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RESEARCH ARTICLE

The effect of building typology and visual complexity on stress levels through 
amplitude spectrum analysis
Mirna Zordan , Petrus Jacobus Hermanus Maree , Zixian Lei , Tianze Xie and Seungwoo Je 

School of Design, Southern University of Science and Technology, Nanshan, People’s Republic of China

ABSTRACT  
Building typology shapes the visual structure of streetscapes and may influence stress-related 
physiological responses. This study develops a novel integrative framework that combines 
amplitude spectrum slope (-α) analysis, immersive Virtual Reality (VR), and Heart Rate Variability 
(HRV), indexed by the standard deviation of normal-to-normal intervals (SDNN), to examine how 
scene-level Spatial Frequency (SF) structure relates to physiological stress. Immersive 360° VR 
streetscape scenes were reconstructed for three representative Hong Kong building typologies, 
namely the cantilevered building typology, the super high-rise podium-tower typology, and the 
podium-tower typology. Amplitude spectrum slopes were calculated from video frames, and 
physiological stress responses were assessed using SDNN during three 5-minute exposure 
periods. The results showed significant differences in both α values and SDNN across the three 
typologies. The podium-tower typology exhibited the lowest mean α value (1.1758) and the 
highest mean SDNN (54.39), indicating comparatively lower physiological stress. Notably, this 
typology also produced the α value closest to 1, an SF pattern more consistent with the 
statistical regularity commonly observed in natural scenes. These findings highlight the 
potential of the proposed framework as a novel approach to inform evidence-based design in 
high-density urban environments.
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Introduction

Over the past several decades, urban areas have undergone 
extensive expansion, with high-density zones emerging as 
the predominant form of habitation. Such environments 
are typified by sky exposure, pronounced visual enclosure 
from surrounding built forms, and elevated levels of 
crowding at the neighbourhood scale (Asgarzadeh et al., 
2014; Baum & Weiss, 1987; Hartig et al., 2014). These 
characteristics collectively exacerbate individual stress, 
the chronic accumulation of which is linked to an increased 
incidence of mental health disorders and a consequent 
decline in quality of life (Liu et al., 2015). Accordingly, it 
is imperative to identify and evaluate the factors that modu
late stress responses within high-density contexts.

Among these factors, building typology critically shapes 
both the perceptual and physiological experiences of out
door environments (Lenzholzer & de Vries, 2020; St-Jean 
et al., 2022). Although certain typologies have been associ
ated with enhanced satisfaction and preference, the specific 
contributions of typological attributes such as configur
ation, composition, and spatial arrangement remain 
underexplored, particularly in relation to stress.

Building typology directly informs visual complexity, a 
key perceptual attribute defined by the amount of infor
mation and level of detail present in a scene (Oliva et al., 
2004; Snodgrass & Vanderwart, 1980). Visual complexity 
arises from the interplay of typology, morphological fea
tures, and human activity (Baum & Weiss, 1987), and pro
foundly influences physiological markers of arousal, such 
as heart rate and skin conductance (Harper et al., 2009; 
Tuch et al., 2009). Spatial Frequency (SF) characteristics, 
quantified via the amplitude spectrum slope (-α), offer a 
robust metric for assessing visual complexity in architec
tural imagery (Isherwood et al., 2017). By calculating α 
values for different building typologies, researchers can 
elucidate how variations in building form influence 
environmental perception and stress-related physiological 
responses through the lens of visual complexity.

The amplitude spectrum slope provides a quantitative 
measure of the SF composition of an image, reflecting 
how signal intensity decays with increasing frequency in 
1/fα noise (Spehar et al., 2015). In natural scenes, α typi
cally approximates 1, and deviations from this value 
have been associated with visual discomfort and stress 
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(Field, 1987; Juricevic et al., 2010; Penacchio & Wilkins, 
2015). Through Fourier transformation, streetscape 
images can be translated into spectral representations, 
from which the amplitude spectrum slope can be derived. 
Earlier streetscape studies by Seta and colleagues made 
related attempts to evaluate urban scenes using fluctuation 
theory and Fourier-based descriptors (Seta et al., 2002, 
2003). These findings suggest that amplitude spectrum 
slope is a relevant descriptor of visual structure in built 
environments and a potential basis for examining stress- 
related responses.

Building on this line of work, this study introduces a 
novel hybrid framework that integrates Fourier-based 
amplitude spectrum analysis (1/fα) with HRV-based 
physiological stress in immersive VR environments. 
Utilizing three representative Hong Kong block typolo
gies, this study investigates how variations in building 
typology influence spectral image properties and their 
subsequent impact on human stress responses.

