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Abstract: Thermal comfort studies are paramount in enhancing future urban living con-
ditions, and hemispherical photography has emerged as a widely employed field mea-
surement technique in outdoor thermal comfort research. This comprehensive review
systematically analyzed 142 outdoor thermal comfort studies conducted over the past
decade using hemispherical photography methods, revealing that its primary application
lies in objectively describing environmental information and constructing associated in-
dices. In contrast, the number of studies focusing on subjectively assessing environmental
factors remains relatively low; however, it is rapidly increasing due to its demonstrated
effectiveness and convenience compared to other methodologies within this domain. Over-
all, despite certain limitations, such as higher labor costs and limited temporal/spatial
coverage when describing environmental information, hemispherical photography still
retains its advantage of providing accurate data acquisition for outdoor thermal comfort
research. In recent years, advancements in mobile measurement tools and techniques have
enhanced the richness and versatility of acquired information while leveraging the image
specificity inherent to hemispherical photography, which continues to play a pivotal role in
subjective assessments related to human perception of outdoor thermal comfort.

Keywords: hemispherical photography; outdoor thermal comfort; environmental
information; fisheye lens

1. Introduction
In 2007, for the first time, the number of people living in urban areas surpassed those

in rural regions [1], with more than 50 percent of the world’s population living in cities [2],
and urban outdoor spaces hosting most of the daily lives of their inhabitants. However,
due to changes in the surface structure of the city, natural and green surfaces have been
replaced by roads and impervious surfaces, which has reduced the OTC (outdoor thermal
comfort) and weakened the livability of the city [3]; therefore, improving the OTC of the
city has become more and more important in urban development to guarantee the quality
of life of the city’s inhabitants [4].

Thermal comfort, defined as “the psychological state of being satisfied with the thermal
environment”, has been extensively studied and standardized, considering both physical
and physiological factors and psychological influences [5]. Numerous models have been
developed to assess thermal comfort, including the PMV (Predicted Mean Vote) model
introduced by Fanger in the late 1960s, which has since become a cornerstone in thermal
comfort research [6], and thermal comfort is essential for everyone to have a healthy and
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efficient lifestyle [7]. In the past, thermal comfort studies were generally conducted only
indoors until the beginning of the 21st century, when thermal comfort in urban outdoor
environments gradually received attention [8]. The thermal environment can be described
as the environmental characteristics affecting the heat exchange between the human body
and the environment [9]. The environmental factors affecting human thermal comfort in
outdoor environments are complex. They can usually be categorized into physical envi-
ronmental factors [10] (based on the consideration of the balance between heat production
and heat dissipation) and non-physical environmental factors [11] (personal, social, and
psychological factors, etc.). Scholars currently use both subjective and objective methods
to research urban OTC. The subjective approach focuses on the actual thermal perception
of people in a specific outdoor environment and mainly uses qualitative methods such
as interviews and questionnaires. On the other hand, objective methods use quantitative
measurements to assess the energy interactions between the human body and the sur-
rounding environment. Environmental information is generally obtained through various
experimental instruments [12].

Researchers have created many methods for thermal comfort studies, usually cat-
egorized as field measurements, simulation studies, remotely sensed imagery, weather
station studies, etc. [13]. Among them, remote sensing is a technique that employs sen-
sors mounted on satellites or aircraft to collect surface data. It can acquire continuous
large-scale information on subsurface structures and surface temperatures [14]. However,
the resolution of satellite-based remote sensing is constrained by payload capacity and
sensor technology limitations, making it challenging to capture detailed surface features.
Therefore, remote sensing is frequently employed for urban-wide studies. The temporal
resolution of remote sensing data is typically coarser, with the observation interval for
Landsat 8 satellite data being 16 days [15]. In contrast, hemispherical photography is
an in situ measurement technique that captures more immediate, detailed, and realistic
environmental information. Consequently, it is extensively utilized in OTC research and
represents a well-established method.

In the early stages, hemispherical photography for acquiring environmental informa-
tion was predominantly conducted at fixed points using wide-angle lenses [16]. Subse-
quently, this method has been integrated with various advanced technologies, including
infrared detection [17], LiDAR [18], Google Street View [19], drones [4], and simulation
software [20].

As a special image method, hemispherical photography has been deeply involved in
various types of OTC studies. Ahmadi Venhari et al. utilized hemispherical photography
to compare the cooling effects of different plant types, demonstrating that not all plants
provide equivalent cooling benefits, with trees offering the most significant cooling effect
through shading [10]. Sharmin et al. employed a plant canopy analyzer to capture hemi-
spherical images of trees in Australia and discovered that temperature variations were
influenced by Leaf Area Index (LAI) and canopy width, with each unit increase in LAI
resulting in a 1.1 ◦C decrease in temperature [21]. Chàfer et al. found that urban land
use models constructed using hemispherical cameras exhibited a strong correlation with
temperature changes in Singapore [22].

However, previous studies usually only regard hemispherical photography as an
image-based intermediate result [23] and do not consider it as a relatively independent
research method and tool for systematic investigation. The application of hemispherical
photography in previous studies has been somewhat random, failing to fully leverage its
advantages for more purposeful use by researchers. To address this issue and enhance
the rationality of hemispherical photography applications in future research, this study
selects hemispherical photography as the research object. By summarizing the utilization
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of hemispherical photography in OTC research over the past decade, this study explores
the transformation of its application, aims to summarize its characteristics and future
development trends, and seeks to provide a clearer and more reasonable methodology for
researchers who apply hemispherical photography in OTC research.

2. Literature Screening and Data Description
2.1. Literature Screening

This study conducted a systematic literature review using the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses) framework [24]. The se-
lected literature was restricted to studies of urban OTC utilizing hemispheric photography
methods. Specifically, this means that the study sites need to be within cities, including
central business districts, city squares, city parks, commercial areas, street canyons, resi-
dential neighborhoods, schools, courtyards, waterfront spaces, and industrial zones. The
research methodology explicitly involves the use of hemispherical photography to gather
environmental data, which serves as raw material for constructing relevant environmen-
tal information indicators. This includes references to the application of hemispherical
photographic tools in the text or the direct presentation of hemispherical photographic
images in accompanying figures. The time frame for the study is restricted to the past
decade, i.e., relevant literature from 2015 to 2024 was retrieved from the Web of Science
and Scopus databases.

During the literature search, the relevant literature was searched using the terms
“hemisphere photography”, “fisheye lens”, “outdoor thermal comfort”, “outdoor thermal
comfort index”, “heat stress”. “urban heat island”, “outdoor environment”, and “human
thermal comfort”. The keywords were linked together using the Boolean operators “AND”
and “OR” to obtain the most relevant literature.

The literature search yielded a total of 620 relevant papers, with 173 duplicates re-
moved through manual search. Subsequently, the remaining 447 papers were screened
based on the following criteria: (1) papers not in English were excluded; (2) studies without
the use of hemispherical photography were excluded; (3) studies not related to thermal
comfort research were excluded; (4) studies only focused on indoor thermal comfort were
excluded; (5) review studies were excluded.

Based on the above criteria, 142 papers were retained for analysis. Figure 1 shows the
flowchart of the literature search and screening process following the PRISMA statement.

