
Mengjun WANG, Jiannan CAI, Da HU, Yuqing HU, Zhu HAN, Shuai LI

AI-based robots in industrialized building manufacturing

© Higher Education Press 2025

 
Abstract    Industrialized  buildings,  characterized  by  off-
site  manufacturing  and  on-site  installation,  offer  notable
improvements in efficiency, cost-effectiveness, and material
use.  This  transition  from traditional  construction  methods
not  only  accelerates  building  processes  but  also  enhances
working  efficiencies  globally.  Despite  its  widespread
adoption,  the  performance  of  industrialized  building
manufacturing (IBM) can still be optimized, particularly in
enhancing  time  efficiency  and  reducing  costs.  This  paper
explores the integration of Artificial  Intelligence (AI) and
robotics  at  IBM to improve efficiency,  cost-effectiveness,
and material use in off-site assembly. Through a narrative
literature review, this study systematically categorizes AI-
based  Robots  (AIRs)  applications  into  four  critical
stages—Cognition,  Communication,  Control,  and  Collab-
oration and Coordination, and then investigates their appli-
cation  in  the  factory  assembly  process  for  industrialized
buildings, which is structured into distinct stages: compo-
nent  preparation,  sub-assembly,  main  assembly,  finishing
tasks,  and  quality  control.  Each  stage,  from  positioning
components  to  the  integration  of  larger  modules  and
subsequent  quality  inspection,  often  involves  robots  or
human-robot  collaboration  to  enhance  precision  and  effi-

ciency.  By  examining  research  from  2014  to  2024,  the
review  highlights  the  significant  improvements  AI-based
robots have introduced to the construction sector, identifies
existing challenges, and outlines future research directions.
This  comprehensive  analysis  aims  to  establish  more  effi-
cient,  precise,  and  tailored  construction  processes,  paving
the way for advanced IBM.

Keywords      industrialized  building,  off-site  assembly,
automated factory assembly, AI applications in construc-
tion, robot manufacturing 

1    Introduction

Industrialized  construction,  also  known  as  off-site
construction or prefabrication, shifts the 85%–90% focus
of  building  process  from  on-site  to  off-site,  where
components  are  mass-produced,  assembled  in  factories,
and  shipped  to  the  site  for  installation.  This  method
reduces  construction  time,  costs,  and  material  waste
compared  to  traditional  methods  (Thai  et  al.,  2020,  He
et  al.,  2021).  With  increasing  demand  for  efficiency
(Ferdous et al., 2019), this technology is getting attention
worldwide,  including  in  Hong  Kong,  China,  Malaysia,
Singapore,  and  the  United  States,  where  investments  in
industrialized  construction  surpassed  $1  billion  in  2018
(Pullen  et  al.,  2019, Thai  et  al.,  2020, Ekanayake  et  al.,
2021).

However,  some  studies  have  reported  the  current
performance of industrialized buildings in real applications
could  be  improved  further  in  time  efficiency  and  cost
(Ferdous et al., 2019, Karthik et al., 2020). This could be
attributed  to  the  following  several  reasons:  firstly,  the
lack  of  unified  technical  guidance  for  industrialized
construction;  secondly,  human  labor  productivity  is  low
as there is a lack of technical experts; thirdly, the depen-
dence  on  the  traditional  methods  and  the  factory  space
underutilization.  In  this  context,  employing  AIR  in  off-
site  prefabrication  can  address  these  issues  and  improve
efficiency  while  reduce  errors  in  the  controlled  factory
environment  (Pfeiffer,  2016).  AIR  combine  robotic

 

Received Jun. 6, 2024; revised Oct. 16, 2024; accepted Oct. 30, 2024

Mengjun WANG, Shuai LI (✉)
Department  of  Civil  and  Environmental  Engineering,  The  University
of Tennessee, Knoxville, TN 37996, USA
E-mail: sli48@utk.edu

Jiannan CAI
Department  of  Construction  Science,  The  University  of  Texas  at  San
Antonio, San Antonio, TX 78249, USA

Da HU
Department of  Civil  and Environmental  Engineering,  Kennesaw State
University, Marietta, GA 30060, USA

Yuqing HU
Department  of  Architectural  Engineering,  Pennsylvania  State  Univer-
sity, University Park, PA 16802, USA

Zhu HAN
Department  of  Electrical  and  Computer  Engineering,  University  of
Houston, Houston, TX 77004, USA

This  research  was  supported  by  the  National  Science  Foundation
(NSF) under Grants 2222670, 2222730, and 2222810.

