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Abstract

Studies considering street environment quality s impact on housing value were
limited to top-down variables such as the green ratio measured from satellite
maps. In contrast, this study quantified street views’ impacts on the value of
second-hand commaodity residential properties in Shanghai based on analysis
of street view imagery. (1) It applied computer vision to objectively measure
street features from largely accessible street view imagery. (2) Based on the
classical urban design measures frameworks, it applied machine learning to
evaluate human perceived street quality as street scores systematically, in
contrast to the common practice of doing so in a more intuition-based fashion.
(3) It further identified important indicators from both human-centered street
scores as well as the more objective street feature measures with positive or
adverse effects on property values based on a hedonic modeling method. The
estimation suggested both street scores and features are significant and non-
negligible. For the perceived street scores (from 0-10 scale), neighborhoods
with a unit increase in their “enclosure” or “safety” score enjoy price
premium of 0.3% to 0.6%. Meanwhile, streets with 10% greater tree canopy
exposure are attributable to a 0.2% increase in the property value. This study
enriched our current understanding at a micro level of the factors that impact
property values from the perspective of the built environment. It introduced
human-centered perception of street scores and objective measures of street
features as spatial variables into the analysis of neighborhood attribute
vectors.
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1. Introduction

1.1. Street Quality and Property Values

The quality of streets is among those factors that have attracted attention in terms of its impact
on the surrounding property values. Scholars have made many efforts to investigate the
impact of streetscapes especially those urban trees on the property values. Most existing
research focuses on objective metrics such as the numbers of trees, the size of tree covers,
the distance to large green areas, or the total greenery measured from satellite images, failing
to incorporate the importance of human perceptions. Killicoat et al. (2002) identified trees as
important amenities creating an environment conducive to real estate transactions. Using a
hedonic price model (HPM), Sander et al. (2010) implied that 10% maore tree cover on parcels
increased sales price by 0.48% in Minnesota. Besides trees, the impacts of other features on
the property value, such as open space (Anderson & West, 2006), street lighting (Willis et
al., 2005), and surface street traffic (Larsen & Blair, 2014) have been studied separately with
the HPM approach.

1.2. Street Environment Measures

Physical features alone may not represent people’s overall image of street quality, because
the cumulative effect is greater than the total of each. Streetscape affecting perceived street
environment quality should be defined and measured empirically (Yin, 2014). Cervero &
Kockelman (1997) first proposed the framework of 3Ds- density, diversity and design, and
used gross quantities such as building height, block length and street width to measure the
design quality of streets. However, people do not experience a street from these gross metrics.
More operational definitions and measurement protocols about perceived quality were
required (Brownson et al., 2004; Ewing & Clemente, 2013a; Laaksonen et al., 2006; Pikora
et al., 2003). Expert panels were recruited by Ewing et al. (2006) to rate five streetscape
qualities based on video clips, namely imageability, visual enclosure, human scale,
transparency and complexity. Physical features in the video clips were also quantified, and
their relationships with the ratings from expert panels were statistically analyzed (Ewing et
al., 2006). Conventional method such as visual collage or phone surveys to collect people’s
perceptions has many problems. First, the reliability of the operation is questionable (Nasar,
1990), as individual differences are one of the problems to make the evaluation impractical
(Ewing & Handy, 2009). Second, the low-throughput method results in constrained
application to larger geographic contexts. Limited by the high survey cost or the poor spatial
resolution, a segment of the city was often utilized as a sample area, making their conclusions
subject to the particular conditions in that area and weak in generalizability (Seiferling et al.,
2017).
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1.3. Novel Streetscape Measures

Most recently, studies in this regard started to exploit multisource open data and showed
significant advantages in efficiency and accuracy over traditional methods. One example is
the increasing use of the street view image (SVI). Differing from satellite imagery, SVI
represents a ground-based perspective of urban streets and is available for the city wide
(Seiferling et al., 2017). Compared to on-site auditing, the use of SVI was proved to be
efficient for large-scale objective data collection (Griew et al., 2013; Rundle et al., 2011).
Meanwhile, with the advance of artificial intelligence (Al), computer vision (CV) and
machine learning (ML) algorithms were developed to predict human perception of the street
environment from images. Naik et al. (2014) predicted the perceived safety score using
labelled SVI as the training data from an online survey with more than 7000 participants.
Chen et al. (2020) compared the non-linear relationship between housing prices and GVI in
Shanghai and found higher GVI were significantly associated with more expensive houses.

