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SUMMARY

Despite significant advancements in the manufacturing sector, the construction
industry has been lagging in adopting compiaided and robotic technologies. This has
resulted in inefficient and unproductive construcgiwocedures not being fully addressed.
Construction progress tracking is an essential part of project management and keeps the
projectbdbs sharehol ders updated and confi de
specified budget and quality. Monitog, data collection, and updating the schedule are

some ofprojectmanagemerg most timeconsuming and labeantensive tasks.

Modern technologies such as robots and computer vision present a potential solution
to this issue Although previous researadnhanced data collection and data processing
separately, a considerable amount of manual effort is needed to classify and transform
collected data to the processing stagjéssresearclpresents a novélameworkto address
the gap utilizing autonomousdur-legged robots to capture imagesm indoor building
construction, classify data for creating quantified material lists, generatglasodels,

and compare them with original models to enabletigad construction schedulapdates

The proposed method offers a streamlined, optimized, and productive inspection
and data collection approach, potentially reducing time and labor requirements. By
providing decisiormakers with live updategonstruction project managers may reduce
overruns, meet deadlines, and reach the pr
technical details of the proposed procedure, discusses the potential benefits of adopting
guadrupeds in the construction ustry, and presents a direction for future research and

development in this area

Xi



CHAPTER 1. INTRODUCTION

1.1 Research Motivation

Over the past decades, the construction industry has attempted to utilize new
technologies like BIM, VR/AR, and blockchain and equipment 886° cameras, laser
scanners, singieask robots, and drones in projéctdecycle from the beginning of
engineering and designing stages to planning, purchasing materials, constructing elements,
inspecting, operating and maintaining, and even projsgodal(Sawhney et al2020.
However, compared with other industries like manufacturing, it suffers from several

challenges that have caused inefficiency and low produc{iktijoye et al., 202)L

Based on the North American Industry Classification SygteAICS) definition,
the construction sector forms 5.1 percent of all the US nonfarm payroll emplogntent
4.2 percent of GDP in 2021. However, published statistics indicate a decline in construction
productivity over the past decad@ock, 2015. The annual productivity index provided
by the US Bureau of Labor Statisti(Statistics, 202Balso proes that the construction

industryds s productivity has declined compared to the manufacturing s¢&iopnsrel).


https://www.bls.gov/productivity/glossary.htm#naics

116.0
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45.1
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Figure 1- US Labor Productivity (2012=100) Data source: US Bureau of Labor
Statistics

Considering the COVIEL9 pandemic, workforce shortages, and the imperative to
enhance technological capabiliies while meeting the demand for sustainable
infrastructures and buildings, compantegve been increasingly investing in adopting
technologies to improve their performan®awhney et al., 2020 Companies are
increasingly utilizing smartphones, drones, robots, and 360° cameras to gather data and
images to monitor project setlules and enhance industry safety control. Given that the
construction industry is one of the most hazardous in the United States, construction
companies must develop plans, including the use of autonomous robots, to reduce their

workerexposure to darggous environmeni@diarris et al., 2023



The project schedule is the main guideline for all parties involved in different stages.
Having limited reatime information and live analysis leads to a gap between ongoing
project stages and decisions made by agars. It mainly affects progress evaluation,
construction schedule monitoring, material quantification, cost, and key performance
indicators(Navon & Sacks, 2007 There is an essential need to make the-claltacting
process more efficient to assist managers in making tactical decisions based on accurate
data and updated informatidiGolparvarFard et al., 2009Navon & Sacks, 20Q7
Although many project monitoring tasks rely on traditional methods hkenan
interactions and papdrased task recordinthe use otechnology and modern tools has

increased among project participa(@®hn & Teizer, 201

Construction automation and robotics is a techneldgyen systematic approach
applied to improve project productivity, plang, constructability, and safety and assist
key persons in decisiemaking proces€Sawhney et al., 2020Althoughthe use ofobots
in construction sites is still limited, they will be applied more by finding specific cost
effective appltations like data collecting and data analy®ief & Nof, 2009. This
researcltpresents a safe and efficient method for collectingtresd data from the indoor
environment of construction sites using an autonomdegged robot, a Boston Dynamics
guadruped. The objectives of this research include identifying asatifying materials,
as well as updating the construction schedule intnee through the data collection

process.



1.2 Statement of problem

With the increasing use of technology in the construction industry, there has been a
significant improvement in pregt monitoring and managemeffisadi et al., 2020
Modern tools have enabled rdahe data collection and live analysis, rechgcthe gap
between ongoing project stages and managerial decisions (Navon and Sacks, 2007). This
development has benefited construction managers in evaluating progress, monitoring
schedules, quantifying materials, controlling costs, and improving key rpenice
indicators. While traditional methods suchmaperson inspectiotask recording still have
their place, the adoption of technology has become essential to keep up with the demands

of the industry (Bohn and Teizer, 2010).

This research focuses orroposing the automatic collection of data and the
utilization of computer vision to update construction schedules iftineal The study will
investigate a new solution to address the problem described above, specifically in
construction monitoring, by sgifically three main areas: (1) productivity and efficiency,

(2) data collection and processing, and (3) updating construction schedules reghéarly.
proposed workflow underscores the utilization of 4t#ak live data for updating work
progress and catruction schedules. It introduces a probtoncept implementation and
explores the potential advantages of employing autonomous robots for data collection at

construction sites.

1.2.1 Problem Focus 1: Productivity

The construction sectogonstituting one of the worfd largest economies with

approximately $10 trillion spent annually on constructielated goods and services, has



persistently lagged behind other sectors in terms of productivity for many years, presenting
a substantial $1.8illion potential to bridge this gafBarbosa et al., 201 Bock, 2015.

This shortfall poses challenges in meeting the global demand for infrastructure and
housing. However, closing this prodivity gap could lead to a rise of $1.6 trillion in the
industrys valueadded annually, effectively addressing about half of the @osidarly
infrastructure requirements or augmenting global GDP. Notably;thorte of this
opportunity lies in theJnited States, where, since 1945, productivity in manufacturing,
retail, and agriculture has surged by as much as 1,500 percent, while construction

productivity has shown minimal grow{Barbosa et al., 20)7

Within the construction industry, a persidtéack of productivity improvement has
hindered progress. While strategies derived from concepts like Industry 4.0 advocate for
highly autonomous and networked automation systentBammanufacturingindustry;
these principles have not been readily adoptemnstruction(Nof, 2009. The slow pace
of innovation within the construction sector has impeded its ability to adapt to the demands
of a rapidly evolving world. Unlike the promising advancetaeeen in hypeiftexible and
intensively automated manufacturing systems, the construction industry has remained
stagnant for decades, obstructing its potential contribution to global infrastructure needs.
Addressing this stagnation holds immense valog could significantly alleviate the

worldwide demand for infrastructure and hougiBgck, 2015.

1.2.2 Problem Focus 2Construction Moitoring

Construction monitoring consists of collecting, analyzing, recording, and reporting

data in order to provide wetletailed information for managers and facilitate the decision



making proces¢GolparvarFard et al., 2009 Observational methods for data collection
in construction projects can be costly and titoesuming due to their manual nature,
limitations with missing or inaccurate informati@@olparvarFard et al., 2009 and daily

implementation challenges due to the constacttanging working environment, and the

potential absence of supervisory &taf

While modern tools have enabled réiale data collection, it is important to
recognize that challenges still need to be addressed. Even though field personnel-spend 30
50% of their time collecting and analyzing data, little has been done to makat¢he d
recording process more efficient and accu(ili@on & Sacks, 2007 Furthermore, poor
planningand schedulindiave been identifieds critical causes of construction delays,
mainly due to insufficient data and regular updates in construction (aveng et al.,

2013.

1.2.3 Problem Focus 3UpdatedConstructionSchedule

Schedule deviations can be detected early by inspecting tasks and updating
construction plans, which helps managers to allocate resources and prevent delays and cost
overruns in project§GolparvarFard et al., 2009 Effective regular inspectienand
guantiication of construction tasks, either completed or ongoing, is essential and needs
new approaches in the construction industry. The current method of construction
monitoring is defined by regular personnel inspection and comparison of the actual
progress made anthe asplanned objectivegGolparvarFard et al., 2009 which is
inefficient and labor intensive and has the poteritalerrors (Lin & GolparvarFard,

2020).



Furthermorecurrent methods of updating construction schedude® the potential
to introduce a temporal discrepancy between the moment progress is officially reported
and the moment at which the actual progress is effectivedtyeasd. It can further
exacerbate the time required to comprehensively describe and elucidate the progress status
during coordination meetings, subsequently impeding the expeditious deutiakimg
process. In summation, the utilization of prevailing mdtlogies may hinder the prompt

and precise comprehension of the progress situ@olparvarFard et al., 2009

1.3 Purpose of the Research

The primary objective of this research is to enhance ptivitycwithin the
construction industry by proposing an automated workflow tailored for updating
construction schedules, with a specific emphasis on improving efficiency and accuracy
within indoor construction environments. Despite advancements in degtetionl andiata
processing within indoor constructienvironments a notable gap persists, requiring
substantial manual effort to classify and prepare collected data for further processing. This
research contributes to the existing body of knowledgedayessing this critical gap,
streamlining the procesand facilitating reatime updates to construction schedules. This
method provides key persons with wedtailed information, preventing possible delays

and cost overrw(Golparva-Fard et al., 2009

1.3.1 Rationale of Research

Despite numerous attempts to enhance productivity in the construction industry, it
faces various unresolved obstacles. While lean production and aggressive automation have

revolutionized the manufacturing sector, the construction industry has madediftess.



Construction stakeholders must reassess their operational approaches to avoid being
unprepared for potential productivity advancements in the industry, as the majority of
individuals involved lack the necessary incentives and resources to dnifecant change

(Barbosa et al., 20}7

The automation of data collection in progress monitoring can substantially impact
project management, helping to prevent schedule delays and cost overruns and enhancing
the overall quality of construction worGolparvarFard et al., 2009Navon & Sacks,

2007). In recent years, computer vision has gained recogniti@npasmising alternative
solution, offering automated and continuous monitoring capabilities through the use of
image and video capture, which can provide rich insights into project entities, behaviors,
and site conditions, enabling a more comprehensiveerstahding of complex

construction task&Seo et al., 2015

1.3.2 Research Questions

The objective of this research was to determine whether the application of novel
technologies, specifically autonomous robots, improves data collection and processing in
construction environments for ret@ine consruction schedule updateEhis research was
conducted to address the following three problems facing the construction industry: (1) the
industry continues to face challenges in productivity and efficiency in recent years, (2) data
collection for constru@dn monitoring is labor and tireeonsuming, and (3) the delay
between actual work and updating construction schedules results in decisions being made

based on outdated data.



In addition to the focused research problems stated above, the following research
guestions were established to guide the research study and become measurable data points

by which conclusions could be drawn from this research.

Question 1

Does automatic data collection in construction environments have the potential to

improve overall poductivity and efficiency

Question 2

Does the utilization of quadrupeds in construction projpotentially impact the

process of updating construction schedules and enhance informed dewagiog?



CHAPTER 2. LITERATURE R EVIEW

2.1 Introduction

Data collection is a fundamental process in construction monitoring, involving job
site control, quality inspectioprogress evaluation, and work schedule assessment. This
process entails tracking, reviewing, and categorizing data to compare the current status
with the planned program and identify potential del@§apsida et al., 20051t involves
going through the project, observing various locations, collecting necessary information,
and recording the time for further analysis. Visiting these locations and exploring

corstruction sites demand a considerable amount of time and gitaigher et al., 2021

Traditionally, the construction industry has depended on construction personnel for
data collection and information gathering. Essential site data, including workfauog,
equipment location and performance, materials usage, and inventory, has predominantly
been managed through-site control and recordingheng & Teizer, 2013It is a manual
process that involves4person visual inspection. As a result, it often leads to inconsistent,
time-consuming, labemtensive, ad errorprone data acquisition. In some instances, the
guality of data collected relies on the inspe@&nowledge and level of experier{édsari

et al., 202).

