plan generation
(Ploennigs and Berger 2023), and interior design generation (Chen et al. 2023). While
di usion models produce photo-realistic images from text prompts and alter input im-
age styles, GANs excel in generating images from input images, making them suitable
for perspective-shifting tasks (Bajbaa et al. 2024). GANs have also been explored for
image in-painting to remove occlusion in SVI (Zhang et al. 2021a), and a recent study
proposed a pipeline to generate images with varying semantic features using a GAN
model (Law et al. 2023).

As discussed so far, GAN models' exibility to generate images from various points
of view suggests its better suitability for perspective-shifting tasks than more determin-
istic approaches that reproject pixels in the input images based on a set of parameters.
It is often the case that input images do not come with the parameters necessary for
accurate reprojection of pixels, such as intrinsic (i.e., focal length, principal point, skew
coe cient, and distortion coe cients) and extrinsic camera parameters (i.e., rotation
matrix and translation vector). A naive solution for this issue is a simple projection of
pixels onto a sphere around the camera position; however, this causes other issues, such
as di culty in determining the shift in X, Y, and Z coordinates, absence of pixels in
some areas when shifting the camera position, and inaccurate distance to objects due
to a lack of a precise depth map. We demonstrated these issues in Figure 1, where one
can observe that this naive approach su ers from sensitivity to di erent parameters,
voids, and distortion.

These existing studies show the usefulness of using image generation models to
overcome issues in image-based analysis in various domains. However, no studies have
explored the possibility of translating road center SVI taken by vehicles into the per-
spectives of active transportation users, despite the importance of overcoming the
perspective gaps in achieving a more accurate and reliable assessment of the urban
environment. This research seeks to bridge existing knowledge gaps through a detailed
case study that examines the bias resulting from varying perspectives. Central to our
approach is the exploration of a novel, model-agnostic framework that leverages the
capabilities of Generative Adversarial Networks (GANs) to address and reduce this
bias. Our focus on a model-agnostic strategy underscores the innovative aspect of our
methodology, emphasizing its adaptability and potential applicability across a diverse
range of models and contexts.



Figure 1.: Examples of di erent shifts in the Y-axis for three dierent street view
images with varying road width.

3. Data and methods

Singapore was selected as a study site because it has sidewalks for most streets and
is moderately safe to cycle, and three types of SVI have been collected: road center
SVI from Google Street View (GSV), road shoulder SVI taken on road shoulders,
and sidewalk SVI taken on sidewalks. These three types of SVI were used to train
machine/deep learning and GAN models to translate pixel ratios of road center SVI
data (i.e., building, vegetation, and sky) to those of the other two. Figure 2 shows
the overall ow chart of the data and methodology used in this study, and Figure 3
and Figure 4 illustrate the models and approaches used in the experiments, respec-
tively. Each approach uses a di erent combination of models, and we refer to the ve
approaches as Al, A2, A3, A4, and A5 hereafter as shown in Figure 4. We further
elaborate on each component in the following subsections.

3.1. Data collection

The collection of images on road shoulders and sidewalks was conducted by cycling
on public roads in Singapore with a smartphone camera installed onto a bicycle. The
data collection took place during the daytime to ensure good lighting for the images,
and the process was facilitated with the use of Mapillary to automatically capture SVI
every ve meters when cycling and record the locations of images (see Figure 5).

The total number of images collected on the road shoulder was 7,514, and 3,057 on
the sidewalk. We downloaded them via Mapillary's Python SDK (Mapillary 2022).

3.2.  Preprocessing and semantic segmentation

Once the image data were downloaded, images with too many occlusions were Itered
out as part of preprocessing. This ltering procedure was performed with a semantic
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Figure 2.: The work ow of this study and the introduced methodology: data collection,
processing and dataset construction, and semantic segmentation. We conducted data
collection by downloading road center SVI and collecting road shoulder and sidewalk
SVI and implemented processing and dataset construction by matching them and
manually collecting images with spatial operations after Itering out images based on
their quality. We ran semantic segmentation to quantify both datasets, which were
used in model building as training data and approach evaluation as test data.

Figure 3.: The four machine/deep learning and GAN models used in this study are
illustrated in this gure. GAN models are Pix2Pix and CycleGAN, consisting of gen-
erators and discriminators. As for machine/deep learning models, we used ResNet-50
and LightGBM.
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