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Abstract

This study investigates how physical alterations of paths, including changes in surfacing and lighting conditions,
impact the behaviour of pedestrians and cyclists. Using drone-based imaging technologies, data were collected
from shared-use paths in two Swedish cities during periods of reduced daylight hours. The study focused on
speed and slalom, examining how these measures varied across different subsets defined by combinations of
physical changes and lighting conditions. The results reveal that both physical alterations and lighting conditions
significantly influence pedestrian and cyclist behaviour. These findings provide valuable insights into the complex
interplay between environmental factors and user behaviour on shared pathways. Understanding how changes
in environmental features influence pedestrian and cyclist behaviour can guide urban planning and infrastructure

design aimed at improving safety and efficiency for all path users.
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1 Introduction

Recently, there has been a significant push to promote
walking and cycling, not only for their sustainability and
health benefits but also for their crucial role in creating
sustainable transportation systems and contributing to
intermodal connectivity [27]. Walking and cycling are
increasingly recognized as inclusive modes of transpor-
tation and valuable tools for enhancing urban resilience
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to pandemics [15]. This highlights the need for adequate
walking and cycling infrastructure. In many countries,
sustainable mobility policies are promoting the role of
walking and cycling facilities separated from motor traf-
fic, such as shared-use paths [10].

Shared-use paths are infrastructure elements designed
to facilitate safe movement for vulnerable road users,
including pedestrians and cyclists, and increase acces-
sibility for motorized traffic. These paths can be cat-
egorized as segregated, with pedestrians and cyclists
separated by a white line, curb, or similar feature, or
unsegregated [10]. Such infrastructural facilities pose
a lower risk of conflicts with motor traffic on road sec-
tions [22, 25]. Despite the focus on promoting increased
walking and cycling through the design of such facilities,
little is known about the effects of their design features
on pedestrian and cyclist behaviour [10].
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Investigating the influence of the physical environ-
ment combined with electric lighting conditions on path
users’ behaviour is crucial for two main reasons: firstly, to
promote safer and more accessible urban environments
[13, 41]; and secondly, to consider their effects on noc-
turnal animals and insects in terms of both sustainability
[18] and energy efficiency [2]. However, further knowl-
edge is needed about the interplay between the physi-
cal environment/outdoor lighting and human behaviour
at a micro-level scale [47], as well as effective methods
to simultaneously assess the impact of these factors on
cyclist and pedestrian behaviour [7, 40].

Collaboration between researchers and practitioners
is vital to address this gap and develop evidence-based
strategies. Hence, there remains a pressing need for
transdisciplinary approaches that prioritize: (i) a thor-
ough understanding of how the physical environment
combined with outdoor electric lighting conditions affect
walking and cycling, regardless of the time of day; (ii)
the effective translation of these insights into practices
tailored to the diverse needs of pedestrians and cyclists;
and (iii) the rigorous assessment of the intended impact
of implemented interventions on pedestrian and cyclist
behaviour.

This study builds upon the previous work of Johans-
son et al, [19] and Yastremska-Kravchenko et al., [47],
who explored video analysis methods and their potential
applications. Johansson et al., [19] introduced the VAMP
(Video Analysis of Microscopic Pedestrian Movements)
method to analyse pedestrians’ microscopic movements
using their lateral position and speed. Their findings sug-
gest that these indicators are affected by changes in the
lighting environment. Yastremska-Kravchenko et al., [47]
expanded the VAMP methodology to include both bicy-
clists and pedestrians in experimental and naturalistic
settings. Additionally, they refined the methodology by
utilizing drones for video data collection, as opposed to
the ground-based cameras used in the original VAMP
application.

The primary objective of this paper is to further extend
this methodological exploration by addressing two key
research questions:

+ How do physical changes to the path, such as
alterations in surfacing and/or lighting conditions,
influence the behaviour of pedestrians and cyclists,
specifically in terms of speed and slalom?

+ How do the observed behavioural changes vary
across different subsets, which combine various
physical environment features and electric lighting
conditions?
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2 Literature review

2.1 Active travel in darkness and safety perceptions
Previous research on urban design features and sustain-
able travel in terms of walking and cycling has largely
explored individuals’ environmental perceptions and atti-
tudes regarding modal choice [16] and pedestrian/cyclist
flow [1, 13]. Most of this research has focused on daylight
conditions, neglecting the fact that cities at high latitudes
experience limited daylight hours during the winter sea-
son. As a result, commuting and everyday transportation
often occur in darkness.

Ensuring that road users are visible to each other is
another crucial component of traffic safety. For instance,
studies have shown that bicycle crashes are more preva-
lent during darkness and twilight hours [5, 31]. Darkness
diminishes visibility, leading to slower reaction times,
higher crash impacts, and an increased risk of single-
cyclist collisions [42]. Beyond objective traffic safety,
darkness severely degrades perceived social safety and
reassurance, acting as a major barrier to active travel [12,
21, 38]. Daylight conditions can yield significant relative
increases in active travel compared to night conditions
at the same time of day [39]. Installing quality outdoor
lighting enhances reassurance, reduces the fear of crime,
and encourages bicycle commuting [14, 33]. However,
public lighting remains only one part of a broader para-
digm shift required in urban design and traffic rules to
prioritize vulnerable road users [6, 35].

2.2 Socio-demographic variations in travel during dark
hours
Decisions to travel in the dark vary significantly across
socio-demographic groups and vehicle types. Women
report higher levels of fear and lower perceived social
safety in dark environments, resulting in substantially
lower odds of cycling or walking in the dark compared to
men [3, 11]. To manage risk, female active travellers often
alter their choices by avoiding isolated infrastructure
(such as unlit cycle highways or parks), choosing longer,
livelier, and better-lit routes, or traveling in groups [3].
Age and trip purpose also dictate low-light behaviour.
Adolescents and young students frequently cycle in the
dark out of necessity (e.g., commuting to school dur-
ing winter mornings), whereas elderly populations show
a markedly lower propensity to travel after dark due to
heightened vulnerability and fear [3, 46]. Route familiar-
ity plays a major protective role; frequent utility com-
muters who know a path well perceive lower risks than
occasional users [3, 24]. Furthermore, modern vehicle
technology influences propensity to cycle in the dark:
users of e-bikes and S-pedelecs are more likely to cycle in
low-light conditions than regular cyclists due to superior
built-in lighting and the ability to accelerate quickly away
from uncomfortable situations [3, 28]. Conversely, sports
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cyclists (e.g., racing bikes) and cargo bike users avoid
dark journeys due to insufficient visibility, high speeds
on unlit paths, or difficulties navigating narrow design
obstacles in the dark [3].