Despite these meaningful explorations, our understanding of the impact of the street
environment on economic outcomes is still limited by the drawbacks in the literature such as
small samples, inconsistent ratings, and lack of human perception measures. This study
aimed to investigate the impact of perceived streetscape on property values for the city-wide
Shanghai, using a reliable and high-throughput approach with the advance of Al. It achieved
at least four key contributions. First, it evaluated the feasibility of utilizing SVI and CV for
auditing urban environments at a large scale, quantifying percentile index or counts for 30
street features with 25,276 SVIs. Second, it developed an online survey collecting the
collaborative perceptions of street quality with 100 participants. Third, it trained efficient ML
models to evaluate three important perceived street qualities, namely visual enclosure,
complexity and aesthetics. Fourth, it identified the effects of perceived qualities and objective
percentile index of streetscape with positive or adverse effects on property values using more
than 40,000 housing transactions. By providing a more comprehensive understanding of the
relationship between perceived streetscape qualities and property values in a city-wide scale,
this study would inform policy-making and urban design.

2. Data and Methods

2.1. Hedonic Price Model

The hedonic price model (HPM) was widely adopted to investigate the impacts of built
environment features on housing prices (Chen et al., 2020; Larsen & Blair, 2014; Zhang &
Dong, 2018). It assumes that housing is a heterogeneous good, and the determinants of its
price can be investigated by regressing the housing price on three types of independent
variables capturing the property’s structural, locational and neighborhood attributes (Rosen,
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1974). Our focus is on a subgroup of attributes relevant to the street quality, and thus we
expand the conventional HPM as follows:

InPRICE = « + 1 STRU + B2 LOCA + B3 NEIG + B4 STRE + ¢, (1)

where InPRICE was the natural logarithm of the transaction price; a is the regression
constant; B1 to B4 are the estimated coefficients of the structural (STRU), locational (LOC),
neighborhood (NEIG), and streetscape ((STRE)) attributes respectively; € is the error term.

2.2. Data Collection and Processing

2.2.1. Housing Transactional Price

This study collected 65,000 transaction records of preowned apartments occurring in 2019
within Shanghai from Lianjia.com. Besides the sales price, the data also included housing
structure attributes and property’s geolocation. The dataset was cleaned for (1) records whose
price did not make sense, e.g. being zero or much higher or lower than the neighbors’ mean;
and (2) records whose property attributes were missing. 40,159 geo-tagged records were kept,
with an average sales price at about 57,000 RMB/m?.

2.2.2. Structural Attributes

For structural attributes, selected continuous variables included floor area, numbers of
bathroom, total numbers of floor, the year of construction. Categorical variables of relative
floor level in the building, unit layout, building type, facing direction, structure type, interior
decoration, availability of elevators were transformed to dummies.

2.2.3. Locational Attributes

Notably, a large body of literature have identified the pattern when distances to the city center
increase, housing prices decrease (Bourassa et al., 2010; Chen et al., 2020; Rosen, 1974). We
calculated the Euclidean distance from each property (1) to the Bund - CBD of Shanghai and
(2) to their nearest county center as locational attributes.

2.2.4. Neighborhood Attributes

The neighborhood variables measured the (1) density, (2) distance to and (3) accessibility to
urban services. The living amenities density was the number of services such as retailing,
restaurants, cafes, groceries, hospitals and gyms per km? within the neighborhood’s
administration boundary. Distances variables calculated the Euclidean distance to the closest
metro station and school. Accessibility to metro stations and schools was also adopted and
measured by the numbers of schools and metro stations can be reached to within 5 kilometer
and 1 kilometers respectively.
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2.2.5. Street environment features

Motivated by the classical measurement protocols of Ewing et al. (2006), this study chose
“visual enclosure” and “complexity”, and modified the term “imageability” to “aesthetics”
to present the perceived streetscape qualities in three different dimensions. Specifically, (1)
visual enclosure refers to the extent streets are visually defined by features such as trees,
walls and buildings; (2) complexity refers to the visual richness of a place, depending on the
variety of and numbers of elements such as human activity, signage, street furniture,
greenery, and buildings; (3) borrowing the term “imageability” which was a categorical
variable, instead we used “aesthetics” to present the overall visual quality of a street being
comfortable and distinct (Ewing et al., 2006). Meanwhile, many literatures identified urban
trees as a significant factor affecting property value by using the percentile index GVI. We
selected GVI as the objective measure, whose value was given by the ratio of pixels
associated with tree canopy to the total pixels in an image:

GVI = Pixelsgreenery / Pixelsotar, 2)

The process of calculating these four variables from images involved five steps: (1) sampled
SV sites, (2) downloaded SVI, (3) collected people’s collaborative ratings as training data’s
Y labels, (4) extracted pixel ratios of different streetscape features as training data’s X
variables, and (5) trained ML models and predicted perceived scores. First, given that many
transactional data had the duplicated coordinates, its SVI data were sampled at 50-meter
intervals along the centerline of all public streets within the property’s 1-km radius. The
sampling was processed in ArcGIS. In total, we sampled 30,000 SVI sites. Second, for each
SVI sample site, its SVI was acquired by inputting its coordinates into Baidu Street View
API. We controlled consistent camera settings, same size (600 by 300 pixels) and similar
shooting time (summer and fall 2017) for each SVI to ensure the consistent perspective and
to eliminate the seasonal variance in street environments (Fig.1b). Due to the limited data
availability, not all sampled sites have SVI, as a result we downloaded 25,276 valid SVI. The
values for the missing sample sites would be estimated through spatial interpolation detailed
in the next section.
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Figure 1. Downloading Baidu Street View Image.