Conceptual background and related work

Building typology and human perception

Previous research has shown that architectural and 
environmental configurations shape human perception, 
comfort, anticipatory experience, and stress responses 
across built settings (Evans et al., 2003; Matsumoto & 
Seta, 1999; Persiani et al., 2021; Ulrich, 1991). In out
door environments, these effects are especially evident 
at the neighbourhood and streetscape scales, where 
building morphology influences how people experience 
enclosure, legibility, comfort, and emotional response 
(Liang et al., 2024; Liu et al., 2015). Building typology 
is therefore not merely a physical description of urban 
form, but also an important factor in shaping how out
door built environments are perceived and experienced.

Among the attributes through which building typol
ogy may influence these responses are enclosure, sky 
exposure, façade articulation, and overall spatial compo
sition (Boubekri et al., 2014; Gao et al., 2025; Liang et al., 
2024). Previous studies have shown that reduced sky 
exposure and highly enclosed urban conditions can 
intensify oppressive experiences, whereas more open 
and visually accessible environments are often associated 
with improved mood, relaxation, and stress recovery 
(Asgarzadeh et al., 2014; Boubekri et al., 2014; Gao 
et al., 2025; Kozaki et al., 2012; Xiang et al., 2021). In 
addition, some studies suggest that façade articulation 
and visual complexity contribute to streetscape appraisal, 
while broader spatial composition may also influence 
affective evaluation and perceived restorativeness (But
tazzoni & Minaker, 2023; Hashemi Kashani et al., 2023; 

Liang et al., 2024). Collectively, these findings suggest 
that building typology and its associated morphological 
attributes play an important role in shaping human 
responses to outdoor built environments.

Visual complexity

Visual complexity constitutes a fundamental dimension 
of perceptual quality and is closely associated with affec
tive evaluations of the environment (Cavalcante et al., 
2014). It influences pedestrian preferences (Ewing, 
2013; Kaplan et al., 1972), relates to perceptions of safety 
and comfort in outdoor settings (Hartig et al., 2014), and 
has been associated with physiological responses during 
visual experience of environments (Tuch et al., 2009). 
In architectural and urban contexts, visual complexity 
also varies with the observer’s distance from built 
elements and contributes to the way environments are 
experienced and interpreted (Ma et al., 2020; Zordan & 
Je, 2024). Taken together, these findings position visual 
complexity as an important perceptual factor through 
which characteristics of the built environment may influ
ence human experience and stress-related responses.

Visual complexity has been associated with various 
quantitative indicators, such as fractals (Jacquin, 1992), 
information entropy (Rigau et al., 2005), and SF (Isher
wood et al., 2017). Seta et al. (2002, 2003) examined dis
order, regularity, and attraction in urban scenes by 
linking streetscape elements with quantitative descriptors 
derived from fluctuation theory and Fourier analysis. 
Cavalcante et al. (2014) further demonstrated that streets
cape complexity can be characterized using local contrast 
statistics and SF-related properties. Building on this line of 
research, the present study treats visual complexity as a 
scene-level property reflected in SF structure.

Spatial frequency and 1/fα noise

Spatial Frequency (SF) characteristics play a central role in 
visual perception because they describe how image infor
mation is distributed across different scales. High spatial 
frequencies correspond to fine details such as edges, con
tours, and textures, whereas low spatial frequencies rep
resent broader luminance variations and larger 
structural forms (Campbell & Robson, 1968; Ellemberg 
et al., 2012; Ginsburg, 1971, 1986). Because visual scenes 
are composed of information at multiple scales, SF analy
sis provides a useful framework for characterizing the 
overall visual structure of built environments.

In image analysis, SF is commonly quantified 
through the spectral slope, or 1/fα relationship, which 
describes how image amplitude decays as frequency 
increases (Bex & Makous, 2002; Celikors & Wells, 
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2022). The relationship can be expressed as:

A(f )/ f − a (1) 

where A(f) represents the amplitude at SF f, and α is the 
exponent governing the rate at which the amplitude 
decreases as frequency increases. On a log–log scale, this 
relationship corresponds to a slope of -α (Bex & Makous, 
2002). The amplitude spectra of many natural scenes 
approximate this power-law form, and images with α values 
close to 1 are often considered statistically similar to natural- 
scene structure (Field, 1987; Penacchio & Wilkins, 2015).

The relevance of this measure is further supported by 
evidence linking amplitude spectrum characteristics to 
visual comfort. Prior studies have shown that images 
whose spectral slopes are closer to those commonly 
found in natural scenes are generally processed more fluen
tly and are associated with lower visual discomfort, whereas 
deviations from this range may induce discomfort and 
stress (Field, 1987; Juricevic et al., 2010; Penacchio & Wilk
ins, 2015; Spehar et al., 2015; Wilkins, 2016). Consistent 
with this view, images with spectral slopes closer to those 
of natural scenes are generally perceived as more visually 
comfortable than images with steeper or flatter slopes (Fer
nandez & Wilkins, 2008; Juricevic et al., 2010; Wilkins, 
2016). Extending earlier Fourier-based approaches to 
streetscape evaluation, the present study uses amplitude 
spectrum slope as a scalar descriptor of scene-level SF struc
ture to examine whether building typologies differ in their 
spectral profiles and whether these differences are associ
ated with physiological stress responses.

