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Abstract: Visual quality and impact assessments have historically relied on experts to formally
evaluate the visual properties of a landscape. In contrast, environmental psychologists have stud-
ied subjective landscape preferences using ratings and surveys. These two approaches represent,
respectively, the “objectivist” and “subjectivist” paradigms within visual landscape research. A
gap, however, exists between these approaches: actual observation behaviors. In this paper, we
argue for the inclusion of eye-tracking research in visual landscape assessments as a critical bridge
between objective landscape qualities and subjective visual experiences. We describe the basics of
eye-tracking methods and data types to introduce the role of eye movements in landscape preference
formation. Three-dimensional immersive virtual environments are particularly useful for collecting
these types of data, as they allow for quantification of the viewed environment’s spatial and scene
metrics in addition to providing eye-tracking capabilities at sufficient resolutions. These environ-
mental and behavioral data can then be consolidated and analyzed within existing GIS platforms to
draw conclusions about environmental influences on observation behaviors. While eye tracking may
eventually contribute directly to the practice of visual quality or impact assessments, the near-term
benefits of this work will most likely center around contributing to the objectivity and defensibility of
assessments through validation and methodological recommendations.

Keywords: eye tracking; viewing behavior; visual resources; landscape assessment; spatial analysis;
landscape preference

1. Introduction

In the last fifty years, methods for documenting baseline and altered visual land-
scapes have primarily relied on objective measurements of physical landscape charac-
teristics [1]. In that time, researchers have regularly explored opportunities to improve
the validity and reliability of these assessments [2–5]. Most of these assessments rely on
expert evaluations and, occasionally, include public comments and preference surveys
to produce visual impact sensitivity analyses. From a theoretical perspective, expert
evaluations and public surveys represent contrasting approaches to the question of
landscape quality. On the one hand, professional assessments tend to assign scenic
quality as a value inherent in the landscape. On the other hand, sensitivity analyses
assume that scenic value is a subjective experience inherent to the viewer. As such,
the juxtaposition of expert and public within assessments represents a combination of
objective landscape qualities and the more subjective visual perceptions of viewers [6].
These binary approaches, despite being written about extensively, have left significant
gaps concerning the holistic integration of methods and data types covering the full
spectrum from raw spatial data through perception to preference.

On either side of these gaps, both paradigms have developed numerous methodologies
for measuring their respective scenic landscape constructs. Objectivist methods, like the
US Forestry Service’s former Visual Resource Management (VRM) system, assigned values
using formal design elements. The VRM system used scenic quality evaluations, sensitivity
analyses, and distance zones to classify landscapes based on factors like landforms and
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vegetation. The US Army Corps of Engineers introduced another objectivist method, the
Visual Resource Assessment Procedure (VRAP), for standardizing esthetic considerations
and focusing on expert-defined classifications supported by public input. In contrast,
subjectivist paradigms assess cognitive, emotional, and physical experiences. For example,
the Scenic Beauty Estimation Method (SBE) rates landscapes based on viewer perceptions
and internal judgments [7], and these methods have evolved to incorporate newer surveys
and physiological measures [8]. Other studies explored landscape preferences related
to natural versus developed landscape scenes. For example, Kaplan’s [9] framework
links preferences to understanding, exploration, coherence, and complexity, and similar
work has contributed to the rise of cognitive [10] and esthetic–spatial approaches [11].
Additionally, Gibson’s ecological perception theory emphasized perceived affordances
within a landscape, which, in turn, shaped esthetic preferences based on the viewer’s
needs [12].

The debate between paradigms centers on whether esthetics are inherent qualities
or subjective experiences. While objectivist methods dominate current visual impact
assessment practices, calls for combining expert and public assessments and exploring
experiential changes highlight the need for a balanced approach [6]. Both approaches
incorporate aspects of spatial, scene, and preference rating variables, but a crucial link
between these factors remains missing: the observers’ viewing behaviors.

