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Abstract: This research investigates gaps in current methods and tools in landscape performance
research and presents a smart device-assisted alternative framework for performance assessment.
Against the background of increasing attention to sustainability, landscape performance has emerged
as a novel research focus on sustainability, with the objective of precisely quantifying sustainable
performance. However, certain shortcomings persist within this field. This research conducts a
comprehensive review of pertinent literature and analyzes deeply the performance metrics and
case studies cataloged by the Landscape Performance Series (LPS). Additionally, an examination
of quantitative tools is undertaken by surveys. The study finds several issues in current landscape
performance research: imbalance development, inconsistent methods, one-time measurement, in-
sufficient tools, and inaccurate and unreliable quantified results. Based on the advantages of smart
devices in gathering sustainable data and previous research results, this research presents an alternate
framework for conducting landscape performance research, which incorporates smart devices. In
addition, it presents a set of recommendations for advancing research on landscape performance.
This study could contribute to improving the diversity and accuracy of landscape performance
quantification and contribute to future performance research. It assists in the refinement of landscape
performance research and the achievement of sustainable development goals.

Keywords: landscape performance; performance measurement tools; smart device; alternative
framework; sustainable development

1. Introduction

In recent years, there has been increasing attention towards issues related to flood-
ing disasters, environmental pollution, public health concerns, and the migration and
transformation of toxic substances. Researchers and professionals in design and planning
fields, including landscape architecture, have been actively exploring effective solutions
to address these issues [1,2]. They seek to assess the impacts of relevant measures using
appropriate quantification methods. With the rapid global urbanization and the escalating
severity of sustainable environmental problems, landscape performance has become a
prominent and widely discussed research topic [3].

Landscape architects face numerous challenges, including providing resilient land-
scapes for climate change adaptation, dealing with growing urbanization, planning for
natural disaster adaptation, restoring ecologies in degraded urban areas, and protecting
limited water resources and stormwater management [4-6]. To successfully address these
challenges, landscape architects currently tend to rely on experience-based approaches to
make decisions [7,8]. However, a new challenge arises, which is how to get the trust of
clients, designers, and the public in the development results and expected effects of these
landscape projects [5].
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This new challenge can be addressed via landscape performance research. Regardless
of how sustainability is defined—whether it is carbon neutrality, net-zero water, biodiversity,
or quality of life—achieving sustainable development is not possible without considering
the landscape [9]. Landscape performance plays an indispensable role in this regard. It
can be defined as “a measure of the effectiveness with which landscape solutions fulfill
their intended purpose and contribute to sustainability” [9]. It involves assessing progress
toward measurable environmental, social, and economic objectives [9]. It requires all the
performance values to be measurable and precise [10].

Various institutions and organizations have conducted exploratory research in this
field, including the Leadership in Energy and Environmental Design (LEED), Leadership in
Energy and Environmental Design for Neighborhood Development Rating System (LEED-
ND), Sustainable Sites Initiative (SITES), and the recently emerged Landscape Performance
Series (LPS). These institutions and organizations are dedicated to developing assess-
ment systems for the sustainable characteristics of the built architectural and landscape
architectural projects. LPS represents a significant advancement in evaluation systems,
building upon previous methodologies to offer a deeper understanding of post-construction
performance and the subsequent benefits [11]. Currently, LPS as a standard assessment
system for landscape performance has been widely accepted in landscape architecture
field [12]. Therefore, in this study, we will focus on LPS as the research subject for landscape
performance assessment.

Although the research of smart devices in landscape performance is a relatively new
direction, some research results have been achieved. Smart devices have the potential
to support researchers in remotely collecting data. This allows for timely identification
and resolution of any issues related to landscape projects [13]. Dealing with landscape
performance challenges within a project can be extensive [14]. Smart devices equipped with
various sensors offer an exploration of the connections between different variables that
influence landscape performance. These sensors can measure indicators like temperature,
humidity, light intensity, air quality, and sound levels [15]. By analyzing the gathered
data, researchers can gain insights into how different variables interrelate and impact
landscape performance. Moreover, smart devices can longitudinally track landscape
performance variables without requiring intervention. Longitudinal tracking addresses
issues such as inaccurate data and insufficient spatial resolution that could arise from
one-time measurements [16].

This study first explores gaps in current landscape performance research. These
gaps are mainly reflected in imbalanced development, inconsistent methods, one-time
measurement, insufficient tools, and inaccurate and unreliable quantitative results. These
deficiencies are elaborated in the following sections. This study then provides an analysis of
the potential of smart devices for data collection and conducts a series of case studies explor-
ing their use in improving landscape performance research. Ultimately, this paper proposes
an alternative landscape performance research framework aimed at bridging existing gaps
and providing new thoughts and methodologies for future landscape assessments.

2. Research Framework and Research Questions

The previous review helps to establish the study’s theoretical framework and clarifies
its goals. Further research is both appropriate and essential, given that research has
shown landscape performance to be a crucial indication of sustainability. With a focus
on quantifiability and accuracy, research on tools for measuring landscape performance
is essential. Due to the advantages of smart devices shown in the data collection in
other fields, it is feasible and reasonable to collaborate with smart devices in landscape
performance research.

As a result, the main objectives of this research are as follows: first, analyze and
study the gaps in current landscape performance quantification methods and tools; second,
explore the feasibility of using smart devices as alternative quantification tools; and third,
explore an alternative framework for landscape performance research that takes smart



Sustainability 2023, 15, 13239

30f26

devices into account. In Figure 1, the research framework is shown. Three research
questions are posed and addressed in this study. (1) What are the limitations of the present
approaches for measuring landscape performance? (2) How might smart devices help
researchers to conduct landscape performance research? Can the current quantification
framework accommodate the use of smart devices? (3) How does this study contribute to
sustainability and landscape performance?

Literature Review in Landscape

Performance Research

Research in existing Performance Systematic Review of

Methods, Metrics, and Tools LCS’s 163 cases

Gaps in Existing Landscape Exploring the Feasibility

Performance Field of Using Smart Device

An Alternative Framework of

Landscape Performance Research

with Smart Devices Assisted

Figure 1. Research Framework.

3. Existing Landscape Performance Research Method

In 2010, the Landscape Architecture Foundation (LAF) introduced LPS. LPS is a plat-
form that provides techniques, materials, and tools for measuring landscape performance
and showcasing sustainable design approaches [11]. With the advent of LPS, the public has
become increasingly aware of landscape performance and its potential contributions to the
theme of sustainable development. According to LPS’s description, landscape performance
characteristics of landscape projects are categorized into three aspects: social, economic,
and environmental, each complementing the others. Figure 2 illustrates the three aspects of
landscape performance assessment. The significance of landscape performance assessment
lies in the recognition of the value of the evaluated objects [17].