These limitations have highlighted the necessity for enhancing data capture and
maintaining updated informatioBata collection is among the construction tasks expected
to undergo automation and employ novel imoefs(Delgado et al., 2009An increasing

number of companies are leveraging novel technologies and modern equipment to capture

1C



data and acquerupdated information from their projects, streamlining the entire process

and enhancing efficiendyHalder et al., 2023a

2.1.1 Data Collection Methods in Construction Environments

In addition to thdhandson data coktctionmethod in recent years, new technologies
have been used by companies to acquire data and stay updated on the most recent
conditions in construction fields. In the past, project team members have relied heavily on
paperbased documents, such as{shmensional drawings, and-person communication
to exchange a vast amount of site informafGheng & Teizer, 20)3 Those data
collection methods were labartensive and did not add valtethe informatiorcollected

during the proces&olparvarFard et al., 2009

a. Drones

In order to facilitate the data collection process, technologies like Unmanned Aerial
Vehicles (UAVs) have been utilized for capturing images and using cadllelete for
inspection, safety improvement, physical progress evaluation, and construction monitoring
throughout the entire project lifecyclg@rizarry et al., 2012investigated the earlyse of
drones for capturing images in the construction indugtrgmallscale aeriatirone was
employed to investigate the safety benefits of UAV inspections in construction
environmentsin another studyD. Kim et al., 2019integrated Deep Neural Network and
site images from a drone and proved thesv data collection and processethodcould
help spot dangers near workeesarly, enabling quick action and creating a safer

construction site.

11



New technologies likkklnmannederial Systemshave been deployed for inspection
tasks by sharehol ders throughdGheisappetal.j ect s 6
2022. (Seo et al., 20)&onducted an experiment to perfoaminspection test and report
by a drone on a constructed bridge. They concluded that using drones for inspection in
construction projects would be efficient and effective.(Nooralishahi et al., 2021
researchthe application of NoiDestructive Inspection utilizing drones, especially in hard

to-reach or unsafe areas, was explored,samdecase studies were presented

Thanks to theadvancementén constructiorrelated technologieshe process of
evaluating thephysical progress of projects haecome moreefficient. Tools such as
UAVs and technologies such as computer vision and 4D BIM models can be utilized to
assess projects améck theprogress madat specifictime periods(JacobLoyola et al.,
2021). In addition,integrating drone jobsite images with BIM model and identifying any
delays from construction schedules for project overrun prevemisimeen explorgtHan

et al., 2015

Visual inspection of constructed facilities is the foundation of service maintenance
related projects. Since it is time and lalbonsuming, modern toolscludingdrones, can
be used to assess the need for any requaediationprojects for existing facilities or
infrastructureqJordan et al., 20)8A recent study shows th#tte images captured by
UAVs effectively evaluateurrent deterioration leveln mid-rise and higkrise buildings
(Ruiz et al., 202R Drones can be equipped with thermal imaging capabilities to identify
possible damages MEP systems and assistplanningfor required maintenan¢&loore

et al., 2013

12



(Ibrahim et al., 202Rstated that UAVs can facilitatine data collection process
specifically in largescale projectsand providethe construction team with valuable
information. They propose a method to create adoMer visual inspection with camera
equipped drones inoastruction fields. They can be utilized in civil infrastructure system
monitoring by collecting data and evaluating projects besides 4D BIM or 4D Cloud models
in different construction stages, from design and planning to construction and operation

phasegHam et al., 2016

b. Robots

Automated systems and robotics are recognized as technologies with the potential to
transform the construction industry, addressing productivity challenges and enhancing
quality standardéAsadi et al., 202(MDelgado et al., 20)9A studyinvolving 11 prominent
construction firms and governmeagencies indicates these entities recognize the potential
of robotics and automated systems to enhance productivity and fabgfye, 2018
Despite the initial cost of employing construction roboticgestment in the utilization of
robots by construction companies has increased, and their applications have become

popular(Bock, 2015.

Robotic systems equipped with autonomous navigation capabilities have played
crucial roles in diverse applications, ranging from surveillance and security to safety
inspection, automated excavation, demolition, material transportation, and dettiaol|
In construction environments, where data collection and progress tracking are often
repetitive, timeconsuming, and labentensive taskgGolparvarFard et al., 2009 a

significant opportaity for automation arises through the utilization of rol@tslgado et

13



al., 2019. They can be utilized to regularly capture data from exjdtilities or ongoing
construction projects, providing detailed information to support deeiking processes

(Halder et al., 2023b

(Mantha et al., 20)8employed an autonamns robot to measure and record
environmental parametelike temperature and humidity durirtige operation stage of a
facility for making informed retrofit decisiongn a different researclikKim et al., 2019
utilized an autonomous robot equipped with a laser scanner and SLAM navigation
technigue to navie through a building and scan specific parte key advantage of this
method lies in its capability to estify the optimal scan position and angle, significantly
reducing scanning time and effort while ensuring higgolution point cloud data in real

time.

The integration of autonomous robots with BIM models and SLAM navigation can
efficiently accomplish da collection tasks in construction environments. Utiliz1y
Light Detection and Rangin@.iDAR) sensors to collect data and overlay them on BIM
models in 3D point cloud spaces assists project shareholders in the monitoring and
inspection processdirahim et al., 2010 (P. Kim et al., 201pused a different method
and intgrated UAV system with a mobile vehicle to improve visibility and create
expanded range of information. The robot was capable of 3D laser scanning and live data
collection from the environmen€onsidering the extended versions of automated data
collecion methods in the construction industry, the accuracy has been improved, and

productivity and efficiency have been enhanced.

2.1.2 Using Collected Data from Construction Environments

14



Collected data from construction fields can be used for various purposes, including
safety(Irizarry et al., 201}, surveillancgAlbeaino et al., 2022 inspection(Halder et al.,
2023hH, monitoring (Han & GolparvaiFard, 201% physical progress evaluating
(GolparvarFard, Bohn, et al., 20)1and construction schedulifiGolparvarFard et al.,

2009. Early detection of project delay or works that may cause a schedule delay can save
a considerable amount of budget and t{@elparvarFard et al., 200Han & Golparvar

Fard, 201% Modern advancements in technologych asobots and advanced image
processing, offenovel solutions to improve constructianspection and monitoring by

overcoming existingnefficiencies(Halder et al., 2023b

(Fard & PefiaVora, 2007 employed construction images for camera matching and
material detectiorotcompare and recognize the progress in construction projects. In recent
years, machine learning has facilitated the process, which calculates progress monitoring
by processing abuilt images. Although this method simplifies the process and saves time
andcosts, it requires haraeld cameras and personnel to classify images and assign them
to asplanned models. This manual process emerges a new need to involve modern
equipment to minimize human intervention during the pro¢kspsida et al., 2015

Paneru & Jeelani, 2021

As a response to this need, manual data collection process, which-totiswening
and labofintensive andinefficient (Navon & Sacks, 20Q7 is being transformed
(GolparvarFard et al.2009. Automated data collection approach has been considered to
collect data and provide decision makers with the latest information on construction

projects(Asadi et al., 2018 Continuous colletton, documentationand analysis of indoor

15



project data are vital to ensure effective project monitoring and adherence to timelines and

budgetgMantha et al., 2018

2.1.3 Emerging Quadrupeds in the Construction Industry

Construction environmesireunpredictable and unsafean et al., 2020and using
appropriate equipment durinige data collection process is importaf\faha et al., 2013
stated that using advanced tools like etmsyse robots in construction automation will
provide value, safety, qualitproductivity, and performance. The robot should be flexible
enough to adapt to the dynamic condition of the construction enviror{Areimy et al.,
2015. (Petersen et al., 20L?vestigated different typesf robots in construction and
categorized them by equipment, performance, and outcome. Construction robots can utilize
radars, depth cameras, laser scanners, LIDAR, and GPS, besides their mobility and ability

to collect data from constructiaites

(Asadi et al., 2018showed the ability of a mobile wheehabled robot to recognize
obstacles and provide live visirased data in limited environments. Another research
conducted byMantha et al., 200)8used an autonomous mobile robot with a navigation
and drift correction algorithm for collecting data from an indoor environmehtiaimg it
in the decisiormaking process(lbrahim et al., 2019 collected data from an under
construction environment by using a mobile rolagtD BIM model, anca LIDAR tool to

create a point cloud map and compare thplasned and as projects elements.

Although ground mobile whe@nabled robots areapable of collecting data from
indoor environments and elements located on the same building story, the main challenge

would be traveling between levels autonomously and without human intervérgiemet

16



al., 2018 Petersen et al., 20LLonsidering mobility and the range of capabilities, legged
robots have advantages over wheeled or other types of ground mobile robotte ddeiti
systems are paramount in achieving superior mobility performance, Energy consumption,
speedHwangbo et al., 2019 ee et al., 2018 and obstacle negotiation ski(Raibert et

al., 2008.

In a previous study bgHutter et al., 201)7 anautonomous 4egged robot, known
asa quadrupedwasaccustomed to run various performance tests, including walking on
uneven surfaces, ramps, and stairs, and proved they could be utilized in indoor building
environments(Afsari et al., 2022Halder & Afsari, 2022 investigated the application of
a quadruped in inspection and data collection in a constnuygtoject and concluded that
it can decrease the need for field personnel to perform repetitive tasks. A quadruped and a
LIDAR scanner were employed to assess image quality, revealing opportunities for

improvement by establishing specific criteria duropgration(Wetzel et al., 2022

17



CHAPTER 3. METHODOLOGY

3.1 Introduction

Productivity improvement is one of the most important challenges in the construction
industry. Modern technologies and advanced tools can reduce waste, enhance efficiency,
and improve construction project outcomes and results. t@eatisn monitoring and
scheduling is one the areas that has utilized advancement in construction in(ibstriets
al., 2015. Automating data collection in progress monitoring enhances project
management, streamlines decisiaking, and prevents schedule delays and cost overruns

(Navon & Sacks, 2007

Traditional methods like Hperson job site data collecting are the@nsuming and
laba-intensive (Lin & GolparvarFard, 2020 Seo et al., 2005 Gathering data in
construction projects through observational methods is often expensive due to the manual
procesgHan et al., 2016 Additionally, data must be classified and processed for further
inspection, documentation, and scheduling analyysismigautonomous robots allows us to
perform both stages simultaneously, making the entire process more effiibétet al.,

2013.

A comprehensive literature review was conducted to propose the best solution in
response to identified isss and research questionBhis study explored a novel
application of autonomouslégged robots, focusing on their use for data collection, image

processing, and reéilme construction schedule updates. The acceptance of this innovative
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solution, involvirg the implementation of this technology in the construction environment,

was evaluated through an online questionnaire among the qualified target population.

Conclusion
and Future

Research

Topic .| Literature .| Research .| Proposed |, | Assessment
Selection "] Review "1 Questions 7| Workflow | 7|  Survey

A

Figure 2- Research Framework

The research questions established ias sihiidy were developed to validate the use
of autonomous robots for data collection and construction scheduling in construction
environments in regime. Moreoverthe research explores the effectiveness of employing
4-legged autonomous robots for datdlexdion in indoor settingsl'he research questions

are as follows:

Question 1

Does automatic data collection in construction environments have the potential to

improve overall productivity and efficien@y

Question 2

Does the utilization of quadrupeds ¢onstruction projectpotentiallyimpact the

process of updating construction schedules and enhance informed dewagiog?
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The background study proposes a workffowlive updating construction schedules
by collecting and classifying data usindgaar-legged autonomous robddeep learning
methods for processing, classifying, and quantifying worked materials and items were
considered. In addition, a questionnaire is designed and created to distribute among a group
of researchers and professionalshe construction industry. The effectiveness of using 4

legged autonomous robots and automation in data collection has been examined.

The study followed a qualitative individual online questionnaire model using data
gathering instruments. Thoguestionsvere mostly multiplechoice, and scalpoints type
to assess participantsd opinions more effe
participants completed a background survey followed by their knowledge assessment of
applying autonomous-k¥ggedrobots in data collection in the construction environments
by scalepoint questions type. The other parts of the questionnaire were barriers to applying
these kinds of technology in construction fields and the benefits of using them for intended

purposes.

The entire process, including obtaining consent, answering the questions, and
conducting the analysis, was carried out using the Georgia Tech Qualtrics research
platform. Thissurvey platform provided a secure environment for assessing the responses
and onducting further analysis. All collected survey answers are analyzed and visualized
to create a clear image of the research results. The questeowaaidistributed among
members of internet groups with constructrerated education and working expexe.