It should be noted that this paper uses terms such as “landscape assessment” and
“impact assessment” broadly and interchangeably. In exploring the interface between
psychological perception research and professional visual landscape management practices,
this research specifically questions the boundaries between these various approaches.
Palmer [13] notes that the goals of environmental perception research are distinct from but
related to the goals of visual impact assessments. While the former is typically a type of
fundamental research exploring the human experience of landscape, the latter measures
and evaluates particular scenes’ potential impact from proposed landscape projects or
management strategies.

As such, this paper argues that landscape assessment methods stand to gain from
emerging research in viewing behavior and other physiological responses as objective
measures of previously considered “subjective” visual landscape experiences. In particular,
eye tracking in 3D immersive environments offers an opportunity to analyze observation
patterns in direct response to dynamic visual landscapes. We argue that eye-tracking
analysis can help bridge the gap between objectivist and subjectivist approaches to visual
landscape quality by collecting and analyzing data about viewers’ observation patterns
(i.e., viewing behaviors), a key gap in current methodologies (Figure 1). We hope that by
implementing this approach, visual quality and impact assessments may become more
valid, more defensible, and faster. Furthermore, quantitatively connecting objectivist and
subjectivist methods may create methods that provide a more equitable balance between
professional land use guidance and public landscape preferences.

In order to integrate psychological perception and visual resource practices, however,
the methods, data types, and goals of each field must be assessed for their potential
compatibility. This paper is a first step in that comparison by presenting a brief overview
of eye-tracking methods along with a conceptualized workflow for integrating the field
with more traditional spatial analysis. The novelty and value of this contribution lie in
the movement towards a more holistic understanding of the interplay between landscape
spatial metrics, the spatial properties of perceptual mechanisms mediating the interaction
between viewer and landscape, and psychological phenomena such as spatial cognition
and landscape preference.
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Figure 1. Conceptual diagram demonstrating the flow of information during landscape preference 
formation. Environmental spatial data determine scene characteristics, which are visually sampled 
by viewing behaviors. The raw visual data are processed by the perceptual components of the nerv-
ous system, interpreted, and then yield visual preferences. These preferences may, in turn, influence 
viewing behavior to resample the scene characteristics. Objectivist approaches to visual quality and 
impact assessment tend to focus on spatial data and scene characteristics, while subjectivist ap-
proaches historically focus on scene characteristics, perception, and preferences. A psychological 
approach provides methods to bridge the resulting gap through eye tracking. 

2. A Brief Overview of Eye Tracking 
To assess the value of eye tracking in visual landscape studies, we will first describe 

the fundamental aspects of eye tracking. Through vision, humans can detect relationships 
between spatial elements and semantic themes in environments [14] but often cannot ex-
plicitly identify how or why this is performed. Relationships between visual variables 
such as color, luminance, texture, parallax, and perspective all influence the visual per-
ception system detecting these changes. There are techniques to measure these relation-
ships objectively, but these relationships still need to be associated with semantic meaning 
to understand perception beyond simple sensation [15,16]. To accomplish this, research 
can consider the set of eye movements as a storyline between meaning, perception, and 
the environment. These eye movements are highly distinct among individuals based on 
their behaviors, experiences, tasks, and cognitive states [17]. However, as a population, 
we are influenced by the different environmental variables with some degree of similarity, 
which can result in a more structured, empirical, and—importantly—potentially predict-
able conceptualization of space. For example, pedestrians crossing a bridge may each have 
a distinct visual experience based on their unique spatial positions, interests and goals, 
and optical abilities, but to cross the bridge in the first place, they must all share a basic 
understanding of the bridge’s spatial position and orientation. 

