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Abstract

Current highway landscape design guidelines focus only on the visual aspect of the landscape. This paper presents a
comprehensive framework for highway landscape planning/design that considers all four senses (vision, sound, touch,
and smell). The framework includes advanced technologies, such as electroencephalograms, electromyograms, galvanic
skin response, and light detection and ranging that are used to evaluate the and physiological aspects of all users (drivers,
pedestrians, and cyclists). In addition, two new elements are included in the framework: landscape consistency and the
pavement as a landscape. The traditional landscape applications (structural features and transportation elements) and
the emerging applications (tunnels, freeways, pedestrian paths, and cyclist paths) are described. Important landscape
considerations, including sustainability, traffic safety, persons with disabilities, and education and research are discussed. The
proposed framework, which reflects emerging developments in China, Europe, and other countries, should be of interest to
highway practitioners involved in highway landscaping design.
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Introduction

The original meaning of ‘landscape’ is mostly of visual
aesthetic significance in eastern and western cultures
[1]. This term is synonymous with scenery, scene, and
view. Following the original meaning of landscape, visual
considerations currently dominate the highway landscape
design. Specifically, current highway landscape guides still
implement the original meaning of visual landscape. In most
guides, the colors are selected in an ad-hoc manner without
carefully considering driver reactions and behaviors.

Although it has been widely acknowledged that vision is
the mostimportant human sense regarding driving activities,
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there is an increasing agreement in this domain that other
human senses may also substantially affect driver states and
behaviors. For instance, as Miao, et al. [2] reported, listening
to slow-tempo music during driving may offer benefits to
novice drivers’ hazard perception without increasing their
mentalload, which implies that the sound sense is also related
to driving safety. Similarly, the touch and smell senses also
affect driver behaviors in specific manners. Therefore, other
human senses and vision should also be incorporated into
the highway landscape design. Some emerging applications
have considered the effect of associated landscape features
(e.g., sound and smell). However, a comprehensive highway
landscape process considering different human senses and
emerging technologies is currently lacking.
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As multiple human senses are considered, highway
landscape design will become a more comprehensive,
interdisciplinary, and complicated task. Stimulating various
human senses in the physical surroundings can produce
different human experiences [1,3]. Understanding how
physical settings affect human senses and thus human
behaviors is fundamental to conducting appropriate
highway landscape design. For example, color psychology
research has shown that yellow and orange colors help
people feel alert and allow for transparent decision-making.
This finding has important implications for highway safety
and is an example of the recent developments in the modern
highway landscape. Thanks to the advances in technologies,
like electroencephalograms (EEG), electromyograms (EMG),
and galvanic skin response (GSR), it is viable to evaluate
the physiological and psychological effects of the landscape
on the road users. Nonetheless, due to the lack of design
guidance on highway landscape that considers all senses,
many knowledge gaps exist in using current technologies to
optimize highway landscape features.

This paper proposes a highway landscapinge framework
that includes four human senses and design principles and
considers more emerging landscape elements to fill the
existing gaps. The structure of the paper is as follows: (1) a
global historical perspective of highway landscape, (2) the
proposed framework, (3) traditional and emerging highway
applications, (4) important landscape considerations, and
(5) conclusions.

Historical Perspective

The history of landscape design worldwide (U.S,,
Australia, and United Kingdom) has been addressed by
several authors, including Simonson [4], Spooner [5], and
Merriman [6]. In the latter half of the 19th century, landscape
design in the United States started in carriage roads built in
public parks before the automobile invention. Underpasses
were provided for vehicular cross-traffic to achieve greater
comfort for the people who visited the park for enjoyment.
This feature seems to represent an interesting early adoption
of ‘Complete Highways, albeit simplistic. By 1900, the total
world population of horse-drawn vehicles was 50 million,
while the number of motor vehicles was less than 100,000.
By 1930, the situation had reversed, and there were 26
million motor vehicles. As a result, this period signified a
new era in landscape development.