Total number of acceptable answers waswiich will be discussed ithe sampling

section.
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3.2 Overview of the Research Background

The proposed frameworitilizes anautonomous quadrupedbotmanufactured by
Boston Dynamicd-igure3. Ther o bsoljektive is to navigate autonomously between

building stories, cover the areas of each floor, and capture data ftinregdrocessing.

Figure 3 - Images of the quadruped robot, Spotmanufactured by Boston Dynamics
(Source:Researcher}

The robothas the ability to traverse various terrains while simultaneously perceiving
and analyzing its surrounding&uizzo, 2019. With a length of 43.3 inches, a width of
19.7 inches, and a standing height of 38ches, the robot can run for up to 90 minutes on
asingle charge unddypical operating conditiondt has a net weight of 71.7 pounds and
can move at a maximum speed of 3.5 feet per second. An ingress protection rating of IP54

allowsthe roboto workunder light rain and operate within a temperature rang&°Bfto
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113°F. It can traverse slopes up te 3 degrees and climb stairways that comply with US
building codes. Furthermore, the Spot can carry a maximum weight of 30.9 pounds, making
it able to carry additional equipment and tools on its top using mounting rails

(BostonDynamics., 2032

3.2.1 JobsiteData Collecton

Numerous constructiostudies have examinedthe wse of site imagery, including
photos and videogp monitor workers, equipment, and materjalaproving progress
assessmerdnd safety protocol@Kazemian et al., 2039 The current studg first step
proposes to usa quadruped roban indoor construction environmeyds an autonomous
tool to capture the images and collect data. The proposed approach involves programming
the robotto follow specified routes and periodically visit predetermined locations to

capture images and colletata.

The robot can navigate autonomously by using either an offline map or a live data
map in confined environments using an integrated software and hardware system that
incorporates a 3D lidar, an IMU, and an onboard comgtmral et al., 202R The offline
map refers to a prbuilt map of the environment stored in the r@bahemory or storage.

In contrast, livedata or online environmental information refers to-teaé sensor data
gathered by the rob@t sensors as it moves through the environrfRRamezanlou et al.,
2020. It first builds an offline environment map using Simultaneous Localization And
Mapping (SLAM) techniques and then uses live data from sensors to localize itself on the
known map and generate rigkvare paths using gridased path plannin@oval et al.,

2022.
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The robotis equipped with sensor modules on its front, rear, and sides, consisting of
stereo cameras, a widmgle camera, and a texture projector. These sensors are used to
facilitate the SLAM nawgation method, allowing the robot to move autonomo({siyizzo,

2019. Ten cameras, consisting of five optical cameras for the opératew and five
depth cameras for robot perception and obstacle avadanavide the Spot robot with a
360-degree overall optical field of view and a depth camera range of approximately 2
meters. However, there are gaps in the depth camera field of view near tlis hyot

where the field of view (FOV) does not overl@ostonDynamics., 2032

3.2.2 Data Classifcationand Processing

Traditionaly, constructionenvironmentdata is collected anthter processed by
usersField engineers capture site images, classify them, and share edited images with the
projectplanning and scheduling divisioRlowever, in this study, using an autonomous
quadrupedllows thesimultaneous collémn and proceseg of images. Equipped with an
onboard computer powered by an Intel NUC, the robot features an i7 CPU, 8 GB RAM,
and 512GB SSD storage. This specification allows us to process and udgneanages

for the nextstepof the process

Although using laser scanners for acquiring théwait geometry of a constructed
project has beeunsed for some timehe resulting dataannot provide users with material
recognition. Some novel imagmmsed 3D modeling techniquieave beemroposed using
machine learning to recognize materials and classify images and relat¢didateov &
GolparvarFard, 2013 Utilizing computer vision methods to extract semantic information

from a scene in order to use in construction progress monitoring helps managers identify
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progress, specifically in installed materials in their locations, monitor the prajecireet

deadlines.

3.2.3 TheProposed Workflow

Traditional project monitoring methedhvolve a considerable amount of time and
cost, and since data is collected manually at a low rate every month or week, it is outdated,
inaccurate, and unreliab{®avon, 200% Depending on a projdst scale, function, and
complexity, recording accurate data from various sources and using them for construction
planning could be challengir{§khavian & Behzadan, 201¥ing et al., 2018 As a result,
innovative and costffective approaches to project monitoring and control are needed to

ensure that construction projects stay on track and within b(gahayake et al., 2021

Almost half of the construction projé@stbudgetis allocated to building materials
(Kini, 1999. Monitoring and controlling the use of materials is a key factor for project
progressontrol(Navon, 2005 This research considers live data collection by autonomous
guadrupedin order to develop a model for updating the construction schedule based on
installed materials and objects in a building project. ffameworkutilizes a quadruped

robot for live data collection and monitorifigigure4).
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Figure 4 - Proposed workflow of data collection, processingnd updating
construction schedule by the quadruped (SourcéResearcher$

The robothas the ability to capture data and images and store them. However, being
capable of WiFi connectivity, the workflow uses the robot to capture images and use them
in a mmputer vision algorithm to recognize, identify, and label matariaksattime using

deep learning and computer vision meth@adwye et al., 202R Utilizing the original
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BIM model, besides processed data during the workflow, provides users with benefits in

both the initial and final stages

The comparison between the@anned and abuilt models in construction projects
is facilitated by utilizing a 4D Building InformatioModeling (BIM) approach. The 4D
BIM model, which incorporates the schedule of tasks, serves as the baseline, whHe the as
built models are overlaid onto the 4D BIM to conduct the necessary comp@musida
et al., 201% Furthermore, a BIM modelefines a route for the quadruped and identifies

areas to be inspectédalder et al., 2022

By comparing the physical shape and disiens of surfaces and elements in
captured construction images, we can determine completed parts and remaining items
(GolparvarFard, PefidMora, et al., 2011l Moreover, a detailed model provides BIM
based quantity takeff data, including a comprehensive material list with corresponding
guantitiegOlsen & Taylor, 201Y. In terms of decisioimaking, comparing the gdanned
and asis conditions carbe presented visually for managers and facilitate the evaluation

and selection proce¢Beng et al., 2020

Using visionbased material recognitiofpimitrov & GolparvarFard, 2013, the
guadruped icapableof reattime processg with its onboard computer. With material
recognition and quantification abilitthe robotcan make a quantity taladf list of
installed materials and fixtures. The evaluation of prgpecgress will be performed by
comparing the current status with theptenned statusnd can be done through two

methods.
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The first approach compares theigaistalled material list and the full material list
and quantification, an output from the uploaded BIM md@#loi et al., 201p In this
approach, the main factor of progress evaluation is the material list and respective
quantities. Theobotwill quantify the installd materials items in addition to the related
factors, including labor and equipment, and update the uploaded construction schedule live.
The uploaded @ BIM model provides starting and finishing planned dates and allows the

robot to update the schedule atbw delays.

In the second alternative, the robot uses live images to creBtp@rg cloud model
and compare it with the uploaded BIM modelan et al., 2016 After recognizing
materials and rebuilding @&3model from the constructed parts of the building, the robot
would be able to compare it with the original BIM mo@sah & GolparvarFard, 202).
The key element of the workflow is using an autonomous robot with an onboard computer,
which is able to capture images, process them, and update the construction schedule in real
time. As the previous alternative, theginal 4D BIM model is used as a baseline to find
any delays in the schedule. Through regular inspection and collecting daily data,

contractors andwners are able to control progress and evaluate project performance

3.3 Research Setting

The research annnoement and questionnaire were distributed among members of
t h €o-ofierative Network of Building Researcher8 C N B Ras well asugsearchers'
Linkedin profiles The group, consisting of individuals passionate about building research
and related areasuch as project management, real estate, and construction, is connected

through a mailing lisGroups.io, 202B Messages sined within this community include

27



research inquiries, updates on upcoming conferences, news about research opportunities,

journal highlights, and newly published books.

In addition to professional discussions, members engage in conversations about
shared interests. While the majority are academic researchers, the group also welcomes
active participation from industry practitionefide group is hosted on https://groups.io
and was established on February 1, 2020. As of October 13, 2023, it coraposaisof
1762 memberg§Groups.io, 2028 Due to the various experiences of the group members,

this group was selected to distribute the flyer and questionnaire.

The platforntis members have diverse academic and professional backgrounds,
enabling researchers to access precise insfghts various perspectives on technology
utilization in research. A preliminary assessment covering participant demographics like
age, education, occupation, and experience was conducted. This was followed by sections
of the survey exploring technology djgpations in the construction industry, limitations of
using autonomous robots for monitoring and data collection, and inquiries about the

potential benefits of the proposed methods.

The questionnaire focused on the use of autonomeleggéd robots, calte
guadruped, for data collection, classifying, and updating construction schedules in real
time. A description of the proposed workflow was provided in the research flyer. The
effectiveness of using this modern technology for data collection in constructio
environments, capturing images for data processing, and updating construction schedules

was investigated and considered.
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3.4 Materials

Before starting the questionnaire, for those participants who did not have any idea or
experience related to theldggedautonomous robots, in the research announcement,
images of the quadruped and a description of required tasks were provided. Since a
construction background was mandatory for taking the survey, the participants had the

chance to under gdtieard the dorcept (Sele Appaex a p p |

Since the study was conducted among a group of experts with construction
backgrounds, we were required to submit our research protocol (H23378) to the Office of
Research Integrity Assurance and obtain IRB appravdifiman Subject Research. Since
the research di d n o ntal tara kpersonalainformatom, it avast s 6

reviewed in the Exempt category and approved by the research(Beardppendid).

An online questionnaire through the Georgia Techl@ualatform was provided
for participants. A research announcement, including a QR code and a direct link to the
survey, was distributed among the group of qualified persons. Due to the different types of
consent forms required for potential particigaiiom the European Union and the United
Kingdom compared to those from other parts of the world, including the United States,
participants were initially requested to declare their geographical lo¢&#mnAppendix

Q).

Based on the legal issue relatecpersonal information and level of confidentiality
in the European Union and the United Kingd@and the regulation of Georgia Tech, a
separate consent form was specifically provided and approved by IRB to cover the whole

legislationissue(See AppendiP). In addition to that, for survey takers inside the US and
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the rest of the world, another consent form was created and submitted for approval as an
attachment of the protoc¢(Gee AppendiE). The participantsleclared their consent for
the test based on their geographical location by these specified consent forms at the

beginning of the questionnaire.

The questionnaire consisted of 30 multiplemice and Likert scale questions.
Participants were required tosaver singlechoice questions, select all that apply, rate their
understanding or feelings, and propose any additional points. The questions were divided
into foursecti ons, including participantsé®o bac
performance in catruction, limitations, andbenefits of using the quadruped in
constructiorenvironmentsSeveral of the questions used in the questionnaire were derived

from prior research studi¢€ai et al., 2020Delgado et al., 201%ark et al., 2023

The first section of the questionnaire focuses on participbatkgrounds, including

their age, educain level, current occupation, and years of experiéhicrireb)
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1. What is your age group?

18-24 25-34 35-44 45-54 55 or above

21 2 -3- A 5-

2. What is your highest level of education?

High school Associate Bachelor's Master's Doctoral
diploma or degree or degree or degree or degree or
equivalent equivalent equivalent equivalent equivalent

-1- -9- -3- 4- 5-

3. What is your current occupation??

Construction Tradesperson/ Engineer/Technical Construction Researcher/
worker Supplier Personnel Manager Academic
-1- 2- -3- -4- -5-

4. How many years of experience do you have in construction or related fields?

Less than 1 year 1-3years 4-9 years 10-14 years 15 years and more

s -2- -3- -4- -5-

Figure5-Par ti ci pant geaatedcuestiogsr ound

The secondsection explores participabt®penness to technology and related
experiences. It assesses their familiarity witlegged robots, including their abilities,

applications, and potential uses in construction téSkgire6).
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5. Have you ever used or seen a 4-legged autonomous robot in construction or related fields?

6. Ifnot, would you be interested in using or seeing a 4-legged autonomous robot in construction or related fields in the future?