As such, eye movements directly relate to a significant portion of the environmental 
data an individual collects and responds to during navigation [18]. Given eye movements’ 
significant connection to spatial cognition, eye movements may have similar relationships 
with an individual’s evaluation of, or preference for, visual landscapes. Prior research 
supports this hypothesis. Of particular interest, Zhou et al. [19] found that some eye move-
ments were significantly associated with particular types of preferences, but in some 
cases, the same eye movement patterns were associated with opposite preferences. This 

Figure 1. Conceptual diagram demonstrating the flow of information during landscape preference
formation. Environmental spatial data determine scene characteristics, which are visually sampled by
viewing behaviors. The raw visual data are processed by the perceptual components of the nervous
system, interpreted, and then yield visual preferences. These preferences may, in turn, influence
viewing behavior to resample the scene characteristics. Objectivist approaches to visual quality
and impact assessment tend to focus on spatial data and scene characteristics, while subjectivist
approaches historically focus on scene characteristics, perception, and preferences. A psychological
approach provides methods to bridge the resulting gap through eye tracking.

2. A Brief Overview of Eye Tracking

To assess the value of eye tracking in visual landscape studies, we will first describe
the fundamental aspects of eye tracking. Through vision, humans can detect relationships
between spatial elements and semantic themes in environments [14] but often cannot
explicitly identify how or why this is performed. Relationships between visual variables
such as color, luminance, texture, parallax, and perspective all influence the visual percep-
tion system detecting these changes. There are techniques to measure these relationships
objectively, but these relationships still need to be associated with semantic meaning to
understand perception beyond simple sensation [15,16]. To accomplish this, research can
consider the set of eye movements as a storyline between meaning, perception, and the
environment. These eye movements are highly distinct among individuals based on their
behaviors, experiences, tasks, and cognitive states [17]. However, as a population, we are
influenced by the different environmental variables with some degree of similarity, which
can result in a more structured, empirical, and—importantly—potentially predictable con-
ceptualization of space. For example, pedestrians crossing a bridge may each have a distinct
visual experience based on their unique spatial positions, interests and goals, and optical
abilities, but to cross the bridge in the first place, they must all share a basic understanding
of the bridge’s spatial position and orientation.

As such, eye movements directly relate to a significant portion of the environmental
data an individual collects and responds to during navigation [18]. Given eye movements’
significant connection to spatial cognition, eye movements may have similar relationships
with an individual’s evaluation of, or preference for, visual landscapes. Prior research
supports this hypothesis. Of particular interest, Zhou et al. [19] found that some eye
movements were significantly associated with particular types of preferences, but in some
cases, the same eye movement patterns were associated with opposite preferences. This
finding suggests that while some eye movements may be more common with certain
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preference types, some eye movement patterns may be more closely related to the visual
task being conducted, such as searching or evaluation. A deeper understanding of the eye
movements and viewing behaviors associated with different cognitive tasks is crucial for
parsing these differences and could lead to more useful eye movement-based assessments
of landscape characters or scenery.

In most modern eye tracking, a set of cameras produces a range of metrics based on
scene reflections off different layers of the cornea or the relative size and orientation of
the eye’s anatomy, such as the iris, pupil, or sclera [20]. Combining data about the speed,
position, and size of the pupil can produce information about the viewer’s gaze direction,
cognitive load (i.e., mental effort), viewing behavior, etc. [21,22]. These data can then be
combined with the environment’s spatial data to map specifically viewed locations in 3D
space [23]. With commercially available equipment, data can be collected at frequencies
over sixty times per second and can produce a massive series of data about a viewed
scene. Useful output metrics from these practices include fixations (locations or objects
that are visually processed) and saccades (large eye movements between fixations), the
patterns of which can be analyzed in the context of cognitive tasks and events. These
data can then be clustered to reveal areas of interest (AOIs), heat maps, and scan paths
(the sequential route between fixations in a 3D space) based on the spatial and temporal
distribution of gaze locations in the viewer’s environment. AOIs describe semantically
labeled zones within a field of view or associated with objects. Heat maps can provide
an overlay that communicates the frequency of fixation per unit area in a scene. Finally,
scan paths examine directions, frequencies, and distances between gaze point movements
during an experiment [21]. Together, this paradigm of eye-tracking research has linked gaze
behavior to cognitive events and locomotion, and associated advances in human–computer
interaction have led to gaze-controlled communication systems, prosthetics, and other
medical assistive devices and treatments [24].