Heart rate variability as an indicator of 
physiological stress

Heart Rate Variability (HRV) refers to the variation in suc
cessive heartbeat intervals and is widely regarded as a non- 
invasive indicator of autonomic nervous system function 
(Acharya et al., 2006; Barbieri et al., 2005; Thayer et al., 
2010). Because it reflects the heart’s capacity to adapt to 
physiological and environmental demands, HRV has 
been extensively used to assess stress-related physiological 
responses in a continuous and objective manner (Kim 
et al., 2018; Vigo et al., 2019). This makes HRV particularly 
suitable for examining how different built-environment 
conditions may influence human stress.

Among HRV indices, the Standard Deviation of Normal- 
to-Normal intervals (SDNN) is one of the most commonly 
used time-domain measures of overall autonomic variability 
and has been widely applied in stress research (Acharya et al., 
2006; Kim et al., 2018; Yeom et al., 2021). Lower SDNN 
values generally indicate reduced autonomic flexibility and 
higher physiological stress, whereas higher values suggest 
greater adaptive capacity and recovery potential (Gaertner 

et al., 2023; Kim et al., 2018). Accordingly, the present 
study uses SDNN as the principal physiological indicator 
for evaluating stress responses across different building 
typologies.

Objectives of the present research

Although numerous studies have shown that the built 
environment influences individuals’ environmental per
ception, fewer have examined how different building 
typologies shape SF characteristics of the streetscapes 
and how these characteristics relate to physiological 
stress. This study, therefore, investigates whether differ
ent building typologies are associated with different 
amplitude spectrum slopes and whether such differ
ences are reflected in HRV-based stress responses. In 
this way, the study develops a novel integrative frame
work for examining the relationship between streets
cape visual structure and human stress.

Methods

Overview of research design

This study examines whether different building typolo
gies are associated with differences in scene-level SF 
structure and physiological stress responses. As shown 
in Figure 1, the research combines image-based ampli
tude spectrum slope analysis with an immersive VR 
experiment and HRV measurement. Panoramic street 
scenes representing three Hong Kong building typologies 
were recorded, transferred into VR simulations, and ana
lysed in relation to participants’ SDNN responses.

Environmental stimuli and design

Hong Kong provides a relevant context for this study 
because its compact, high-rise, and high-density urban 
form has generated several distinct building typologies 
in response to land scarcity and development pressure 
(Lau, 2011; Lau & Zhang, 2015). Against this background, 
the study focuses on three representative typologies: the 
cantilevered building typology, the podium-tower, and 
the super high-rise podium-tower (Lau & Zhang, 2015) 
(see Figure 2). These typologies exemplify different archi
tectural responses to urban density and land scarcity, and 
are characterized by distinct morphological features rel
evant to streetscape perception and visual analysis.

Typology A: cantilevered building typology
Prevalent in the 1950s and 1960s, this typology is charac
terized by cantilevered buildings extending over public 
areas (Lau & Zhang, 2015). Typology A, exemplified by 
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buildings along Tung Choi Street in Kowloon, Hong 
Kong, features dense commercial uses on the lower 
floors and residential units above. The distinctive feature 
of these buildings is the setback at the first-floor level.

Typology B: super high-rise podium-tower typology
Emerging after 2000, this typology remains widely 
adopted, distinguished by an expanded podium volume 

and tower heights exceeding 40 floors, culminating in 
super high-rise podium-tower configurations (Lau & 
Zhang, 2015). Typology B, located on Portland Street 
in Kowloon (notably Langham Place), primarily com
prises super high-rise podium-towers. This typology is 
featured by a linear street frontage and a monolithic 
appearance, exhibiting minimal fragmentation at both 
ground and facade levels. It predominantly incorporates 
glass curtain walls that function as merchandise 
displays.

Typology C: podium-tower typology
Emerging in the 1980s, this typology exemplifies Hong 
Kong’s mixed land-use model by vertically separating 
residential and commercial functions (Lau & Zhang, 
2015). Typology C, represented by buildings along Fa 
Yuen Street in Kowloon, consists of a lower podium 
supporting an upper tower. The typology extends line
arly, with the ground floor marked by significant frag
mentation due to numerous commercial tenants. The 
podium is articulated at a pedestrian scale, emphasizing 
a high degree of transparency at street level.