Yes No Maybe
-1- -2- -3-

7. How familiar are you with 4-legged autonomous robots?

Extensive
work or T~ Somewhat Not very Not familiar
research y familiar familiar at all
experience
1 2- -3- -4- -5-

8. Which of the following features do you think a 4-legged autonomous robot has? (Select all that apply)?

Ability to
Ability to - Ability to communicate
: Ability t Ik . 1 s ;
work in funytowa climb stairs and Ability to carry with other
: > on uneven
meOI terrain obstacles heavy loads robots or
environments humans
Albslity v caphure Ablllty to process Ablhty to update Ability tp carry
. - data or information construction schedules specific
images or videos of : :
A from the images or based on the collected materials or
the environment -
videos data tools

9. How do you feel about utilizing technology in the construction industry? (1 = Very negative to 5 = Very positive)

ke s Be A B

10. How do you rate your understanding of how a 4-legged autonomous robot works? (1 = Very low to 5 = Very high)

41 2 3= -4- -5-

11. How do you feel about using a 4-legged autonomous robot in construction? (1 = Very negative to 5 = Very positive)

L 2L 3- 4- 5-

Figure 6- ParticipantsoAttitudes Toward Technology Questions
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The third part explored the participaditpinions on the barriers and limitations of
using quadrupeds in ¢hconstruction industry. Based on previous studies, three main
categories of limitations were identifieth order to explore and design questions:
technical/functional limitationgDelgado et al., 2019 financial issuegCai et al., 202))
and social attitude@ark et al., 2023among construction workers and compaifiggure

7).

12. How do you rate the extent of barriers related to the high cost of acquiring 4-legged autonomous robots in the construction
industry? (1 = Very low to 5 = Very high)

-1- 2- -3- -4- -5-

13. How do you rate the extent of barriers related to the expensive update and maintenance costs for 4-legged autonomous robots in
construction? (1 = Very low to 5 = Very high)

-1- -2- -3- -4- -5-
14. How do you rate the extent of barriers related to the incompatibility of 4-legged autonomous robots with current construction
methods and procedures? (1 = Very low to 5 = Very high)

-1- 2- -3- -4- -5-

15. How do you rate the extent of barriers related to the difficulty in using and understanding robotics technology in the construction
industry? (1 = Very low to 5 = Very high)

5 e -3- -4- -5-

16. How do you rate the extent of barriers related to the limited availability of resources and manufacturers for 4-legged autonomous
robots in the construction industry? (1 = Very low to 5 = Very high)

5 = e -4- 5=

17. How do you rate the extent of job displacement and skill mismatch concerns arising from the introduction of 4-legged autonomous
robots in the construction industry? (1 = Very low to 5 = Very high)

-1- 2- -3- -4- 53

18. How do you perceive the level of social and cultural resistance to the integration of 4-legged autonomous robots in the construction
industry? (1 = Very low to 5 = Very high)

=1z 55 -3- -4- -5-

Figure 7- ParticipantsGPerceptions of Quadrupel Limitations Questions
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The following questions were crafted to investigatied assess the advantages of
incorporating quadrupeds in the construction sebridhis section, participants were asked
to evaluate the benefits of utilizing quadrupeds in tao8on monitoring, including data
collection, data processing, and automated construction sched#iggre 8). The
guestions were designed in accordance withie@dlaurveys from previous studi@3ai et

al., 2020 Halder et al., 2023a
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19. How do you rate the benefits of automated data/image collection in construction using 4-legged autonomous robots? (1 = Very low
to 5 = Very high)

-1- 2= -3 -4- 5-

20. How do you rate the benefits of enhanced data processing efficiency in construction with 4-legged autonomous robots?
(1 =Minimal impact to 5 = Significant impact)

-1- 2- 3- -4- -5-

21. How do you rate the benefits of real-time construction schedule updates and improved project timeline adherence with 4-legged
autonomous robots? (1 = Limited extent to 5 = Great extent)

. 2 3- -4- 25-

22. How do you rate the likelihood of 4-legged autonomous robots improving inspection and project documentation in construction? (1
= Highly unlikely to 5 = Highly likely)

-1- 2 3- -4- -5-

23. How do you rate the potential cost and resource benefits of integrating 4-legged autonomous robots into construction operations? (1
= Negligible to 5 = Substantial)

-1- 2 3- -4- -5-

24. How do you rate the likelihood of 4-legged autonomous robots improving safety and reducing accidents in construction projects? (1
= Highly unlikely to 5 = Highly likely)

-1- 2- 3 -4 5-

25. How do you rate the potential benefits of enhanced construction project efficiency and accelerated project timelines enabled by 4-
legged autonomous robots? (1 = Limited extent to 5 = Great extent)

-1- 2 3- -4- -5-

26. How do you rate your interest in utilizing 4-legged autonomous robots for carrying general tools and equipment in construction?
(1= Very low to 5 = Very high)

-1- -2- -3- -4- 25

27. How do you perceive the potential benefits of using 4-legged autonomous robots to transport construction materials on construction
sites? (1 = Very low to 5 = Very high)

- 2 -3 -4- 5

28. How do you perceive the potential benefits of using 4-legged autonomous robots to transport safety-related equipment, such as fire
extinguishers, cones, or barriers, on construction sites? (1 = Very low to 5 = Very high)

P 9k 3 -4- 5

Figure 8- ParticipantsdAssessment of Quadruped Advantages Questions
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In the final section of the questionnaffgégure9), participants shared their personal
opinions regarding suggestions or expectations to enhance the implementation of
guadrupeds in the construction industry, drawing insights from existing s{@diest al.,

202Q Delgado et al., 201HHalder et al., 2023#&ark etal., 2023.

29. How likely are you to recommend using a 4-legged autonomous robot in construction to others? (1 = Very unlikely to 5 = Very
likely)

-1- 2 -3- -4- -5-

30. What are your expectations or suggestions for improving the performance or usability of a 4-legged autonomous robot for
construction?

Providing S Enhancing Any other
: : 3 . ; Establishing s O :
Reducing nstruction to Exploring innovative 5 5 advertising in suggestion
; = o regulations |
upfront costs construction applications : . theconstruction
and incentives .
workers industry
-1- -2- -3- -4- -5- -6-

Figure 9- Participantséinsights on QuadrupedUtilization

3.5 Participants

3.5.1 Sampling

In this study, researchers utilized a nonrandom convenience sampling method as the
sampling procedure. The survey participants were volunteers andheerembers of an
internet group consisting of academic researchers and experienced professionals in the
construction industyand t he aut hor s 8 redearchkaenduncememptr of i |
including a brief description of the reseaiitie survey linkanda QR code, was distributed
to the target population(See AppendixB). The survey was anonymous and coothd
through the Gatech Qualtrix website. Participaotsisent was obtained at the beginning

of the questionnaire, and their responses were recorded in the database for further analysis.
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The sample size in this study consists of 81 participants withraatisn education
and related background, which satisfies other research recommendations or similar
conducted surveys that received between 25 to 108 resg@asex al., 2020Delgado et
al., 2019 Law et al., 2022Mahbub, 20150jha et al., 2022Pan et al., 2020Pan & Pan,

202Q Warszawski & Navon, 1998

3.5.2 Description of Participants

After obtaining consent, participants filled out an anonymous background survey to
assess theamplés demographics. Among the participapt®l, the age distribution was
as follows:7% aged 184, 17% aged 2534,63% aged 3544, 6% aged 454, 5% aged

5564, and1l% aged 65 and old€Figure10).

Q1

63%

=,

- N mae /

= 18-24 = 25-34 =35-44 = 45-54 =55-64 = 65 or above

69

>

7% 1% 5%

Figure 10- Distribution of Participants6Ages

17% of participants held bacheferdegrees42% had mastés degrees, and1%

had doctoral degrees or equivalembdicating a weHeducated participant pool.
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Additionally, over 83% of participants had a background in construction at the graduate

level, demonstrating advanced knowledge in constructtaied areaf-igurell).

Q2

41% ’

N

= Bachelor's Degree = Master's Degree = Doctoral Degree

17%

Figure 11- ParticipantséUniversity Degree Distribution.

Considering their occupatio@% of participants identified as construction workers,
2% as tradgpersons owsuppliers, 36% as engineers or technical professionals, 16% as

construction managers, and the remaining 16% as researcheeslemigFigurel12).

Q3

2.5%2.5%

43.2% ‘

\

16.0%

= Construction worker = Engineer/Technical Personnel
= Project/Construction Manage= Researcher/Academic

= Tradesperson/Supplier

Figure 12- Occupation Distribution
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In terms of previous work experience in construction or related fietdshad less
than 1 year, 20% had3years, 28% had-@ years, 25% had 104 years, and 21% had

more than 1%ears of experiencgigurel3).

Q4

6%

21%

25%

28%

= Lessthan 1 yean 1-3 years = 4-9 years = 10-14 years = 15 years and more

Figure 13- Work Experience Distributionrience

To assess their openness to technology in the construction industry, participants were
asked,dHow do you feel about utilizing technology in the construction indug&9%
responded very positively, 22% were positive, 16% were neutral, and 2% were negative.
Regarding the use oflégged autonomous robots in construction, participants were asked,
MHow do you feel about using aldgged autonomous robot in constructidR®sponses
varied: 37% were very positive, 36% were positive, 21% were neutral, 5% were negative,

and 1% were very negative.
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Figure 14- Participant Opennesstolechnologywithr e s p o n s eHow tlogygu ( a )
feel about utilizing technology in the construction industry® and ( b Howfilo you
feel about using a 4degged autonomous robot in construction?

In an effort to finda familiarity level with the use of fegged robotsparticipants
were askeddHave you ever used or seen-&edged autonomous robot in construction or
related fields@Despite being a relatively novel and modern technology, a surprising 33%

of participants, totaling 27 individuals, respongeditively Figurel5).

Q6

= Have seen the robot or previous experience

= Have NOT seen the robot or previous experience

Figure 15 Previous Experience with theRobot
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An impressive 79% of participants expressed keen interest in using or encountering
a 4legged autonomous robot in construction or related fieldse future, demonstrating
a high level of enthusiasm within the participant pool. Approximately 19% were more
tentative and responded wiiiMaybed regarding the potential future application of this
technology. A remaining 2% stated their reluctanadicating that they would not consider

using a quadruped in future construction tasks.

Q7

19%

79%

Maybe = No = Yes

Figure 16- Willingness for Future Robot Application

3.6 Data Analysis

The data were collected and analyzed using a combination of descriptive statistics
for quantitative responses and thematic analysis for qualitative responses. The focus of this

study revolved around two central questions. Data collection instruments Gedngia
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Tech Qualtrics platform were designed to facilitate responses to these questions. The

results will be discussed in Chapter 4. The research questions, as mentioned above, are:

Question 1

Does automatic data collection in construction environmieate the potential to

improve overall productivity and efficien@y

Question 2

Does the utilization of quadrupeds in construction projpotentially impact the

process of updating construction schedules and enhance informed dewagiog?

The study inwlved creating an online questionnaire targeted at qualified individuals.
Potential participants were required to be at least 18 years old and have experience or a
background in the construction industry. A research announceankenéf description of
the researchand images of the robot werdistributed among a group of academic
researchers and professionals in the construction field. Participants were asked to declare
their geographical location to access the consent forms, which differed based ogr wheth

they resided in the European Union or the United Kingdom.

The data collection process commenced on November 1, 2023, and concluded on
November5, 2023, conducted onlin81 responses were received, whileidfiated the

survey but did not complete ithe average duration of answering the online questionnaire
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was 9 minutes. Among the participant§jddividualsindicated their geographical location

as the United Statgkigurel7).

= United States = Non-US

Figure 17- Participant Geographical Distribution
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CHAPTER 4. RESULTS

4.1 Introduction

This study has been conducted to address the research problethet¢hstruction
industry suffers froma lack of productivity and efficiencyAbioye et al., 202)1(2) the
current method of construction monitoring is tiro@nsuming and labantensive(Lin &
GolparvarFard, 2029 and (3) delays in updating construction schedigesling to
deviations and cost overruiislavon & Sacks, 20Q7 Through an extensive literature
review and analysis of recent findings, th@ization of autonomous -egged robots
employing advanced dedgarning algorithms has emerged as a promising solution to

these challenges.