3. Leverage Eye Tracking in 3D Immersive Environments

The subjectivity of landscape ratings often obscures the latent variable of esthetic
preferences [7]. Today, however, techniques in spatial analysis and scene statistics (quan-
titative measures of a scene’s visual properties) offer the ability to quantify landscapes
and scenes in new ways, particularly with the evolution of computer vision [25]. Singular
landscape photographs are a mostly reliable landscape representation method with signifi-
cant exceptions [5], but integrating newer cognitive and behavioral measures requires an
understanding of the relationship between scenes and their spatial relationships. Without
spatial data, a comparison of scenes and preferences lacks a critical component because
visual stimuli are perceptually ambiguous, meaning a given visual perception may either
lack clear meaning, be interpreted in multiple ways, or be generated by different stimuli.

These spatial data can be difficult to capture in practice. Collecting precise spatial
data for individual scenes requires either LiDAR scans of the exact scene pictured or
raster calculations, such as viewsheds or visual magnitude, based on the observation point
and high-resolution digital elevation models. This method can capture spatial data for
individual observation points or routes [26], but applying that data collection to a dynamic,
real-world environment becomes challenging. Additionally, random elements and events
in the real world add an abundance of uncontrolled elements to such an experiment.
In contrast, immersive virtual reality technologies offer the ability to create controlled
environments with known and easily recorded spatial and temporal data. The trade-off in
these contexts is that real-world experiments gain external validity, whereas immersive VE
experiments have higher internal validity. As such, real-world experiments may provide
more descriptive, generalizable results with limited ability to draw conclusions about
causation, while immersive VE experiments are likely to generate more precise results with
a strong capacity to draw conclusions about causation, although the generalizability of the
results is more restricted.
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4. Integrating Spatial Analysis and Eye-Tracking Data

Recently, landscape researchers have incorporated eye tracking into studies of land-
scape esthetics, safety, psychology, and education [27]. Particularly relevant for landscape
architects and associated professionals, Dupont et al. [28–30] have produced a robust
research agenda using eye tracking to evaluate between-subject and within-subject differ-
ences in gaze behavior across multiple landscape scenarios. Specifically, Dupont’s research
program found that gaze behavior varied significantly when the type of photograph used
in landscape assessment surveys was changed and when the homogeneity and enclosure
of the pictured landscape were manipulated as well [28]. Dupont et al. [29] further pro-
posed a “saliency map” to predict subjects’ areas of interest within landscape photographs
based on differing elements [30]. Overall, Dupont’s research program indicates that media
format, scene composition, semantic meanings, and design features such as style and color
influence how individuals look at landscapes.

In general, eye tracking presents several advantages for landscape assessment research.
For instance, eye-tracking measurements provide a robust, objective measure of a viewer’s
interaction with a visual stimulus such as a landscape. These quantifiable behavior metrics
can then be correlated with subjective landscape ratings, quantified landscape features can
be used to predict areas of interest, or group-level differences can be determined in viewing
patterns. Semantic preferences and legibility can also be inferred from visual behavior, and,
in combination with physiological metrics such as skin conductivity, affective arousal can
be inferred and related to visual experiences [8]. Given the prevalence of visibility-based
concerns around renewable energy development, understanding visual experiences around
these developments will be vital in addressing community concerns. Such research could
also differentiate between visibility concerns and misattributed social concerns that may
receive less attention in the renewable energy development process [31,32].