During the first half of the 20th century, roads were
developed as parkways to parallel the growth of motor
vehicles. The early focus was on the design of the parkway
itself to accommodate vehicular traffic. In 1930, a Joint
Committee on Roadside Development was established by
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the American Association of State Highway Officials and
the Highway Research Board of the National Research
Council. The committee’s scope was to plan and conduct
research in all phases of roadside design, construction, and
maintenance that would promote the essential qualities of a
complete highway. At that time, a complete highway meant
consideration of beauty in addition to service, safety, and
economy. One of the main objectives was to better fit the
road into the general landscape of the traversed area. Beauty
meant a harmonious integration of engineering, architecture,
and landscape principles. Essential elements to attain beauty
included conserving stream shores, fine trees, weathered
rock ledges, and similar natural features.

The first formal implementation of roadside
development occurred in 1933, where some demonstrations
were conducted to develop pleasing roadside treatments at
moderate cost. After the war, landscape grading, drainage,
and erosion control were basic requirements in primary
highway construction projects, where sound conservation
practices were encouraged. For more details about the
landscape development before WW2, the reader is referred
to the excellent reviews by Simonson [4] and Nichols [7].

The post-war landscapinge continued to focus on visual
aspects and legislation regarding highway conservation and
protection. Until the 1960s, the sound concept of landscape
started to emerge where the focus was on urban areas such
as parks [8]. Subsequent research has mainly focused on the
relation between the visual aspects of landscape and sound
perception. Studies have addressed how people are sensitive
to specific sounds and their preferences for those sounds [9].

International landscape experiences are generally
similar. However, Australia has entered the landscape
field relatively late, with a background more sensitive to
trailblazing than to roadside development, compared to the
U.S. [5,6]. It is not surprising that Australia and Britain have
adopted many U.S. landscape planning policies. Another
significant difference is that Australia has recognized earlier
the importance of seeding from native plant species (such as
Eucalypts) instead of forestry-type planting. In the U.S,, the
trend of using native plants has started later.

Proposed Highwaylandscapinge Framework

Overall Framework

The proposed highway landscapinge framework is
shown in Figure 1. The framework includes seven elements:
disciplines, design principles, benefits, human senses,
technologies, landscape elements, and users. This framework
differs from the current landscape design guidance in the
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following aspects:

e The human senses include sound, touch, and smell in
addition to vision.

e The design principles explicitly include design
consistency and user comfort in addition to safety,
aesthetics, economic, and sustainability. Safety should
be the overriding principle.

e The disciplines include physiology in addition to civil
engineering, psychology, sociology, and landscape
architecture.

e Advanced technologies, such as electroencephalograms
(EEG), electromyograms (EMG), and galvanic skin
response (GSR), are used to evaluate the effect of the
landscape on the user.

e The framework includes emerging highway elements
(tunnels, pedestrian paths, cyclist paths, and pavements)
in addition to the structural features and transportation
elements.

e All road users (drivers, pedestrians, and cyclists) are
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included in the framework.

Integrating the four human senses into highway landscaping
can bring significant benefits to all road users, including
drivers, pedestrians, and cyclists. Viewing natural highway
landscapes, such as vegetation and water, generally creates
a more substantial positive health effect than viewing
human-made terrains, such as buildings and pavements.
Landscape can promote well-being by improving health,
reducing stress, and providing a sense of peacefulness and
tranquility. Highway landscaping has evolved from being a
civil engineering area in the middle of the 20th century to a
multi-disciplinary field in modern highway development that
involves other disciplines, such as landscape architecture,
psychology, physiology, ecology, sociology.

Specific details on these aspects will be presented in the
subsequent sections on landscape-highway applications. It is
used, however, to describe the four human senses and their
importance in highway landscape design.

Figure 1: Proposed highway landscaping framework.