2.2. Data Description

This section provides a comprehensive summary of the journal sources of the available
studies, the distribution of study areas, climatic conditions, seasons and weather patterns,
the selection criteria for study sites, and the primary objectives of the studies. The anal-
ysis of the 142 studies reveals that OTC studies utilizing hemispheric photography are
predominantly concentrated in Asia, especially in developed countries and regions in the
mid-latitudes of the Northern Hemisphere, with climate subdivisions dominated by Cfa,
Cwa, Cfb, and Dwa. The studies predominantly concentrate on summer heat stress, partic-
ularly under sunny conditions, with street canyons serving as the most frequent study sites.
The core research objectives revolve around cooling mechanisms and the optimization of
urban spaces.
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2.2.1. Literature Information

A total of 142 papers met the selection criteria and were included in the analysis.
Figure 2 shows the journal source information of the papers, among which “Building and
Environment” is the journal with the most papers published in this field, with a total of
42 papers; “Sustainable Cities and Society”, “Urban Climate”, “Urban Forestry & Urban
Greening”, and “Science of The Total Environment” also have more than 10 papers.
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Figure 3 illustrates the regional distribution of research, with statistics limited to
regions where primary research sites are located for standardization purposes. Asia is the
most extensively studied region, accounting for over 60% of all studies, followed by Europe
at just over 14%. Research areas are concentrated in mid-latitude regions of the Northern
Hemisphere, primarily in developed countries and those experiencing rapid economic
growth. Figure 4 shows the Köppen–Geiger classification for all studies, with Cfa, Cwa,
Cfb, and Dwa being the most researched climate divisions, with a combined share of more
than 64%.
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2.2.2. Description of Research Content

The 142 papers exhibit distinct variations in seasonal and climatic distributions
(Figure 5), with summer being the predominant focus for investigating significant heat
stress (72% of studies conducted research during this season). Similarly, winter received
more attention as a period associated with severe heat discomfort (21% of studies conducted
research during this season), and 76% of studies conducted in winter also encompassed
investigations during summer. Regarding climate, studies on tropical climates were notably
limited, accounting for only 2% of all research endeavors. Additionally, 15% of the studies
employed modeling techniques without addressing particular seasons and climates.
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Figure 5. Conducting frequencies of various weather and seasons.

Furthermore, variations were observed in the conducted studies about different
weather conditions (Figure 5), with certain studies failing to specify the weather con-
ditions under investigation. Among those that did provide details on weather conditions, a
majority of 83% solely focused on sunny conditions. Only 17% of the studies considered
cloudy conditions, while 8% accounted for rainy and snowy conditions, and these studies
often choose to compare their findings against those obtained under sunny conditions.

Figure 6 depicts the distribution of research locations selected for statistical papers.
Street canyons emerge as the predominant choice among researchers (34%). Furthermore,
city parks (25%), schools (22%), residential neighborhoods (13%), and city squares (11%)
were also extensively favored by researchers.
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Figure 7 illustrates the distribution of the number of study sites. Due to limitations in
the spatial and temporal spans of field measurements, 62% of the studies opted for fewer
than 20 sites. However, with the rapid emergence of mobile measurements, more than
23% of the studies have shifted away from a limited number of fixed sites and now prefer
obtaining continuous environmental information through mobile measurements.
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Figure 7. Percentage of the number of research sites.

Figure 8 shows the frequencies of the study periods, highlighting midday to afternoon
as the predominant period for thermal discomfort investigation (73%). Over 40% of
the studies opted for a full day as their study duration to obtain a more comprehensive
understanding of thermal comfort trends. Due to the cost and difficulty associated with field
measurements, simulation-based approaches have gained popularity in these extended-
duration investigations since 2023 (Figure 9).
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The distribution of research objectives for all papers is illustrated in Figure 10, where
the dominant research objectives are cooling mechanisms and urban spatial optimization
strategies (88%). Although many studies focused on a single research objective, more than
17% researched multiple objectives simultaneously. Furthermore, while only a limited
number of studies have aimed at research method optimization, the share of studies with
this aim has gradually increased in recent years.
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3. Hemispherical Photography Construction Method in OTC
Various image acquisition tools have been utilized for hemispherical photography in

different studies, including a fisheye lens, plant canopy analyzer, Street View images, in-
frared detection technology, LiDAR, Mobile Measuring Platform, and simulation. Each tool
possesses distinct characteristics, and the specific methods for constructing hemispherical
photographs using these tools are described below.

3.1. Fisheye Lens

A fisheye lens is a specialized ultra-wide-angle photographic lens, typically with
a focal length of 16 mm or less, that offers an angle of view close to or even exceeding
180 degrees and can capture a scene comparable to or wider than the human eye’s visual
range [25] (Table 1). The resulting photographs exhibit “barrel distortion”, causing straight
lines to curve at the image edges [26] (Figure 11). In the field of OTC research, hemispherical
photography utilizing a fisheye lens represents the oldest method employed. Typically, this
technique involves mounting a DSLR camera horizontally on a tripod with a fisheye lens
set at 180 degrees and capturing images of the sky [27]. Some studies opt for vertically
photographing the ground at 90 degrees [28] (Figure 12). This construction method stands
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as the most widely accepted approach in hemispherical photography due to its proven
accuracy and validity within OTC studies [29].
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In recent years, to utilize the unique spectral response properties of photosynthetically
active plant elements [30], researchers used the Blue IR filter (a filter introduced by Kolari
Vision that transmits both blue light and infrared light for NDVI crop analysis applications)
to replace the camera’s hot mirror to take dual-wavelength hemispherical photography
to achieve effective acquisition of richer environmental information [31] (Figure 13). In
general, the use of a fisheye lens to acquire hemispherical photography is more costly
in terms of time and labor and usually can only obtain a small amount of fixed-point
environmental information, which does not apply to the acquisition and description of
composite information in a wide range of space [32].

Table 1. Summary of fisheye lens.

Model Image Manufacturer Brief Introduction Features Literature

FC-E8

Buildings 2025, 15, x FOR PEER REVIEW 10 of 42 
 

Figure 13. Dual-wavelength photographs were taken at the same location ((a) is the original picture, 
and in (b), the leaves were yellow due to the existence of a filter) [31]. 

Table 1. Summary of fisheye lens. 

Model Image Manufacturer Brief Introduction Features Literature 

FC-E8 

 

NIKON, To-
kyo, Japan 

10.5 mm fixed focal length, maxi-
mum aperture of f/2.8, designed 
for DX-format cameras. 

Lightweight, low price, 
average low-light imaging 
quality. 

[16,33–35] 

FC-E9 

 

NIKON, To-
kyo, Japan 

10.5 mm fixed focal length, maxi-
mum aperture of f/2.8, designed 
for DX-format cameras. 

Improved model of the 
FC-E8, with improved im-
age quality, lightweight, 
and low price. 

[36] 

AF DX 
Fisheye-

Nikkor 10.5 
mm f/2.8G 

ED  

NIKON, To-
kyo, Japan 

10.5 mm fixed focal length with a 
maximum aperture of f/2.8 for 
APS-C cameras. 

High image quality, large 
aperture, good imaging ef-
fect in low light environ-
ment, high price, no zoom 
function. 

[37] 

AF-S 
Fisheye 

NIKKOR 8–
15 mm 

f/3.5–4.5E 
ED 

 

NIKON, To-
kyo, Japan 

8–15 mm focal length range and 
f/3.5–4.5 maximum aperture, 
supports both full-frame (FX for-
mat) and APS-C (DX format) 
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kon ED lens technology to 
effectively reduce glare 
and dispersion, and has 
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Expensive, small aperture, 
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T197412 

 

FLIR, Port-
land, Oregon, 

USA 

Thermal imaging fisheye lens 
with fixed aperture range for 
FLIR’s infrared thermal imaging 
devices only. 

Non-traditional photo-
graphic lens, cannot be 
used for visible light pho-
tography, less versatile, 
imaging resolution de-
pendent on infrared 
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Figure 14. LAI-2200C Plant canopy analyzer optical sensor with 5 concentric ring detectors sche-
matically shown on the left and hemispherical photography acquired by it on the right [57]. 

  

CANON, Tokyo,
Japan

Zoom fisheye lens with
8–15 mm focal length
range and f/4 maximum
aperture for full-frame,
APS-C cameras.

Supports zoom from circular
fisheye (8 mm) to diagonal fisheye
(15 mm) with very high optical
quality, but with a maximum
aperture of f/4, it does not
perform as well as the f/2.8 lens
in low light, and it is expensive
and heavy.

[41,50–53]

SL-FE12
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and infrared light.

It is very suitable for NDVI crop
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Figure 14. LAI-2200C Plant canopy analyzer optical sensor with 5 concentric ring detectors schemati-
cally shown on the left and hemispherical photography acquired by it on the right [57].