Front. Eng. Manag. 2025, 12(1): 59–85
https://doi.org/10.1007/s42524-025-4099-x

REVIEW ARTICLE

https://doi.org/10.1007/s42524-025-4099-x
https://doi.org/10.1007/s42524-025-4099-x
https://doi.org/10.1007/s42524-025-4099-x
https://doi.org/10.1007/s42524-025-4099-x
https://doi.org/10.1007/s42524-025-4099-x
https://doi.org/10.1007/s42524-025-4099-x
https://doi.org/10.1007/s42524-025-4099-x


systems  with  AI  technologies,  such  as  computer  vision,
algorithm  optimization,  and  data  processing,  enabling
them  to  perform  tasks  with  higher  efficiency,  precision,
and  adaptability.  This  synergy  allows  robots  to  excel  in
diverse  applications,  from  welding  and  assembly  in  the
automotive  and  electronics  industries  to  3D  printing  in
manufacturing,  which  requires  high  accuracy  (Bhatt
et  al.,  2020, Zhu et  al.,  2020).  Recognizing the potential
of  AIR,  researchers  have  shown  significant  interest  in
applying  these  technologies  within  industrialized
construction  processes  (Baduge  et  al.,  2022,  Pan  et  al.,
2022). This includes a range of innovative practices, such
as  non-standard  timber  fabrication  and  assembly  using
robotic  technologies  (Willmann  et  al.,  2016, Eversmann
et  al.,  2017),  in  situ  fabrication  of  concrete  structures
through  robotic  intervention  (Hack  et  al.,  2020),  opti-
mization of geometry partitioning and material distribution
within  prefabricated  components  (Buchanan  and  Gard-
ner,  2019,  Parisi  et  al.,  2024),  computerized  design  and
digital  fabrication  (Huang  and  Fan,  2018,  He  et  al.,
2021). These research efforts collectively aim to enhance
efficiency,  precision,  and  customization  in  construction,
indicating  a  transformative  shift  toward  industrialized
building.

With  the  promising  future  of  AIR  in  industrialized
buildings,  many  scholars  have  made  some  summarized
outlooks  in  this  field.  For  example,  Wang et  al.  (2020b)
reviewed the adoption of digital technologies for off-site
modular buildings and assessed different technologies to
be  applied  to  off-site  modular  buildings.  Tehrani  et  al.
(2023)  focused on the use of  robots  in  off-site  assembly
and  on-site  installation,  suggesting  a  broader  scope  for
robotic  involvement  in  construction.  Pan  et  al.  (2022)
investigated  the  roles  of  AIR  in  modular  construction,
particularly  for  off-site  applications,  highlighting  the
transformative  potential  of  integrating  AI  within  robotic
systems  applied  in  IBM.  Fu  et  al.  (2024)  delved  into
human-robot  collaboration  in  the  manufacturing  of
modular  buildings,  a  key  aspect  of  modern  construction
practices. Zhang et al. (2023a) shifted the focus to on-site
construction,  evaluating  how  human-robot  cooperation
can  enhance  efficiency.  Gusmao  Brissi  et  al.  (2022)
discussed how robotic systems can effectively communi-
cate  and  contribute  to  cost-effective  modular  building
processes. These collective insights underscore the grow-
ing  importance  of  AIR  of  improving  the  industrialized
construction.  However,  there  is  no  systematic  literature
review on off-site IBM with the help of AIR, which has
great potential to be further improved to increase efficiency
(Nam  et  al.,  2020,  Zhang  et  al.,  2020).  Therefore,  this
study  aims  to  address  this  knowledge  gap  with  the
following objectives:

(1)  Perform  a  narrative  literature  review  (NLR)  to
summarize  existing  AIR  techniques  in  different  fields
that could be potentially used in IBM.