3.1. Case Study Investigation

Since its introduction, LPS has continuously advanced landscape performance research
through Case Study Investigation (CSI). CSI's research findings are made available to the
public through free case briefs. These briefs typically include the following elements: basic
project information and relevant details, performance evaluation conclusions, performance
evaluation methods, as well as project drawings, images, and other materials. Since 2010,
LAF has worked in collaboration with several research teams and academic institutions
to examine various landscape situations and identify landscape projects that exhibit high
levels of environmental, social, and economic performance [18]. In addition, all metrics
and techniques utilized in the 58 projects that were featured in LPS between 2013 and 2014
were coded and examined [18]. A guidebook for the selection of metrics and methods was
created by LAF at the end of 2014 based on prior research and titled “Evaluating Landscape
Performance, A Guidebook for Metrics and Methods Selection” [18]. Its final version was
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released in 2018. The guideline describes various metrics in detail. This study is based on
its three aspects, seven categories, and thirty-three metrics for exploration and analysis

(Table 1).

Environmental

Sustainable

Economic

cquitable

Figure 2. Three aspects of landscape performance evaluation.

Table 1. The classification and benefit metrics of the three categories: environment, economy,

and society.

Sustainability Type of Benefit Metric
Land Efficiency and Preservation
Land Soil Creation, Preservation, and
Restoration

Stormwater Management

Water Conservation
Water Quality

Flood Protection

Water

Water Body/Groundwater Recharge

Environmental Sustainability (155) Habitat CI'EEEZIO?, Pl,;e.zservatlon, and
estoration

Habitat Habitat Quality

Populations and Species Richness

Energy Use
Air Quality

Carbon, Energy, and Air Quality Temperature and Urban Heat Island

Carbon Sequestration and Avoidance

Reused and Recycled Materials

Materials and Waste
Waste Reduction
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Table 1. Cont.

Sustainability

Type of Benefit Metric

Social Sustainability (143) N/A

Recreational and Social Value

Cultural Preservation

Health and Well-Being

Safety

Educational Value

Noise Mitigation

Food Production

Scenic Quality and Views

Transportation

Access and Equity

Economic Sustainability (105) N/A

Property Value

Operations and Maintenance Savings

Construction Cost Savings

Job Creation

Visitor Spending and Earned Income

Tax Revenue

Economic Development

3.2. Gaps in Frameworks, Metrics, and Methodologies

As landscape performance is a relatively new concept, there may be gaps in its existing
frameworks, metrics, and methodologies [19]. (1) First, the landscape is an interactive and
complex ecosystem, in which one indicator may interact with another or more performance
indicators, making it difficult to quantify performance and evaluate it completely. (2) The
current classification of LPS on sustainability performance is not comprehensive enough.
Existing classifications show benefit metrics overlapping phenomena [17]. (3) Landscape
is a dynamic and ever-changing process. The variables of landscape performance alter
with time, making landscape performance an ever-changing momentum [20]. Current
quantitative research on landscape performance frequently depends on one-time measure-
ments to assess project performance, calling into question the reliability and effectiveness
of quantified performance indicators [16]. (4) There are no consistent assessment standards
in the present cases [16]. Different projects use various assessment methodologies and
tools, making it difficult to conduct cross-regional and cross-project comparison analy-
ses [17]. (5) Current performance evaluations usually focus on a single area of landscape
performance, such as environmental sustainability, while ignoring essential dimensions
such as economic and social sustainability [21]. (6) In certain aspects of performance
measurement, there is a lack of objectivity. According to Terkenli et al. [22], due to the
lack of appropriate evaluation tools, landscape researchers often rely on subjective and
qualitative approaches to analyze certain aspects of performance (especially evident in
social and economic sustainability). As a result, outcomes may be impacted by subjective
preferences [23].

3.3. CSI Gap Analysis through Existing Cases

The research team conducted a detailed analysis of the 163 landscape performance
research cases (in the United States) listed on the LPS website (Figure 3). It can be found that
there is an imbalance in the regional distribution of cases. Texas (TX) has 17 cases but some
states have none. The research team then investigated the distribution of these cases across
33 sustainability benefit indicators. Building upon Table 1, Table 2 correlates each benefit
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metric with these cases. The data was then visualized in a bar chart for clarity (Figure 4).
Upon analyzing Table 2 and Figure 4, the findings align with the shortcomings of the
current LCS assessment framework outlined in Section 3.2 First, while LPS has subdivided
environmental sustainability into five categories, there is a lack of such subdivisions for
social and economic sustainability. Second, the cases prominently emphasize exploration
in the environmental domain. Out of the 163 cases, 153 quantified landscape performance
in the environmental sphere, followed by 143 cases in social sustainability, and the fewest
cases, 105, in the economic domain. This result appears to somewhat contradict the prior
mention of neglecting social and economic aspects. However, when analyzing each benefit
metric and its related cases, it becomes evident that the current performance assessment
projects are limited to a single or a few dimensions of discourse. The distribution of case
numbers across the metrics with 33 benefits is highly uneven. Environmental metrics garner
widespread attention, such as stormwater management (107 cases), while some metrics in
social and economic sections have only single-digit cases. Even within the environmental
sustainability category, more cases are distributed toward water management and air
quality, with a scarcity of cases focusing on land categories. Within the water category,
the distribution is also uneven, as 107 cases explore stormwater management, in contrast
to merely 7 cases related to water body/groundwater recharge. Upon a comprehensive
exploration of all 163 cases, more issues arise. Quantitative approaches to describing
different benefit directions differ; for environmental aspects, quantitative scientific figures
and units are typically employed for description, whereas in the realms of social and
economic fields, indirect measurement and description are more common. Survey and self-
calculation methods are commonly employed for quantitative analysis in these domains.
These disparities may stem from measurement tool constraints, prompting further analysis
and elucidation of existing performance assessment tools in the subsequent sections.

Table 2. Cases in each benefit metric.

Sustainability Type of Benefit Metric Case Numbers
Land Efficiency and 9
Preservation
Land

Environmental Sustainability (155)

Soil Creation, Preservation,

and Restoration ?
Stormwater Management 107
Water Conservation 62
Water Water Quality 37
Flood Protection 17
Water Body/Groundwater
7
Recharge
Habitat Creation, 21
Preservation, and Restoration
Habitat Habitat Quality 23
Populations and Species
. 37
Richness
Energy Use 26
Air Quality 5
Carbon, Energy, and Air Temperature and Urban Heat 41
Quality Island
Carbon Sequestration and 7

Avoidance
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Table 2. Cont.