2.3 Physical environment, surfacing effects and path
design

Design features of the physical environment, such as
width, clearance, signage, pavement material and road
markings, along with the built environment and access-
management characteristics, significantly influence
operations and the safety of shared-use paths, including
conflict rates among a variety of users [22]. Vulnerable
road users, particularly cyclists, must maintain sufficient
speed for stability and the necessary space to manoeu-
vre. According to de Groot [9], cycling speeds of between
12 and 20 km/h are ideal for maintaining stability. If the
speed falls outside this range due to poor surface quality,
slope angle, or facility design, instability increases, caus-
ing the bicycle to wobble or slalom.

Under low-light conditions, the interaction between
surface quality and lighting becomes critical. Combina-
tion of poor outdoor lighting conditions and poor pave-
ment quality (uneven surfaces, cracks, potholes, etc.)
or unexpected physical obstacles elevates crash risks
because hazards become difficult to detect [17]. When
visibility of the physical surface is compromised, active
road users modify their micro-level behaviour - adjusting
lateral positions, weaving, or altering speed to maintain
stability and avoid hazards [19, 47]. In addition to elec-
tric lighting, infrastructure features such as clear ground
markings (edge and centre lines), regular maintenance
of adjacent vegetation, and obstacle removal are essen-
tial physical design strategies for maintaining safety and
comfort during dark hours [3].

Understanding how the physical environment com-
bined with outdoor electric lighting conditions during
dark hours enhances safe and comfortable walking and
cycling is essential for effective transportation planning
and management. This entails ensuring that the design
of the physical environment aligns with the needs of path

Table 1 Comprehensive overview of the data collection process
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users, thereby motivating them to utilize outdoor spaces
more frequently and ensuring these spaces are accessible
for longer periods of the year [26].

3 Method

3.1 Study sites and data collection

Video recordings were obtained using drones as a collec-
tion tool. Data were gathered from two Swedish cities,
Linkoping and Lund.

Both cities are medium-sized university-oriented cen-
tres in south-central and southern Sweden, characterised
by relatively compact urban forms and well-established
active mobility cultures. In Linkoping, municipal data
indicate that cycling accounts for roughly 36% of trips
[23], while broader national comparative research
reports combined active transport (walking and cycling)
at approximately 33% of daily journeys across Swed-
ish urban regions [20]. In Lund, cycling is the dominant
travel mode, accounting for approximately 43% of trips
[8], while walking accounts for 12% of municipal trips,
according to the regional travel survey [29].

Data collection targeted shared-use paths in each city,
positioned along key commuter corridors connecting
outer urban areas to the city centres. These paths were
situated between the outskirts and the centres of the cit-
ies and were commonly used for walking or cycling for
commuting purposes. In Linképing, cycling was permit-
ted in both directions. In Lund, however, the path was
arranged as a one-directional cycling path alongside a
designated footpath. The observed sections, captured by
drone cameras positioned at a height of 120 m, spanned
approximately 150 m in length.

There were a total of five data collection periods, with
details provided in Table 1. These collections occurred
during periods characterized by reduced daylight hours
in Sweden, typically from late October to early March,
each encompassing roughly 15 working days at each loca-
tion per data collection period. Video data were recorded
under two distinct lighting conditions: natural daylight
and electric lighting. In total, 353 individual trajectories
of path users were utilised for further analysis.

Location Physical interventions of the path Data collection period Lighting condition ~ Time
Linkdping Baseline November 2019; March 2020 Daylight 07.00-10.00
Electric lighting 17.00-20.00
Intervention 1: October 2021 Daylight 14.00-16.00
wider path, separation line, new surfacing Electric lighting 17.30-20.00
Intervention 2: November 2022 Daylight 14.00-17.00
electric lighting application Electric lighting 1845-21.00
Lund Baseline January-February 2020 Daylight 14.00-16.00
Electric lighting 1830-21.00
Intervention: February-March 2022 Daylight 13.00-16.00
trimmed greenery, new surfacing, electric lighting application Electric lighting 17.30-20.00
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3.2 Path users

This study was conducted based on the movements of
invited participants in an experimental study, who either
cycled or walked along the paths. The participants, stu-
dents aged 18-35 (mean age: 23 years in Linkoping, 22
years in Lund), were recruited by asking students at uni-
versity campuses in Linkoping and Lund. The partici-
pants had self-reported normal eyesight and the recruiter
strove for an equal gender distribution.

3.3 Procedure

Typically, participants arrived at the study locations in
groups of five and received a briefing on the study’s objec-
tives. Additionally, they were informed about adherence
to ethical guidelines for psychological research, such as
those outlined in the Helsinki Declaration. Written con-
sent was obtained from all participants.

Each participant was then instructed to travel along the
path individually as they normally would, either by walk-
ing or cycling, in a single direction, with clearly marked
start and end points within the area of interest. In addi-
tion, they completed a questionnaire regarding their per-
ception of the study environment both before and after
their movement [26].

3.4 Physical interventions on the sites

Between data collection periods, various changes were
made to the physical environment and electric lighting
applications at the study sites. Figure 1 displays views of
the path with implemented interventions at each data
collection period in Linképing.

Figure 2 represents a flow chart of the interventions
of the path. Throughout the baseline period, the studied
pathway was unsegregated, with an asphalt surface, and
lighting provided by Philips SGS 203 luminaires featur-
ing 100 W high-pressure sodium lamps. On the left side
of the pathway was a road, while residential multistorey
buildings bordered the other side.