(a) A typical SVI downloaded for this study, whose “point of view” was located in the middle of the road, being
paralleled to the road’s direction. (b) The camera settings were controlled by “heading”, “FOV”, “pitch” and
“resolution”. In this study, the camera heading was set the same as the sample site’s street center line tangent
degree; the FOV (horizontal field of view) was set 120 degree, the pitch (specifies the up or down angle of the
camera relative to the Street View vehicle) was 0 degree, and the resolution was 600 x 300 pixels, for all
images. (c) Training images were sampled across a wide range of geographical locations in Shanghai.

Third, to acquire training data of people’s preferences on streetscapes from SVI, we adopted
the high-throughput method developed from emerging studies (Naik et al., 2014; Salesses et
al., 2013). Specifically, we developed an online survey platform on which participants were
shown two randomly chosen SVIs in Shanghai. Participants were asked to click on the SVI
they preferred in response to three evaluative questions in regard to perceived street qualities,
namely the Visual Enclosure, the Complexity and the Aesthetics. For example, for Visual
Enclosure, we gave a brief definition on Visual Enclosure. Then participants were asked the
question “Which place do you feel having a higher level of visual enclosure”. Noted that, to
ensure the training images would cover a wide range of streetscapes from city center,
suburban to countryside, we randomly sampled 500 images across the whole region of
Shanghai (Fig. 1c). In total 100 unique participants from Shanghai ranked the images using
8426 pairwise clicks. These preferences were converted to ranked scores for each image with
Microsoft Trueskill algorithm (Naik et al., 2014). On average each unique image was
compared to 16.8 other images, which was sufficient to lead Trueskill converge to stable
ranked scores (Naik et al., 2014). The ranked scores were then normalized to a 0-10 scale.
These 500 images with three ranked scores as labels, became the training data from which
ML algorithms were trained to predict the collaborative perceptions of the streetscape.
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Visual Enclosure Complexity Aesthetics
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2. Click on the image which you think has.

better feeling of enclosure Score Histogram

Figure 2. Collaborative Image of Streetscape with an Online Survey Platform (a) The survey system asked
participants to choose from the pairwise SVIs in response to questions. (b) High score, low score example
images, and the histogram of score distribution, for each of the three perceived street qualities. From the high
and low score examples, people seemed to prefer streetscapes with less sky exposure and more greenery.

Figure 3. CV Segmentation Results (a) Pairwise PSPNet semantic segmentation results and its input SVI (b) Mask
R-CNN instance segmentation results counting numbers of streetscape objects appearing in the SVI

Fourth, we quantified the pixel ratios or amounts of 30 street features from the 500 training
images using pre-trained CV models. These features, including the building, sky, tree, curbs,
roads, grass, glass and others, were conceived significant effects on human perceived street
qualities by Ewing et al. (2006). On one hand, we applied Pyramid Scene Parsing Network
(PSPNet) to calculate the pixel ratios of 30 kinds of features (Zhao et al., 2016). On the other
hand, for five of the features, namely the car, people, bike, motorbike and chairs, an indicator
of pixel ratio makes less sense than the absolute counts. So we applied pre-trained Mask R-
CNN to count their amounts (He et al., 2017). These 30 features became the explanatory
variables to predict three perceived scores in the next step.
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Fifth, we trained ML models including K-nearest neighbors (KNN), support vector machine
(SVM), random forest (RF), decision tree, and gradient boost to predict the three perceived
scores from the 30 features extracted from SVI. The 500 labelled images from the online
survey were split to 400 and 100 for training and testing purposes. To choose the optimal
model, we compared model performances in regard to the R-square , the root mean square
error (RMSE) , and the mean absolute error (MAE). SVM outperformed other models in
predicting enclosure and complexity score, while RF performed best in predicting aesthetics
score. Regarding the accuracy, SVM predicted enclosure and complexity scores with an
MAE of 1.51 and 1.35 respectively, while RF predicted aesthetics score with a 1.19 MAE
(Table 3). The accuracy of ML model was considered acceptable, limiting by the small
training dataset, the error magnitude of 1.2 to 1.51 would not offset predicted scores far from
true value with regard to the 0-10 scale scoring system. The global importance of individual
streetscape features were compared using Python Scikit-learn’s Tree Based Regressor. The
algorithm computes how much each variable contributes to decreasing the weighted impurity
during the training, thus providing the importance score (Chen et al., 2020; Naik et al., 2014).
Pixels of trees ranked second, justified that GVI was an appropriate variable to represent the
objective measure of streetscape.

30 streetscape features' importance in predicting three perceived scores
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Figure 4. Feature importance in predicting perceived scores.
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