Human Senses and Behavior

Visual: The visual landscape is traditionally implemented in
highways using vegetation, generally in green color. However,
researchincolor psychologyhas provided helpful information
about the effect of different colors. Color psychology is the
study of the properties of color as determinants of human
behavior [10]. Research has shown that brighter colors (e.g.,
red, blue, and green) help stimulate creativity and energy
levels, while blue promotes calm mental clarity and creative
thinking. Interestingly, researchers found yellow and orange
to help people feel alert and allow for transparent decision-
making. This behavior is vital for safe driving on highways.
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Vegetations with such colors are usually implemented in
highway median and roadside in China. It is also interesting
that a yellow-like light with green foliage at night produces
somewhat yellow vegetation (Figure 2). Highway lights and
tunnel lights are also important landscape features. For
highways, vehicle headlights or natural lights that adversely
affectroad safety can be addressed using proper landscaping.
In tunnels, the combination of color and light would be
necessary to produce a landscape that promotes safety and
well-being for drivers. In general, by using color strategically
and following the basic principles of color psychology, the
desired behaviors can be promoted.
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Sound: Landscaping has been traditionally designed just
for the eyes. However, it is known that sound profoundly
affects people. It affects our brain waves, heart rate, hormone
secretion, emotions, and cognition. Research on the relation
between landscaping and sound has addressed several
aspects that have been helpful in practical applications.
Noise is different from sound. Noise is an undesirable
element that should be controlled, while sound (natural or
human-made) is a desirable element that can be produced
in the landscape. The goal of noise control and sound
production is to promote relaxation, satisfaction, and well-
being in urban areas. Landscapes can be used to reduce noise
directly or indirectly and to produce appropriate sounds.
For direct noise reduction, vegetation has been regarded as
cheaper and more natural to reduce outdoor noise pollution
than human-made materials such as concrete. Landscape
can also be used for indirect noise reduction. An exciting
study by Yang, et al. [11] focused on the ‘psychological noise
reduction’ of visual sensations from the natural environment.
The results suggest that landscape plants can moderate the
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effects of traffic noise by providing excess noise attenuating
effects through people’s emotional processing. This finding
may have applications in urban centers and highway tunnels
commonly shared by motor vehicles, motorbikes, cyclists,
and pedestrians. Research on the relation between landscape
and sound has been conducted in the lab using photos as
a surrogate of the natural landscape and sound recording,
Pheasant, et al. [12]. Other studies addressed the effects of
spatial patterns of landscapes on sound perception ata larger
scale. Matsinos, etal. [13] suggested thatlandscape attributes
mainly shaped spatial sound variability in a coastal rural
area in Greece. Liu, et al. [14] showed that spatial patterns
of urban land use might affect the perception of several
sound categories in a multi-functional metropolitan area
in Germany. The authors also developed analytical models
for the effects of landscape on soundscape perception in
five city parks in Xiamen, China. They explored methods to
incorporate soundscape information into applied landscape
management. These studies would be beneficial for highway
rest areas and associated parks [15].

(a) Median

(b) Roadside
Figure 2: Using yellow/orange colors in landscape in China.

(c)Yellow light effect

Touch: Touch (feeling), closely associated with the emotion
of comfort, is the least studied sense in highway landscape.
The type of materials the eyes see can have a substantial effect
on the human touch. For example, in office design, natural
materials like wood and soft wool textiles in a shag rug are
often associated with a “warm feeling, while materials like
metal can convey coldness. Some designers have advocated a
greater diversity of textures to create a balance (e.g.,, a rough,
reclaimed wood desk with a smooth, even-surfaced chair in
a bright hue). Can a similar concept of touch be implemented
in highway landscapes? The answer is Yes. The elements that
add texture to highway landscapes include concrete/brick
types, artwork (paintings, sculptures, and wallpaper), and
flowers/plants. Some of these elements also apply to tunnel
landscapes. People feel the city through touch every day. The
tactile communication with urban space can be divided into
unpleasant and pleasant. The preferred tactile perception
of people can be divided into three types [16]: protective
contact, comfortable contact, and pleasant contact. However,
good design can break the boundaries between the three
and transform protective contact into comfortable contact or
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even pleasant contact. More and more urban and landscape
designers, sculptors, and engineers are paying attention to
the perception of the protective contact, which has become
one of the key contents of outdoor space design, such as
railings, anti-slip ramps at intersections, covered corridors
on urban streets in subtropical areas, and rest arcades on
urban squares in hot areas. These features are designed to
help people in need to safely pass through, avoid collisions,
and improve comfort.

Smell: The smell sense currently is not part of highway
landscapes, but it has been implemented in landscape areas
such as hotels, retailers, and restaurants. For example,
scents that can help improve memory performance include
cinnamon, mint, lemon, orange, and rosemary. Strategically
placed candles and oil burners can activate these scents.
Recently, researchers started to address the potential of
using smell as part of the environment landscape, including
Perkins and McLean [17], Hanshaw [18], Hanshaw, et al. [19],
and Kang, et al. [20]. Smell is thought to have the potential
to influence emotional state and behavior at an unconscious
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level, without the implicit agreement or knowledge of
the individual. Considering smell in urban environments
presents valuable opportunities to improve the well-being
of the highway users. Considering smell in urban design
practice presents valuable opportunities for practitioners
to potentially improve the physiological and psychological
state of the highway users. How to incorporate smell into
highway landscape effectively is a challenge. It is possible to
start incorporating smell at strategic highway facilities, such
as pedestrian facilities and bridges, cyclist routes, bus stops,
and transit stations.