The first intervention of the path involved new sur-
facing, widening the path, and adding clear segregation
between cyclists and pedestrians in the form of a white
line (see Fig. 3). Worth noting is that the resurfacing of
the path resulted in it being perceived as darker than
before the intervention. The electric lighting application
remained the same as during the baseline period.

Following the second intervention, the surfacing
remained unchanged, but alterations were made to the
electric lighting application. The original lampposts were
reused for the installation of new luminaires, positioned
at the same locations. The newly installed luminaire, a
Schreder/Teceo 1, featured an LED light source.

Figure 4 depicts aerial views of another studied shared-
use path located in Lund, where two data collections
were conducted.
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Figure 5 represents the changes implemented on the
shared-use path in Lund. During the baseline period, the
study site consisted of a segregated cycle and pedestrian
path delineated by a white line painted in the middle of
the path. The cycle path was intended to be one-direc-
tional, with cyclists travelling towards the city centre on
the north side of the roadway and in the opposite direc-
tion on the south side. However, in practice, it was fre-
quently used as a bidirectional path. On the left side of
the path was a road, while trees and bushes bordered
the path on the right side. The path surface was asphalt,
and illumination was provided by Jarnkonst 7455 lumi-
naires equipped with a 150 W high-pressure sodium light
mounted on catenaries 9 m above the roadway, one on
each catenary, approximately 6 m from the edge of the
path.

Following the path intervention, both the surfacing
and electric lighting application underwent changes.
The greenery was also trimmed to increase visibility and
reduce shading on the path. The new pavement surface
was covered with new asphalt, and as in the baseline
period, the segregation between cyclists and pedestrians
was maintained by a white line drawn down the middle of
the path. The new luminaires, Philips BSS562 with LED
light sources, two on each catenary, were installed at the
same locations and height but at a distance of 3 m from
the edge of the path.

3.5 Video processing and trajectory data generation
Before generating trajectories of the microscopic move-
ments of path users for further analysis, each video
recording underwent several processing steps [47]:

« Video stabilization: This step aimed to eliminate
unwanted camera shakes caused by wind.

+ Brightness adjustment: Applied selectively to
recordings under electric lighting conditions, this
process modified the brightness of the image to
enhance the visibility of road users.

+ Video calibration: This involved constructing a
model that correlates the camera image with 3D
world coordinates.

For the first two steps, we utilized the video editing soft-
ware DaVinci Resolvel6 [30]. The third step was executed
using T-Calibration software [34], which utilizes the Tsai
camera calibration model [36]. The intrinsic and extrin-
sic camera parameters for this calibration model were
estimated using a set of calibration points (marked along
both edges of the paths at intervals of approximately
4 m) with known 2D image coordinates (x;, y;) and the
3D-world system coordinates (X, Y,, Z,). Before each
data collection period, these coordinates were measured
using a Leica Builder R200M total station.
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Fig. 1 Drone images of the study site captured during each data collection period under both daylight (left) and electric lighting conditions (right) in

Linképing

After completing all processing steps, the trajecto-
ries of path users were generated and extracted using a
semiautomated video analysis tool, T-Analyst (see Fig.
6). Within the software interface, a wireframe model was
overlaid onto the tracked road user in each video frame.
This procedure was iterated at specified time intervals
or frame counts, yielding a sequence of world positions.
This sequence was utilized to compute the entire trajec-
tory position and speed profile, along with other vari-
ables [34].

For analysis, the first and last 10 m of the trajectory
were excluded to accommodate the additional distance

required by path users to reach optimal speed and then
decelerate before stopping. Subsequently, because the
number of points in each trajectory was significantly
influenced by the road user’s speed, all trajectories
underwent standardization by cropping them at the same
start and end positions and normalization by distributing
equally spaced points (at 0.1-metre intervals) along the
painted separation/middle line of the path. For the base-
line period in Link6ping, in which there was no painted
middle/separation line in the path design, this normal-
ization was connected to the computed middle points
of the path edges instead. Consequently, all normalized
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(° Path width: 3.2 to 4.3 m

*  Surface: asphalt
e Segregation: no segregation

e Luminaries: Philips SGS 203 (100 W high-pressure sodium lamps)
\_ *  Lampposts characteristics: 7T m high, 30 m apart )

INTERVENTION 1

(
*  Pathwidth: 3.9 to 4.6 m

*  Surface: new asphalt surfacing

* Segregation: segregated by a white line
*  Luminaries & Lampposts characteristics: same as baseline

INTERVENTION 2

/

.

*  Path width, Surface & Segregation: same as first intervention
*  Luminaries: Schreder/Teceo 1 (LED, 44 W, CCT: 4000 K)
* Lampposts characteristics: same lampposts and locations

J

Fig. 2 Interventions on the shared-use path in Linkdping

trajectories had an identical number of points with the
same ID number corresponding to the same longitudinal
position along the path. Each point was assigned the X
and Y coordinates and speed value from the nearest point
of the actual trajectory.

3.6 Microscopic behaviour variables

For further analysis, two specific measures were selected:
speed profile and slalom. Speed profiles were depicted
using the median value of each individual trajectory. This
measure was selected for its resilience against outliers,
robustness against changes in the magnitude of values

within the dataset, and tendency to offer a more accurate
measure of central tendency [43, 45].

To assess the extent to which a path user deviated from
a straight line (baseline) while travelling along the path, a
slalom measure was employed. Since the study area is not
entirely straight, using a single baseline connecting the
overall starting and end positions would obscure actual
user behaviour with the natural curvature of the path.

To account for these geometric features, local base-
lines were established using a moving window approach
instead of a global start-to-end line. The path was divided
into moving windows of 20 m, where each point along
the trajectory served as the starting (entrance) point of a
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Fig. 3 Photos of the shared-use path in Linkdping, before (left) and after the first intervention (right)

BaseUne:

Fig. 4 Drone images of the study site captured during each data collection period under both daylight (left) and electric lighting conditions (right) in

Lund

window, and the point 20 m downstream served as the
end (exit) point (see Fig. 7). A straight-line segment con-
necting these two points defined the local baseline.