Sustainability Type of Benefit Metric Case Numbers

Reused and Recycled
Materials and Waste Materials >
Waste Reduction 16
Recreational and Social Value 99
Cultural Preservation 6
Health and Well-Being 43
Safety 18
Social Sustainability (143) N/A Educational Value 59

Noise Mitigation
Food Production 8
Scenic Quality and Views 21
Transportation 20
Access and Equity 15
Property Value 34
Operations and Maintenance 30
Savings
Construction Cost Savings 7
Economic Sustainability (105) N/A Job Creation o7
Visitor Spending and Earned 17
Income

Tax Revenue 9
Economic Development 27

Figure 3. Spatial distribution of the 163 landscape performance research cases listed on the
LPS website.
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Case Numbers

120

100

B0

B0

107

62

33

-
"

59

Land

Water

Hahitat Carbon, Energy, & Air  Materials &
Chaality Waste

Environmental Sustainability Social Sustainakility Economic Sustainability

Benefit Metrics

Figure 4. Comparison of LPS benefits with cases.

3.4. One-Time Measurement

Another issue that deserves attention is the assessment method of “One-Time Mea-
surement”. Through the study of 163 case reports, it was found that 93 cases utilized a
performance assessment conducted only once. It is reasonable to hypothesize that this
number could be even greater, as some reports do not allow for an analysis of how many
measurements were taken.

One-time measurement could offer information about the landscape performance char-
acteristics of a particular project at a specific moment. The validity and reliability of these
one-time measurement data need to be carefully considered if the research aims to fully
satisfy an accurate quantification of landscape performance as required by LPS [16]. Merely
based on the evaluation of landscape performance solely on one-time measures, researchers
may miss out on numerous crucial factors and dynamic changes, which could have an
impact on the results. Several disadvantages of one-time measurement are as follows.

(1) Lacking comprehensiveness: One-time measurement can only collect data at a
certain point or moment. It can hardly represent the environmental performance value
because the landscape is a dynamic process [23].

(2) Seasons and weather influence: Seasons and weather frequently influence aspects
of landscape performance, which cannot be fully examined in one-time measurement.

(3) Inability to accurately record short-term fluctuations: Landscape performance can
fluctuate due to short-term natural variations or brief disruptions. One-time measurement
may not capture these instantaneous changes [16].
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(4) Ignoring long-term effects: Landscape performance is frequently the consequence
of long-term accumulation and evolution, which can be easily neglected in one-time
measurement [18].

(5) Incomplete data: Because certain metrics are difficult to gather or measure, a
one-time measurement may not capture all critical landscape performance indicators [18].

(6) Subjective influence: The planning and execution of a one-time measurement
might be influenced by the subjective variables of researchers or measurers, thus leading to
less objective and accurate results [16]. For example, based on accessibility and weather
conditions, the researchers subjectively select measurement locations and times.

4. Landscape Performance Quantification Tools

Researchers commonly employ online measurement evaluation tools provided by
LPS or handheld measurement devices to assess these 33 metrics. Quantification is a key
characteristic of landscape performance research [17]. This necessitates that the perfor-
mance results must be precise, measurable, and significant, rather than ambiguous or
vague [24]. However, these landscape performance measurement tools and their outcomes
may encounter certain limitations and challenges [16]. For instance, difficulties in data
acquisition and analysis, inflexibility of tools, and a lack of real-time monitoring may be
prevalent issues.

4.1. Gaps in LPS Online Tools

The LPS website presents 32 open-source performance assessment tools that inte-
grate online calculators for landscape performance estimation [25]. Practitioners and re-
searchers can utilize these tools to calculate the performance value. These tools could
assist researchers in estimating the landscape benefits of completed projects when actual
measurement results are unavailable. Alternatively, during the design stage, they can be
used to compare the anticipated benefits of various design options.

All online calculation tools are provided by third parties, with some necessitating
program purchases and others providing free usage options [17]. A number of these tools
utilize model-based estimating techniques, rendering them particularly appropriate for
implementation during the design stage or for the computation of performance elements
that are subject to estimation, such as carbon sequestration [17]. According to Luo and
Li [16], there are specialized instruments, such as Davey Tree Expert and the National
Tree Benefit Calculator, that necessitate a significant emphasis on prior knowledge. Users
are required to possess knowledge about several aspects of trees, including tree species,
diameter at breast height, and terrain features, to effectively utilize these tools. Furthermore,
effective quantification needs the provision of precise position data. Additionally, it should
be mentioned that due to differences in software developers, some calculating tools may
only be applicable in certain geographical areas [26]. Furthermore, due to the independent
nature of each CSI project conducted by various research and design teams, there are
inherent variations in the documentation, measurement methodologies, and quantitative
approaches utilized, leading to distinct performance outcomes [16]. Also, the present
methodology employed for conducting CSI necessitates substantial commitments of both
time and resources on the part of researchers [17]. The feasibility of conducting a thorough
assessment of a project’s performance while adhering to restricted financial resources and
time limitations may be challenging.

4.2. Survey in LPS Online Tools

According to the description in Section 4.1, it is necessary and reasonable to further
explore these online tools, and it is necessary to focus on their cost, usability, and data
accuracy. Therefore, the research team used survey methods to investigate each tool. The
research team randomly recruited 15 undergraduate students and 15 graduate students
from Virginia Tech as participants to assess all 32 evaluation tools provided by LPS websites.
All participants were asked to try to use each online tool and to rate the software (using a
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Likert scale ranging from 1 to 3) in terms of cost, usability, and result accuracy, according to
the user experiences. The collected survey data were then entered into SPSS (a professional
and general statistical software) to conduct the data analysis. The summarized results are
presented in Table 3. Although the study did not analyze the participants’ professions,
ages, and genders, it ensured diversity among them to enhance the reliability of the survey
results. The survey questionnaire was conducted anonymously.

Table 3. Presenting the categorization and organization of quantification tools for Landscape Per-
formance Score (LPS) and their associated metrics. The use of solid and hollow circles indicates
whether a pay-to-use option is available, with @ symbolizing “Yes” and O symbolizing “No”, and
N/ A symbolizing that this tool cannot be reached anymore. The level of difficulty is assessed using
a Likert scale ranging from 1 to 3, where 1 represents easy to use, 2 represents a little hard to use,
and 3 indicates high difficulty. In terms of result accuracy, solid circles indicate that the investigators
consider the calculations to be accurate for landscape performance (®: Accurate Result), whereas
hollow circles suggest that the results are estimated performance (O: Estimated Result).

Toolkits

Payment Difficulty to Result

Metrics Needed Use Accuracy

Automated Geospatial Watershed Management
Assessment (AGWA) Tool v 3.0

Water Quality

Stormwater

Soil Creation,
Preservation, and
Restroration

Carbon Conscience

Carbon Sequestration
and Avoidance

COMET-Farm

Carbon Sequestration
and Avoidance

Construction Carbon Calculator

Carbon Sequestration
and Avoidance

Decking Cost Calculator

Construction Cost
Savings

Operations and
Maintenance Savings

eBird

Populations and
Species Richness

Construction Cost

Erosion Control Calculator O 1 O

Savings

Operations and
Maintenance Savings

GBRL Green Roof Energy Calculator (v 2.0) Energy Use ®) 2 Y

Stormwater
Management

i-Tree Eco (v 6)

Carbon Sequestration
and Avoidance

Air Quality

Energy Use
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Table 3. Cont.