On-site data collection and image processing

The VR stimuli comprised three distinct immersive 
street experiences, each recreated through separate 
360° videos that showcased one of Hong Kong’s selected 
building typologies and corresponding streetscapes: 
Tung Choi Street, Portland Street, and Fa Yuen Street. 
The videos were recorded using an INSTA360 X3 
panoramic camera at a resolution of 5760 × 2880 pixels 
and a frame rate of 30 frames per second. Filming took 
place under overcast conditions, with an average temp
erature of 24.4°C and approximately 79% cloud cover, 
which helped minimize pedestrian traffic and 
distractions.

The 360° videos were deconstructed into individual 
frames at 30 frames per second, yielding a total of 
27,000 images (9,000 frames per building typology). 
To standardize the visual input for amplitude spectrum 
slope analysis, batch-processing scripts were used to 
crop each frame using a fixed vertical field-of-view 
threshold of ±45°, as illustrated in Figure 3.

Amplitude spectrum slope analysis

Images representing the three building typologies were 
processed to estimate the amplitude spectrum slope 
(−α) from their SF distributions. Each image was con
verted from the spatial domain to the frequency domain 
using a Two-Dimensional Discrete Fourier Transform 
(2D-DFT), as illustrated in Figure 4.

Figure 1. The framework of the present study. The image below 
is a keymap of the recorded video materials used in this study, 
illustrating the routes shown in the video.
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Initially, the images were converted to greyscale by 
averaging the colour channels. The pre-processed 
image I(x, y)of size M×N was then transformed into 
the frequency domain using a two-dimensional discrete 
Fourier transform (2D-DFT), as expressed in Equation 
(2):

F(u, v) =
􏽘M− 1

x=0

􏽘N− 1

y=0
I(x, y)e

− i2p
ux
M
+

vy
N

􏼐 􏼑

, 

where u∈[0, M−1] and v∈[0, N−1] denote the fre
quency indices. The zero-frequency component was 

shifted to the centre of the spectrum using the operation 
Fshifted(u, v) = FFTShift(F(u, v)).

Subsequently, the amplitude spectrum A(u, v) was 
computed as the magnitude of the Fourier coefficients, 
defined by Equation (3):

A(u, v) = |Fshifted(u, v)|. (3) 

To mitigate the influence of image aspect ratio on the 
frequency scale, the calculation of the radial frequency 
rk incorporates normalization by the visual angle 

Figure 2. Three building typologies: the cantilevered building typology, located on Tung Choi Street, features cantilevered buildings 
extending over public areas; the super high-rise podium-tower typology, located on Portland Street, is distinguished by tower heights 
exceeding 40 floors; and the podium-tower typology, located on Fa Yuen Street, is characterized by a vertical separation between 
residential and commercial spaces.

Figure 3. Field of View (FOV) during the participant’s experiment: VFOV refers to Vertical Field of View; HFOV refers to Horizontal Field 
of View.
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resolution, as defined in Equation (4).

rk =

����������������������������������������

u − M/2
M

· ux

􏼒 􏼓2

+
v − N/2

N
· uy

􏼒 􏼓2
􏽳

, (4) 

where ux = 120° represents the horizontal field of view, 
and uy = ux · (N/M) denotes the vertical field of view, 
thereby ensuring frequency units in cycles per degree 
(CPD).

The amplitude spectrum was then partitioned into 
logarithmically spaced frequency bins. The mean ampli
tude A̅(k) within each bin k was calculated as follows 
(Equation 5):

A̅(k) =
1

Nk

􏽘

r(u,v)[bink

A(u, v), (5) 

where Nk denotes the number of frequency points 
within bin k. Logarithmic binning was employed to 
accommodate the exponential decay of amplitude with 
increasing frequency.

The mean amplitude values A̅(k) and their corre
sponding bin centre frequencies rk were transformed 
to logarithmic scales. A linear regression model was 
fitted over the frequency range of 0.06–1 cycle per 
degree (CPD) (Equation 6):

log A̅(k) = − a · log rk + c+ ek, (6) 

where − a represents the amplitude spectrum slope, c is 
the intercept, and ek denotes residuals. The slope a was 
estimated via least squares minimization (Equation 7):

a = −

􏽐N
k=1 log rk − log r

̅
􏼒 􏼓

log A̅(k) − log A̅
̅

􏼒 􏼓

􏽐N
k=1 log rk − log r

̅
􏼒 􏼓2 ,

(7) 

where log r
̅

and log A̅
̅

are the means.
All 27,000 images representing the building typolo

gies were analysed following this procedure, as illus
trated in Figure 5. The analysis was conducted on 
the preprocessed images described in Section 3.3. Fre
quency components outside the 0.06–1 CPD range 
were excluded to focus on perceptually salient scales.