These advantages address a need in the field of landscape esthetics for increasingly
valid and objective assessment practices, as described by Daniel [1]. Currently, several GIS
tools offer quantitative landscape assessment methods [33], but these are often focused on
the data manipulation and visualization domains of spatial analysis. Several studies expand
into quantitative spatial analyses of landscapes’ visibility, land use, and landform [34],
and another study even maps crowdsourced landscape preferences from surveys or web-
based photo-sharing platforms [35]. However, these methods do not provide a means
to associate the behavioral processes of observation with the rationale for the different
measures or ratings. In basic research, good peer review always asks, “How was this data
collected?” to examine potential biases in the collection process; applying the same question
to individuals’ visual landscape preferences offers a chance to parse visual preferences
and account for an individual’s perceptual biases. Eye-tracking data are fundamentally
spatiotemporal and may include an observer’s position, their point of regard (where they
are looking in the environment), geographic coordinates in space for both, and a time stamp.
The point of regard may be associated with quantitative metrics and qualitative features
at its location, such as an object’s semantic meaning or unique texture, color, brightness,
and other elements used in the objectivist paradigm of visual impact assessment. Points of
regard, along with their temporal qualities and attributes, can then be input into a GIS and
used to facilitate empirical validation of GIS-based impact assessment tools. Additionally,
scan paths can also be integrated within GIS, allowing for the quantification of areas of
interest in terms of physical or visual scope as well as time spent looking at each one. While
GIS is well suited to measure and produce visualizations of eye-tracking data, a GIS is
not strictly necessary to analyze these data. Spatial analysis with GIS is not currently a
standard practice when analyzing eye-tracking data. However, spatial analysis offers new
opportunities for eye-tracking analysis.

To describe these opportunities, Figure 2 adapts Orquin and Holmqvist’s [36] workflow
for eye-tracking analysis and Unwin’s [37] categories of spatial analysis to visualize how
these distinct processes and data products can interact. In Orquin and Holmqvist’s [36]
approach, appropriately collected and cleaned eye-tracking data go through a series of
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analytic steps, beginning with clustering the raw data into fixations and saccades. This step
identifies which tracking frames are most likely to coincide with active visual processing.
Spatial coordinates for raw data points can be retained at this stage or averaged across
clusters to simplify the data set. At this point, the clustered data are sufficient for mapping
through spatial data manipulation, the first of Unwin’s spatial data analysis categories,
which also include spatial statistics, exploratory data analysis, and spatial modeling [37].
Unwin’s categories correspond to goals focused on mapping, describing, analyzing, and
predicting. In the proposed workflow, eye-tracking data at any level can be spatially
analyzed as long as it retains its spatial coordinates throughout the data management
and analysis processes. In this process, the spatial coordinates of the viewer can be just as
important as the coordinates of their fixations and saccades. This distinction between viewer
and viewed positions allows for the examination of the impact of individual elements within
the scene over the course of an experiment, as well as analyses of how viewing behaviors
change with respect to viewer position.
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tracking data. These analysis products can be tied to their respective spatial coordinates, mapped,
and analyzed for relationships with viewshed properties, leading to the potential for predictive
spatial modeling of environmental impacts on observers’ viewing behavior.

Traditional eye-tracking analyses are often conducted using 2D stimuli (e.g., photos),
but some of the core metrics, such as AOIs, also apply to 3D spaces. Spatial analysis,
often performed using GIS, has the distinct advantage of incorporating 3D quantitative
environmental elements (e.g., topography and user movement) into the evaluation, al-
lowing for a richer, more context-sensitive understanding. Tools like ArcGIS offer basic
functions for spatial analysis, while advanced statistical tools (e.g., R) can provide a range
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of additional measures. Regardless of the analytical technique, the primary strength of
spatial analysis lies in its ability to offer comprehensive viewshed descriptions, providing a
depth of environmental context that traditional analyses typically lack. So, not only can
we develop fine-grained measures, such as total dwell time on a specific object, but we
can also develop powerful global measures, such as hotspot maps and viewing extents, to
provide a more holistic, objective measure of landscape perception. These environmental
metrics add important context to the behavioral and physiological data by describing not
only what is seen but also the setting in which something is seen, which has been shown to
influence viewing behavior and preferences [8,28].

5. Discussion

Following the existing typology of landscape assessments, eye tracking could be
used in surveys or perceptual preference evaluations. In surveys, eye tracking could be
used to gauge the distribution of fixations within landscapes and across groups. Such
distributions could be used to measure the relative importance of distinct landscape features
between groups and would necessitate the description of viewer populations as part of
a visual inventory. In preference evaluations, eye tracking could potentially serve as a
tool for standardizing individuals’ disparate preference scales (see Daniel’s Scenic Beauty
Estimation Method) for specific elements by weighting ratings according to the amount
and type of visual attention they receive.