This 20-metre window was selected based on the path’s
geometry to capture the overall pattern and minimise the
influence of macro-level road curvature and additionally
to isolate micro-level, speed-related lateral fluctuations

and noise in road users’ trajectories. Integrals were sub-
sequently calculated between the actual trajectory and
the local baselines, and the slalom measure was com-
puted as the cumulative sum of these deviations.
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*  Path width: 4.05 to 5.3 m
*  Surface: asphalt

* Segregation: segregated by a white line (painted in the middle of the path)
*  Luminaries: Jirnkonst 7455 (150 W high-pressure sodium lamps)
*  Lampposts characteristics: one luminaire on each catenary

INTERVENTION

*  Path width: same as baseline
*  Surface: new asphalt surfacing

*  Segregation. segregated by a white line (drawn in the middle of the path)
*  Luminaries: Philips BSS562 (LED, 33.5 W, CCT: 3000 K)
\' Lampposts characteristics: two luminaires on each catenary )

Fig. 5 Interventions on the shared-use path in Lund

Fig. 6 Visual representation of generated trajectories along a studied shared-use path: aerial view of the study area with annotated trajectory (above) and
plotted trajectories in relation to the path (below), highlighting separation line (red dashed)

SO .

Entrance Q

20m R
«— —>

Fig. 7 lllustration of the slalom measure showing the actual trajectory
(black circles) and the local baseline (straight line) defined across a 20-
metre moving window

4 Analysis

4.1 Descriptive data

Descriptive analyses of path users’ speed and slalom
behaviour under different lighting conditions before and
after the implemented interventions on both study sites
are presented in Table 2 (Linkoping) and Table 3 (Lund),
respectively.

4.2 Comprehensive ANOVA and post hoc analysis

For the analysis in this study, four distinct data subsets
were created and analysed independently. These sub-
sets were categorized based on the mode of path users
(cyclists/pedestrians) and the study location (Linkoping/
Lund). In addition to the trajectory data (speed and sla-
lom profiles), the subsets also contained information



Yastremska-Kravchenko et al. European Transport Research Review

(2026) 18:74

Page 9 of 16

Table 2 Descriptive analysis of path usersbehavioural variables in Linkoéping

Lighting conditions Baseline Interventions
1: Surfacing 2: EL application
Cyclists Mean Speed (m/s):
Daylight 3.98 452 442
Electric lighting 374 372 433
Mean Slalom (m?):
Daylight 14.60 11.04 11.07
Electric lighting 11.86 11.13 834
Pedestrians Mean Speed (m/s):
Daylight 1.44 147 148
Electric lighting 1.68 1.70 1.34
Mean Slalom (m?):
Daylight 8.31 791 7.79
Electric lighting 6.44 6.82 537
Table 3 Descriptive analysis of path usersbehavioural variables in Lund
Lighting conditions Baseline Intervention:
surfacing & EL application
Cyclists Mean Speed (m/s):
Daylight 418 472
Electric lighting 376 4.59
Mean Slalom (m?):
Daylight 15.82 12.39
Electric lighting 16.35 12.64
Pedestrians Mean Speed (m/s):
Daylight 145 1.38
Electric lighting 1.58 149
Mean Slalom (m?):
Daylight 733 6.55
Electric lighting 7.5 5.01

about two sets of factors (categorical variables): changes
to physical environment features of the path (see Table 1)
and overall lighting conditions (daylight/electric lighting).

Subsequently, to assess significant interactions between
the two factors (changes to physical environment fea-
tures of the path and alterations in lighting conditions)
and examine the individual effects of each factor on path
users’ speed and slalom behaviour (addressed in RQ1),
we conducted a two-way analysis of variance (two-way
ANOVA; [4, 44]). The ANOVA equation is structured as
follows:

DV ~C(IV_1) +C(IV_2)
LCIV_1):CUV_2) ()

where:

+ DVrepresents the dependent variables (microscopic
behaviour variables: speed and slalom).

« IV_1 represents the first independent variable
(physical environment features).

« IV_2represents the second independent variable
(lighting conditions).

The null hypothesis (H,) at a 95% confidence interval
was formulated as follows: there is no significant inter-
action between the two factors (physical changes of the
path (design/surfacing/electric lighting application) and
changes in general lighting conditions (daylight/electric
lighting)), and there is no significant main effect of either
factor on the behaviour of path users in terms of speed
and slalom measure.

The ANOVA results indicate which factors are gener-
ally significant, but they do not specify which pairs of
conditions show significant differences in the speed and
slalom of participant groups. To identify these specific
pairwise differences, a post hoc test was utilized: Tukey’s
honestly significant difference (HSD) test [37].

5 Results
5.1 Linképing study site
5.1.1 Cyclists
The results of the two-way ANOVA for cyclists in
Linkoping are detailed in Table 4.

Based on the ANOVA results, each of the factors (inde-
pendent variables) — the change in the physical envi-
ronment of the path and the general lighting condition
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Table 4 ANOVA results for cyclists' movements in Linkdping