3.3. Street View Images

Street View images are panoramic photographs taken at a height of approximately
2.5 m from street level, incorporating location information and presented as interactive VR
photos through stitching techniques [62]. This service was initially launched by Google Inc.,
the pioneering mapping service provider, in the United States in 2007. As of 2017, Google
Inc. reported that their Street View coverage extended to over 83 countries worldwide [63].
Other companies such as Microsoft, Baidu, and Tencent also offer similar photo services
(the latter two providing services primarily in China) [64]. Furthermore, there is a rapid
growth in crowdsourcing Street View platforms maintained by regular users, exemplified
by Mapillary and OpenStreetCam [65].

Given its ability to capture the vertical dimension of urban streetscapes and provide
detailed information at a micro level, Street View images offer an environmental assessment
that closely aligns with human perception [66,67]. In 2015, Carrasco-Hernandez et al.
introduced the use of open-source software Hugin to project Google Street View onto
a plane for constructing hemispherical photography [68]. Building upon this, Li et al.
proposed a method in 2017 to convert Street View images from isometric cylindrical
projection to isometric azimuthal projection for creating hemispherical photography, which
has since been widely adopted in subsequent studies [19] (Figure 15). Due to its cost-
effectiveness and extensive coverage across temporal and spatial scales, the utilization
of street view imagery has increasingly become an important tool for investigating OTC
in recent years [69]. Wang et al. [70] analyzed the spatial and temporal distribution of
solar radiation from various directions in Beijing during summer using 100,000 Street View
images, leveraging the low-cost advantage of this approach. Additionally, advancements
in computer science have enabled more sophisticated extraction of hidden features from
Street View images. For instance, transformer-based deep learning methods have been
developed to detect obstacles in urban environments [71]. However, it should be noted
that street view imagery suffers from infrequent updates and ambiguous update dates
provided by map service providers. Additionally, its coverage is limited primarily to major
vehicular streets with minimal representation in developing countries and rural areas.
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3.4. Infrared Detection Technology

The images obtained through infrared detection techniques are commonly known as
thermograms. This technique captures and visualizes the infrared radiant energy emitted
by an object [28] (Table 3). In investigations of urban outdoor thermal environments, the ra-
diative environment plays a crucial role in determining comfort levels [72]. In 2023, Middel
et al. presented a thermographic panorama using a six-way hemispherical photography
approach and constructed a hemispherical photograph utilizing the PanoMRT (Panoramic
infrared thermography) model [17] (Figure 16). Due to its non-contact nature, thermal
imaging is well-suited for assessing the micro-scale radiation environment in panoramic
view mode. Merchant et al. [73] developed a camera system that records 360◦ shortwave
and longwave panoramic images to address spatial variations in shortwave and longwave
radiative heat transfer in outdoor environments. As a form of hemispherical photography
that integrates multiple environmental information, infrared detection technology offers
advantages such as reduced time consumption, high information density, and enhanced
data accuracy when studying urban outdoor thermal radiation environments.

Table 3. Summary of infrared detection equipment.
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camera, lightweight,
affordable, lightweight, easy
to carry, low resolution,
suitable for primary
inspection applications, not
suitable for high-
temperature environments.

[28]
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FLIR, Portland,
OR, USA

Infrared resolution:
320 × 240; Temperature
range: −20 ◦C to
+1200 ◦C; Thermal
sensitivity < 0.03 ◦C

High-performance thermal
imager, high sensitivity and
high resolution, rich
functions, high price, slightly
large size.

[40]
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Table 3. Cont.

Model Image Manufacturer Accuracy Features Literature

Duo Pro R HD
Dual-Sensor

Drone Thermal
Camera
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FLIR, Portland,
OR, USA

Infrared resolution:
640 × 512; Temperature
range: −20 ◦C to
+150 ◦C; Thermal
sensitivity < 0.05 ◦C

Thermal imagers designed for
drones, combining thermal
imaging and HD visible
camera functions, high
resolution, support
integration with drones,
compatibility requirements
for drone platforms, and
higher prices.

[17]
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Tokyo, Japan

Infrared resolution:
240 × 180; Temperature
range: −10 ◦C to
+400 ◦C; Thermal
sensitivity < 0.08 ◦C

Portable thermal imager with
easy rotation and separation
of the camera head and
controller, easy to operate,
cost-effective, full-featured,
low resolution, and
average sensitivity.

[74]
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3.5. LiDAR (Light Detection and Ranging)

In recent years, the utilization of TLS (Terrestrial laser scanning) equipment has wit-
nessed a rapid surge in urban OTC studies due to the advancements in LiDAR-based
technology [75]. High-precision TLS devices with a resolution range of 0.05–10 cm have
proven to be effective in accurately characterizing vegetation structure and urban geome-
try [76], while their ability to acquire 3D point cloud data remains unaffected by time and
weather constraints [77]. In these studies, GIS (geographic information system) processing
of the obtained 3D point cloud information can facilitate the construction of hemispherical
photography for calculating the canopy projection scale (Figure 17). The use of LiDAR tech-
nology for constructing hemispherical photography enables the acquisition of vegetation
canopy information such as LAI (leaf area index) and SVF without being dependent on
specific light environment conditions. This approach allows for precise quantification of the
cooling effect resulting from vegetation shading and facilitates an assessment of localized
solar radiation availability and cooling impact [18]. Despite its relatively high cost, LiDAR
technology has demonstrated its accuracy advantage in characterizing vegetation canopy
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morphology [18], urban geometric morphology [78], and radiation environment [79] when
applied in OTC studies.
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3.6. Mobile Measuring Platform

Mobile surveying requires a range of mobile surveying platforms, including drones,
unmanned vehicles, and homemade equipment delivery platforms. Among these options,
drones are the most utilized tools for mobile measurement platforms. They can capture
millimeter-resolution images by flying at low altitudes (~150 m) and can also achieve precise
measurements of specific urban physical environments by utilizing different sensors [80].
The freedom and flexibility of drone flight enable data collection at various altitudes
and locations, allowing for more comprehensive and accurate environmental information
across the vertical gradient of the city [81]. In OTC studies, unmanned delivery platforms
represented by drones serve as high-performance carriers equipped with high-resolution
cameras [4], spectral sensors [82], LiDAR sensors [83], and temperature and humidity
sensors [81]. These capabilities facilitate the acquisition of environmental data to construct
hemispherical photography.

Street View images can serve as a passive mobile measurement method in outdoor
thermal comfort studies. As raw data is collected via the mobile measurement tools of
map service providers, this approach offers notable advantages such as low cost and
high efficiency. However, it also faces limitations due to the delayed updates and limited
coverage of Street View images [84].

Overall, compared with traditional methods, the mobile measurement platform, as a
type of transportation equipment, not only broadens the application scope of traditional
tools for hemispherical photography but also offers advantages such as low cost and
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significantly enhances the breadth and efficiency of information acquisition. However, due
to varying measurement conditions among different sensors, issues such as insufficient
measurement accuracy and inter-device compatibility remain [85]. Non-transient probes
typically require sufficient response time to achieve relatively accurate measurements,
whereas current mobile measurement platforms, exemplified by drones, usually travel at a
constant speed along fixed paths, which may not satisfy the requirements of all sensors
during the measurement process.

3.7. Simulation

In studies on OTC, field measurements often impose limitations on the scale and
efficiency of the research [86]. Simulation software such as Rayman [20], Skyhelios [87],
Envi-met [88], and Grasshopper [4] offer researchers more cost-effective and efficient
options for obtaining hemispheric photography [2]. The method of directly constructing
hemispherical photography in simulation software using digital elevation models [89],
digital ground models [90], and manual 3D modeling techniques [91] presents several
advantages: firstly, it reduces costs and minimizes time and labor requirements [92];
secondly, it is not constrained by environmental conditions, enabling large-scale studies
to be conducted [93]; lastly, it allows for flexible adjustment of parameters and scenarios
while providing immediate validation of study results [94].

However, the simulation software used for constructing hemispherical photography
also has limitations. Firstly, during the modeling process, there is a loss of environmental
information due to model simplification. In particular, accurately rendering vegetation
information in the simulation software proves challenging [32]. Secondly, the accuracy of
simulating atmospheric conditions depends on factors such as turbulence and radiation
model selection and defining boundary conditions. Often, these simulation conditions
need to be adjusted based on field measurement data to enhance their accuracy [2]. Overall,
the simulated acquisition of hemispherical photography serves as an effective complement
to field measurements by providing a cost-effective means for validating and fine-tuning
research outcomes.