VR experiment: data collection and statistical 
analysis

Participants
The required sample size was calculated using 
G*Power with an alpha level of 0.05, an effect size 
(f) of 0.25, a power of 0.80, and a correlation among 
repeated measures of r = 0.65 (de Groot et al., 2021; 
van Ast et al., 2022), resulting in a minimum of 20 

Figure 4. Visualization of spatial domain conversion to frequency domain.
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participants. A total of 27 participants aged 18–30 
were recruited for the VR experiments through a com
bination of online and offline recruitment question
naires. Data from 3 participants were excluded due 
to severe motion sickness, leaving 24 participants for 
the final analysis (Table 1).

To reduce the confounding effects of environmental 
familiarity, participants were required to be unfamiliar 
with the three experimental street scenes (Epstein 
et al., 2007; Scannell & Gifford, 2017). They were 
informed about the study procedure but were not told 
the specific building typologies represented in the 
stimuli. Exclusion criteria included individuals under 
18 years of age, those with diagnosed psychological, 
neurological, or motor disorders, or any conditions 

potentially impairing normal functioning. Additionally, 
exclusion applied to participants currently taking men
tal health medications (e.g. for stress management), 
those prone to severe motion sickness, and individuals 
with visual or auditory impairments (including colour 
blindness), regardless of corrective device use (e.g. 
glasses, lenses, or hearing aids).

Experiment procedure
This study comprises four main processes (S0, S1, S2, 
and S3), three intermission processes (T1, T2, and 
T3), and one additional process (A1), as depicted in 
Figure 6. The workflow of this study is illustrated in 
Figure 7. S0 represents the preliminary phase, which 
involves calibrating the equipment.

S1, S2, and S3 correspond to the three building typol
ogies featured in the experiment: S1 showcases the can
tilevered living quarters represented by Tung Choi 
Street. S2 presents the typology of a super high-rise 
podium-tower on Portland Street. S3 depicts the 
podium-tower typology on Fa Yuen Street. Each of 
these phases is divided into equal 5-minute intervals 
based on the length of the videos from the three exper
imental VR scenes. During the S1, S2, and S3 phases, 
heart rate data were collected to assess subjects’ 

Figure 5. Visualization of amplitude spectrum slope calculation for Typology A: (a) original video frame as seen in the VR headset; (b) 
greyscale conversion of the frame; (c) pixel-brightness map of the greyscale image; (d) frequency-domain representation, with colour 
indicating amplitude of each SF component.

Table 1. Demographic characteristics of study participants.

Source
N = 24

Rate (%)Number

Gender
Male 10 41.67%
Female 14 58.33%

Age
≤19 5 20.83%
19–20 3 12.50%
20–21 6 25.00%
21–22 5 20.83%
≥22 5 20.83%

BUILDING RESEARCH & INFORMATION 7



physiological stress while exposed to different building 
typologies (Figure 6).

T1 is a brief intermission for equipment calibration 
and a quick screening check of the participants. T2 
and T3 are intermission phases designed to facilitate 
transitions between the videos with recalibration of 
the equipment, if necessary.

In A1, participants were asked to evaluate their pre
vious exposure to the virtual environments. They also 
reported symptoms such as general discomfort, fatigue, 
eye strain, and dizziness. In addition, one-on-one 

interviews and the collection of feedback from partici
pants regarding potential improvements to the exper
iment were conducted.

An online questionnaire was administered five to 
seven days before the experiment to collect relevant 
background information. This study adhered to the 
World Medical Association Declaration of Helsinki 
and was approved by the Institutional Review Board 
of the affiliated institution. The experiment was con
ducted in a lab-controlled environment in December 
2023.

Figure 6. Experimental procedure.

Figure 7. Workflow example: 360° video recordings of three street typologies were captured and processed frame by frame to calcu
late amplitude spectrum slope values. Simultaneously, participants immersed in these VR environments wore an Empatica E4 wrist
band to record physiological data, enabling analysis of the relationship between building typology and stress.

8 M. ZORDAN ET AL.



Physiological data collection and analysis
Physiological data were collected using the Empatica E4 
wristband and its integrated sensors. The device was 
worn on the participants’ left wrist, and RR interval 
data were collected using the wristband’s Photoplethys
mography (PPG) sensor, from which HRV metrics were 
derived. In the present study, SDNN was used as the 
principal physiological indicator of stress responses 
across the three building typologies.

HRV data were analysed for the three 5-minute 
exposure periods corresponding to the experimental 
typologies (see Figure 6). Kubios HRV Standard software 
was used to process the RR interval data and calculate 
SDNN values (Tarvainen et al., 2014). No pre-exposure 
baseline HRV measurement was recorded; therefore, 
the physiological analysis focused on relative differences 
in SDNN across the three typology-specific exposure 
conditions rather than baseline-adjusted changes.