(2) Develop a mapping system that correlates potential

AIR techniques with their applications in IBM.
(3) Identify the challenges and offer a future perspective

on the use of AIR in IBM. 

2    Methodology
 

2.1    Framework

The factory assembly process for industrialized buildings
can  be  structured  into  distinct  stages,  beginning  with
component  preparation,  which  involves  positioning
components,  identifying  construction  types,  and  deter-
mining assembly sequences and interrelationships (Viana
et al., 2017). The process then advances to sub-assembly
and  main  assembly  stages.  In  the  sub-assembly  stage,
smaller components are put together, often with the assis-
tance of robots or through human-robot collaboration for
tasks  such  as  assembling  windows  or  wall  panels.  The
main  assembly  stage  involves  integrating  these  smaller
components  into  larger  modules,  like  entire  walls  or
floors,  typically  handled  by  industrial  robots  due  to  the
weight of these modules, with human workers providing
supervision.  After  assembly,  finishing  tasks  and  quality
control,  including  painting,  sealing,  and  inspections,  are
conducted, often automated by robots (see Figure 1).

This paper focuses on the off-site  assembly process in
IBM,  where  construction  robots—such  as  mobile  robots
for material transportation and robotic arms for assembly
tasks—play  a  critical  role.  AI  enhances  these  processes,
enabling  robots  to  perceive  their  environment,  optimize
control through advanced path and motion planning, and
facilitate  better  coordination  and  collaboration.  By
enhancing  robots'  ability  to  autonomously  navigate  and
interact  with  their  surroundings,  AI  ensures  precise  and
efficient operations within the factory setting. Optimizing
path  planning  and  motion  control  reduces  errors  and
improves workflow in off-site assembly, while AI-driven
coordination  allows  for  synchronized  and  efficient  task
execution—  essential  in  the  complex  environment  of
industrialized construction. To systematically explore the
role  of  AIR  in  IBM,  this  review  is  structured  into  four
key  modules:  cognition,  communication,  control,  and
coordination and collaboration. This division is rooted in
the core characteristics of AI-aided robots and their rele-
vance  to  the  manufacturing  process.  As  shown  in
Figure  2,  these  4  modules  are  interrelated  and  together
provide  a  comprehensive  framework  for  understanding
the integration of AIR in IBM.

The  cognition  module  covers  the  cognitive  techniques
that  empower  AIR  with  the  ability  to  perceive,  under-
stand, and interact with their environments. This module
forms the foundation of this review as it enables intelligent
robot to operate autonomously and make decisions based
on  sensory  inputs  and  data  analysis.  Communication
module  is  closely  related  to  cognition,  as  the  data
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exchanged  is  often  used  for  cognitive  processing  and
decision-making. This module explores core communica-
tion protocols, fieldbus and network integration systems,
and  interfaces  that  facilitate  seamless  information
exchange in industrialized building processes. It is essential
for  the  effective  integration  of  various  robotic  systems
and  human-robot  interactions.  While  the  control  module
encompasses  the  mechanisms  by  which  robots  execute
precise  movements,  optimize  path  and  motion  planning,
and  adapt  to  changing  environments.  This  module  is
crucial  for  ensuring  that  robots  can  carry  out  tasks  with
the  required  precision  and  efficiency  in  industrialized
building settings. Control is dependent on both cognition
(for  decision-making)  and  communication  (for  receiving
and sending commands). Building upon the foundation of
cognition,  communication,  and  control  which  are  neces-
sary  for  effective  teamwork  and  autonomous  operation,
coordination  and  collaboration  module  focuses  on  how
robots work together in a coordinated manner, optimizing
resource allocation and managing conflicts, while covering
human-robot collaboration. 