3.8. Other Methods

Researchers can utilize software to synthesize multiple ordinary photos into a hemi-
spherical photograph, eliminating the need for specialized equipment and relying solely
on everyday photo devices such as smartphones. This approach significantly reduces the
cost and complexity associated with constructing hemispherical photographs [95]. The
composite photos are primarily created using the open-source panoramic image stitch-
ing software “Hugin”, which offers various geometric algorithms (e.g., orthogonal or
equidistant projection) to project images onto a flat surface and construct hemispherical
photographs [68]. The average similarity between the synthesized hemispherical pho-
tography using “Hugin” software and fisheye lens-based acquisition exceeds 91% [54].
Furthermore, Middel et al. employed the panorama image stitching software “PTGui
12 (Panorama Tools Graphical User Interface)” to stitch thermal imager-acquired images
into a panoramic image, followed by pixel transformation to synthesize thermal imaging-
based hemispherical photography [17]. Li et al. utilized the panoramic image conversion
tool “py360convert” to synthesize aerial images acquired by drones into hemispherical
photography [4]. Overall, although the method of obtaining hemispherical photography
does not necessitate professional fisheye lenses, it still requires post-processing through
image-stitching techniques [96].

When capturing luminance information in the environment, researchers can utilize
the PhotoLux system to construct hemispherical photography based on luminance. The
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optical sensor of the PhotoLux system incorporates a Sigma (Kanagawa, Japan) 4.5 mm
F2.8 EX DC CIRCULAR FISHEYE HSM [97]. Boiné et al. employed the PhotoLux system
to establish the luminance distribution within an individual’s field of view at a pedestrian
scale, which still employs a fisheye lens but enhances the comprehensiveness of acquired
environmental data [28] (Figure 18).
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In economically disadvantaged areas, researchers can utilize the Spherical Densiometer
to obtain hemispherical photography to study canopy density. The device is equipped with
either a convex (Model A) or concave (Model C) mirror engraved with 24 one-quarter-inch
squares on its surface [98]. Ali et al. demonstrated the low-cost advantage of this method
in constructing hemispherical photography for investigating the role of tree canopies in
influencing urban microclimate in India (Figure 19) [99].

3.9. Summary

In recent years, the methodologies for constructing hemispherical images in outdoor
thermal comfort studies have diversified significantly. These methods encompass fisheye
lenses, plant canopy analyzers, Street View images, infrared detection technology, LiDAR,
mobile measurement platforms, and simulation software. Each technique possesses distinct
advantages that enhance both the accuracy and efficiency of data acquisition. Moreover,
these methods cater to a wide range of research scenarios, from microscale to large-scale
applications and from high-precision requirements to cost-effective solutions. To achieve
an optimal balance between efficiency, accuracy, and cost, it is crucial to select appropriate
tools based on specific research contexts (Table 4).
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Table 4. Summary of hemispherical photography construction methods.

Method Brief Introduction Advantages Disadvantages Applicable Scenarios

Fisheye Lens

Ultra wide-angle lenses,
typically with a focal length of
≤16 mm, provide an angle of
view close to or equal to 180◦ to
obtain hemispherical
photography by fixing the
camera horizontally or vertically.

As the most traditional
method, it has been widely
verified in various studies
and has the characteristics
of high precision.

Limited access, only a
small number of fixed
points can be covered,
high time and labor costs.

Suitable for microscopic
research and for recording
detailed environmental
information at
specific points.

Plant Canopy
Analyzer

Automated acquisition of
canopy gap and density
information based on optical
sensors or fisheye lenses, typical
devices such as LAI-2200
and HemiView.

It has a high degree of
automation, which
effectively reduces human
error and is particularly
effective in quantitative
studies of complex
canopy environments.

Expensive equipment,
high investment costs, and
high dependence on
ambient light conditions.

Suitable for complex
environments dominated
by vegetation.

Street View Images

Generation of hemispherical
photography by projection
methods (e.g., isometric
azimuthal projection) using
panoramic mapping services
such as Google Street View.

It is low cost, has wide
spatial and temporal
coverage, contains vertical
dimensions of
information, and is close
to real human perception.

Long image update cycle,
limited coverage in some
areas, only applicable to
specific scenes such as
vehicular streets.

Applicable to urban
microenvironmental
studies, taking into
account both objective and
subjective types
of information.
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Table 4. Cont.

Method Brief Introduction Advantages Disadvantages Applicable Scenarios

Infrared Detection
Technology

Acquisition of infrared radiation
images of objects with thermal
imaging cameras.

It is a non-contact
measurement with high
information density,
allowing direct analysis
of thermal
radiation properties.

Expensive equipment,
specific equipment needs
to be used in conjunction
with a platform (e.g.,
drones), and the precision
of equipment
measurements may affect
experimental results

Applicable to radiation
environment assessment
research at the micro-scale.

LiDAR

Acquisition of 3D Point Cloud
data by laser scanning and
processing into hemispherical
images using GIS tools.

It is extremely accurate,
describes complex urban
geometries and vegetation
patterns, does not depend
on light conditions, and is
highly adaptable.

High cost and complicated
operation. Data
processing is
time-consuming and
requires specialized
technical support.

Suitable for fine-grained
urban geometry
or vegetation
shading analysis.

Mobile Measuring
Platform

Use drones and unmanned
vehicles as vehicles, equipped
with a variety of sensors (such as
cameras, LiDAR, temperature
and humidity sensors) for
data collection.

It is flexible and can cover
data needs at different
heights and locations,
improving the efficiency
of information acquisition
at a lower cost than
traditional methods.

The quality of data
collection is affected by
the stability of the sensors
mounted on the platform,
and the compatibility of
the equipment with the
platform needs to
be considered.

Suitable for large-scale
dynamic environmental
data analysis.

Simulation

Generation of hemispherical
images using modeling tools
(e.g., Rayman, Envi-met) or
digital terrain models.

It is low-cost and does not
require field
measurements. It can
flexibly adjust parameters
to verify and optimize
research results.

Simplified models may
result in missing critical
environmental
information. Accuracy is
dependent on the model
algorithm and initial
condition settings.

Suitable for large-scale
thermal comfort studies.

Others

Compositing hemispherical
images using common photo
stitching software (e.g., Hugin)
or low-cost tools
(e.g., spherical densitometer).

It is low-cost, easy to
operate, requires no
specialized equipment,
and can be widely used in
scenarios where
equipment is scarce or
budget is limited.

Lower accuracy,
dependent on
post-processing quality,
with certain requirements
on image quality and
acquisition conditions.

Suitable for environmental
research in areas with low
precision or economically
backward areas.

4. Construction of Environmental Information Indicators
4.1. Classification of Environmental Information

Among all the studies, the environmental information constructed using hemispherical
photography can be mainly divided into five categories: urban geometry, vegetation, radia-
tion environment, environmental quality, and others. Different environmental information
has different impacts on OTC research.

4.1.1. Urban Geometry

Urban geometry plays a pivotal role in regulating the urban heat balance and
OTC [101]. In outdoor urban environments, various factors such as building height, density,
layout mode, floor-area ratio, H/W ratio, shading measures, and street orientation govern
urban geometry [102,103]. Hemispherical photography offers a comprehensive visualiza-
tion of urban geometry and enables its analysis to establish the relationship between OTC
and urban form. Martinelli et al. employed hemispherical photography to construct an
accurate representation of urban geometry and concluded that increased building height
has a stabilizing effect on OTC [103]. Yan et al., utilizing hemispherical photography, identi-
fied building layout mode as one of the primary factors influencing temperature variations
within cities [104]. Chatzidimitriou et al., through hemispherical photography analysis of
Greek streets, determined that streets oriented along the NW-SE axis were favorable for
summer thermal comfort [105]. Overall, hemispherical photography provides a precise
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and effective means to depict urban geometry in studies related to thermal comfort [106],
serving as a foundation for further analyses.