Toolkits

Payment Difficulty to

Metrics Needed Use

Result
Accuracy

i-Tree Streets (v 5.1)

Property Values

Carbon Sequestration
and Avoidance

Air Quality O 2

Energy Use

Stormwater
Management

iNaturalist

Habitat Creation,
Preservation, and
Restoration

Populations and
Species Richness

Integrated Valuation of Ecosystem Services
and Tradeoffs (InVEST) v 3.3.3

Carbon Sequestration
and Avoidance

Populations and
Species Richness

Water Quality O 2

Soil Creation,
Preservation, and
Restrotation

Long-Term Hydrologic Impact Analysis

Water Quality

Stormwater O 1
Management

National Stormwater Calculator

Stormwater
Management

National Stormwater Management Calculator

Operations and
Maintenance Savings

Stormwater
Management

Pathfinder: Landscape Carbon Calculator

Carbon Sequestration
and Avoidance

Access and Equity

Food Production

Transportation

Public Life Tools

Recreational and Social

Value N/A 1

Rainwater Harvesting Calculator

Water Conservation

Stormwater O 2
Management
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Table 3. Cont.

Toolkits

Metrics

Result
Accuracy

Payment Difficulty to
Needed Use

Recycled Content (ReCon) Tool

Reused /Recycled
Materials

Carbon Sequestration
and Avoidance

Energy Use

N/A 1 O

Recycling and Reusing Landscape Waste
Cost Calculator

Reused /Recycled
Materials

Operations and
Maintenance Savings

Waste Reduction

Carbon Sequestration
and Avoidance

Air Quality

Energy Use

Water Conservation

Resource Conserving Landscaping
Cost Calculator

Construction Cost
Savings

Operations and
Maintenance Savings

Water Conservation

SPAW Field and Pond Hydrology Model

Water
Body/Groundwater
Recharge

Stormwater
Management

N/A 2 O

Sub-Surface Drip Irrigation Cost Calculator

Construction Cost
Savings

Operations and
Maintenance Savings

Water Conservation

System for Observing Physical Activity and
Recreation in Natural Areas (SOPARNA)

Health and Well-Being

Recreational and Social
Value

N/A 2 O

System for Observing Play and Leisure
Activity in Youth (SOPLAY)

Health and Well-Being

Recreational and Social
Value

N/A 2 O

System for Observing Play and Recreation in
Communities (SOPARC)

Health and Well-Being

Recreational and Social
Value

N/A 1 O
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Table 3. Cont.

Payment Difficulty to Result

Toolkits Metrics Needed Use Accuracy

Property Values

Educational Value

Recreational and Social
Value

Carbon Sequestration
and Avoidance

The Value of Green Infrastructure: A Guide to Temperature and
Recognizing Its Economic, Social and Urban Heat Island N/A 2 O
Environmental Benefits

Air Quality

Energy Use

Food Production

Water Quality

Water Conservation

Stormwater
Management

Soil Creation,
Preservation, and
Restoration

Toolkit for Ecosystem Service Site-Based

Assessment (TESSA) v3.0 Water Conservation O 3 et

Habitat Creation,
Preservation, and
Restoration

Habitat Creation,
Preservation, and
Restoration O 2 O

Habitat Quality
Vegetable Garden Value Calculator Food Production N/A 1 O

Universal Floristic Quality Assessment
Calculator

Carbon Sequestration
and Avoidance

Reused /Recycled
Materials

Waste Reduction Model (WARM) v14

Waste Reduction

Energy Use

Water Harvesting Calculator Water Conservation O 2 O

We discovered that these calculation tools were all provided by third-party orga-
nizations, and users must familiarize themselves with the tools before selecting them.
Additionally, some of the software’s website links were inaccessible or no longer in use,
so we used the “N/A” symbol listed in Table 3. For these inaccessible tools, participants
assessed the difficulty of using and accuracy aspects based on only the descriptions on LPS
websites. Except for those tools that cannot be accessed, the rest of the tools are free to
use. This is contrary to the previous survey results of Dai and Li [17], who reported that
some software requires payment. The research team did not investigate this phenomenon
in depth, but the reason cannot be ruled out that these softwares became free versions after
2015. Participants believed that more than half of the software was somewhat difficult or
difficult to use. The time cost associated with being familiar with the software has con-
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tributed to the difficulty in acquiring landscape performance data [27]. Also, the research
team found that these softwares generally have the problem of insufficient transparency,
so users cannot understand the principle of the result generation due to the lack of back-
ground knowledge. This runs counter to the critique of new knowledge generated by the
direct adoption of knowledge from other disciplines in the field of landscape architecture.
Criticism has arisen recently regarding the direct adoption of tools from other disciplines to
generate new knowledge in landscape design [28-30]. Moreover, since many of these calcu-
lation tools rely on model construction for estimation, the calculated results can only offer
estimated performance results. Participants believed that only six of the software results
were accurate rather than estimated. Such ambiguity and vagueness in the performance
result, which contradict LPS’s requirement for clarity and measurability, pose a primary
challenge in landscape performance evaluation. The goal of landscape performance assess-
ment is to guide future design decisions. Incorrect performance evaluation could lead to
misleading outcomes and erroneous decisions [16].

4.3. Tools in Each Benefit Metric

Depending on survey-based information, the study team conducted an analysis of
tool utilization in all 163 cases. This analysis involved aligning 32 online tools with the
metrics including 33 benefits, as depicted in Table 4. The findings suggest that although
certain tools have the capability to assess several dimensions of performance, most online
tools primarily focus on analyzing environmental performance. The ability to measure
different environmental indicators is available in 23 tools. Contrarily, it is important
to point out that few tools can assess social and economic performance. Only 11 tools
can deal with the social component, and just 7 tools involve the economic component.
The inadequacy of the tools is a potentially important factor contributing to the current
imbalance in performance evaluation. In the context of biodiversity, numerous programs
depend on referencing existing research findings as analytical foundations. For instance, in
the Old Collier Golf Club project, the process of quantifying numerical data only relies on
study results from the Audubon International project. Utilizing data from existing research
to examine a specific instance creates apprehensions regarding its dependability and the
extent to which it accurately represents the intended material. When a project’s biological
performance is based on previous research findings from other projects, concerns arise
regarding its dependability and content validity [16]. Out of the 37 studies on population
and species richness, a significant proportion primarily documented an observed rise in
avian population, without conducting a detailed examination of other creatures. While an
increase in bird populations is reported, it is also reasonable to suspect that other wildlife
and plant species are in decline at the same time. Flow meters and rain gauges are used as
tools for measuring precipitation in a sizable number of the 107 stormwater control projects.
This methodology entails significant expenses and requires an extended period of data
collecting, resulting in a time-consuming and labor-intensive process due to the large study
sites involved.