Statistical analysis
Standard descriptive statistics were calculated for both 
amplitude spectrum slope (−α) and SDNN across the 
three building typologies. For the image-based analysis, 
one-way ANOVA was used to assess differences in α 
values among the typologies, followed by Bonferroni 
post hoc pairwise comparisons. For the physiological 
data, a Friedman test was conducted to evaluate overall 
differences in SDNN across the three experimental con
ditions, followed by post hoc Wilcoxon signed-rank 
tests for pairwise comparisons. Comparative interpret
ation of α and SDNN was performed at the typology 
level. For each building typology, α values were com
puted frame by frame from the 9000 images extracted 
from the corresponding 5-minute VR video, whereas 
SDNN values were calculated for each participant during 
the corresponding 5-minute exposure period. Thus, the 
two measures were aligned at the condition level rather 
than through frame-level temporal matching.

Results

Amplitude spectrum slope (−α) results

The amplitude spectrum slope (−α) was estimated for 
each frame image based on the log–log relationship 
between SF and amplitude. The resulting α values were 
used for subsequent analyses. Figures 8–10 illustrate the 
variation of α values across the frame sequences, and 
Figure 11 shows their overall distributions for the three 
building typologies. Descriptive statistics of α values are 
presented in Table 2, and inter-group differences were 
evaluated using one-way ANOVA.

The results in Table 2 indicate that the podium-tower 
typology (Typology C) exhibited the lowest average α 
value (1.1758). In contrast, the cantilevered building 
typology (Typology A) displayed a moderate average α 
value of 1.2037. The super high-rise podium-tower typol
ogy (Typology B) demonstrated the highest α value.

A one-way ANOVA was conducted to assess inter- 
group differences in α values derived from images cropped 
using the standardized ±45° vertical field-of-view 
threshold. The results, presented in Tables 3 and 4 and 
Figure 12, demonstrate significant differences in α values 
among the three building typologies (p < 0.05 for all com
parisons). These findings suggest that the three typologies 
exhibit distinct scene-level SF characteristics.

Physiological indicators of stress

Analysis of the SDNN data provided insights into vari
ations in participants’ physiological stress across the 
three building typologies (see Table 2). The Friedman 
test, followed by post hoc Wilcoxon signed-rank tests, 
revealed statistically significant differences among the 
conditions (χ2 = 9.75, p = 0.008). Specifically, the Wil
coxon signed-rank tests showed significant differences 
in physiological stress between Typology A and Typology 
C (Z = −2.11, p = 0.034) and between Typology B and 
Typology C (Z = −2.77, p = 0.006). However, no signifi
cant difference was found between Typology A and 
Typology B (Z = −1.00, p = 0.317). These results indicate 
relatively higher physiological stress in the environments 
of Typologies A and B compared to Typology C.

Typology-level comparison of amplitude 
spectrum slope and physiological stress

Table 5 summarizes the typology-level comparison of 
image-based and physiological indicators. Typology C 
showed the lowest mean α value (1.1758), associated 
with the highest SDNN value (54.39), indicating relatively 
lower physiological stress under the tested condition, 
whereas Typologies A and B showed lower SDNN values. 
Taken together, these results suggest that the typology 
with α closest to 1 was also associated with comparatively 
lower physiological stress. However, because α and SDNN 
were aligned at the condition level rather than through 
frame-level temporal matching, this result should be inter
preted as a cross-condition association rather than a direct 
moment-to-moment correspondence.

Discussion

The results show that Typology C exhibited the α value 
closest to 1 and the highest SDNN, whereas Typologies 

BUILDING RESEARCH & INFORMATION 9



Figure 8. Visualization maps of α values of each frame image across the three street typologies.
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A and B were associated with higher α values and lower 
SDNN. The following discussion interprets these differ
ences from a SF perspective and considers their impli
cations for building typology and relative physiological 
stress.

Podium-tower typology: lower α value and lower 
relative physiological stress

The findings suggest that the podium-tower typology 
(Typology C) was associated with the lowest physiologi
cal stress among the three conditions, as indicated by the 
highest SDNN, and it also exhibited the α value closest to 
1 (mean α = 1.1758). In the present study, α is interpreted 
as a quantitative descriptor of the overall SF structure of 
the scene. From this perspective, the visual composition 
of Typology C appears to be closer to natural-scene stat
istics than that of Typologies A and B.

Compared with the other typologies, Typology C 
combines greater visible sky exposure with a more 
articulated and fragmented street-level façade. Prior 
research suggests that greater sky exposure is associated 
with improved mood and reduced oppression in dense 
urban settings (Asgarzadeh et al., 2014; Chen et al., 
2012; Xiang et al., 2021). A more articulated façade 
with richer visual detail may also be associated with 
greater retention of high-frequency information in the 
scene (Ellemberg et al., 2012; Ginsburg, 1986). In the 

present study, however, these visible features were not 
tested as independent determinants, but are understood 
as co-varying morphological attributes that may jointly 
shape the overall SF structure of the scene.