Integrating eye-tracking data with traditional methods such as surveys and scenic
beauty estimation allows for a multifaceted approach to visual quality assessments. Eye
tracking can validate or challenge the results obtained from more conventional methods,
offering a way to cross-check for reliability and accuracy. This would allow practitioners to
compare how observational patterns might change in response to changes in infrastructure
(e.g., wind turbine, gas, or oil pump). For example, Zhou et al. [19] found significant
differences in related eye movement metrics for different categories of landscape elements,
such as waterscapes or facilities, although further research is necessary to replicate these
findings. On the other hand, if the patterns remain stable while ratings change, it would
motivate more studies on landscape interpretations. For example, if a participant highly
rates a landscape and then lowers their rating after the installation of a wind turbine, we can
then measure the relationship between changes in observational patterns and changes in
landscape ratings. The eye-tracking data can then be assessed alongside feelings of comfort,
attraction, pleasure, and curiosity as a suite of variables feeding into final ratings. Eye
tracking could help researchers better understand how to measure observational patterns
and their interrelationship with emotional responses. Thus, combining ratings, preference
surveys, and eye tracking may improve how experts conduct their assessments and create
visual impact mitigation strategies.

Eye tracking also offers another means to explore unconscious and physiological
responses to elements of visual landscape experiences. While eye tracking can provide
attentional metrics about viewing behavior, these could also be coupled with physiological
responses and stated preferences. This approach could be applied to key observation points,
recreational routes, or urban settings. Once again, data about the specific elements and
observational behaviors can be leveraged to understand their association with stress and
restoration rather than relying on broader global statistics (e.g., topography, greenspace).
We might further investigate the role of spatial cognition in visual landscape preferences
and integrate components of viewing behavior, physiology, and spatial metrics.

Further, eye tracking allows for descriptions of group-level differences in observation
patterns. These differences may stem from different expectations about a landscape’s
contents as well as differences in the relative salience of environmental features to each
viewer. Since each individual has a different visual experience of the same landscape,
knowing what elements they viewed, in what order, and for how long may provide
significant insight into the raw data underpinning their eventual landscape rating. These
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differences may also imply unconscious preference ratings and may help compare public
and professional assessments.

6. Conclusions

Eye-tracking research offers a bridge between existing objectivist and subjectivist
landscape assessment methods by bringing observational patterns—a critical link between
scene metrics and viewers’ perceptions—into the research agenda. While eye tracking may
eventually contribute directly to the practice of visual quality or impact assessments, the
near-term benefits of this work will most likely center around contributing to the objectivity
and defensibility of assessments through validation and methodological recommendations.
The ongoing integration of eye-tracking research with spatial analytics also offers a promis-
ing avenue for refining existing viewshed metrics and creating new methods for exploring
the spatial properties of visual experiences. In particular, exploratory spatial analyses may
provide us with greater insight into the role of geographic variables in shaping observation
patterns, perceptions, and subsequent preference ratings.

This paper provides the next step toward quantifying cumulative visual impacts as
objective behavioral and physiological responses. This can help strengthen the defensibility
of our assessments and increase the generalizability of our results. Accomplishing both of
these will require a more data-driven approach to understanding the perceptual processes
involved in perceiving and interpreting visual landscape changes, and eye tracking can
provide rich data capturing behavioral indicators of those processes.

The most immediate limitation of this work is its current conceptual nature. As noted,
the fields of eye tracking, landscape perception, and landscape or impact assessments
are well established, but their effective integration has received limited attention. Future
eye-tracking research should explore the role of viewing behaviors in the distinct realms of
landscape perception, landscape character assessment, and visual impact assessment to
further identify the most appropriate and beneficial applications of eye-tracking techniques.
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