Table 4. A list of performance measurement tools used in 163 cases.

Sustainability Type of Benefits Metrics Case Numbers Tools
Land Efficiency and Third-party data, self-calculation, watershed
Land - 9 .
Preservation modeling

Environmental Benefits

L-THIA model, soil survey data, infiltration
measurements, third-party data, (SWC)

Soil Creation, Soil Creation, ¢ licati I bori inabl
Preservation, and Preservation, and 73 software application, soil borings, sustainable
Restoration Restoration SITES program, Garden Assessment Tool for

Evaluators (GATE), Sustainable Sites
Initiative (SITES), Cut/fill calculations
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Table 4. Cont.

Sustainability

Type of Benefits Metrics

Case Numbers

Tools

Stormwater
Management

Water

107

Caliper and measuring tape for measuring
trees’, Vflo model, “Diameter at Breast
Height” (DBH), secondary data provided by
the Philadelphia Water, EPA national
stormwater calculator, Autodesk’s hydraflow
hydrographs stormwater modeling software,
rainfall frequency atlas, infiltration beds,
self-calculation, stormwater treatment model,
L-THIA, stormwater spreadsheet tool 3.0,
InfoWorks model, temporary flow meters,
rational equation method, hydraulic
modeling software (XPSWMM), land cover
delineation table, permeable pavers,
StormNET version 4.18.7, FlowMaster
version 5.15, rainfall frequency atlas of the
midwest, hydrologic and hydraulic modeling,
Natural Resources Conservation Service
(NRCS), biofiltration and infiltration equation

Water Conservation

61

Self-calculation, LEED submittal
documentation, water budget tool,
cutting-edge irrigation system, WaterSense
program, gravel bed, SimTraffic

Water Quality

36

Self-calculation, L-THIA Model, BMPs,
LaMotte water quality monitoring kit, BNIM,
TR-55 method, flow meters, measurement of

pump usage, water meter totalizer

Flood Protection

17

USDA and U.S. Army Corps of Engineers
modeling software, HEC RAS modeling,
LiDAR-derived digital elevation models,

riparian bank stabilization techniques,
hydrodynamic separator, NOAA sea level
rise viewer, LEED, bank erosion hazard index
(BEHI), underdrain system

Water
Body/Groundwater
Recharge

Rational runoff coefficient

Habitat Creation,
Preservation, and
Restoration

21

USDA, third-party data,
i-Tree Eco v6, survey, plant ID method,
restoration techniques, aerial imagery tracing

Habitat Quality

23

Monitoring to document, onsite inventory,
species count, USEPA

Habitat

Populations and
Species Richness

37

Universal floristic quality assessment
tool—coefficients of conservatism,
MidAtlantic coastal plain database,
secondary data, eBird, Floristic Quality Index,
i-Tree Eco v6, tree inventory, LEED NCv2.2,
biodiversity monitoring, insect vacuum, bird
species records, GIS

Energy Use

25

Green roof energy calculator, solar electricity
generation data, photocell sensors, USGBC
new construction and renovation reference

guide, solar reflectance index (SRI)

Air Quality

i-Tree Eco (v 6), i-Tree Streets (v 5.1), recycling
and reusing landscape waste cost calculator

Carbon, Energy, and
Air Quality
Temperature and
Urban Heat Island

39

USGBC new construction and renovation
reference guide, Actron IR thermometer Pro,
Kintrex infrared thermometer IRT0421,
thermometer, infrared thermometer, SRI
calculator, GIS, kriging method, Acu-Rite
Wireless thermometers

Carbon
Sequestration and
Avoidance

76

i-Tree eco software—version 6, carbon
sequestration calculation, national tree
benefit calculator, EPA and EIA websites
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Table 4. Cont.

Sustainability Type of Benefits Metrics Case Numbers Tools
Reused and 57 Greywater estimation, embodied energy
Recycled Materials calculation

Materials and Waste

Glenstone, Chesapeake Bay program interim

Waste Reduction 16 pollutant reduction accounting method,
Waste Reduction Model (WARM) calculator
Survey, social media, ParkServe,
observations, Gehl Public Life tools,
. third-party data, visual impact assessment,
Regreqtlonal and 100 System for Observing Play and Leisure
ocial Value

Activity in Youth (SOPLAY) protocol,
behavior mapping, StormTech publication,
traffic counters

Cultural ]
Pres}lerxlll;’zon 6 Survey, self-calculation
Health and . :
Social Benefits N/A Well-Being 44 Survey, social media, Park Serve
Safety 19 Fortified roof, Goqgle Earth Pro line
measuring tool
Educational Value 58 SWMM
Noise Mitigation 7 Self-calculation
Food Production 8 Survey, GIS
Scenic Quality and 2 Surve
Views y
Transportation 21 Survey, traffic-calming techniques
Access and Equity 15 Survey, social media, and Park serve
GIS and Phila.gov database, self-calculation,
Property Value 32 survey

Economic Benefits

Operations and Self-calculation, LEED submittal

Maintenance 28 documentation, volunteer weeding, financial
Savings model reports
Contractor verified, self-calculation, survey,
Construction Cost “Twisted Jacket” system, low-temperature
Onssr;“firll"r; 08 6 thermal desorption (LTTD), RIMS II
NA & economic input-output model, cost savings
analysis
. Self-calculation, emerging professionals
Job Creation 25 program
Visitor Spending 13 Self-calculation

and Earned Income

Tax Revenue 8 Self-calculation
Economic . .
Development 26 CB Richard ellis, Survey, GIS

5. Smart Devices to Assess Landscape Performance

Compared to one-time measurements, smart devices can provide a more accurate,
real-time, and thorough analysis of landscape performance [31]. This approach will enable
researchers to comprehend the variables affecting landscape performance at a deeper level.
With the assistance of smart sensor networks, technological improvements have increased
the capacity to record sustainable information [31].