From the perspective of amplitude spectrum slope, 
Typology C exhibited the α value closest to 1, which is 
also closest to the statistical regularity commonly 
reported for natural scenes (Field, 1987). Because the 
human visual system is considered to be well adapted 
to this type of image structure, scenes whose α values 
approach 1 may be processed more fluently and experi
enced as more comfortable (Field, 1987; Oliva & Tor
ralba, 2001; Penacchio & Wilkins, 2015).

Therefore, the comparatively lower physiological 
stress observed in Typology C is interpreted here as 
being associated with its overall visual-statistical 
configuration rather than with any single feature con
sidered in isolation. Visible sky exposure and façade 
articulation may be attributes that jointly contribute to 
an α value closer to 1 and may be associated, under 
the tested conditions, with a lower stress response.

Cantilevered buildings and super high-rise 
podium-tower: higher relative physiological 
stress

In contrast to Typology C, Typologies A and B were 
associated with higher physiological stress. Typology 

Figure 9. Variation of α values across the frame sequence for each of the three building typologies.
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A showed a moderate α value (1.2037) but the lowest 
SDNN, indicating the highest stress response, whereas 
Typology B showed the highest α value (1.2514) and 
also higher stress than Typology C. Overall, these results 
suggest that typologies whose α values deviate further 
from 1 may be associated with less comfortable percep
tual conditions (Field, 1987; Juricevic et al., 2010).

For Typology A, the dense commercial use at lower 
levels and the compact cantilevered built form may 
have contributed to a stronger sense of visual oppression. 
For Typology B, limited sky exposure and a cleaner, less 
fragmented façade are consistent with its higher α value, 

Table 2. Summary of α and SDNN values for typologies.
Indicates Typology A Typology B Typology C

Average α values 1.2037 1.2514 1.1758
SDNN 48.23 49.60 54.39

Standard Deviation α values 0.0566 0.0496 0.0479
SDNN 13.05 12.12 12.92

Figure 10. Variation of α values for Typology C over time; representative frames are shown at 998-frame intervals.

Figure 11. Distribution of α values for building typologies A, B, and C.
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indicating a relative reduction in high-frequency infor
mation. Prior studies suggest that reduced sky exposure 
in dense urban settings can worsen emotional experience 
and intensify oppression (Asgarzadeh et al., 2014; Xiang 
et al., 2021), while environments with fewer detailed fea
tures tend to exhibit higher α values (Flitcroft et al., 
2020). These observations support the view that different 
morphological attributes may jointly shape the scene- 
level SF structure, rather than acting as isolated determi
nants of stress.

Notably, although Typology B had a significantly 
higher α value than Typology A, no significant SDNN 
difference was observed between them. This suggests 
that the relationship between α and stress may not be 
strictly linear across all typologies. A possible expla
nation is that visual sensitivity to amplitude spectrum 
slope is strongest when α is closer to the natural value 
of approximately 1 and weakens as α deviates further 
from that range (Spehar et al., 2015). In this sense, the 
clearest contrast lies not between Typologies A and B, 
but between Typology C and the two typologies whose 
visual patterns departed further from α ≈ 1.

Design implications and methodological 
contribution

This study investigated the association between building 
typology and relative physiological stress, interpreted 
through amplitude spectrum slope analysis. Under the 
tested conditions, building typologies with α values clo
ser to 1 were associated with comparatively lower phys
iological stress. Rather than implying that α should be 
treated as a direct design target, this result highlights 
the potential value of considering the overall visual-stat
istical configuration of streetscapes in high-density 
urban environments.

From a design perspective, typology-related visual 
attributes, such as visible sky exposure, façade articula
tion, and overall scene complexity, may be relevant to 

physiological stress experience. However, these attri
butes were not independently manipulated in the pre
sent study and therefore should not be interpreted as 
isolated determinants. Instead, the findings support an 
integrated view in which building typology shapes 
scene-level SF structure, which is associated with rela
tive differences in physiological stress.

Methodologically, this study combines image-based 
1/fα analysis with physiological monitoring to provide 
a quantitative way of examining human–environment 
interaction. The results suggest that amplitude spectrum 
slope may serve as a useful descriptor of the visual struc
ture of built environments, while future research may 
extend this framework by testing a wider range of 
urban typologies, incorporating more independently 
measured visual variables, and applying the method to 
other urban contexts, such as historic districts, streets 

Table 3. One-way ANOVA results for α values of images cropped 
at a vertical gaze angle of ± 45 degrees.

Sum of 
squares df

Mean 
square F Sig.