Landscaping Consistency Concept

The design consistency concept has been applied to
horizontal highway alignments, combined three-dimensional
alignments, and cross-sections, see Transportation
Association of Canada [21], Chaudhari, et al. [22], and Easa
and Mehmood [23-25]. A similar design consistency is
proposed here for landscaping design. Landscape design
consistency should focus on two aspects: overall consistency
and rural-urban transition.

Overall Consistency: Landscape design consistency implies
that landscaping should be applied to the entire highway
facility, including traditional elements, intersections,
roundabouts, tunnels, and bridges. Different highway
classes should have their unique landscape characteristics.
In addition, the landscape characteristics within each class,
especially freeways and expressways, should be consistent.
Landscape consistency is a new research area that involves
numerous semi-quantitative and semi-qualitative aspects.
As such, it can be evaluated using such mathematical
methods as the analytic hierarchy process [26]. Another
perspective of landscape consistency was presented by
Fukahori and Kubota [27] who introduced several aspects of
landscape consistency as part of a decision-support system:
policy, technique, zone, structure, site, and strategy. The
system can assist the designer’s decision in the selection
of the design techniques. Besides, the emerging advanced
surveying and mapping technologies like Light detection and
ranging (LiDAR) can help reconstruct digital twin model of
highway landscape, which can then be used to extract certain
information to evaluate landscape design consistency.
Rural-Urban Freeway Transition: The characteristics of
ruraland urbanlandscapesare quite different [28]. Therefore,
on interstate highways (or expressways), there should be a
gradual transition from the rural to the urban landscape. The
rural landscape exhibits the following features:
e Thenatural landform and vegetation dominate the visual
field and with greens, warm grays, and muted blues,
e Traffic volumes tend to be light and the view extends
further into the landscape with less focus on the
immediate right-of-way,
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e Drivers perceive that the natural landscape is larger than
the highway, and

e The rural landscape is much more uniform in its visual
properties and does not change character rapidly, which
simplifies the driver’s workload.

¢ Ontheotherhand,inanurban setting, the designer needs
to make decisions about materials, colors, textures, and
level of complexity by:

e Considering the adjacent land use as a paramount
feature in making design decisions,

e Reducing visual complexity (e.g. enhancing the views to
commercial properties),

e Using environmental mitigation requirements as
an integral part of the aesthetic design process (e.g.
integrating historic themes into the highway’s structural
details),

e Using very bold, rough textures on surfaces to make
them more visible), and

e  When possible, accommodating bicycle and pedestrian
traffic with the right-of-way.

Pavement as Landscape

The Landscape and Aesthetics Design Manual states that
the highway landscape aims to provide better definition of
the elements of the facility and reduce the stress on users that
results from operating a vehicle in a complex environment
[29]. However, current highway landscaping design
addresses vehicle noise in terms of noise walls that are built
to reduce the noise impact on the neighborhoods. In addition,
for pavements, traditional landscape normally focuses only
on the visual aspects. For example, textures and colors on
pavement are used to highlight different use areas such as
pedestrian ways, bike lanes, and important decision points
for handicapped persons (Figure 3). However, pavement
noise in highway landscape design should be reduced at the
source to increase the driver and occupant comfort.

Early research on the effect of pavement characteristics
on noise has focused on using open-graded friction courses
(with a higher ratio of air voids) that helps reduce noise
because it is porous. This mix helps absorb road noise and
helps water runoff [29]. Asphalt pavement can also be made
even quieter by using eco-friendly recycled tires (rubberized
asphalt). Research has shown that rubberized asphalt can
substantially reduce noise. An indoor simulation study
by Zhang, et al. [30] found that asphalt mix density was
negatively correlated with noise reduction, and the air void
content and mean texture depth were positively correlated
with noise reduction. Recently, new products have been
developed to reduce asphalt noise. For example, Durawhisper
is designed to reduce traffic noise while meeting all the
standard specifications for hot-mix asphalt [31].
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(a)

Figure 3: Pavement textures and colors in China.