Multiple environmental performance measures can be longitudinally monitored by a
smart device with sensors [32]. The evaluation of landscape performance and the devel-
opment of new data sources are made possible by this type of monitoring. For instance,
researchers can gather important data on wild animals, such as their size, appearance, and
behavioral aspects, using cameras carried on smart devices [33]. The study of biodiversity
and the identification of species benefit from this research. Photos and videos collected
by smart devices can identify and monitor the distribution and existence of different
species [34]. Therefore, smart devices can help to study current deficiencies in habitat, flora
and fauna conservation, and biodiversity. By using smart devices to collect and examine
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real-time data, researchers can gain a more comprehensive and in-depth understanding of
landscape performance [35]. Smart devices also help remove the limitations of one-time
measurements and provide a more accurate assessment of the current state of the environ-
ment. Having the necessary data also helps researchers and policymakers make informed
decisions. This approach in turn helps create more effective enhancement and management
strategies. It allows a timely assessment of the impact and condition of the landscape.
Additionally, the use of smart devices can minimize human error and interference, thereby
increasing the reliability and accuracy of collected data [36]. Researchers can instantly
assess and collect data using smart devices, gaining insight into environmental landscape
performance and resources, and providing them with precise and updated information,
enabling them to make more informed choices [37].

In social sustainability, the data collected by smart devices can be used to analyze
existing programs and develop new strategies [35]. Researchers can collect information
about the interactions of users on mobile and social media platforms. Changing the way
researchers collect data, such as depending on the survey, can improve the accuracy and
reliability of quantified social performance value. This data can be used to analyze social
activity and social trends, providing insights into social engagement and sustainable social
performance [38].

In the study of economic sustainability, smart devices with sensors can be quite
useful. Researchers can assess the economic success indicators of ongoing projects and
forecast development patterns by thoroughly analyzing the data collected on resource
consumption and economic activities, etc. [39]. These tools could also monitor pedestrian
activity and land use [40]. Doing so can provide researchers with the necessary support
to develop economically sustainable practices and strategies [41]. This approach balances
the protection of the environment and economic growth, which can lead to long-term
success [35].

5.1. Cases for Quantifying Performance of Smart Devices
5.1.1. Applications in the Field of Architecture

In the design field, especially in the realm of architecture, smart devices are widely em-
ployed for the longitudinal tracking of building performance data to enhance sustainability
and residential comfort. The detailed information collected from various sensors aids in
analyzing and improving certain building characteristics, such as safety control, energy
management, HVAC system control and monitoring, water management, lighting systems,
elderly health systems, and fire detection [42]. Ateeq et al. [43] discussed the use of sensors,
Wi-Fi, and microcontrollers for monitoring and managing loT-based homes, showcasing
how intelligent data collection can predict and reduce building energy consumption. Li,
Hong, and Wang [44] utilized smart devices to monitor and predict indoor temperatures,
and the experimental data they received contributed to enhancing the performance and
energy efficiency of smart buildings. The accuracy of their results exceeded 90% [45].

In the Netherlands, the Zaanstad town hall employed an HVAC smart system for
real-time monitoring and simulation of indoor temperature and humidity, successfully
reducing the electricity consumption of the municipal hall by 14% [46] Research on 82 peer-
reviewed articles related to smart building water management revealed that the sensors
can provide information about rainfall, groundwater levels, and harvesting details. All this
detailed information can be collected, transmitted, and stored in cloud systems through
wireless communication, followed by data analysis. They found that smart devices can help
researchers enhance awareness and provide better solutions for water resource recovery.

5.1.2. Applications in the Field of Landscape Performance

One relevant project is the Lausanne Urban Canopy Experiment conducted by the
Swiss Federal Institute of Technology Lausanne, which focuses on research and teaching
in hydrology and environmental fluid mechanics. This project employs sensors to collect
landscape performance data and seeks to better understand climate change by answering
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questions such as: Why and how to measure precipitation, wind, temperature, and solar
radiation? What is the relationship between temperature, elevation, and vegetation [47]?
Similarly, the UScan project in Japan deployed low-cost sensors in Tokyo to detect temper-
ature changes. The UScan system comprises three core components: a dedicated server
responsible for collecting temperature data, wireless bridges for seamless connectivity, and
uParts, which complete the essential ensemble [48]. According to Ono [49], smart devices
can detect various environmental factors in real time and efficiently collect landscape
performance data without the need for highly complex algorithms.

Other experiments also support the use of smart devices for accurate quantification
of landscape performance. In a groundbreaking study conducted in Blacksburg, VA,
Shen and Kim [13] successfully demonstrated the feasibility of obtaining real-time, dense,
accurate, and frequent quantified landscape performance data over an extended period. The
experiment meticulously quantified the relationship between various urban and suburban
settings and their microclimate performances, particularly focusing on eCO2 and PM2.5
changes. Building on their previous success, Shen and Kim’s research team conducted
another significant experiment in 2023. This study specifically aimed to quantify the
water purification capacity of retention ponds utilizing smart devices. The preliminary
quantitative estimates from this investigation revealed impressive results. It showed that
retention ponds can effectively purify water, leading to a remarkable reduction in TDS
concentration “by approximately 5.5 ppm and EC concentration by about 0.08 mS/cm in
nearly 6 h for every 10,000 m® of retention water” [50].

Smart devices can assist researchers in obtaining quantitative landscape performance
characteristics of projects. These two experiments partially confirm that smart devices
can gather longitudinal landscape performance data, and the landscape performance data
obtained through longitudinal tracking with smart devices are more real-time, accurate,
and spatially dense compared to data obtained through one-time measurements. The
application of smart devices in the field of landscape performance enables landscape
design professionals to access environmental data in a dense, accurate, and frequent
manner, thereby better understanding the microclimate conditions of the site and making
corresponding decisions to promote the development of landscape performance [13].

5.2. Utilized Smart Devices

Both the Uscan projects and Shen and Kim'’s research utilized Arduino-based elec-
tronic boards, sensors, and other components. Therefore, the research team explores these
components taking Arduino-based smart devices as examples. “Arduino is an open-source
electronics platform based on easy-to-use hardware and software” [51]. The investigation
finds that this type of device has the following characteristics: (1) low price, the original
price of each device is usually between USD 10 and 30 [13,48]; (2) small size, for example,
Shen and Kim’'s smart device is 15 cm X 15 cm x 5 cm; (3) long lifetime and low energy
requirements, e.g., the sensor modules all have a lifetime of several years [13], and the
overall energy cost of the experimental node is about 1 to 5 Wh; (4) easy to learn, as its own
developer community and online library provide programming code, video, or text tutori-
als that can help landscape architecture researchers who have no programming experience
to quickly learn and use the device [52].