In alignment with the rob@s features and abilities, a framework for rixale data
collection, processing, andonstruction schedule updates has been proposed. The
workflow involves regular inspections and the identification of installed materials,
complemented by a 4D Building Information Modeling (BIM) model to monitor work
progress and detect potential delayhisTdetailed information keeps top management
informed about the projeist status, facilitating informed decisiomaking processes

(GolparvarFard et al., 2009

Additionally, as therobot's defined roleis novel, an online guestionnaire was
designed for qualified individuals from academia and the industry to assesstts

acceptance and benefasong potential reakorld users.
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4.2 Key Benefits of Utilizing Quadrupeds in Construction
4.2.1 Robd-Enabled Data Collection and Processing

To measure the effectiveness of the robot for automating the data collection process,
participants were askeidlow do you rate the benefits of automated data/image collection
in construction using-fegged autonowus robots@49% of the responses were the highest
possible rating (Stars), 31% were 4tars, 14% were 3tars, and the remaining 6% were

2 and lstars Figurel8).
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Figure 18- Perception of Automated Data/Image Collection

In response to the questiodHow do you rate the benefits of enhanced data
processing efficiency in construction with-legged autonomous robos243% d
participants chose 5 stars, 28% chose 4 stars, 15% chose 3 stars, 11% chose 2 stars, and

2% chose 1 stgFigurel9).
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Figure 19- Participant Ratings of Enhanced Data Processing

4.2.2 Benefits of Live Construction Schedule Updating

In order to measure the participapinion about the benefit of using the robot for
updating schedules in retiine, they were &®d to answer the questiaijow do you rate
the benefits of reaime construction schedule updates and improved project timeline
adherence with4egged autonomous roboés®ccording to the responses, 37% rated it 5
stars, the highest point, 26% rated dtars, another 26% rated it 3 stars, 7% rated it 2 stars,

and 4% rated it 1 star, the lowest raRlg@re20).
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Figure 20- Ratings of Realtime Construction Schedule Updates
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4.2.3 Other related benefits

As constructiomquality inspection and documentation is one of the benefits of using
the robot in projectsindoor environments, a question was asked to determine its
usefulnesstHow do you rate the likelihood of-kgged autonomous robots improving
inspection and project documentation in constructidi®e responses were as follows:

42% rated it 5 stars, 33% rated it 4 stars, 19% rated it 3 stars, 5% rated it 2 stars, and 1%

ratedit 1 star(Figure2l).
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Figure 21- Ratings of Construction Inspection and Documentation Efficiency

To assess the targgiopulatioris perception of the operational casiving
effectiveness of using quadrupeds in construction stalgesjuestiordHow do you rate
the potential cost and resource benefits of integratitepged autonomous robots into
construction operationé%as posed. Responses varied: 21% ratedbibs, 26% rated it
4-Stars, the highest portion (34%) chose 3 stars, 16% rated it 2 stars, and 6% rated it 1 star

(Figure22).
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Figure 22- Participant Ratings on Potential Cost and Resource Benefits

Utilizing the robot for safety inspection, specifically in the indoor environments of
construction projects, can be considered one of the primargngbyities of the robot.
Participanté opinions on the questiodHow do you rate the likelihood of-kkgged
autonomous robots improving safety and reducing accidents in construction péojects?
were consistent with other responses: 37% cbasars, 33%chose4 dars, 17% chosa

stars, 5% chosg dars, and 7% chosediar (Figure23).
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Figure 23- Participant Ratings on Safetylmprovement
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4.3 Limitations of Utilizing the Robot

Successfultilization of quadruped robots in indoor constructrequirescareful
considerationof existing limitations Thesebarriersencompass operational challenges
associated with the specific stage ofistruction, the nature of the build@dunction, and
the prevailing environmental conditions. Furthermore, safety concerns arise concerning
humanrobot collaboration, and the investment costs must be considered. Understanding
and addressing these lintitas are crucial for effectively incorporating quadruped robots

into indoor construction practices.

In our examination of incorporating quadrupeds into construction, we aimed to
comprehend the target populatiernviewpoint on the challengetn responsea the
guestioniHow do you rate the extent of barriers related to the high cost of acquiring 4
legged autonomous robots in the construction indugty&rticipanté responses varied:
40% choséNeutral 27% opted foHigh, 17% selecte¥ery High, 11% pickel Low, and

5% went withVery Low (Figure24).
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Figure 24- Barriers Related tothe High Cost ofthe Robot
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Another question wasHow do you asess the challenges associated with the costly
updates and maintenance eliedged autonomous robots in constructiohRe responses
differed: 35% remained Neutral, 28% deemed it High, the smallest fraction (5%) selected

Very Low, 16% considered it Low, dranother 16% regarded it as Very H{gigure25).
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Figure 25 Update and Maintenance Costs fothe Robot

In answer to the queryiHow do you assess the challenges linked to the
incompatibility of 4legged autonomes robots with current construction methods and
procedures®participants responded: 37% marked it as High, 28% as Neutral, 17% as Low,

12% as Very High, and 5% as Very L@kigure26).
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Figure 26- Incompatibility of the Robot
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To understand the a r t i cpergpective endhurdles in utilizing quadrupeds in
construction, the questidiHow do you assess the obstacles linked to the complexity of
using and understanding robotics technology in the construction industas? asked.
Responses varied: 46% remained Neutral, 28% considered it High, the smallest fraction
(5%) opted for Very Low, 14% rated it Low, and another 7% perceived it as Very High

(Figure27).
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Figure 27- Difficulty in Using and Understanding Robotics Technology

Respondents were asked to assess the obstacles related to the limited availability of
resources and manufacturers fdedged autonomous robots in the construction industry.
The responses varied: 33% rated it as High, 30% as Neutral, 21% as Low, 10% as Ve

High, and 6% as Very Lo\Figure28).
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Figure 28- Limited Availability of Resources and Manufacturers for the Robot

They were askediHow do you assess concerns about job displacement and skill
mismath resulting fromintroducing 4-legged autonomous robots in the construction
industry®d The responses varied: 31% remained Neutral, 27% rated it as High, 19%
perceived it as Very High, with the smallest fraction (11%) opting for Very Low, and 12%

considemg it Low (Figure29).

Q17

w
o

31%

27%
19%
11% 12% I
0 l I

1. Very Low 2.Low 3. Neutral 4.High 5. Very
High

NN
o o

Frequency
=
o O,

&)

Figure 29- Job Displacement and Skill Mismatch due tahe robot

52



The conclusive inquiry focused on gauging social emltural resistancéiHow do
you perceive the level of social and cultural resistance to the integratiotiegfed
autonomous robots in the construction indusirje responses varie@6% rated it as

Neutral 22% asHigh, 21% as Low9% as Very Highand12% as Very Low(Figure30).
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Figure 30- Social and Cultural Resistanceo the Robot
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CHAPTER 5. DISCUSSION

5.1 Introduction

The construction industry plays a vital role in most economies, contributing to
approximately 59 percent of the gross domestic product (G@¥¥gliti & Mochtar, 200Q.
Enhancing productivity within this sector could significantly boost overall Gi#3an et
al., 2018. Despite its importance, themstruction industr§s productivity lags behind that

of services and other sectors, including manufactu@nditi & Mochtar, 2000.

Technological advancements offer numerous advantages, with enhanced
productivity being a commonly highlighted bend@oodrum et al., 20)1The necessity
to automate the process of capturing and analyzing sjaaeifically for construction
monitoring has been emphasized for a considerable péRotberts & GolparvaFard,
2019. Traditional construction inspection and monitoring methods are predominantly
manual, demanding considerable time and effort. These approaches often result in errors,

cost overruns, and project completion delays.

A significant volume of data is created, processed, and documented in construction
projects. Proper methods of collecting and using this information facilitate decision
making processes. Consequently, there is a growing need for effelctigeentry,
processig, and sharing methotts ensurdimely access to this valuable informati¢@on
et al., 2012 The increasinglemaml for rapid construction project delivery has prompted
project managers to explore workflows for continuous monigoof onsite productivity

and safety resourc€Roberts & GolparvaFard, 201%.
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Construction automation and robotics represent a techndidggn systematic
approach aimed at enhancing factors such as productivity in construction projects
(Sawhney et al., 2020These technologiesmtée utilized for collecting data and providing
stakeholders with the latestr o j iafarmafios. While the use of robots in construction
sites is still limited, they will be increasingly applied as specific-efsttive applications,

such as data c@lttion and analysis, are identifiédof, 2009.

The effectiveness of information technology systems or equipment provided by
employers relies heavily on employéesllingness to utilize them in their taskSon et
al., 20132. To maximize the return on investmenttechnologyand harness its benefits,
ités essential t@valuatewhether the technology will be embraced and used by industry
professionals(Venkatesh & Davis, 2000 Consequently, user acceptan¢ands as a
pivotal factor in determining the success of technology investments in the in(Bmtrgt

al., 2012.

In order toanswerthe researclyuestionsjn addition to the literature review and
proposed workflow for utilizinghe quadruped for data collecting, image processing, and
updating construction schedules in rale, the acceptance of the utilization of this new
technology in the construction environment was investigated. It enabled us to understand
the willingness othe potential users of the robot in construction to learn about and use it

in future years.

An online questionnaire consisting of 30 questions was designed and distributed
among qualified individuals wittacademicbackground or related experience the

construction industryAs discussed in Chapter 3, 83% of the participants have a graduate
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degree. In addition, 78% of them have a graduate degree with at least one year of

experience in construction fields.

Even thoughthe quadrupeds a relatively new andidvanced technologyan
unexpected 33% of participants had seen or experienced it in action. Among them, 29%
(9% of the total) responded that they were eiffvery familiaio or hadfiextensive work or
research experiengewith 4-legged autonomous robota construction environments.
Additionally, 44% (15% of the total) declared that they wes@mewhat familiaywith the
robots functions and performandadicating their informed perspectivea my research

(Figure31l).
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= Have seen the robot or previous experience . .
W Extensive work or research experience

Have NOT seen the robot or previous experience E Not familiar at all
O Not very familiar
O Somewhat familiar
@ Very familiar

Figure 31- Detailed Previous Experience with the Quadruped

To assess the participadtsnderstanding of the quadru@sdeatures, a question
listing nine main abilities of the-kegged robot was presented, and participants were asked

to select all choices that apglyigure32). The choices encompassed a range of tasks, not
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limited to data collecting and processing. These tasks included carrying loads, moving

objects, and accessing different locations, refledtiegiverse functionalities of the robot.
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Figure 32- Perceived Features and Abilities othe Quadruped

Considering t he mo st frequent Capturesel ect
environment images/videpsoProéess data from images/videos  aMor#d in findoor
enviroment® shows that the target popul ation ha

the function of the robofl@blel).
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Table 1- Participant Perceptions of Suitable Quadruped Robot Tasks

Rank Proposed Tasks Reépondent Percentage
ount
1 Capture environment images/vide: 61 75%
2 Process data from images/video: 56 69%
3 Work in indoorenvironments 54 67%
4 Walk on uneven terrain 50 62%
5 Climb stairs and obstacles 47 58%
6 Update construction schedules 46 57%
7 Carry specific materials or tools 42 52%
8 Carry heavy loads 38 47%
9 Communicate with robots/human: 34 42%

The participants prioritized the utilization of the quadruped for data collection in
construction environments and processing captured data, ranking these applications as their
top two preference®espite the fact that updating construction schedules ittinealis a
novel proposed function for the quadruped, 57% of the participants believed that the robot

is capable of carrying out the task.

5.2 Key Benefits of Utilizing Quadrupeds in Construction

The application of autonomous robots in construction has beetopie of an
extensive development effort in recent ye@egue, 2018 While the drive to enhance
construction productivity fuels the adoption of robotics, challenges arise from tight project
timeframes and theeed for comprehensive planning, often hindering the implementation
of newtechnologiegPan et al., 2020However, in recent years, there has been a growing

demand for the application of modern technologies and innovative sol(Asadi et al.,
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2020. Additionally, the relatively high cost of US construction labor and the prevalent

labor shortage are additional relevant factors to confitmanian et al., 2032

The results from the current research support a new positive attitude towards
applying modern technologies in ctmgtion, consistent with findings from other studies.
81% of participants expressed a very positive or positive view (59% and 21%, respectively)
about utilizing technology in construction. Furthermore, over 62% of participants showed
a high tendency to cemmend using robots in the construction environment to others,
while 25% expressed a moderate tendency. On the flip side, only 14% indicated a low

tendency towards the application of robots in the construction industry.