DV v Sum of squares Mean sum of squares p n?
Speed Physical changes 4.56 2.28 <0.01 0.19
Lighting conditions 352 352 <0.01 0.16
Interaction 223 1.12 0.01 0.1
Residual 18.84 0.20
Slalom Physical changes 254.84 22742 0.04 0.09
Lighting conditions 46.51 46.51 0.04 0.09
Interaction 234.19 217.09 0.06 <001
Residual 816.80 28.14
Table 5 Tukey HSD test results for cyclists'movements in Linkdping
Group1 Group2 Physical changes DV Mean Diff 95% Cl p Change
(G2-G1) in %
Baseline (Daylight) Baseline Daylight to EL Speed -0.24 (-0.34,-0.17) 0.01 -9.03
(EL) Slalom —2.74 (-4.78,-0.74) 0.05 -18.77
Baseline (Daylight) Intervention 1 New surfacing, ap- Speed 0.54 (0.20,0.88) 0.02 +13.57
(Daylight) pearance of a separa- - sjgjom -3.56 (-7.00,-0.14) 0.03 -2438
tion line
Baseline Intervention 1 New surfacing, Speed -0.02 (-0.15,0.12) 0.90 -
(ED) (EL) appearance of a Slalom -0.73 (-5.83,437) 0.76 -
separation line
Intervention 1 (Daylight)  Intervention 1 Daylight to EL Speed -0.80 (-1.22,-0.38) <0.01 -17.69
(EL) Slalom 0.09 (-3.44,3.62) 0.74 -
Intervention 1 (Daylight)  Intervention 2 No changes Speed -0.10 (-0.39,0.19) 0.90 -
(Daylight) Slalom 003 (-2.87,2.94) 0.90 -
Intervention 1 (EL) Intervention 2 EL application Speed 061 (0.21,1.04) 0.01 +16.40
(EL) Slalom 279 (-4.53,-1.08) 0.05 -25.06
Intervention 2 (Daylight)  Intervention 2 Daylight to EL Speed —-0.09 (-0.27,0.09) 0.90 -
(EL) Slalom —-2.73 (-3.73,-1.79) 0.05 —24.66
Baseline (Daylight) Intervention 2 New surfacing, Speed 044 (0.07,0.82) 0.05 +11.06
(Daylight) appearance of a Slalom 353 (-5.66,-1.40) 003 -2418
separation line
Baseline Intervention 2 New surfacing, sepa- ~ Speed 0.59 (0.17,1.02) 0.01 +15.77
(EL) (EL) ration, EL application  Sjalom -3.52 (-7.69,-0.39) 001 2967

“‘true (+)’ indicates an increase (Group1 < Group2), while ‘true (=)' indicates a decrease (Group1 >Group2)

— demonstrates a statistically significant effect on both
dependent variables, speed and slalom, as indicated
by p-values below 0.05. Additionally, the results imply
that there is no statistically significant interaction effect
between changes in the surfacing/design of the path and
lighting conditions on slalom.

Table 5 illustrates the pairwise comparisons between
groups for each combination of factors and dependent
variables (speed and slalom) conducted using the Tukey
HSD test.

These findings reveal significant differences in cycle
speed among various factor variations in Linkoping.
Particularly, during the transition from baseline to the
first intervention, after repaving and separating cyclists
from pedestrians with a white line, an increase in bicycle
speed was observed during daylight, accompanied by a
decrease in slalom values. However, this significance was
not observed under electric lighting conditions, where

the lighting application remained the same as during the
baseline period despite the new design and surfacing.

It is noteworthy that while no alterations were
observed in the speed and slalom profiles of movements
during daylight between the first and second interven-
tions, when daylight conditions remained consistent,
there was an increase in speed and a decrease in slalom
during dark hours when the electric lighting application
was changed. For both variables, there was a significant
difference between the bicycle groups during these two
periods. Comparing the outcomes of the recent interven-
tion under both daylight and electric lighting conditions
reveals consistent trends in speed profiles but indicates a
decline in slalom.

5.1.2 Pedestrians

Table 6 presents the outcomes of the same two-way
ANOVA analysis conducted for pedestrians’ movements
in Linkoping. These results suggest that both changes in
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Table 6 ANOVA results for pedestrians’movements in Linkdping
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DV v Sum of squares Mean sum of squares p n?
Speed Physical changes 0.15 0.07 0.01 0.14
Lighting conditions 0.99 0.99 <0.01 0.18
Interaction 0.10 0.05 0.03 0.10
Residual 146 0.01
Slalom Physical changes 38.55 29.28 0.05 0.09
Lighting conditions 3797 3797 0.04 0.10
Interaction 4.90 745 0.06 <0.01
Residual 167.15 17516
Table 7 Tukey HSD test results for pedestrians'movements in Linkdping
Group1 Group2 Change DV Mean Diff 95% Cl p Change
(G2-G1) in %
Baseline (Daylight) Baseline Daylight to EL Speed 0.24 (0.07,042) <0.01 +16.67
(EL) Slalom -1.87 (-3.52,-0.22) 0.05 —22.50
Baseline (Daylight) Intervention 1 New surfacing, ap- Speed 0.03 (-0.14, 0.09) 0.90 -
(Daylight) pearance of a separa-  sjalom —040 (-12.89, 11.49) 0.90
tion line
Baseline Intervention 1 New surfacing, ap- Speed 0.02 (-0.07,0.11) 0.90 -
(EL) (EL) pearance of a separa-  Slalom 0.38 (-9.61,11.86) 0.06
tion line
Intervention 1 (Daylight) Intervention 1 Daylight to EL Speed 0.23 (0.07,0.39) <0.01 +15.65
(EL) Slalom -1.09 (-1.59,-0.60) 0.05 —13.78
Intervention 1 (Daylight) Intervention 2 No changes Speed 0.01 (-0.12,0.10) 0.90 -
(Daylight) Slalom -0.12 (-11.87,10.23) 0.90
Intervention 1 (EL) Intervention 2 EL application Speed -0.36 (-0.61,-0.11) 0.04 -21.18
(ED) Slalom —145 (-1.92,-1.00) <001 -21.26
Intervention 2 (Daylight) Intervention 2 Daylight to EL Speed -0.09 (-0.21,0.22) 0.10
(EL) Slalom —242 (-2.50, 1.50) 0.90 -31.06
Baseline (Daylight) Intervention 2 New surfacing, ap- Speed 0.04 (-0.13,0.09) 0.90
(Daylight) pearance of a separa-  Sjalom -052 (-1045,10.69) 0.90
tion line
Baseline Intervention 2 New surfacing, sepa-  Speed -0.36 (-0.53,-0.21) 0.03 -2143
(EL) (EL) ration & EL application  Sjalom -1.07 (-1.23,-0.90) 0.05 -16.61

“‘true (+)’ indicates an increase (Group1 < Group2), while ‘true (=)' indicates a decrease (Group1 >Group2)

the physical environment and lighting conditions have
significant effects on pedestrian speed and slalom per-
formance. Additionally, significant interaction effects
between these factors were observed for speed.