5.3. Potential Limitations of Solely Using Smart Devices

Admittedly, there are some potential limitations to data collection by solely using
smart devices. For example, when funds are limited, it may lead to insufficient installation
space density of smart devices. There may be situations where smart devices cannot
cover the entire environment, resulting in data limitations that make it difficult to fully
understand the complete performance. Second, although smart devices have the advantage
of low maintenance, there may also be data distortion caused by extreme weather effects or
equipment calibration problems. In addition, data privacy and security issues need to be
fully considered. While collecting some performance data involves privacy, it needs to be
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ensured that it will not cause privacy leakage, especially in the processing and storage of
data. Additionally, smart devices sometimes exhibit data inaccuracies. Moreover, smart
devices sometimes exhibit data inaccuracies. The cause often involves two factors: first,
smart devices may not adapt well to the environment in which they are first placed; second,
there may be a slight variation in the equipment of different batches [53,54]. Hence the
need for one-time and periodic device calibration is also a potential drawback of smart
devices. The necessity of adjustment needs to be fully considered when using smart devices
to ensure data comparability [54]. While smart devices can track a variety of complex
performance indicators longitudinally, they also generate large amounts of data at the same
time. Appropriate data processing methods need to be used to avoid data overload and
loss of valuable information. To better understand landscape performance, the use of a
combination of assessment methods can help to avoid the above potential limitations.

6. An Alternative Landscape Performance Measuring Framework

To address the challenges faced by current landscape performance evaluation methods
and tools and based on the advantages demonstrated by smart devices, the research
team proposes an alternative framework for measuring landscape performance. This
framework involves the integration of pre-installed smart devices with traditional one-time
measurements, considering them from the project’s design stage.

The traditional CSI research process begins after the completion of the project. Based
on the information provided by the design company and the elucidation of the design
objectives, the sustainable features of the project can be analyzed. Then, evaluation methods
and metrics are developed for these features. After collecting the necessary data, landscape
performance is quantified. The preliminary results are submitted for foundation review.
Based on the feedback received, the evaluation methods and metrics are modified, data
is updated, recalculations are performed, and the research report is revised before being
resubmitted to the foundation. Upon obtaining approval from the foundation, the final
research results are submitted [17]. Figure 5 illustrates this evaluation process.

Project Finished

1

Consult with a design firm to
abtain project information Gict the data Foundation revicw

¢ Develop methods and ¢ ¢

measurement systems o

Analyze the sustainability —} antify ainabili ai " — X
3 3 quantify sustainability waits ' Performance quantification ’ Gibmit rescarch resulic

traits of the project

Figure 5. Current landscape performance measurement framework.

The research team incorporated the use of smart devices into this process and in-
troduced an alternative measurement framework (Figure 6). In contrast to the current
evaluation step, smart devices are installed and configured during the project initiation
phase based on the performance characteristics and goals of the project. The measurement
of relevant performance data begins during the construction phase and continues after
project completion, incorporating one-time measurements. After the results are audited
by LAF, the methodology, and tools for smart devices and one-time measurements will be
adjusted based on previous results.
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Before project start

1

Consult with a design firm to
obtain project information

Foundation review

¢ Develop methods and ¢

measurement systems (o
Smart device collect data —’ Project finished —’ Performance quantification —’ Result

Analyze the sustainability —’ quantify sustainability traits
traits of the project _’

One-time measurement 4— Adjustment

Figure 6. An alternative landscape performance measurement framework with smart devices.

Pre-installing smart devices in the early stages of the project leads to real-time monitor-
ing of various stages, including construction, planting, and operational phases. Ensuring
instant data review becomes possible. This helps identify potential defects and problems in
a timely manner, streamlines the construction process, and ensures smooth project imple-
mentation. Pre-installed smart devices record construction and operational data throughout
the landscape project, providing the basis for subsequent performance evaluations. This
helps to understand the long-term impact of the project and identify areas for improvement.

According to the above sections, both frameworks have their strengths and limitations
(Table 5). The current framework allows landscape performance data to be gathered in
a reasonably short amount of time because the existing framework uses online tools and
manual field measurements. Professionals and researchers can quickly make decisions.
However, the variety and dependability of performance statistics are constrained by labor
and time expenses. Due to the researchers’ subjectivity and sampling bias, the reliability
of the data was called into question. To measure various data manually, researchers must
invest a significant amount of time and labor costs. The amount of data that can be gathered
is constrained by factors, including time, funding, and the tools at hand. Additionally, the
current framework may result in data limitation and a lack of dynamism in data because
the landscape is a dynamic process. For instance, it is unable to account for performance
variations throughout different time periods, which leads to erroneous and unreliable
performance data.

Table 5. Strengths and limitations of both frameworks.

Frameworks Current Framework Alternative Framework
Simplicity Data Diversity
Accuracy
Strengths D -
Quick results yhamism
Cost-effectiveness
Data limitations
—— Technical Requirements
Low reliability
Limitati
tmutations Lack of dynamism Data Processing Complexity
High Labor and time costs Types of Projects

Alternative frameworks can help fill out current frameworks, although they might
have some limits. In order to more accurately reflect changes in the landscapes and their
performance, smart devices can collect performance data from a number of different sensors.
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Smart devices can reduce the effects of human error and judgment bias. Smart devices have
the ability to longitudinally and in real time track landscape changes, documenting dynamic
performance patterns. It can also assist in lowering labor and time costs concurrently during
the whole data collection process. However, there are also some drawbacks. The usage of
smart devices can necessitate additional technology, equipment, and knowledge, which
could raise the difficulty and cost of implementation in the early stage of the research.
Additionally, efficient data processing and analysis techniques are needed due to the
potential size and complexity of the data it collects. Meanwhile, while the basic principles
of using this framework remain the same across contexts, different project types can
affect its application. For example, factors such as different challenges, data availability,
and stakeholder dynamics in urban and rural settings may affect the applicability of the
framework. In an urban environment, the density of smart devices may be higher due
to the presence of infrastructure, buildings, and large populations [55]. The patterns
of rural landscapes are relatively simple, and data are easy to obtain. However, urban
landscape projects involve complex interactions among architectural structures, green
spaces, transportation networks, and social dynamics, resulting in certain difficulties in
obtaining data [56]. Urban projects usually involve more stakeholders than rural projects,
such as urban planners, architects, community members, local authorities, etc. [57]. Using
the framework in an urban setting should facilitate the integration of different perspectives
and priorities in the assessment process.

7. Discussion

Under the background of increasing climate and environmental issues in order to
achieve sustainable development, landscape architecture is a core field, as it provides impor-
tant environmental, social, and economic benefits with built landscape projects. Landscape
performance is the key to ensuring those benefits. The promotion of the development of
landscape performance research will allow professionals and researchers to establish more
sustainable practices.