In addition, 71% of the participts believed that the quadruped could improve
construction project efficiency and accelerate project timelines. Other researchers
explained how autonomous robots likeadrupedhave the ability to improvperoductivity
and efficiencyin the constructionindustry (Bogue, 2018 By automating repetitive tasks,
autonomous robots caccelerate processes and enhasbedut performancéBademosi
& lIssa, 2021 GolparvarFard et al., 2009 They can effectively handle recurring
assignmentdreeing human workers to focus on more caw@nd highewralue activities
(GolparvarFard et al., 2009 Quadrupedscan benefit construction companies by

conductindocal inspectiosand image capturing, thereby reducing the needdokforce

Given the unpredictable and hazardous conditionsonstruction environments,
construction robots must be flexible and capable of intelligent and advanced sensors,
scanners, cameras, and artificial intelligefiean et al., 2020 The quadruped exhiis

versatility in performing tasks and brings a number of financial andinancial benefits
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to the construction industryn order toexplore solutions for research problems and
answers to research questiotiss section ifocused on examining the detailezlated

benefitsof robots in this context.

5.2.1 Benefits of RobeEnabled Data Collection and Processing

The integration of autonomousbots in construction monitoring introduces a range
of advantages, enhancing data collection and analysis processes while enhancing project
management capabilities. Unmanned Ground Vehicles, as autonomous robots, demonstrate
the ability to collect data ionstruction environments and integrate various types of
technology to maximize their application beneiiteluding timesaving and data accuracy
(Asadi et al., 2020 In addition, since manual inspection and data collecnedabor
intensive(Lin & GolparvarFard, 202), autonomous robots deliver significant operadion

benefits.

As data collection and processing are crucial aspects of construction monitoring, our
research focused on exploring the effectiveness of utilizing robotel&diedtasks. The
results showed that 80% of the participants regarded the quadrigbedy valuable for
automated data collection in construction environmefigure 18). In addition,
participants regarded the robot as an effective tool for enfgaefficiency in construction
data processing. Moreover, over 75% of the participants expressed highly positive opinions

about the quadrupéslinspectiorrelated abilitiegFigure21).

The results were aligned with other conducted rese@ohn & Teizer, 201Pstaed
that he robotis capable ofcaptuing precise and comprehensiveformation from

construction environments contributing to informeddecisionmaking, early issue
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identification, and proactiveproject risk management(Halder et al., 2023aalso
investigated the robdt abilities to capture live images in indoor construction locations.
They used the robot to inspect completed tasks within a construction project, gaining
valuable insights into the current conditiorihe robot demonstrated its capability to

collect useful data for inspectiorlated tasks.

5.2.2 Benefis of Live Construction Schedule Updating

The construction industry can reduce the reliance on manual labor, improve resource
allocation, and enhance projeptofitability by identifying and resolving schedule
deviations(Isaac & Navon, 2004 Regular inspections and schedule updates can identify
schedule deviations earlgnabling managers to allocate resources effectively, enhance
overall performance, and prevent potential delays and cost ov€@almarvarFard et al.,

2009. In recent years, computer vision le@serged as an innovative, successful solution
for updating construction schedslelt offers automation in regular construction
monitoring by usingapturedmages and videos from construction environm¢gen et

al., 2015.

The results of our study show that réale schedule updates impe project
performance and facilitate @gime completion.Although this function for the robot is
novel and unique, 37% of the participamsol ranked the highest, and 26% ranked high,
resulting in 63% high acceptance among qualified particip&ngsire 20). Additionally,
although 25% of participants rated the robot low for cost and resource benefits, 47% rated

it high, indicating their overall positive attitude tawddhis innovative solutio(Figure22).

5.2.3 Other Benefits:
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The use of autonomous quadrupeds helps optimize resource allocation, reduce
required manual labor, amdinimize project expenses. 47% of the participants chose the
high rating, while an additional 31% selected the medium rating for the cost and resource
benefits of the quadrupedrigure 22). This robot can perform tasks efficiently and
accuratelyimproving construction operations' cetectivenes(Bademosi & Issa, 2031
Costbenefit is a value that represents qualitatiseantages that can be measured directly.
Considering these factors, autonomous robots offer the potential for cost savings primarily
through labor, time, and rework reductions while improving resource allocation and

reducing construction wasfBademosi & Issa, 2031

In addition to the resear@hfindings on the benefits of the robot in terms of costs
(Figure 22), other studies prowkethe results amh explored how the applications of
construction robots are influenced by broader economic perspe(f@arset al., 2020
Despite the significant initial investment, the letegm utilization potential of the robot
across multiple projects justifies its taffectiveness over its operational lifespan. In
addition, market opportunities can be increased, and potential contracts for construction
companies can be secured by using modern technologies, including autonomous

robotgBock, 2015.

Safety improvement is another benefit rated by survey participants, with 70%
believing that the robot can significantly enhance sdfatyure23). Other studie§Bogue,
2018 Harris et al., 2028explained thatobots can mitigate hazards to employees in
construction environments and mitigate risksgsgvening construction workergrom
encountering fatal injuries to a large exténtaddition, he robot can also conduct quality

inspections and generate relevaricamentation for tasks completed during the
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construction or operational stages of a prd@getife cycle (Halder et al., 2023b High
approval ratings of 75% for the quadrufeedbenefits in inspection and documentation

substantiate previss research findings.
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CHAPTER 6. CONCLUSION

6.1 Introduction

The construction industry often facgsoductivity and efficiency challenges,
especiallycompared to other sectpmich as manufacturing\bioye et al., 202}l Many
construction projects experience delays in completion, leading to additional costs for both
owners and clienttfNavon & Sacks, 2007 Regular inspection and maintaining updated
construction schedules reduce prtjcompletion and cost overrui@olparvarFard et al.,

2009. Traditional data collection methods in construction environments were mostly
paperbased and relied on manuaiperson procedures lmpnstruction personnéBohn

& Teizer, 2010.

In recent years, new technologies and modern tools, including 360° cameras, Lidar,
drones, and sensors, have been utilized in construction projects. Despite some of them, like
drones and Lidars, having limitations for indoor environtag they are capable of
collecting data from projects for further implicati®awhney et al., 2020Most of the
data used for construction monitoring and progress evaluation is provided by personnel
through regular inspection and comparitige actual progress made andpé&mnned

objectivegGolparvarFard et al., 2009

Although these methods streamline the data collection process, reducing time and
costs, they still require consttion personnel during stagé3aneru & Jeelani, 2021In
most common cases, construntjmersonnel hold 360° cameras for collecting data and then

classify and assign images to planned arBais. manual approach highlights the need for
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innovative solutiondo minimize human intervention in thdata collecting and data

processing stag€kopsida et al., 20105

6.2 Research Objectives

Productivity improvement is one of the main challenges and neduscgonstruction
industry. Automation, as a response to this need, will result in benefits that extend beyond
financial gains, encompassing other valuable outcomes, including safety improvement,
enhanced competitiveness, streamlined operations, incredsgeney, reduced errors,
accelerated project timelines, refth@recision, improved quality control, optimized
resource allocation, and greater project scalab{iBgck, 2015 GolparvarFard et al.,

2009. Moreover, automation aligns with compaidisgategic goals and empowers them
to stay at the forefront of technological advancements, fostering innovation and

adaptability in a rapidlghanging industry.

This research aigito assess a novel method proposed to bridge the gap between data
collection and data processing in construction environments that aéth@ology.In
additionto the background research, a survey has been condoateder to evaluatthe
technology acceptance rate by the possible users of the proposed riiethgoal is to
enhance construction productivity and efficiency through the effeatitegration of

technology.

This study contributes to the body of knodde by proposing and evaluating the
effectiveness of a novel framework for utilizing modern technology in construction
environments for data collection and processing. While previous research has explored

computer vision and updating construction schedulese has specifically focused on
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automatic reatime data processing, data classification, and updating construction

schedules by a robot.

6.3 ResearchLimitations

During the construction phasepplyingquadruped mayfaceoperationalimitationswith
inspectiontasks atelevatedheights including steel framing building facadesand false
ceilings(Dynamics, 2022Halder et al., 2022 Optimal lighting conditions crucial for the

robots effective operation, as it may struggle to detect obstacles in shadowy areas and
transparent materials like glass doors and wind@ysamics, 2022Ekanayake et al.,

2021, Halder et al., 2023Wetzel et al., 2022 Carefully considering these factors ensures

safe and optimal performance in diverse environments

Despite efforts to create a comprehensive questionnaire covering the appli€ation o
the robot in construction monitoring and live schedule updating, some factors might have
been overlooked due to the novelty of utilizing the robot in this manner. The use of the
robot in construction projects may reveal potential problems related tontesésices and
maintenance issues. It's essential to consider thetésng effects of the robot on

construction communities and the relationships between employees and personnel.

Additionally, programming the robot for practical application in constoacti
projects, particularly those with diverse components like industrial projects, is crucial for
assessing its functionality and efficiency in monitoring and scheduling. Although the use
of BIM families for object recognition and defining an exchange laggudor transferring
data to the robots could be a limitation, it hasn't been considered in the current research due

to time and scope constraints.
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Despite the suitable sample size and the participants' relevant experience with
guadrupeds, future researexclusively among robot experts can better identify the
strengths and weaknesses of the robot. While the current number of robot users in the
construction industry is limited, an increase in the number of companies utilizing robots
during their constructio projects will provide access to employees and experts who can

contribute to research questions.

6.4 Further Research

Over the past years, significant progress has been made in the field of robotics,
although certain technical challenges have persisted. Theienges include functional
integration, localization, planning, guiding algorithms, sensor technology, and robot
intelligence (Delgado et al., 2099 However, recent progress in artificial intelligence,
encompassing machine learning and deep learning methods, has emerged as an effective
approach to address the construction indésumstructured, complex, and dynamic nature

(You et al., 2023

Further research is necessary to develop and implement the proposed workflow in
realworld construction enviranents. Additionally, the programming and customization
of the robot specific to a targeted construction site would assist in evaluating this robot
functionality and operational efficiency in project monitoring and scheduling. Moreover,
further research otihe integration of various unmanned vehicles and the robot, including
ground vehicles, drones, and swarm systems, either individually or in combination, can

address the limitations of the quadruped and enable the construction industry to explore
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new techological advancements in order to enhance productivity and facilitate decision

making processes.
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Georgia Tech

Office of Research
Integrity Assurance

Investigators who involve human subjects in their research have several specific
responsibilities, some institutional, some regulatory, as indicated below:

All investigators at Georgia Tech must comply with these Policies & Procedures when
conducting research involving human subjects.

Investigators must:

1. Obtain approval from the Georgia Tech Institutional Review Board before
undertaking research with human subjects.

2. Receive a written letter of approval from the Office of Research Integrity Assurance
to document that IRB review occurred and approval was given. (Such letters of
approval are frequently required by the funding sponsor and by publishers prior to
publication in refereed journals).

3. Conduct every aspect of the project as approved by the Georgia Tech IRB.

4. Seek IRB review and approval by prior to revising the protocol. (The only exception
to this policy is in situations where changes in protocol are required to eliminate
apparent, immediate hazards to subjects).

5. Promptly report any unanticipated problems involving risks to subjects or others.

6. Assume full responsibility for selecting subjects in strict accordance with the
inclusion/exclusion criteria outlined in the application materials.

7. Use only IRB-approved consent language. Approved consent documents are date-
stamped by Research Integrity. While there is no federal requirement that consent
documents must be date-stamped, the specific approved language must be used in
the consent process.

8. Comply with the applicable DHHS and FDA regulations, including the investigator
responsibilities specified by both agencies.