Table 7 presents the findings of the Tukey HSD test
conducted for pedestrians’ speed and slalom behaviour at
both locations.

The results indicate that there are no statistically sig-
nificant differences between pedestrian groups in both
speed and slalom profiles during all daylight periods.
Additionally, no statistical difference was identified under
electric lighting conditions when only the surfacing was
changed. However, in the comparison of the first and sec-
ond intervention periods under electric lighting, with a
change in lighting application in between, a decrease in
both variables, speed and slalom, was observed. Further-
more, when comparing lighting conditions in general
(daylight to electric lighting), pedestrian speed appeared
to be higher during the baseline and the first intervention

data collection periods under electric lighting. However,
after the change in lighting application, the speed trend
under electric lighting became similar to the daylight
trend.

5.2 Lund study site

5.2.1 Cyclists

The results of the two-way ANOVA for cyclists in Lund
are presented in Table 8.

The ANOVA results show that each of the factors
(independent variables) exerts a statistically significant
impact on both dependent variables, speed and slalom,
with p-values below 0.05. Rejecting the null hypothesis
for both factors highlights their significance as predic-
tors of speed and slalom. Nevertheless, there was no sta-
tistically significant interaction effect observed between
these factors for either dependent variable.

Table 9 illustrates the pairwise comparisons between
groups for each combination of factors and dependent
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Table 8 ANOVA results for cyclists’ movements in Lund
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Table 10 ANOVA results for pedestrians’movements in Lund

DV v Sumof Mean p n? DV v Sumof Mean p n?
squares sum of squares sum of
squares squares

Speed Physical changes 141 141 0.01 0.19 Speed Physical changes 0.06 0.06 006 001
Lighting conditions 041 041 0.05 0.10 Lighting conditions ~ 0.53 0.53 <001 0.8
Interaction 0.00 0.00 0.09 <0.01 Interaction 0.05 0.05 0.05 0.12
Residual 36.75 0.63 Residual 1.08 0.01

Slalom Physical changes 39166 39166 <001 0.21 Slalom Physical changes 36.12 36.12 <001 021
Lighting conditions ~ 17.90 17.90 004 011 Lighting conditions ~ 40.44 40.44 0.01 0.16
Interaction 50.26 50.26 0.17 <0.01 Interaction 3.77 3.77 0.39 <0.01
Residual 58845 2566 Residual 19143 125.08

variables (speed and slalom) conducted using the Tukey
HSD test.

Following the results, notable differences were
observed in both behavioural variables following the
implementation of the intervention, signifying an
increase in speed and a decrease in slalom. The findings
also indicate that during the baseline period, speed pro-
files differed significantly between bicycle groups when
comparing lighting conditions (from daylight to electric
lighting), suggesting that cyclists moved faster during
daylight hours. After the intervention was implemented,
there was no statistical difference between daylight and
electric lighting conditions.

Table 9 Tukey HSD test results for cyclists' movements

5.2.2 Pedestrians

Table 10 displays the results of the same two-way
ANOVA analysis conducted for pedestrians’ movements
in Lund. These findings indicate that both changes in
the physical environment and lighting conditions have
significant effects on pedestrian speed and slalom per-
formance. However, no significant interaction effects
between these factors were observed for either behav-
ioural variable in Lund.

Table 11 presents the findings of the Tukey HSD test
conducted for pedestrians’ speed and slalom behaviour at
both locations.

The results indicate a statistically significant difference
in pedestrian behaviour in terms of both speed and sla-
lom under electric lighting conditions after the imple-
mented intervention. However, the impact of surface

Group1 Group2 Physical changes DV Mean Diff 95% Cl p Change
(G2-G1) in %
Baseline (Daylight) Baseline (EL) Daylight to EL Speed -042 (-0.78,-0.07) 0.05 -10.05
Slalom 0.53 (-2.06,3.32) 0.39 -
Baseline (Daylight) Intervention Trimmed greenery,new  Speed 0.54 (0.07,1.02) 0.04 +12.92
(Daylight) surfacing Slalom -343 (-6.35,-0.49) <001 -21.68
Baseline (EL) Intervention (EL)  Trimmed greenery,new  Speed 0.83 (0.07,1.58) 0.02 +22.07
surfacing, EL application  Sjalom —371 (-6.65,-0.77) 0.03 -22.69
Intervention (Daylight)  Intervention (EL)  Daylight to EL Speed -0.13 (-0.59,0.90) 0.90 -
Slalom 0.25 (-4.16,5.34) 0.90 -
“‘true (+)’ indicates an increase (Group1 < Group2), while ‘true (-)’ indicates a decrease (Group1 > Group2)
Table 11 Tukey HSD test results for pedestrians’movements
Group1 Group2 Change DV Mean Diff 95% ClI p Change
(G2-G1) in %
Baseline (Daylight) Baseline (EL) Daylight to EL Speed 0.18 (0.06,0.31) <0.01 +22.07
Slalom -0.88 (-3.82,3.68) 0.06 -
Baseline (Daylight) Intervention Trimmed greenery,new  Speed -0.07 (-0.12,0.09) 0.90 -
(Daylight) surfacing Slalom ~058 (-341,2.56) 0.17 -
Baseline (EL) Intervention (EL)  Trimmed greenery,new  Speed -0.15 (-0.27,-0.04) 0.05 -9.89
surfacing, EL application  Sjalom -2.15 (-4.18,-0.15) <001 -3006
Intervention (Daylight)  Intervention (EL)  Daylight to EL Speed 0.19 (0.04,0.33) 0.01 +13.77
Slalom 0.15 (-0.70, 1.02) 0.08 -

““true (+)' indicates an increase (Group1 < Group2), while ‘true (=)’ indicates a decrease (Group1>Group2)
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changes on these two variables, which could be analysed
during daylight conditions, was not confirmed as statisti-
cally significant. Additionally, pedestrians were observed
to move faster under electric lighting conditions in both
periods, and they also deviated less after the lighting
application was changed.