Between groups 26.331 2 13.166 4964.269 ≤ 0.05
Within groups 71.598 26997 0.003
Total 97.929 26999

Table 4. Post hoc test results of α values for images cropped at a vertical gaze angle of ± 45 degrees.
Typology number Typology number (j) Mean difference (i-j) Std. error Sig. Low bound Upper bound

Bonferroni Typology A Typology B 0.0478∗ 0.0008 ≤ 0.05 0.0459 0.0496
Typology C −0.0279∗ 0.0008 ≤ 0.05 −0.0297 −0.0260

Typology B Typology C −0.0756∗ 0.0008 ≤ 0.05 −0.0775 −0.0738

Figure 12. Mean and standard errors of α values for each exper
imental condition. *Statistical significance at 0.05.

Table 5. Summary of Mean α value and SDNN values for each 
building typology.
Conditions Mean α value SDNN results Rank (Mean α value/SDNN)a

Typology A 1.2037 48.23 2/3
Typology B 1.2514 49.60 3/2
Typology C 1.1758 54.39 1/1
aMean α value and SDNN are listed from the highest to the lowest values.
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with greater green infrastructure, or mixed natural– 
built settings.

Limitations and future study

One limitation of the present study is its reliance on 
controlled VR environments and standardized image 
crops, derived from pre-recorded video stimuli, which 
may not fully capture the complexity of real-world 
interactions with building typologies. In addition, the 
amplitude spectrum slope was calculated from standar
dized scene images rather than participant-specific 
visual views. Because autonomic responses may show 
temporal latency following visual stimuli, and because 
SDNN is a window-based HRV measure typically 
derived over several minutes (Shaffer et al., 2020; 
Shaffer & Ginsberg, 2017), the relationship between α 
and SDNN should be interpreted at the typology or con
dition level, rather than as a direct moment-to-moment 
correspondence between visual input and physiological 
response. In addition, specific visual attributes were not 
independently manipulated or quantified in the present 
study, and their individual contributions cannot be iso
lated from the current design.

A further limitation is that no pre-exposure physio
logical baseline was recorded. Accordingly, the physio
logical results should be interpreted as relative 
differences in SDNN across the three typology-specific 
conditions rather than as absolute changes from an 
initial resting state. This also means that potential 
initial-state and carryover effects across the sequential 
exposure phases cannot be fully excluded. In addition, 
this study does not account for subjective factors, such 
as personal preferences or prior experiences, which 
can significantly influence stress responses.

Although SDNN is widely used as a robust physio
logical indicator of stress, it may not fully encompass 
the multifaceted nature of stress, which can also involve 
emotional and behavioural dimensions that were not 
captured in this study. Moreover, the age range of par
ticipants in this study was relatively narrow, which 
limits the generalizability of the findings to broader 
populations.

Future research should adopt a more comprehensive 
approach by combining physiological, subjective, and 
behavioural indicators of stress. In particular, future 
studies could incorporate pre-exposure baseline 
measurements, self-reported stress ratings, and cogni
tive performance tests, as well as participant-specific 
gaze data, to clarify how moment-to-moment visual 
input relates to physiological stress. For questions invol
ving finer-grained temporal coupling, future studies 
may also benefit from higher-temporal-resolution 

measures, such as Electroencephalography, together 
with participant-specific visual data. It would also be 
valuable to include participants from a wider age 
range and to examine how additional environmental 
factors such as greenery, lighting, noise, and social den
sity, interact with scene-level SF structure to shape stress 
responses in urban environments. For example, green
ery and expansive views may alleviate stress caused by 
high visual complexity and promote positive emotions 
(Xiang et al., 2021), while noise or overcrowding 
could intensify stress, even in simpler environments. 
These factors may either mitigate or intensify the phys
iological effects associated with different streetscape 
configurations. Understanding these interactions 
would help inform urban design strategies that combine 
various elements to enhance comfort and reduce stress 
in everyday settings.

Conclusion

This study investigated how building typology is associ
ated with relative physiological stress by integrating 
amplitude spectrum slope analysis with immersive VR 
exposure and HRV measurement. The results showed 
that the building typology with an α value closest to 1, 
which is more consistent with natural-scene statistics, 
was associated with comparatively lower physiological 
stress under the tested conditions. Specifically, the 
podium-tower typology (Typology C) exhibited the 
lowest mean α value and the highest SDNN, indicating 
lower relative physiological stress than the other two 
typologies.

These results demonstrate the value of linking scene- 
level SF structure to stress-related physiological 
responses in the evaluation of urban streetscapes. Rather 
than reducing the effect to any single visual feature, the 
study highlights the importance of the overall visual- 
statistical configuration of building typologies in high- 
density environments. In this sense, the framework 
developed here extends earlier Fourier-based streets
cape research by introducing a new way to connect 
image-based SF analysis with objective physiological 
evidence. This offers a useful methodological basis for 
future research and for evidence-informed urban design 
aimed at healthier and less stressful street environments.
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