(b)

Highway Landscape Applications

Traditional Applications

Numerous design guidelines for highway landscaping
have been developed, such as those by the Tennessee
Department of Transportation [32], New Zealand Transport
Agency [33], Texas Department of Transportation [28], and
California Department of Transportation [34]. The guidelines
address various aspects of landscaping, including landscape
classifications and types, site inventory and analysis, design
development, and installation and maintenance. However,
the highway landscape in those guides has focused only
on the visual sense. Table 1 presents a summary of various
landscape elements based on the Texas landscape and
aesthetics design manual [28]. The landscape elements
include structural elements (e.g. bridges, retaining and
noise walls, and signals and signs) and transportation
system features (e.g. intersections, elevated drive lanes, and
interchanges). Several important observations can be noted
from Table 1: (1) the landscape guidelines did not address
the sound or touch, (2) the noise walls addressed in the
guidelines are related to mitigating the noise effect on the
neighborhood, not on the driver, (3) the effect of pavement
landscape on the driver (apart from visual effect) has not
been considered, and (4) tunnels, that are dominant in many
countries (e.g., China), have not been addressed. The next
section presents several emerging landscape applications
thataddress the preceding gaps. These emerging applications
became possible due to the implementation of advanced

sensor technologies, such as EEG, EMG, and GSR. EEG records
the electrical waves in the brain, while EMG evaluates the
nerve and muscle function in the arms and legs. GSR reflects
the intensity of our emotional state (or emotional arousal).

Emerging Applications

Tunnel Portal Design: Most work on tunnel landscape has
been devoted to the design of tunnel portals at entrances
(Figure 4). Ye, et al. [35,36] analyzed the landscape design of
mountain highway tunnel portals in China considering travel
fatigue prevention, visual adaptation, culture communication
and display, and environmental protection. Landscape design
principles, such as safety, failure prevention, physiological,
anthropological, blending, and economic principles, are
discussed. The authors concluded that landscape design
of tunnel portals is a comprehensive artistic task that
involves local culture, bionomics, psychology, environment
protection, lighting, structural methods, new materials, and
new technical arts. Despite extensive landscaping of tunnel
portals, landscaping of the tunnel proper has not evolved
beyond illumination and visibility, as pointed out by Miyake,
et al. [37]. It is recommended that research on complete
landscape design for the entire tunnel (reflecting visual and
touch senses) be undertaken. The visual landscape may be
implemented using wall art of natural features and special
lighting. As previously mentioned, urban highway tunnels
that are used by a mix of users (e.g., pedestrians and cyclists)
would greatly benefit from this type of research.

(a)

Figure 4: Examples of tunnel portals (by Penda China).

(b)
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Tunnel Sound Effect: A recent study by Yang, et al. [38]
addressed the usually neglected acoustic environment and
its effect on drivers’ physiological state and driving behavior.
Using a driving simulator and using 45 participants, five
different sound scenarios were tested: original highway
tunnel sound and a mix of it with four other sounds (slow
music, fast music, voice prompt, and siren, respectively).
The subjects’ physiological state and driving behavior data
were collected through heart rate variability and EEG. Also,
vehicle operational data, including vehicle speed, steering
wheel angle, brake pedal depth, and accelerator pedal depth,
were collected. The results showed that slow music was the
best kind of sound related to driving comfort, while the siren
sound produced the strongest driver reaction regarding
mental alertness and stress level. The voice-prompt sound
was the most effective sound affecting safety, even though it
most likely caused driver fatigue. The findings of this study
can help improve the quality and safety of the acoustic
environment in highway tunnels.
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Tunnel Feeling Effect: The interior landscape design of the
highway tunnel has an important effect on driver feeling.
In China, the interior decorations, including vegetation,
blue sky, and white clouds created by various lights were
developed. For example, Figure 5a shows the interior
landscape of a motor vehicle tunnel (Zhongnanshan Tunnel,
Shaanxi ) which is the longest two-tube road tunnel in China
(about 18 km). Figure 5b shows the landscape of a tunnel
for non-motor vehicles (red lane) and pedestrians of the
Banzhang Mt. tunnel, Zhuhai. The tunnel, the longest of its
kind in China (1.2 km), is decorated with 3D inkjet paintings
of blue sky and white clouds on the ceiling, with flying birds,
balloons, and spacecraft patterns are provided every 50 m.
Also, the tunnel includes promotional videos and cartoons
projected on the side walls showing the urban civilization
and characters of the Zhuhai city. Such a tunnel would
be ideal for implementing landscapes that addresses all
four human senses. The interior tunnel landscapes could
effectively alleviate the monotony and fatigue of the drivers,
and furtherly improve the driving safety in the long tunnel.