The landscape performance evaluation framework in the US has several issues that
need to be resolved. This study investigates the various aspects of the LPS system, including
its online tools and case studies. There is also an imbalance in the performance research on
the economy, environment, and society, which is related to sustainable development. Most
studies tend to focus on environmental performance while neglecting the economic and
social aspects. The economy, society, and environment are interrelated, and any changes in
one pillar may affect others. A comprehensive analysis of these factors is required for a
more accurate understanding of sustainable development. The lack of tools is one of the
main reasons. Its insufficiency is mainly manifested in two aspects: data availability and
insufficient measurement metrics. There is more quantifiable data in the environmental
field because environmental impacts can usually be measured and monitored. However,
quantitative research on social and economic benefits may be limited by quantitative tools,
making it difficult to conduct a comprehensive assessment. Quantifying social and eco-
nomic benefits may require more complex methodologies and measurement metrics, which
may make it relatively difficult to develop measurement tools. A lack of appropriate tools
may lead researchers to favor more readily available environmental data. The lack of a com-
prehensive framework and conceptualization for research is another one of the factors that
contribute to the issue of under-representation of the environment, society, and economy in
the studies. In addition, the lack of data due to inadequate tools, varying stakeholder focus,
and obstacles in interdisciplinary research also contribute to this issue. Various disciplines
and stakeholders must work together to address this issue. Adopting a unified approach to
conducting comprehensive studies that incorporate the economy, society, and environment
within a framework is vital. Interdisciplinary collaborations can be beneficial, as they allow
experts from varying disciplines to come together and provide a more holistic analysis.
Exploiting the availability of reliable information, especially in disadvantaged areas, is
essential. Collaboration among businesses, governments, and research institutions can help
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produce dependable data that can support intricate studies. Involving diverse groups in
the research process fosters a more inclusive study and precludes the overuse of a single
pillar. To ensure comprehensiveness and balance, it is important to establish mechanisms
that regularly appraise and monitor research findings across various perspectives.

Using smart devices in landscape performance research is a relatively new topic. Smart
devices assist landscape professionals and researchers to easily auto-collect and analyze
longitudinal and more sustainable performance data, including some current data gathered
with difficulty. Smart devices can collect data on almost every aspect of the landscape,
both micro and macro. Traditional methods of assessing performance may involve manual
sampling or measurement, which is prone to human error. Using smart devices for data
collection can enhance the reliability and objectivity of data and reduce human intervention.
With the assistance of smart devices, environmental, social, and economic data can be
integrated to provide a more comprehensive view of landscape sustainability.

In order to ensure the reliability of the data, it is necessary to establish a smart device-
assisted longitudinal measurement framework. The continuous collaboration between
one-time measurements and longitudinal tracking using smart devices, following project
completion, complements each other and maximizes the representation of all dimensions
of landscape performance. One-time measurements provide rapid initial data collection,
facilitating a quick understanding of the current state and issues of the landscape. At the
same time, longitudinal tracking using smart devices enables continuous data collection,
providing long-term observations that delve into the evolving trends and long-term effects
of landscape performance. This helps researchers to adjust strategies and measures in
a timely manner to optimize landscape performance. By combining data from both ap-
proaches, a more comprehensive and multidimensional landscape performance evaluation
system can be achieved. Additionally, by comparing different observation data over an
extended period, the effectiveness of landscape improvement measures can be verified,
ensuring the reliability and accuracy of the evaluation results. In summary, the synergistic
research of one-time measurements and longitudinal tracking using smart devices con-
tributes to enhancing the depth and breadth of landscape performance evaluation. This
new framework will eventually help to promote sustainable development of the landscape.

8. Conclusions

This study examines various issues and challenges encountered in landscape perfor-
mance research and presents an alternative research framework centered on smart devices.
The research team conducted comprehensive investigations on the three fundamental
components of sustainable development, as outlined by LPS: the environment, social, and
economic sustainability. Additionally, researchers examined the metrics with 33 benefits
associated with the three pillars. The findings of the study revealed the presence of an
imbalance in the present landscape performance studies, indicating a need for further
research and rectification. The existing body of research on landscape performance has
exhibited a disproportionate emphasis on environmental sustainability but overlooks the
equally important dimensions of social and economic sustainability. A comprehensive
examination of 163 instances of performance in the United States has brought some deeper
issues. The lack of standardization in methods and tools utilized across various research
teams conducting performance assessment projects causes the inconsistency of the re-
sults, hence impeding the implementation of cross-case comparisons and casting doubt
on the validity of measurement outcomes. Moreover, a significant proportion of cases
employed one-time measurements. Due to the dynamic nature of landscapes, one-time
measurements may not adequately capture the continuous performance or fluctuations in
landscape performance. A comprehensive understanding of the interplay between various
landscape elements and their temporal impact on performance cannot be fully achieved
using one-time measurements. Furthermore, the landscape performance study suffers from
an insufficient of available tools. The 32 software programs provided by LCS websites
commonly encounter challenges in terms of usability and exhibit problems related to the
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accuracy and reliability of the results they provide. This study presents an alternative
framework for evaluating landscape performance by utilizing smart devices. The research
team also highlights the benefits of employing smart devices in sustainable research and
provides examples of their application in the realms of environmental, social, and economic
sustainability. Additionally, the research team offers recommendations for the future ad-
vancement of landscape performance. Future landscape performance research needs to
comprehensively consider environmental, economic, and social sustainability; a unified
approach is needed to measure landscape performance; both one-time measurements and
long-term longitudinal tracking are needed to quantify landscape performance; more re-
search is needed to enrich landscape performance measurement tools; multidisciplinary
comprehensive research is necessary.

Nevertheless, it is important to acknowledge that this study does possess certain
limitations, hence necessitating the need for subsequent studies. The sample size for
evaluating performance tools was limited due to cost and time constraints. A greater
volume of diverse samples is likely to result in more precise and reliable analysis outcomes.
Furthermore, by using additional variables beyond cost, ease of use, and accuracy;, it is
possible to anticipate improved and comprehensive results when assessing performance
evaluation tools. Also, the research team exclusively examined cases that occurred within
the United States, as most of the LPS listed tools are based on U.S. information and data.
Although the findings of the study acknowledge the potential global feasibility and present
an alternative framework, variations in economic, cultural, policy, and other aspects across
different areas may have impacted this study’s findings or influenced the framework’s
establishment. Hence, it is vital to conduct further investigations on landscape performance
research across various countries and locations. Simultaneously, it should be noted that the
framework proposed by the present study is merely a prototype, necessitating additional
research to facilitate further enhancements. The alternative framework proposed in this
study also needs further exploration. It is necessary to further consider the challenges
in practical implementation, such as considering the impact of different geographical
locations or environmental backgrounds on this framework and the limitations of applying
this framework. At the same time, in order to fully analyze the effectiveness of this
framework, the research team will implement comparative experiments in subsequent
studies to provide a balanced discussion that considers both the strengths and limitations
of both the current and the alternative framework.

Overall, this study contributes to the development of landscape performance. By
analyzing the gaps in the current landscape performance field and proposing an alternative
framework, a more complete landscape performance evaluation model and more compre-
hensive and accurate performance quantification results can be expected. This research
helps to promote the development of the landscape architecture discipline and achieve the
goal of sustainable development.
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