1. IRB Review and Approval

Investigators are responsible for obtaining IRB approval before beginning any human
subjects research (§45CFR46.109(a) and (d)). Investigators are responsible for providing the
IRB with sufficient information and related materials about the research (e.g., grant
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applications, research protocols, sample consent documents) so that the IRB can fulfill its
regulatory obligations, including making the required determinations under §45CFR46.111
and, if applicable, subparts B, C and D. Investigators should follow institutional policies and
procedures for IRB review that are required by HHS regulations at §45CFR46.103.

Investigators play a crucial role in protecting the rights and welfare of human subjects and
are responsible for carrying out sound ethical research consistent with research plans
approved by an IRB. Along with meeting the specific requirements of a particular research
study, investigators are responsible for ongoing requirements in the conduct of approved
research that include, in summary:

2. Informed Consent

Investigators are responsible for obtaining and documenting the informed consent of
research subjects or their legally authorized representatives, unless the IRB approves a
waiver of informed consent, or a waiver of documentation of informed consent, respectively
(§45CFR46.116, §45CFR46.117). Investigators must give a copy of the informed consent
document to each research subject (or the subject’s legally authorized representative), and
keep the signed original or a copy of it for their records (§45CFR46.117(a); §45CFR46.115(b)).
When the documentation requirement is waived, the IRB may require investigators to
provide subjects with a written statement regarding the research (§45CFR46.117(c)(2)).

3. Amendments

Investigators are responsible for obtaining prior approval from the IRB for any
modifications of the previously approved research, including modifications to the informed
consent process and document, except those necessary to eliminate apparent immediate
hazards to subjects (§45CFR46.108(a)(3)(iii)). If investigators wish to modify an ongoing IRB
approved research study, they must submit a request to the IRB and receive IRB approval
before implementing the proposed modification, unless the change is designed to eliminate
an apparent immediate hazard to subjects (§45CFR46.103(b)(4)). If the investigators change
the research in order to eliminate apparent immediate hazards to subjects without prior IRB
approval, they should report those changes promptly to the IRB. The HHS protection of
human subjects regulations allow for expedited review and approval of requests for minor
changes in previously approved studies (§45CFR46.110(b)(1)).

4.A d that Render Exempt R ch N

P

Investigators should consult with the appropriate institutional authority whenever questions
arise about whether planned changes to an exempt study [defined at §45CFR46.104(d)] might
make that study nonexempt human subjects research. The designated entity at Georgia Tech
for making a determination of exemption is the Institutional Review Board. If a
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determination of exemption is made by an authorized member of the IRB, the Office of
Research Integrity Assurance will issue a letter of exemption. Investigators at Georgia Tech do
not have the authority to make an independent determination that human subjects research is
exempt.

5. Progress Reports and Continuing Review

Continuing review of minimal risk research is not required, unless otherwise determined by
the IRB (§45CFR46.109(f)(1)). If research is determined and justified to require continuing
review, investigators are responsible for ensuring that progress reports and requests for
continuing review and approval are submitted to the IRB in accordance with the policies,
procedures, and actions of the IRB as referenced in the institution’s OHRP-approved
Federalwide assurance (§45CFR46.108(a)(3), (45CFR46.109(e).

Investigators are responsible for fulfilling requirements associated with continuing review
in time for the IRB to carry out review prior to the expiration date of the current IRB
approval. Investigators are responsible for submitting all required materials and
information for the IRB to meet its regulatory obligations, and should follow the institutional
policies and procedures for continuing IRB review of research that are required by HHS
regulations at §45CFR46.109(e) and referenced in the institution's OHRP-approved
Federalwide assurance.

If IRB approval of a specific study expires before continuing review and approval occur,
investigators must stop all research activities involving human subjects related to that study
(§45CFR46.103(a)), except where they judge that it is in the best interests of already enrolled
subjects to continue to participate. When investigators make this judgment, they must
promptly notify the IRB (§45CFR46.108(a)(4)). When the IRB reviews the investigator’s
decision, it may decide whether it is in the best interests of already enrolled subjects to
continue to participate in the research by considering the best interests of subjects either
one at a time or as a group. If an IRB determines that it is not in the best interests of already
enrolled subjects to continue to participate, investigators must stop all human subjects
research activities, including intervening or interacting with subjects, or obtaining or
analyzing identifiable private information about human subjects (§45CFR46.103(a)).
Investigators may resume the human subjects research activity once continuing review and
approval by the IRB has occurred.

6. Records the Investigator Must Keep

The HHS protection of human subjects regulations require institutions to retain records of
IRB activities and certain other records frequently held by investigators for at least three
years after completion of the research (§45CFR46.115(b)).
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Documentation of the informed consent of the subjects - either the signed informed consent
form or the short form and the written research summary - are records related to conducted
research [§45CFR46.115(b)] that must be retained by investigators for at least three years after
completion of the research, unless the IRB waived the requirement for informed consent or for
documentation of informed consent (§45CFR46.117).

Investigators must retain the records in hardcopy, electronic or other media form accessible
for inspection and copying by authorized representatives of HHS at reasonable times and in
a reasonable manner (§45CFR46.115(b)). Retention of multiple copies of each record is not
required. Investigators should follow the institution’s Policies & Procedures for retaining
records. If investigators who have been designated to retain records on behalf of the
institution leave that institution, the investigators and the institution should identify the
successor responsible for maintaining those institutional records, either at the original
institution or wherever the records are relocated, for the period of time required under HHS
regulations at §45CFR46.115(b). Other regulations or policies may apply to the retention of
records, including study data.

7. Additional DHHS Regulatory Requi t

In certain circumstances, investigators are responsible for meeting the following additional
regulatory requirements:

e providing to the IRB prompt reports of any unanticipated problems involving risks
to subjects or others §45CFR46.108(a)(4);

e providing to the IRB prompt reports of serious or continuing noncompliance with
the regulations or the requirements or determinations of the IRB
(§45CFR46.108(a)(4));

C. Conflict of Interest

A conflict of interest occurs when there is a divergence between an individual's private
interests and his or her professional obligations to the Institute, such that an independent
observer might reasonably question whether the individual's professional actions or
decisions are influenced by considerations of personal gain, financial or otherwise. A
conflict of interest depends on the situation, and not on the character or actions of the
individual.

Conflicts of interest are common and practically unavoidable in a modern research
university. At the Georgia Institute of Technology, conflicts of interest can arise out of the
fact that a mission of the Institute is to promote public good by fostering the transfer of
knowledge gained through Institute research and scholarship to the private sector. Two
important means of accomplishing this mission include faculty consulting and the
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commercialization of technologies derived from faculty research. It is appropriate that
faculty be rewarded for their participation in these activities through consulting fees and
sharing in royalties resulting from the commercialization of their work. These rewards may
be misunderstood or misconstrued and must therefore be carefully managed and
appropriately disclosed.

Investigators who have a substantial financial interest in the outcome of the research, and
those whose family members have a substantial financial interest in the outcome of the
research, must, during the consent process, disclose the conflict to potential subjects. This
includes providing a written disclosure on the consent form to explain and document the
disclosure.

An appropriately managed conflict that is fully disclosed to participants does not always
negatively affect recruitment. Appropriately managed conflicts are registered with the
Georgia Tech Research Corporation Office of Conflict of Interest Management, and
approved plans for management are to be on record with that office. Questions should be
forwarded to the Office of Research Integrity Assurance.

There will be cases in which the Georgia Institute of Technology has a financial interest in
the research project, and in those cases, disclosure must likewise be made and documented
during the consent process.

Finally, no investigator who is a member of the reviewing IRB participates in the review of
any study on which he has a potential conflict of interest or is named on the research team.

To contact the Conflict of Interest Office for more information, please visit

http://coi.research.gatech.edu/
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APPENDIX C.RESEARCH QUESTIONNAIRE

. What is your current geographical Location?

Us EU/UK Others

-1- 29 -3-

‘What is your age group?

18-24 25-34 35-44 45-54 55 or above

1= 2- -3- -4- -5-

What is your highest level of education?

High school Associate Bachelor's Master's Doctoral
diploma or degree or degree or degree or degree or
equivalent equivalent equivalent equivalent equivalent

i 25 i3. -4- 5%

What is your current occupation??

Construction Tradesperson/ Engineer/Technical Construction Researcher/
worker Supplier Personnel Manager Academic
-1- -2- -3- -4- -5-

How many years of experience do you have in construction or related fields?

Less than 1 year 1-3years 4-9 years 10-14 years 15 years and more
-1- -2- -3- -4- -5-

Have you ever used or seen a 4-legged autonomous robot in construction or related fields?

Yes No
- s o

If not, would you be interested in using or seeing a 4-legged autonomous robot in construction or related fields in the future?

Yes No Maybe

oE - s

How familiar are you with 4-legged autonomous robots?

Extensive
work or VR Bailis Somewhat Not very Not familiar
research 24 familiar familiar at all
experience
-1- -2- -3- -4- -5-
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8.

10.

11.

12;

13.

14.

15.

Which of the following features do you think a 4-legged autonomous robot has? (Select all that apply)?

Ability to
Ability to . Ability to communicate
. Ability to walk . g - .
work in Yy climb stairs and Ability to carry with other
: ) on uneven
l_lld001 P - obstacles heavy loads robots or
environments humans
Ability to capture dAblhty t(; process Abxhty to u;;ldegel Ability tf} carry
images or videos of ata or inf ormation construction schedules specific
; from the images or based on the collected materials or
the environment

videos data tools

How do you feel about utilizing technology in the construction industry? (1 = Very negative to 5 = Very positive)

-1- 2- -3- -4- -5-

How do you rate your understanding of how a 4-legged autonomous robot works? (1 = Very low to 5 = Very high)

4= 2- 3- -4- 5-

How do you feel about using a 4-legged autonomous robot in construction? (1 = Very negative to 5 = Very positive)

I 52 <3 -4- 25

How do you rate the extent of barriers related to the high cost of acquiring 4-legged autonomous robots in the construction
industry? (1 = Very low to 5 = Very high)

-1- 3 -3 -4- -5-

How do you rate the extent of barriers related to the expensive update and maintenance costs for 4-legged autonomous robots in
construction? (1 = Very low to 5 = Very high)

-1- -2- -3- -4- -5-
How do you rate the extent of barriers related to the incompatibility of 4-legged autonomous robots with current construction
methods and procedures? (1 = Very low to 5 = Very high)

-1- 2- 3- -4- 5-

How do you rate the extent of barriers related to the difficulty in using and understanding robotics technology in the construction
industry? (1 = Very low to 5 = Very high)

J= 2- -3 -4- -5-
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17.

19.

20.

22.

23

24.