(a) Motor traffic tunnel

Figure 5: Interior landscaping of tunnels, China [39].

(b) Non-motor traffic with sidewalk

In a study of the effect of tunnel speed in an 1800 m-long
tunnel by Yang, et al. [40], three scenarios with different front
vehicle speeds were setup in adriving simulation experiment.
The EEG technology was used to collect the leading data
on brain waves and eye movements. After adapting to the

tunnel environment, the results showed that the driver alert
level was the lowest, indicating that the drivers were most
comfortable at the speed of 45 km/h. The conclusions of the
study provide a guideline for the recommended speed limit
in similar tunnels.

Landscape Element

Features/ Considerations

Human Senses

(a) Structural Elements

Bridges

Basic aesthetic guidelines (e.g. sidewalks), superstructure, substructure,
barriers, pedestrian and bicycle railing fence, lighting, decorative concrete, and Visual
coatings for structural concrete.

Retaining and noise walls

Wall color and finish, vertical alignment.

Visual, Noise

Aesthetics quality, stabilizing cut and fill slopes, interchanges, and erosion

Topography and grading prevention. Visual

Adjacent properties Blend, contrast, screen the highway. Visual
_ Special finishes may be used on any structure or roadside element, a .

Surface finishes Visual

combination of color, texture, and pattern (modified by scale and distance).
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Traffic barriers and Aesthetic properties (color, finish, materials, and location) to achieve aesthetic Visual
guard fences objectives.
. . Visual complexity, large route information signs, directional and traffic signs, .
Signals and signs plexity, larg . o1 Sig . & Visual
and traffic control signs and signals.
N Lighting for visual effect, aesthetic lighting guidelines, aesthetic character of .
[llumination . o o . Visual
luminaires and poles, lighting sources, and lighting/plant materials.
. . Bicycle facility design (e.g. pavement surface, railroad crossings, and traffic
Bicycles and pedestrian y . v gn (e pé . . . 5 .
access control devices) and pedestrian facility design (e.g. medians, sidewalks, and Visual
signals).
Public art Safety, finishes, location, vandalism, theme, and complexity. Visual
Medians and traffic . . .
. Functional and aesthetic elements. Visual
islands
(b) Transportation System Features
Visibility, high concentration of visual information in the form of signage/
. signals, off-site activities, advertising, complex patterns of shade, shadow, and .
Intersections . . : . Visual
reflection, placement of design elements pedestrian/bicycle movements, future
off-site development, accessibility, and aesthetics.
Elevated drive lanes Aesthetic design considerations. Visual
Interchange es, size, safety, drainage, planting, shade, gores, and pedestrian .
Interchanges getyp Y nage, p & 8 P Visual
circulation.
Depressed driving lanes Aesthetic design considerations Visual
Entrance and exits ramps Safety, visibility, placement of plants, and other. Visual

Table 1: Features and human senses of structural and transportation elements addressed in Texas landscape design manual

[28].

Freeway Exit Alert: Suppose the information on freeway
exits is not effective or driver vigilance is not adequate. In that
case, the driver may not be able to obtain the information in
time, resulting in missing the exit or making unsafe forcible
lane change. The study by Yang, et al. [41] proposed creating
a guardrail painted with a yellow color, located before the
exit to allow the driver to obtain sufficient exit information
in time and get off the freeway safely (Figure 6). The yellow-
color belt (YCB) aims to inform the drivers that there is an
exit ahead and adjust vehicle state and driving behavior in
time. A driving simulator experiment with two different

scenarios (YCB scenario and baseline scenario with no YCB).
Data on eye movement, electroencephalograph, and driving
behavior of the participants were collected. Compared with
the baseline scenario, the results showed that in the YCB
scenario: (1) the fixation points were mainly distributed
in front of the road and the fixation duration on the guide
signs was relatively long, (2) the EEG was smaller; the driver
decelerated more smoothly, and (3) the steering wheel angle
was smaller. The statistical analysis showed that participants’
vigilance in the YCB scenario was significantly improved.