4.1.2. Vegetation

The vegetation in urban outdoor environments typically comprises street greening
(street trees, shrubs, grass), parks, gardens, forests, and rooftop greening [107,108]. Vege-
tation plays a crucial role in terms of urban OTC [109], with its impact being influenced
by factors such as tree height, canopy width, plant shading, transpiration rate, and leaf
area index [110]. It has been pointed out that vegetation area is a key factor in urban
cooling [111], parks with more regular shapes have better cooling effects [112], and tree
canopy area is more effective in cooling than the number of leaf layers [113].

Hemispherical photography provides a realistic means to gather information on tree
height, leaf density, tree shading effects, canopy overlap patterns, etc., which can be utilized
for conducting detailed analysis of vegetation and OTC. Liu et al. employed hemispherical
photography to analyze tree planting methods and concluded that the layout should
maximize shaded areas while avoiding unnecessary canopy overlap and considering the
planting direction to enhance the cooling capacity of trees [114]. Yang et al.’s study in China
using hemispherical photography revealed that the cooling effect of vegetation gradually
diminishes when the ratio of tree height to building height exceeds approximately 1:2 [115].
Comparing building shade with vegetation shade through hemispherical photography
techniques in Hong Kong demonstrated that vegetation shade has a greater potential
for reducing UTCI (Universal Thermal Climate Index) levels [116]. Stocco et al. used
hemispheric photography to screen solar radiation environments in their study in Argentina
and found that people in urban plazas with a high percentage of green space felt more
comfortable and had a 16% higher percentage of people who felt comfortable under the
same conditions of solar radiation [102].

4.1.3. Radiation Environment

The urban outdoor radiation environment is a crucial component of the urban mi-
croclimate and physical environment, exerting a significant impact on the urban energy
balance and human thermal comfort [117]. This complex radiation environment is typically
influenced by various factors, including direct solar radiation, diffuse radiation, solar
trajectory, atmospheric conditions [118], longwave radiation from urban structures, and the
ground cover in the urban subsurface layer [119]. OTC exhibits substantial variations due
to different seasons, emission sources, and radiation directions [120]. Hemispherical pho-
tography enables the acquisition of ground-level radiation information at varying surface
albedos [121], facilitating analysis of the influence of radiative environments on OTC. Kim
et al. discovered that in low sky view factor (SVF) urban canyons, heat loads experienced
by pedestrians were primarily attributed to radiative emissions from walls and floors [122].
Vieira et al., through hemispherical images captured with a fisheye lens, compared cooling
capacities among different plant species and found that disparities mainly originated from
distinct shading abilities against solar radiation [123].

4.1.4. Environmental Quality

Environmental quality is an objective assessment of the environment based on indi-
viduals’ subjective perception of outdoor spaces, which is influenced by various factors
such as landscape characteristics, built structures, streetscape elements, sky conditions, and
solar exposure [124]. It serves as a metric for human evaluation of environmental quality
that impacts both psychological and physiological aspects of outdoor pedestrian thermal
comfort [104,125]. Hemispherical photography offers a convenient approach to quantifying
environmental quality as it provides a visual field similar to human eye observation [28].
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Kim et al. conducted a statistical analysis using the hemispherical photography method to
assess large-scale spatial environmental quality in Tokyo, Japan, and found that the cooling
effect of greenery improves when it exhibits a more clustered, fragmented, and complex
spatial pattern, indicating a higher environmental quality [124]. Niu et al., after utilizing
hemispherical photography to capture environmental information in Chongqing, China,
discovered that aesthetically pleasing landscapes and well-designed features contribute
to enhanced satisfaction with green spaces. Moreover, high environmental quality not
only mitigates thermal discomfort during summer but also increases people’s frequency of
physical activity [126].

4.1.5. Others

Hemispherical photography also enables the characterization of individuals [48],
temporal variations [28], meteorological conditions [127], seasonal changes [128], and
societal disparities [129] in images, which are environmental factors that have minimal
impact on OTC or are beyond human control.

There are significant variations in the factors influencing outdoor thermal comfort un-
der different climatic conditions. Studies have shown that hemispherical photography can
effectively capture environmental information, but its impact on climatic conditions varies.
For instance, Chen et al. found that under high-altitude cold climatic conditions, using
hemispherical photography to characterize ground surfaces resulted in a less pronounced
improvement in the thermal environment, with even lawns failing to produce a notable
cooling effect [130]. Environmental factors affecting outdoor thermal comfort can differ
markedly between seasons within the same region. Liu et al. employed hemispherical
photography for long-term street observations and discovered that the influence of street
canyon width on solar radiation intensity varies with seasons, being more pronounced
during transitional and cold seasons (September to May) compared to the hot season (June
to August), with a stronger effect observed during colder periods [131].

Hemispheric photography construction methods based on field measurements are
influenced by weather conditions when describing environmental information. The inter-
vening effect of different weather conditions not only impacts outdoor thermal comfort [132]
but also affects the accuracy of measurement instruments [133]. Drach et al. in the UK
collected outdoor environmental data through hemispherical photography under various
weather conditions and found that windy and cloudy conditions diminished the influence
of ground cover on temperature patterns [42]. Tan et al. in China utilized hemispherical
photography to gather vegetation information for both sunny and cloudy days, revealing
that the cooling capacity of trees with high and low sky view factors (SVFs) varied un-
der different weather conditions [134]. Lam et al. in Australia employed hemispherical
photography to assess human visual comfort and discovered that while solar radiation
significantly influences human heat balance, visual comfort also plays a crucial role in
outdoor thermal comfort [135].

Overall, the influence of environmental factors such as climate and weather conditions
on outdoor thermal comfort should not be underestimated. These factors play a crucial
role in determining outdoor thermal comfort in specific situations [136].

4.2. Selection of Environmental Information Indicators

In studies on OTC, environmental information indicators aim to provide a com-
prehensive depiction of human perceptions and sentiments towards the urban outdoor
environment; however, hemispheric photography alone cannot fully capture all aspects of
the environment [137]. Amongst the papers included in this study, hemispherical photogra-
phy was primarily utilized to describe urban geometry, vegetation, radiation environment,
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seasonal climate, and environmental quality. Notably, it was most frequently employed for
depicting urban geometry and vegetation information (Figure 20).
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As depicted in Figure 21, SVF emerges as the predominant and extensively employed
comprehensive index for environmental information across all studies. Moreover, SVF
is widely acknowledged as a key physical parameter influencing thermal comfort in ur-
ban streets [138], with even studies utilizing alternative indicators still incorporating SVF
measurements for comparative analysis [37]. However, despite its comprehensiveness in
characterizing urban form, certain studies have highlighted that SVF alone fails to provide
an accurate depiction of the urban environment [51]. For instance, Song et al. demonstrated
that due to the absence of crucial environmental factors such as airflow, building character-
istics, and vehicular heat emissions within SVF calculations, it is imperative not to overlook
this informational deficiency when describing the urban environment [139]. Furthermore,
Yan et al. emphasized that relying solely on SVF values cannot precisely quantify urban
environmental information; instead, a combination of sky view factor (SVF), building view
factor (BVF), and tree view factor (TVF) should be incorporated to enhance accuracy [104].

In addition to utilizing SVF for synthesizing diverse environmental information,
hemispherical photography can provide numerous specialized indices for characterizing
various aspects of the environment. For instance, vegetation in the environment can
be described using indices such as LAI [35], TVF [10], GPR [140], LAD [141], canopy
density [99], VVF [39], and PAI [123]. Radiation in the environment can be described using
TSF [140], PAR [142], and SunPath [105]. Environmental quality can be assessed through
indices like SVI [143] and GVI [143]. Overall, hemispherical photography enables the
construction of multiple environmental information indices to achieve a comprehensive
depiction of urban environments (Table 5) [144].
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Table 5. Environmental information indices obtained using hemispherical photography.

Abbreviation Environmental
Information Indices Brief Introduction Number of

Studies
Environmental
Information

SVF Sky view factor

SVF is a dimensionless parameter that represents the
proportion of the overlying hemisphere occupied by an
open sky at any point in a given location. Some other
derived metrics are included (Such as Horizontal SVF
and Park SVF).