How do you rate the extent of barriers related to the limited availability of resources and manufacturers for 4-legged autonomous
robots in the construction industry? (1 = Very low to 5 = Very high)

<1: 105 34 -4- 252

How do you rate the extent of job displacement and skill mismatch concerns arising from the introduction of 4-legged autonomous
robots in the construction industry? (1 = Very low to 5 = Very high)

-1- 2- 3- -4- -5-

How do you perceive the level of social and cultural resistance to the integration of 4-legged autonomous robots in the construction
industry? (1 = Very low to 5 = Very high)

-1- 2- -3- -4- -5-

How do you rate the benefits of automated data/image collection in construction using 4-legged autonomous robots? (1 = Very low
to 5 = Very high)

1 B -3- -4- -5-

How do you rate the benefits of enhanced data processing efficiency in construction with 4-legged autonomous robots?
(1 = Minimal impact to 5 = Significant impact)

Sk 2- =8 -4- -5-

How do you rate the benefits of real-time construction schedule updates and improved project timeline adherence with 4-legged
autonomous robots? (1 = Limited extent to 5 = Great extent)

qs 2- -3- -4- 5

How do you rate the likelihood of 4-legged autonomous robots improving inspection and project documentation in construction? (1
= Highly unlikely to 5 = Highly likely)

qe 2% -3- -4- 5

How do you rate the potential cost and resource benefits of integrating 4-legged autonomous robots into construction operations? (1
= Negligible to 5 = Substantial)

21% Q% 3 4- 25%

How do you rate the likelihood of 4-legged autonomous robots improving safety and reducing accidents in construction projects? (1
= Highly unlikely to 5 = Highly likely)

-1- 2- -3- -4- -5-
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25. How do you rate the potential benefits of enhanced construction project efficiency and accelerated project timelines enabled by 4-
legged autonomous robots? (1 = Limited extent to 5 = Great extent)

1 2% -3 -4- 25

26. How do you rate your interest in utilizing 4-legged autonomous robots for carrying general tools and equipment in construction?
(1 =Very low to 5 = Very high)

-1- 2 3- -4- -5-

27. How do you perceive the potential benefits of using 4-legged autonomous robots to transport construction materials on construction
sites? (1 = Very low to 5 = Very high)

Ee 2+ -3 -4- -5-

28. How do you perceive the potential benefits of using 4-legged autonomous robots to transport safety-related equipment, such as fire
extinguishers, cones, or barriers, on construction sites? (1 = Very low to 5 = Very high)

4z 2- -3 -4- -5-

29. How likely are you to recommend using a 4-legged autonomous robot in construction to others? (1 = Very unlikely to 5 = Very
likely)

-1- -2- -3- 4- -5-

30. What are your expectations or suggestions for improving the performance or usability of a 4-legged autonomous robot for

construction?
) ) Prov@mg o ) Establishing Enha_u_cmg_ Any ott_ler
Reducing instruction to Exploring innovative . advertising in suggestion
- ; S regulations .
upfront costs construction applications 2 : theconstruction
and incentives :
workers industry
-1- -2- -3- -4- -5- -6-
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APPENDIX D.EU/UK PARTICIPANTS 6CONSENT FORM

CONSENT FORM FOR THE COLLECTION AND PROCESSING OF SPECIAL
CATEGORIES OF PERSONAL DATA FROM THE UNITED KINGDOM AND
THE EUROPEAN UNION FOR HUMAN SUBJECTS RESEARCH

1) Pursuant to the European Union General Data Protection Regulation (EU GDPR) and the
applicable data protection regulations in the UK and the rest of territories within the EEA, the
Georgia Institute of Technology (“Georgia Tech”), in its capacity as a data controller, is relying on
your consent and explicit consent to use special categories or sensitive personal data relating to you
as part of the Research Project.

For more information on how Georgia Tech uses data, please review the Human Subjects Research
Privacy Notice.

2) Special categories or sensitive personal data include racial or ethnic origin; political opinions;
religious or philosophical beliefs; trade union membership; genetic, biometric data; health data; or
data concerning a person’s sex life or sexual orientation.

3) The purpose of this form is to obtain your consent for the use of your special categories or
sensitive personal data for the purpose of facilitating your participation in and the administration of
H23378 (“Autonomous robot-enabled data collection, classification, and processing method for real-
time construction”).

Under EU and UK data protection legislation, the lawful bases for the collection and processing of
your special category data for these purposes will be your explicit consent.

As part of your participation in the Research Project, Georgia Tech will collect your answers in order
to analyze the effectiveness of using autonomous 4-leegd robots in construction process. The survey
is anonymous, and only specific information such as your geographic location, level of study, and
experience will be collected.

4) Special categories of personal data will be handled and processed only by the persons who are
responsible for the Research Project. Georgia Tech will share your personal data with third parties
only if you give us your consent for this data sharing as set out below.

5) You have the right to withdraw your consent to the collection and processing of special categories
of sensitive personal data at any time. If you would like to withdraw consent, please contact Dr.
Javier Irizarry at telephone 404-894-2000.

6) Georgia Tech has an EU GDPR Compliance Policy which includes your individual rights
concerning your data. Please see the EU GDPR Compliance Policy here on the Georgia Tech Policy
Library: http://www.policylibrary.gatech.edu/legal/eu-general-data-protection-regulation-

compliance-policy

7) To be eligible, you must be at least 18 years old and have experience or a background in the
construction sector.

e “By completing the online survey, you indicate your consent to participate in the study.”
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* Please note that by consenting to these processing, you accept that your data may be shared with the US Federal Food and
Drug Administration, the US Office of Human Research Protection and to the Board of Regents of the University System
of Georgia (the “BOR™), as required by US law. Where and to the extent possible, we will apply anonymization,
pseudonymization or aggregation techniques to protect your privacy.

e “By completing the online survey, you indicate your consent to participate in the study.”

If you have questions about this Consent, please contact irb@gatech.edu.

Privacy Notice for Special Categories of Personal Data
Collected for Human Subjects Research

Summary

Pursuant to EU and UK data protection laws, the Georgia Institute of Technology (“Georgia Tech”) must provide
you with information relating to how it will process your personal data as a participant in the research project
administered by the College of Design, Principal Investigator Dr. Javier Irizarry (the “PI”), Research Title
Autonomous robot-enabled data collection, classification, and processing method for real-time
construction schedule updating, Research Protocol No. H23378 (collectively. the “Research Project™).

The purpose of the Research Project is to evaluate the effectiveness of using autonomous 4-legged robots in
collecting and updating construction schedules.

Data Controller

Personal data is any information that identifies you directly or indirectly, such as your name, email address and
phone number and your Research Project participant number. Georgia Tech will be the controller of your personal
data. This means that Georgia Tech will be responsible for decisions taken regarding how and why your personal
data is processed.

Georgia Tech is an institution of higher education involved in education, research, and community development. In
order for Georgia Tech to conduct human subjects research, it must collect, use and process personal data related to
the participants in the Research Project.

Types of Personal Data Collected

In order for Georgia Tech and the PI to conduct the Research Project, the following categories of personal data may
be collected:

¢ Age group
¢ Levels of your education and/or professional background

Some of the data we might process about you is considered ‘special category data’. Special category data includes
biometric data, genetic data, information about your health and sex life or orientation and any information that

- ——
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reveals your racial or ethnic origin, religious, political or philosophical beliefs and trade union membership
information.

For example, we might process special category data about you if you complete a form, email us or otherwise share
with us any information concerning your religious or political beliefs or information relating to your ethnicity. We
might process biometric data about you as part of processing photographs of you taken during the course of the
Research Project (but only if we apply specific technical processing to the photographs of you such as to create an
individual digital profile of you that we use for automated image matching).

Purposes and Lawful Bases for Collecting and Processing of Personal Data

Facilitating the Research Project: Georgia Tech will mainly use your information to facilitate the running of the
Research Project and your participation in the Research Project.

As part of the Research Project, Georgia Tech might review and analyze your personal data and create profiles
about you and other Research Project participants. The information you provide during the Research Project. or any
profiles created about you might be compared to information provided by and profiles created about other
participants. We might make observations and deduce information from the personal data you provide to us.

Our lawful basis for collecting and otherwise processing your personal data for you to enroll and take part in the
Research Project would be the performance of steps prior to entering into a contract with you and for the purposes
of administering the contract we have with you, namely, the Research Project participation terms you sign up to.

We might also process your personal data as part of running the Research Project for our legitimate interests, such
as brand recognition, including the reputational benefits of publishing the results of the Research Project.

Our lawful bases for the processing of your special category data in the course of running the Research project will
be your consent and explicit consent.

You can withdraw your consent at any time. Please note that the withdrawal of your consent will not,
however, affect, the lawfulness of the processing of your data carried out up until the withdrawal of your
consent.

Safety Reporting and Inspection Compliance: In addition, we may process your personal data to comply with
our legal obligations related to safety reporting or an inspection by a competent authority, including such authorities
listed in the table under the section entitled Sources of Data and Data Transfers to Third Parties.

Other purposes:
We might process your personal data in accordance with our legitimate interests in bringing and defending ourselves
against legal claims. If your special category data is processed as part of establishing, exercising or defending legal

claims, such establishment, exercise or defense of legal claims will also be the lawful basis for the processing.

Refusal to Provide Personal Data
If you refuse to provide personal data that 1s required by Georgia Tech in connection with one of Georgia Tech’s

lawful bases to collect such personal data, such refusal might not allow you to take part or continued taking part in
the Research Project.

Sources of Data and Data Transfers to Third Parties

We will primarily receive personal data about you directly from you. For example, when you complete a form in
which you provide details about you and as part of you taking part in the Research Project.
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We may also collect and share personal data with service providers who help us recruit participants and facilitate the
Research Project such as Prolifics and Amazon and operating applications which help us run the Research Project
such as Zoom, Microsoft (Microsoft Teams), Meta (WhatsApp) and Box.

Additionally, the personal data collected for the Research Project might be shared with the (a) U.S. Federal Food
and Drug Administration; (b) U.S. Office of Human Research Protection and (c) Board of Regents of the University
System of Georgia (the “BOR”) so they may exercise governance and oversight over Georgia Tech’s activities in
compliance with U.S. federal and state law.

International Transfers of Personal Data

Some of the above service providers and institutions may be located in countries, such as the United States, that do
not recognize a level of privacy protection equivalent to that in the EEA. Please do not take part in the Research
Project if this is unacceptable to you.

Individual Data Subject Rights

You have the following rights with respect to your personal data, which apply differently in different circumstances:
right of access, right to rectification, right to erasure, right to restriction of processing. right to data portability, and
you also have the right to object to processing and to be informed.

Please see below for a brief description of each of these rights.

Access: Upon request, you are entitled to confirmation that we process your personal data and to receive a copy of
your personal data.

Rectification: If the personal data we hold about you is incorrect, you have the right for it to be rectified.

Erasure: You can request us to erase your personal data including when there is no compelling reason for us to
continue processing it, if (a) we rely on your consent for the processing of your personal data and you withdraw your
consent; (b) we rely on legitimate interests for the processing and there are no overriding legitimate interests to
continue the processing; (c) we have to erase the information to comply with a legal obligation: or (d) we have
processed the information unlawfully.

Restriction: You may request a restriction on the processing we undertake on your personal data. This right will
only apply if (a) you contest the accuracy of your personal data: (b) the data has been unlawfully processed and you
oppose erasure and request restriction instead: or (¢) we no longer need the personal data, but you need us to keep it
in order to establish, exercise or defend a legal claim.

Objection: You may object to our processing of your personal data if our processing is carried out on the basis of our
legitimate interests. Please note, however, that should we determine that our interests are so compelling as to
override your objection we may continue to process your personal data.

Portability: You may have the right to receive some of your personal data in machine readable format. This right
allows you to request that such data be sent to a third-party controller.

Withdrawing consent: If the lawful basis we rely on to process your personal data is consent, you have the right to
withdraw this consent. Please email the PI at to withdraw consent for the processing of your personal data.

To withdraw your consent for the processing of your personal data by a third party, please contact the relevant
organization.

Your right to be informed: You can contact us to find out more or to ask any questions you may have about our use
of your personal data.

Note: Exercising of these rights is a guarantee to be afforded a process and not the guarantee of an outcome.
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Any data subject who wishes to exercise any of the above-mentioned rights may do so by filing such request with
the PL, Dr. Javier Irizarry at telephone 404-894-2000.

You also have the right to lodge a complaint with the competent local Data Protection Supervisory Authority. In the
UK, this is the Information Commissioner’s Office (https:/ico.org.uk/global/contact-us/).]

Cookies
Cookies are files that many websites transfer to users” web browsers to enable the site to deliver personalized

services or to provide persistent authentication. For information related to how Georgia Tech uses cookies, refer to
Georgia Tech’s Privacy and Legal Notice.]

Security of Personal Data Subject to the GDPR

All personal data and special categories of personal data collected or processed by Georgia Tech must comply with
the security controls and systems and process requirements and standards of NIST Special Publication 800-171 as
set forth in the Georgia Tech Controlled Unclassified Information Policy.

Georgia Open Records Act

As a state university, Georgia Tech is subject to the provisions of the Georgia Open Records Act (ORA).
Except for those records that are exempt from disclosure under the ORA, the ORA provides that all citizens
are entitled to view the records of state agencies on request and to make copies for a fee. The ORA
requires that Georgia Tech produce public documents within three business days. For more
information on Georgia Tech’s ORA compliance, please visit the Open Records Act page on the Legal
Affairs website.

Data Retention

Georgia Tech follows the data retention guidelines referenced in the University System of Georgia Records
Retention Schedules.
Personal data collected in this study will be held for 0-5 years.

If you have specific questions regarding the collection and use of your personal data, please contact the Principal
Investigator at, Dr. Javier Irizarry at telephone 404-894-2000.

For more information regarding these EU and UK data protection regulations, please review Georgia Tech’s EU
General Data Protection Regulation Compliance Policy and/or the ICO Guide to Data Protection Principles.
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