(a) Experimental interchange area

Figure 6: Simulation of experimental route and YCB scenario [41].

(b) YCB experimental scenario
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Important Landscape Considerations

Sustainability

In collaboration with other organizations, the American
Society of Landscape Architects has developed ten categories
of sustainable landscaping guidelines related to stormwater
management and water use, energy use, vegetation and soil,
operation and maintenance, and performance monitoring
[1]. For example, credits can be obtained from making
stormwater runoff an asset instead of a liability. Examples
include roof and rain gardens, pervious pavements on
sidewalks and parking lots, percolation pits, and sumps.
Based on the total credits, one to four stars can be awarded.
Designers or site owners can submit landscaping projects
for the Sustainable Sites Initiative (SITES) certification by
providing documentation of sustainable strategies used.
Like Leadership in Energy and Environmental Design
ratings, SITES certification can make the public aware of the
commitment to the sustainability of both the company and
the client.

Traffic Safety

Landscaping should satisfy several geometric design
criteria that are required for safety. These include clear zone,
context-sensitive solutions, sight distance, and slope [42].
Some safety-related practices include: (a) using bushes,
shrubs, or trees to block sun glare on signs, accent a vital
sign, or hide distractions, (b) creating lines of bushes or
shrubs to keep snow from drifting onto the highway, (c)
building planted bushes and trees to shield drivers from
headlight glare of oncoming vehicles, (d) providing adequate
street lighting for illumination in the dark, and (e) reducing
conflict with vehicular movement by using different material
for cycle tracks and pedestrian paths.

Figure 7: Landscaping at roundabout [45].

For roundabouts, itis interesting to note thatlandscaping
should be used to limit the clear zone for the approaching

Easa SM, et al. Integrating Four Human Senses into Highway Landscape Process: A System Approach.

Ergonomics Int] 2021, 5(5): 000276.

Ergonomics International Journal

vehicles to the minimum sight distance requirements (Figure
7). Sight distance should be available for the approaching
vehicles to see the circulating vehicle and the entry vehicle
from the left, see Easa [43,44]. Research has shown that
excessive available sight distance can lead to more collisions,
see Rodegerdsts, et al. [45].

Persons with Disabilities

In addition to the basic functional elements, such as
pedestrian crosswalks with voice prompts, there are a few
landscape design elements dedicated to the persons with
disabilities (PWD). Design guidelines to address the needs of
PWD with a wide range of impediments (e.g. mobility, sight,
hearing, or cognitive) have been developed. For highway
landscaping, all pedestrian routes should be safe and easy
to use by PWD. These routes should be easily identifiable,
clearly separated from vehicular routes, and free of obstacles
at all times of the year [46]. The routes are divided into two
categories: exterior routes and special arrival/departure
areas. The exterior routes include bridges with pedestrian
access, crosswalks, curb ramps/curb cuts on public right of
way, grades and elevation changes, guards and handrails, lay-
bys for vehicles, paths, sidewalks and walkways, pedestrian
routes, ramps, stairs and steps, and traffic islands on public
right of way. The special areas include accessible routes to
entrances, bus/public transit, bus stops, emergency routes,
parking, and passenger loading zones. Landscape design
guidelines for PWD have been developed by many cities, se
for example [47]. Developing awareness and design skills
related to PWD should be part of university education to
train architects and landscapers.

Education and Research

Many landscaping academic programs are available at
the undergraduate and graduate levels to prepare students
to become professionals in the landscape field, such as
landscapers, landscape architects, landscape designers, and
landscape supervisors. Given the vital role that landscaping
plays in transportation design, it is suggested that landscape
courses should be made available as elective courses (or
mandatory, if possible) for undergraduate students in civil
engineering who specialize in the transportation stream.
At the professional level, popular journals and magazines
include landscape architecture, management, and design/
build.