126
urban geometry,
vegetation, radiation,
environmental quality

LAI Leaf area index LAI is a dimensionless metric to quantify leaf density
and complexity in the vegetation canopy. 18 vegetation, radiation

SP Sun path The path of the sky through which the sun rises from
the horizon until it sets again. 15 radiation

TVF Tree view factor

TVF is used to characterize the shading coefficient of a
tree canopy. It references the concept of SVF, which is
the proportion of the overlying hemisphere occupied by
the vegetative canopy. Some other derived metrics are
included (Such as the SVF and Vegetation view factor).

13 vegetation,

BVF Building view factor

The BVF is used to characterize the visual accessibility
of a building’s surfaces, and it references the concept of
SVF, which is the proportion of the overlying
hemisphere that is occupied by the building’s surfaces.
Some other derived metrics are included (Such as SVF
building and artificial material view factor).

9 urban geometry

GVI Green View Index GVI is used to quantify the distribution and density of
green vegetation in a given area. 5 vegetation, environmental

quality

LAD Leaf area density
LAD is used to characterize the total leaf area of
vegetation per unit volume and provides more detailed
three-dimensional spatial information compared to LAI.

4 vegetation, radiation
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Table 5. Cont.

Abbreviation Environmental
Information Indices Brief Introduction Number of

Studies
Environmental
Information

SD Sunshine duration SD is the length of time that direct solar radiation
reaches the ground in a given period. 4 radiation

TSF Total site factor

TSF refers to the ratio of radiation received under the
canopy to that received above the canopy on an average
daily basis and is used to quantify the incident
radiation that penetrates the obstruction and is a
composite parameter that integrates spatial geometry,
vegetation, solar trajectory, and the intensity and timing
of solar radiation.

3 urban geometry,
vegetation, radiation

GLR Green Land Ratio

GLR refers to the amount of green plants perceived by
the human eye and is an index of landscape
characteristics that measures the vegetation content of
the spatial environment.

2 vegetation,

GPR Green plot ratio
GPR is used to assess the percentage of green space
(e.g., vegetation and parks) in a city or development
relative to the total floor area or parcel size.

2 vegetation,

/ Luminance
Refers to the light intensity perceived by the human eye,
describing the brightness of a surface or light source in
a specific direction.

2 radiation, environmental
quality

VC Visual Comfort
It is a subjective feeling that refers to the comfortable,
non-fatiguing, non-irritating visual sensation felt by the
human eye under specific light conditions.

2 environmental quality

GF Gap fraction

Refers to the proportion of the area of unobstructed sky
or ground that can be seen through vegetation canopy
or other obstructions in the overlying
hemispheric image.

2 vegetation, radiation

LT Light transmission Refers to the amount of light that penetrates the
tree canopy. 2 vegetation, radiation

SVI street view indicator A composite metric that combines multiple metrics to
describe streetscape information. 2

urban geometry,
vegetation, radiation,
environmental quality

GSF Green space factor

An index used to assess the quantity and quality of
green space in an urban or built environment is usually
described in terms of the proportion of green space
visible in the field of view.

1 vegetation, environmental
quality

LGR Leaf gap ratio LGR is commonly used to describe the ratio of gaps
between leaves in a plant leaf arrangement. 1 vegetation, radiation

CD Canopy density The CD is an index that describes the degree to which
the tree canopy covers the ground in a forest. 1 vegetation, radiation

PAR photosynthetically
active radiation

PAR is the energy of light in the spectral range of
wavelengths between 400 and 700 nanometers. 1 vegetation

PAI Plant Area Index

It is an index used to describe the ratio of the total area
of leaves or other photosynthetic organs in a plant
population to the surface area, similar to the leaf area
index (LAI), but PAI can be more widely applied to
include other plant parts besides leaves.

1 vegetation, radiation

SF shadow factor

A measure that describes the degree of shading of a
surface, that is, the proportion of direct solar radiation
received by the surface reduced due to the presence of
surrounding obstacles.

1 radiation

TC tree cover
The total area of tree branches and foliage projected on
the ground as a proportion of the total area of the study
area is usually expressed as a percentage.

1 vegetation

ST surface trait Refers to characteristics such as surface material, color,
and scale. 1 environmental quality
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4.3. Construction of Environmental Information Indices

Hemispherical photography, as an objective recording of image data of the envi-
ronment, usually requires the processing of images with the help of different software
tools or artificial intelligence algorithms, which are used to realize the construction of
environmental information indicators.

4.3.1. Construction of Environmental Information Indices Based on Traditional Software

As depicted in Figure 22, among all the studies, the Rayman software developed
by Matzarakis et al. in 2000 remains the most extensively employed comprehensive tool
for hemispherical photography processing. In terms of describing vegetation-related
environmental information, WinSCANOPY and plant canopy analysis are relatively more
prevalent. In recent years, with the rapid advancement of OTC studies employing Street
View images, algorithmic programming tools such as machine learning have gradually
gained acceptance among researchers.
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In general, when constructing environmental information indices using hemispherical
photography in OTC studies, it is crucial to consider not only the quantification ability of
different tools for visual information of the environment but also the study’s purpose and
specific environmental characteristics. Selecting appropriate software is essential to enhance
the accuracy of environmental descriptions. While generalized and comprehensive indices
and their construction tools are commonly employed, researchers in specific environmental
fields and with distinct research objectives also appreciate specialized indices and tools
that offer higher accuracy.

4.3.2. Construction of Environmental Information Indices Based on Artificial Intelligence

In the past decade, artificial intelligence (AI) and algorithmic programs have been
increasingly utilized in hemispherical photography-based outdoor thermal comfort re-
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search to construct environmental information indices. Specifically, algorithms such as
“DeepLab” [32], “PSPNet” [131], “SegNet” [124], “SegFormer” [143], and other widely used
semantic segmentation models from the field of computer vision have been employed to
classify and annotate hemispherical photographic images, thereby enabling the automated
construction of relevant environmental information indicators. Despite AI’s current lim-
ited adoption (11%), its demonstrated high efficiency and accuracy in processing large or
continuous datasets make it a promising direction for future research.

In 2017, Liang et al. introduced a method for automatically extracting sky view
factors (SVFs) from Google Street View images using the SegNet deep learning model [86].
Since then, AI has increasingly been applied to passive mobility measurement research,
particularly in studies utilizing Street View imagery. Gong et al. developed a PSPNet-based
approach for classifying and recognizing image information from Google Street View,
subsequently generating hemispherical images and extracting SVF, TVF, and BVF [145].
Zeng et al. created a sky region detection tool using Python and OpenCV [146], while Xia
et al. employed DeepLabV3+ for classifying and analyzing Street View images [147]. The
majority of studies leveraging Street View images have utilized AI techniques to enhance
both efficiency and accuracy. Given AI’s superior performance in big data processing, it
has demonstrated strong adaptability in active mobile measurement studies conducted
on mobile platforms. Song et al. proposed an environmental information acquisition
method based on deep learning for hemispherical photography [39]. Li et al. developed a
drone-based measurement method combined with algorithmic procedures for constructing
environmental information [4]. Zhong et al. introduced a machine learning model to
improve the accuracy of acquiring urban microscale environmental data via drones [148].
Additionally, Witzmann et al. developed an algorithm to optimize LiDAR modeling for
sub-canopy solar radiation analysis [149].

Overall, the current application of artificial intelligence in outdoor thermal comfort re-
search utilizing hemispherical photography primarily achieves efficient and high-precision
processing of large volumes or continuous image data by incorporating semantic segmenta-
tion models. This approach automates relevant processes, thereby significantly enhancing
the accuracy and efficiency of constructing pertinent environmental information.

5. Discussion
5.1. Transformation in Hemispheric Photography Construction Methodology

Among the 142 papers included in this study on hemispherical photography construc-
tion methods, 107 opted for acquiring hemispherical photography through a fisheye lens.
Using a fisheye lens remains the predominant approach for constructing hemispherical
photography; however, more studies now employ other tools to capture more comprehen-
sive information (Figure 23). These novel approaches often enable simultaneous acquisition
of multiple environmental parameters or facilitate easier data retrieval. Plant canopy ana-
lyzers offer efficient means for vegetation characterization and automated data processing
under various weather conditions [57]. Infrared detection techniques can differentiate be-
tween longwave and shortwave radiation, providing accurate characterization of radiative
environmental information [17]. LiDAR techniques allow for modeling complex structures
such as trees [18], while the PhotoLux system enables precise acquisition and visualization
of environmental brightness information [28]. Additionally, the Blue IR filter is employed
with the fisheye lens to replace the camera’s hot mirror and capture dual-wavelength
images, thereby obtaining more extensive environmental information [31].