6 Discussion

Investigating the interplay between physical environ-
ments and electric lighting conditions is vital to fos-
ter safer urban areas and addressing sustainability
challenges. This dual focus can lead to more informed
decisions that balance human needs with ecological pres-
ervation and energy efficiency.

This study aimed to investigate how physical changes to
paths, including design, surfacing alterations and lighting
conditions, influence pedestrian and cyclist behaviour,
with a focus on speed and slalom. Additionally, it sought
to explore how these behavioural changes vary across dif-
ferent subsets with various combinations of changes in
the physical environment and lighting conditions.

The initial findings of the analysed movements suggest
that path surfacing, when combined with changes in elec-
tric lighting conditions, results in behavioural changes
for both pedestrians and cyclists at both study locations.

At the Linkoping study site, the new surfacing, path
widening, and segregation (indicated by a white separa-
tion line) led to increased bicycle speed and reduced sla-
lom during daytime. These results were consistent with
the comparison of daytime cyclists’ movements between
the baseline and the last intervention on the site, where
daytime alterations remained unchanged compared
to those after the first intervention. These behavioural
adaptations align with findings by Kutela et al,, [22] and
Delaney et al., [10], who noted that continuous, high-
quality pavement markings and dedicated physical clear-
ance reduce user conflicts and improve path operational
efficiency.

However, changes to the path surfacing alone did not
noticeably impact pedestrian behaviour during dark
hours. Despite modifications to the physical environ-
ment, pedestrians maintained their typical patterns
of movement without significant deviation. The new
surfacing, which was darker and less reflective, may
have affected path users’ visibility, potentially mak-
ing cyclists less likely to increase their speed compared
to daytime conditions. This observation corresponds
with prior research indicating that surface contrast and
obstacle detection become severely compromised under
low ambient light, leading active road users, especially
cyclists, to adopt more cautious speed profiles to main-
tain lateral stability [17]. This finding suggests that surface
alterations alone may not substantially alter pedestrian
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behaviour, indicating a level of consistency or adaptabil-
ity in how pedestrians navigate their environment.

Additionally, the implementation of a new electric
lighting application, as part of the latest intervention
(Intervention 2), notably affected pedestrian dynamics.
Specifically, pedestrian speed decreased under the new
lighting conditions, aligning more closely with daylight
trends. This shift in behaviour underscores the significant
role lighting plays in shaping pedestrian movement and
perception of environmental conditions. However, pedes-
trian behaviour is often characterized by a higher degree
of variability compared to bicycle behaviour, posing chal-
lenges in accurately measuring their behaviour using
only quantitative data extracted from video recordings.
Unlike cyclists, who typically adhere to designated paths
or lanes and follow more structured patterns of move-
ment, pedestrians exhibit greater spontaneity and adapt-
ability in their navigation. This variability arises from
factors such as personal preferences, social interactions,
and immediate environmental stimuli. Consequently,
pedestrian movements can appear more unpredictable
[32]. Improving measurement methods by incorporating
qualitative data could enhance the accuracy and compre-
hensiveness of pedestrian behavioural analysis in future
studies.

The interpretation of the slalom measure is crucial, as
the concept of ‘desired slalom’ can vary depending on the
type of path users, such as commuters, tourists, or indi-
viduals cycling or walking for recreation, as well as the
geographical location of paths. When comparing com-
muters or those with job-related tasks (e.g. couriers) to
tourists or recreational cyclists/walkers, it is reasonable
to hypothesize that under optimal physical environment
conditions, the former group might prioritize efficiency,
maintaining a straight trajectory to reach their destina-
tion as quickly as possible. Conversely, under the same
conditions, the latter group might purposefully deviate
from a straight path to engage with the urban environ-
ment or simply enjoy the journey.

For this study, the selection of study sites followed
a specific criterion: paths had to be frequently used for
walking or cycling commuting between the city out-
skirts and the city centre. Therefore, within the context
of a commuting route, a decrease in slalom reflects a per-
ceived improvement in the pathway by path users.

In Lund, the impact of changes to surface conditions
was investigated by analysing behaviour under daylight
conditions. The results suggest that the new surfacing
influenced cyclists’ behaviour, leading to increased speed
and decreased deviations. One possible explanation for
this is that cyclists may perceive the improved surface
conditions as safer, which could prompt them to travel at
higher speeds. This behavioural shift supports the stabil-
ity framework proposed by de Groot [9], where smooth,
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defect-free surfaces allow cyclists to comfortably main-
tain higher cruising speeds within their optimal stability
window (12-20 km/h) without needing to weave or make
corrective steering movements to avoid surface hazards.
However, no statistical difference was found between
pedestrian groups walking on the path under these differ-
ent interventions during daylight.

Under electric lighting conditions, it was not possible
to independently analyse the effects of either surfacing
or lighting conditions during dark hours, as both were
altered during the transition between data collection
periods. Therefore, the results from analysed movements
under electric lighting conditions suggest that surfacing
alteration, combined with changes in electric lighting
conditions, led to an increase in cyclists’ speed profile
and a decrease in pedestrians’ speed, with a reduction
in slalom for both modes of transportation. This finding
echoes the results of the latest intervention in Linkoping.

When comparing movements under daylight and elec-
tric lighting conditions, it was observed that, similar to
Linkoping, the difference in speed and slalom between
the groups under daylight and electric lighting conditions
for cyclists was not confirmed as statistically significant.
However, pedestrians’ speed profile under electric light-
ing conditions increased, while deviations followed simi-
lar trends as under daylight.