For research, driving simulators are vital for addressing
many human factors related to landscaping. For example,
Traffic Safety Research Lab at Fuzhou University, Fujian,
China, includes a driving simulator that has been used for
conducting human factors research (Figure 8). The simulator
is divided into two separate parts (cockpit and console).
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The simulator includes three essential equipment: (1) eye
tracker with glasses that do not restrict or interfere with
the subjects., (2) and (2) bio-radio wireless physiological
monitoring system that detects physiological data and
transmits them using wireless Bluetooth. The system
sensors include EEG, EMG, GSR, and pulse. The equipment
is part of two analysis systems. First, the D-Lab Driver
Behavior Research and Analysis System can automatically
analyze eye movement data to accurately determine the
subject’s behavior, error operations, voice content, reaction,
gestures, and facial expressions. The cardio-physiology
module can detect the subject’s physiological parameters
(ECG, respiration, body surface temperature, body position)
in different states (motion and sleep) in real-time. Second,
the VTS Psychological Test System has 138 scales and 80
test items related to intelligence, non-verbal ability, special
ability, attitude and interest, and traffic psychology.

The driving simulator can solve many human factors
related to landscaping. In studying how highway landscape
affects the driver, the above-mentioned driving simulator
systems can collect driving behavior parameters, eye
movement behavior, brain wave, electromyography, skin
resistance and other data in real time through a unified
timing, and then put them into the D-Lab system for analysis
and processing, combined with the analysis of landscape
change and driver’s physiological and driving behavior, the
effect of landscape can be quantitatively evaluated.

Figure 8: Driving simulator in Traffic Safety Research Lab,
Fuzhou University, China.

Concluding Remarks

This paper has presented a comprehensive framework
for the highway landscape process that includes the effect of
the landscape on four human senses (vision, sound, touch,
and smell). The framework introduces some new elements
such as the use of advanced technologies to evaluate the
physiological effects on highway users, landscape consistency,
and the pavement as a landscape. Traditional and emerging
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landscape applications are described as well. Based on this

study, the following comments are offered:

1. The current highway landscapinge process is mainly
based on virtual aspects of the driver. The proposed
landscaping framework includes four human senses
that can be considered individually or in combination
for various highway facilities. For example, vision and
touch (feeling) are relevant to freeways and expressways
through visual and pavement landscapes, respectively.
Sound and smell can be considered for strategic highway
facilities, such as highway rest areas, pedestrian facilities
and bridges, cyclist routes, bus stops, and transit stations.
Of course, considering soundscape and smellscape in
urban environments is a challenge that requires joint
work of environmental planners, landscape planners,
engineers, stakeholders, and others.

2. The proposed framework has explicitly included
highway user comfort as part of the highway landscape
planning and design. Considering the pavement as a
landscape, products can be used to reduce pavement-tire
noise and aid driver comfort, as discussed in this paper.
In addition, driver comfort can be achieved by reducing
the noise in highway tunnels using specific features at
the design stage.

3. Landscape education and research in China receives
more attention than in other countries. For example, the
College of Landscape Architecture in Nanjing Forestry
University focuses on scientific research and promotes
teaching through research. The college has five research
centers: National Blue and Green Space Planning
Research Center, Jiangnan Garden History and Heritage
Protection Research Center, National Park Research
Center, Flower Research Center, and Sino-U.S. Landscape
Architecture Planning and Design and Protection
Research Center. It is recommended that highway
landscaping courses at universities should be revised to
address the latest developments presented in this paper.

4. Some states in the U.S. have established standalone
landscape architecture programs to support their
vision of providing a safe, sustainable, integrated,
and efficient transportation system. For example, the
program at the California Department of Transportation
(Caltrans) focuses on areas of expertise such as multi-
modal transportation and facility design, visual
impact assessments, aesthetics, mitigation, roadside
management, water and natural resource conservation,
site planning and development, and ecological
restoration. The program also includes strategies for
including livability and sustainability principles in the
planning and design of the transportation system [34].

5. Complete bridge landscape is an emerging area of focus.
The landscape should include the bridge itself, the
surrounding entrance and exits, walking facilities, and
regions for social interactions. In addition to illumination
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and vegetation, visual landscaping would include bridge
type, the color of guardrails, and other bridge elements.
The literature suggests that currently, there is no formal
integration of landscape design into bridge design.
Considering the four human senses in the highway
landscape process provides valuable opportunities
for integrating such disciplines as physiology and
psychology into the civil engineering discipline. It is
recommended that other areas of civil engineering,
such as transportation and construction, should more
comprehensively integrate these disciplines to promote
well-being and excellence [48].
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