Buildings 2025, 15, 123 27 of 40

Buildings 2025, 15, x FOR PEER REVIEW 28 of 42 
 

process of constructing a simplified model encounters limitations such as inadequate ac-
curacy in simulating atmospheric conditions and incomplete model information [92]. In 
recent years, only 13% of the studies have exclusively utilized hemispherical photography 
simulation software, with the majority employing it as a cost-effective approach to vali-
date spatial optimization strategies. 

 

Figure 23. Trends in non-fisheye lens methods. 

Due to constraints in time and labor costs, the application of fisheye lens-based hem-
ispherical photographic construction methods is typically limited to a few fixed points, 
resulting in short periods and small spatial scales [150]. In the past, this issue was ad-
dressed by employing simulation software to simulate large-scale spaces over extended 
periods. However, the simplified model used during the modeling process lacked infor-
mation, leading to inaccuracies and deficiencies [2,32]. To acquire more precise infor-
mation regarding large-scale urban environments, there has been a significant increase in 
papers focusing on mobile measurements for extensive field studies on OTC (Figure 24). 

 

Figure 24. Trends in mobile measurement methods. 

Figure 23. Trends in non-fisheye lens methods.

The utilization of simulation software for acquiring hemispherical photography, as a
widely adopted conventional approach not constrained by physical environmental condi-
tions, offers the advantages of cost-effectiveness and high efficiency. However, the process
of constructing a simplified model encounters limitations such as inadequate accuracy in
simulating atmospheric conditions and incomplete model information [92]. In recent years,
only 13% of the studies have exclusively utilized hemispherical photography simulation
software, with the majority employing it as a cost-effective approach to validate spatial
optimization strategies.

Due to constraints in time and labor costs, the application of fisheye lens-based hemi-
spherical photographic construction methods is typically limited to a few fixed points,
resulting in short periods and small spatial scales [150]. In the past, this issue was addressed
by employing simulation software to simulate large-scale spaces over extended periods.
However, the simplified model used during the modeling process lacked information, lead-
ing to inaccuracies and deficiencies [2,32]. To acquire more precise information regarding
large-scale urban environments, there has been a significant increase in papers focusing on
mobile measurements for extensive field studies on OTC (Figure 24).

Mobile measurements can be broadly classified into active and passive approaches.
Active mobile surveying involves the researcher personally acquiring continuous hemi-
spherical photography or video using mobile surveying platform tools such as drones,
bicycles, carts, etc., which enable rapid movement in urban spaces. This method can
be complemented by emerging technologies like infrared detection and LiDAR technol-
ogy. Equipping corresponding sensors on the mobile surveying platforms facilitates the
acquisition of more comprehensive environmental information.

On the other hand, passive mobile measurement typically relies on Street View images
obtained directly by researchers to gather large-scale urban environmental data. While this
approach is cost-effective and highly efficient since it utilizes original information acquired
from map service providers through mobile measurement, it is limited by delayed updates
of Street View images themselves and restricted coverage areas. Consequently, these
limitations somewhat impede the timeliness of constructing hemispherical photography
through passive mobile measurement as well as its applicability [84].



Buildings 2025, 15, 123 28 of 40

Buildings 2025, 15, x FOR PEER REVIEW 28 of 42 
 

process of constructing a simplified model encounters limitations such as inadequate ac-
curacy in simulating atmospheric conditions and incomplete model information [92]. In 
recent years, only 13% of the studies have exclusively utilized hemispherical photography 
simulation software, with the majority employing it as a cost-effective approach to vali-
date spatial optimization strategies. 

 

Figure 23. Trends in non-fisheye lens methods. 

Due to constraints in time and labor costs, the application of fisheye lens-based hem-
ispherical photographic construction methods is typically limited to a few fixed points, 
resulting in short periods and small spatial scales [150]. In the past, this issue was ad-
dressed by employing simulation software to simulate large-scale spaces over extended 
periods. However, the simplified model used during the modeling process lacked infor-
mation, leading to inaccuracies and deficiencies [2,32]. To acquire more precise infor-
mation regarding large-scale urban environments, there has been a significant increase in 
papers focusing on mobile measurements for extensive field studies on OTC (Figure 24). 

 

Figure 24. Trends in mobile measurement methods. Figure 24. Trends in mobile measurement methods.

5.2. Transformation of the Process of Constructing Environmental Information Indices Based on
Hemispherical Photography

The role and significance of hemispherical photography in the construction of envi-
ronmental information indices is transforming in all studies. Presently, 18% of all papers
employ hemispherical photography solely as a comparative tool to validate the accuracy
of modeled environments, no longer actively participating in the process of constructing
subsequent environmental information indices. Furthermore, there is a declining trend in
the proportion of studies that provide comprehensive descriptions or visual representa-
tions (such as images) of hemispherical photography and its acquisition methods, with an
increasing number opting to utilize hemispherical photography exclusively to construct
environmental information indices without providing detailed explanations (Figure 25).
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In constructing indices for environmental information, 88% of studies develop at least
one comprehensive index represented by the SVF. The SVF was initially devised by Steyn
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in 1980 based on fisheye lens images [151], and a simplified computational approach was
subsequently introduced by Chapman et al. in 2001, which is currently the most widely
adopted method [152]. While SVF offers advantages such as broad applicability and quick
computation, it has gradually revealed its limitations in describing urban environmental in-
formation as research on OTC deepens [51]. Furthermore, the traditional generalized index
represented by SVF fails to adequately consider subjective environmental information cap-
tured through hemispheric photography. Nikolopoulou and Steemers discovered that only
50% of variations in outdoor pedestrian thermal sensation could be explained by objective
environmental parameters in studies on OTC, highlighting how outdoor environmental
quality influences individuals’ perception of thermal comfort [153]. A Brazilian study
demonstrated significant statistical differences in respondents’ thermal sensation ratings at
locations with similar SVFs but varying morphological characteristics [27]. Manavvi et al.’s
research conducted in India further revealed that human subjective perceptions of visual
elements such as architectural proportions, materials, colors, lighting, and landscaping
components significantly influence OTC. However, some studies have also indicated that
solely considering subjective environmental factors does not accurately capture changes in
OTC [154]. Overall, while objective physical factors predominantly govern OTC, the impact
of subjective psychological factors on this aspect cannot be disregarded; thus, effective
development of environmental information indices necessitates a comprehensive depiction
of both objective and subjective environmental information [138].

In all the studies, while almost all of them employed hemispherical photography to
construct objective environmental information indices, there has also been a significant
increase in the number of studies that have utilized subjective environmental information
indices based on pedestrian perspectives in recent years (Figure 26). Hemispherical photog-
raphy serves as a tool for subjectively expressing the real environment from a pedestrian’s
viewpoint. Its field measurements and image properties closely approximate those of
human vision and enable effective quantification of subjective human perception regarding
visual and psychological factors [155]. This previously challenging task of quantifying
the interaction between visual and thermal sensations holds important implications for
researchers and urban planners [135].
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subjective thermal sensations at the micro-scale level [37]. Hemispherical photography,
as a means of describing environmental information, has good accuracy in constructing
objective environmental information indices [31], and at the same time, it has the character-
istics of a viewing angle that is similar to, and slightly larger than, that of the human eye
when measured in the field [28], which gives it significant advantages in quantifying the
visual information of the environment as perceived by human beings and in constructing
subjective environmental information indices.

5.3. Transformation of the Process of Constructing OTC Indices Based on
Hemispherical Photography

In the field of OTC research, there exist diverse definitions of thermal comfort for
the human body. Fanger (1970) defined thermal comfort as a state where all heat inflows
(gains) and outflows (losses) from the body are in equilibrium, taking into account environ-
mental factors and physiological regulation of body temperature within a specific range [6].
Conversely, ASHRAE (2009) defined thermal comfort as “the psychological state of being
satisfied with one’s thermal surroundings”, which considers physical, personal, social,
and psychological factors [12]. Existing indices for assessing thermal comfort are com-
monly classified as objective (based on steady-state heat transfer models, dynamic-based
heat transfer models, and regression models derived from hot and cold environments) or
subjective [156].