Notably, pedestrians and cyclists exhibited contrast-
ing speed trends under daylight and the original elec-
tric lighting conditions Pedestrians tended to move
more slowly during daylight hours while increasing their
speeds under electric lighting, with cyclists behaving
in the opposite manner. This observation aligns with a
previous result from a study conducted by Yastremska-
Kravchenko et al., [47], which investigated the impact of
outdoor lighting on pedestrians’ and cyclists’ speeds. One
possible explanation is that pedestrians might feel less
secure under electric lighting in the evening or at night,
prompting them to move faster to reach their destina-
tion quickly. Conversely, cyclists may reduce their speed
under electric lighting due to impaired visibility, which
makes travelling at high speeds feel less safe compared
to daylight conditions. This behaviour contrast highlights
the different ways lighting conditions can affect the per-
ceived safety and movement patterns of pedestrians and
cyclists.

While the study highlights the significant impact of
physical alterations and lighting conditions on pedes-
trian and cyclist behaviour, making a definitive recom-
mendation for an ‘optimal’ design solution remains
challenging. For example, segregation via a separation
line significantly affected path user behaviour. However,
there is uncertainty about implementation specifics,
such as determining the appropriate width proportions
for cyclists and pedestrians. This segregation could be
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expected to reduce conflicts between path user groups.
On the other hand, dividing the path narrows the dedi-
cated space for both pedestrians and cyclists, potentially
forcing path users within the same group closer together.
In our studied sites, we observed different approaches
to segregation: in LinkOping, the segregated area for
cyclists was wider, whereas in Lund, it was positioned
in the middle of the path. However, it’s unclear if these
decisions were evidence-based or driven by other con-
siderations. Additionally, this study did not address the
technical characteristics of the electric lighting applica-
tion used during the data collection periods. Further
research is warranted to gain a better understanding of
these factors and effectively inform design decisions.

6.1 Limitations and future work

This study utilized trajectories obtained from partici-
pants in an experimental study. In a previous study, Yas-
tremska-Kravchenko et al., [47] found that differences
persisted in speed and lateral positioning between trajec-
tories of experimental participants and naturalistic path
users, despite the participants being instructed to move
along the path as they normally would. This raised the
question of whether informing experimental participants
of the study aims prior to testing could have influenced
their behaviour, potentially biasing the results. However,
in our study, our aim was to observe differences in behav-
ioural trends rather than estimate absolute values. There-
fore, we deemed this dataset suitable for our analyses as
it depicts the movements of individuals within the same
experimental set-up. Nonetheless, it would be valuable
to conduct a similar analysis of naturalistic movements
to determine if comparable behavioural trends emerge
under identical physical interventions of the paths.

For this study, instead of utilizing naturalistic data, we
chose this approach to enable the integration of micro-
scopic behavioural results with participants’ experiences
of environmental interventions on shared walk and cycle
paths in future studies. This integration aims to explore
associations with changes in perceived stimuli, reflect-
ing assessments of upkeep, surface and lighting qualities,
microscopic behaviour, and, to a lesser extent, conceptual
environmental appraisals. These assessments were col-
lected from the same participants using the conceptual
model introduced by Rahm et al., [26] and will be utilized
in a subsequent study.

All the trajectories analysed in this paper were obtained
using a semiautomated tool. However, the time required
for calibrating each drone flight video and generating
trajectories for analysis is a significant limitation, as it
demands a significant number of hours. To streamline
and broaden the application of this method, integrat-
ing automated tracking algorithms would be beneficial.
For the calibration process, it would be helpful to have
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improved calibration markings equipped with reflectors
or lights to simplify the calibration of videos recorded
during dark hours.

The sample sizes used in the analysis may be deemed
somewhat limited, primarily due to the time and labour-
intensive nature of both participant recruitment and
video data processing. Increasing the sample sizes and
automating the collection and processing of video data
would offer significant benefits.

The analysis could also be extended to examine vari-
ous interactions among cyclists and pedestrians on paths
under different physical interventions. However, explor-
ing additional objective parameters is crucial for achiev-
ing a deeper understanding of microscopic behaviours.

Acknowledging its limitations and recognizing areas
for improvement, this analysis provides new insights that
could be valuable for urban planning and infrastructure
design practitioners. These findings can assist in design-
ing safe and efficient shared-use paths that can adapt to
various environmental conditions, thereby promoting
eco-friendly modes of transportation.

7 Conclusion

This study underscores the critical importance of inves-
tigating the interaction between physical environments
and electric lighting conditions to promote safer urban
areas and address sustainability challenges. By focusing
on both human behaviour and environmental impact,
this research provides a foundation for informed deci-
sions that balance the needs of urban users with the goals
of ecological preservation and energy efficiency.

Our research aimed to explore how modifications to
paths — such as changes in design, surfacing, and light-
ing conditions — affect the behaviour of pedestrians and
cyclists, with a specific focus on speed and slalom pat-
terns. Using drone technology, we captured and analysed
video recordings of shared-use path users in Linkoping
and Lund (Sweden) under varying lighting conditions.

The analysis uncovered that pedestrian and cyclist
behaviour is significantly affected by physical alterations
to path surfacing and design, as well as changes in light-
ing conditions. We observed notable differences in speed
and slalom profiles across various combinations of physi-
cal environment and lighting conditions. These findings
may have implications for urban planning and infrastruc-
ture design, offering valuable insights into strategies to
enhance safety and efficiency in urban transportation.

Understanding how different lighting conditions
influence pedestrian and cyclist behaviour enables
urban planners to design public spaces more effec-
tively. Enhancing lighting quality and consistency along
footpaths can enhance pedestrians’ sense of security
and promote steady movement. Similarly, well-lit and
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well-maintained cycling lanes may facilitate safer cycling
speeds.

In conclusion, this study contributes to a deeper under-
standing of the complex dynamics between physical envi-
ronments, lighting conditions, and human behaviour
in urban settings. This knowledge can inform targeted
interventions and policies aimed at creating more adapt-
able, user-friendly, and safer urban environments for all
types of commuters.
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