In recent years, studies on urban OTC have revealed that while microclimatic parame-
ters primarily influence human OTC through physical environmental factors, non-physical
environmental factors encompassing social, psychological, and personal aspects also play a
significant role [157]. Regarding physical environmental factors, it is essential to consider
human and biometeorological conditions holistically by balancing heat production and
dissipation. This includes considering variables such as human metabolic rate, thermo-
physical properties of clothing, air temperature, average radiant temperature, wind speed,
and relative humidity [10]. Non-physical environmental factors typically involve social
(e.g., academic background and economic level), psychological (e.g., thermal history), and
personal (e.g., age and gender) aspects. Additionally considered are individual factors
like clothing choices and activities, social elements such as companionship and mode of
transportation, psychological aspects including time of exposure (ToE), frequency of visit
(FoV), overall satisfaction levels with the environment’s thermal conditions, and purpose
of visit (PoV) [11].

The utilization of thermal comfort indices in the papers included in the study is
depicted in Figure 27. Objective evaluation indices prevail, being employed approximately
3.2 times more frequently than subjective evaluation indices. However, notwithstanding
the overall, albeit limited, frequency of employment of subjective evaluation indices, there
has been a rapid surge in their acceptance in recent studies from 2022.

Ninety-eight percent of all published studies included at least one objective thermal
comfort evaluation index. Among these, PET, a generalized index primarily used for indoor
environments, and traditional microclimate indices such as air temperature, wind speed,
and radiant flux (Figure 28) were the most commonly employed. However, there has
been a rapid increase in the utilization of specialized indexes like UTCI that have been
specifically developed for outdoor environments (Figure 28). TSV remains the frequently
used subjective evaluation index; however, recent years have witnessed the emergence of
subjective indices such as attendance, PANAS (Positive and Negative Affect Schedule),
MVPA (moderate to vigorous physical activity), etc., which indirectly capture human
perception of OTC.
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surface temperature, ground surface temperature, UVA/UVB, and vapor pressure. Deficit and other
traditional microclimate indices.

Despite the predominant influence of physical environmental factors on OTC, there is
currently no universally recognized index for evaluating this aspect [158]. While existing
thermal comfort indices based on physical parameters and steady-state models have been
extensively studied, they have proven inadequate in accurately describing OTC. Conversely,
dynamic and non-stationary models that closely align with human thermophysiological
parameters exhibit relatively higher accuracy in OTC research [159]. Nevertheless, the
steady-state model remains the primary thermal index employed in practical studies
on OTC. For instance, PET (Physiological Equivalent Temperature), as a comprehensive
index that is computationally straightforward and encompasses a wide range of perceived
temperature sensations or pressure categories [7], has been utilized as an index for assessing
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OTC in over 49% of all studies. However, several studies have demonstrated that PET’s
reliance on a steady-state-based model limits its ability to accurately evaluate dynamically
changing variations in OTC [59].

In the current stage of OTC studies, researchers primarily prioritize the practicality and
versatility of thermal comfort indices over their accuracy. However, combining subjective
and objective thermal comfort indices can usually achieve a comprehensive reflection of
OTC conditions [46].

5.4. Transformation of Urban Space Optimization Strategy Based on Hemispherical Photography

Studies with urban space optimization strategies as their research objectives (41% of
the articles) usually grouped optimization strategies into five categories: urban geome-
try, vegetation, radiation environment, environmental quality, and other related elements.
Hemispherical photography, as a method that integrates objective and subjective environ-
mental information, derives urban space optimization strategies that pay close attention
to the cross-modal balance of human sensory temperature, visual comfort, and thermal
comfort. The data-driven nature of the optimization strategy also motivates urban plan-
ners and urban designers to use hemispherical photography and microclimate models
to accurately measure the impact of vegetation and urban geometry on thermal comfort,
optimize the design parameters, and develop site-specific solutions. Some studies have
further combined artificial intelligence and big data technologies to enable dynamic en-
vironmental monitoring and prediction to improve the adaptability and effectiveness of
optimization strategies.

The urban space optimization strategy derived from hemispherical photography will
regulate all kinds of environmental factors through multi-scale design strategies to build a
human-centered urban space optimization system. In the future, it will continue to develop,
focusing on refined design, data-driven and intelligent design, and urban sustainability
and eco-efficiency.

This study acknowledges several limitations. Firstly, it only reviewed outdoor thermal
comfort studies utilizing hemispheric photography methods from the past decade, poten-
tially overlooking foundational research or significant findings published earlier. Secondly,
the selected literature predominantly focuses on specific urban environments, with limited
coverage of rural and peri-urban areas, which may restrict the global applicability of the
findings. Future research should aim to broaden the scope of subjects to enhance the wider
application of hemispherical photography in environmental monitoring and urban design.

6. Conclusions
This study provided a comprehensive synthesis of the research conducted in the past

decade on the utilization of hemispherical photography for urban OTC studies. Further-
more, it elucidates the evolution of hemispherical photography in this field by comparing
and contrasting various tools and methodologies.

1. Researchers are increasingly concerned about the versatility of hemispherical pho-
tography construction methods rather than solely focusing on their accuracy. In
economically disadvantaged regions, researchers need to pay additional attention to
the cost-effectiveness of hemispherical photography construction. Although the fish-
eye lens remains crucial for constructing hemispherical photography, its combination
with other measurement tools is transforming it from a purely visual image into a
composite image that provides richer information. The utilization of simulation soft-
ware to construct hemispherical photographs is evolving as an affordable approach to
validate spatial optimization strategies;
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2. Motion measurement has been incorporated into the construction methodology of
hemispherical photography, enabling a shift from fixed-point research based on
limited data points to large-scale investigations encompassing entire regions through
the utilization of active mobile measurement tools such as drones equipped with
fisheye lenses and bicycles, as well as passive mobile measurement tools like Street
View images;

3. Among the environmental information indices derived from hemispheric photog-
raphy, the prevailing generalized and comprehensive indices are still represented
by SVF. However, researchers have recognized the limitations of SVF in providing a
comprehensive description of environmental information, leading to the adoption of
a more targeted index;

4. Although most studies have constructed objective environmental information indices,
the use of subjective environmental information indices based on pedestrian perspec-
tives is also increasing rapidly. Hemispherical photography is based on the image
of the approximate field of view range of the human eye obtained from real mea-
surements, which enables it to show its effectiveness and convenience in describing
subjective environmental information beyond other methods;

5. In OTC studies based on hemispherical photography, researchers emphasize the prac-
ticality and versatility of thermal comfort indices rather than their accuracy. Although
objective thermal comfort indices still dominate, the combination of subjective ther-
mal comfort indices can provide a more comprehensive response to the OTC status,
and hemispherical photography has advantages in constructing subjective thermal
comfort indices.

Overall, hemispherical photography remains a critical traditional outdoor thermal
comfort research method. However, future research should focus on enhancing the general-
izability of this method rather than solely emphasizing information acquisition precision,
particularly in economically disadvantaged regions where hemispherical photography
can be conducted conveniently, efficiently, and cost-effectively. Additionally, researchers
should leverage diverse mobile measurement techniques to extend both the temporal and
spatial scope of studies, transitioning from small-scale point-based analyses to broader
regional assessments to enhance study reliability and accuracy. Finally, when constructing
environmental information indicators and screening thermal comfort indicators, greater
emphasis should be placed on the unique advantages of hemispherical photography, which
captures an approximate field of view similar to that of the human eye. This approach can
deepen and broaden the study by developing subjective environmental and thermal com-
fort indicators, ultimately providing more human-centered design strategies for optimizing
urban spaces.
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Abbreviation

OTC outdoor thermal comfort
LAI leaf area index
GIS geographic information system
LiDAR light detection and ranging
SVF sky view factor
TLS terrestrial laser scanning
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