2.2    Method

Inspired  by  previous  studies  (Asghari  et  al.,  2022,  Fu
et  al.,  2024),  this  paper  employs a  NLR methodology to

comprehensively examine the four key domains identified
in  Section  2.1,  where Figure  3  provides  an  overview  of
the  review  analysis  framework.  The  review  process
involves an in-depth exploration of the principles of AIR,
their  applications,  and  the  specific  challenges  they  face
within IBM. By analyzing these challenges in conjunction

 

Fig. 1    Modular building in-factory assembly process.

 

Fig. 2    Applications of AIR in the four stages of future building manufacturing.

 

Fig. 3    Process of applied review analysis.
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with  recent  advancements  in  AIR,  the  paper  provides
insights into the future potential  of these technologies in
IBM.

The  literature  review  follows  a  keyword-based  search
strategy,  with  Google  Scholar  serving  as  the  primary
search engine. Adapted of the keywords selection method
from  (Cai  et  al.,  2023a),  the  keywords  relevant  to  the
research  technologies,  functionalities,  and  applications
are  outlined  in Table  1.  Specifically,  the  keywords  used
for searching are the combination results of each list, for
example,  “Robots  task  allocation  in  modular  building.”
The search results  were manually filtered by reading the
titles  and  abstracts  to  ensure  relevance  to  the  study’s
objectives  as  well  as  the  selected  scopes.  Many  related
articles  are  included by  reading  the  main  text  of  filtered
search  results.  To  focus  on  the  most  current  develop-
ments, the review was limited to publications from 2014
to  2024.  Ultimately,  a  total  of  227  papers  were  selected
for detailed analysis and discussion.

The  structure  of  the  paper  is  as  follows:  Section  3
delves  into  the  four  identified  domains,  discussing  the
fundamental principles of AIR, their applications in IBM.
Section 4 discusses the potential for further enhancement
within  each  domain.  Section  5  concludes  the  paper  by
summarizing the key discussions and offering insights for
the effective adoption of AIR in IBM. 

3    Findings
 

3.1    Cognition

Cognition in robots is primarily concerned with the robot’
s understanding of its environment, facilitated by sensors
that  collect  environmental  data  for  processing  and  inter-
pretation.  In  the  assembly  process,  AI  helps  identify
block types and detect their positions, laying the foundation
for optimizing assembly sequences and determining robot
target  positions  (Back  et  al.,  2020).  For  finishing  tasks,
cognition aids  in  identifying locations  requiring painting
or sealing, and in quality supervision, it detects incorrect
installations  or  cracks,  contributing  to  safe  and  accurate
assembly (Brosque et al.,  2020). In workflows involving
human  interaction,  such  as  human-robot  collaboration,
detecting  human  positions,  behaviors,  intentions,  and
recognizing  their  commands  is  crucial  for  robots  scene
understanding  (Liang  et  al.,  2021).  Section  3.1.1

thoroughly  reviewed  the  advanced  cognition  techniques
including  the  hardware  capturing  sensing  data  and  the
software  techniques  for  processing them.  It  then focuses
on  the  specific  applications  of  these  technologies  in
modular building assembly in section 3.1.2. 

3.1.1    Advanced cognitive techniques

This  section  details  the  sensory  hardware  that  forms  the
foundation  of  robotic  cognitive  systems.  At  the  same
time,  the software algorithms and how they leverage the
collected  sensor  data  to  endow  robots  with  cognitive
capabilities,  such  as  understanding  complex  scenes,
recognizing  objects,  and  navigating  construction  sites
with precision,  are also detailed in this  section. Figure 4
shows  the  framework  of  Section  3.1.1  and  the  interrela-
tionship between hardware and software.

Hardware: Sensors
In  cognitive  systems  for  construction  robots,  an  array

of sensors plays a pivotal role in environment perception.
LiDAR  sensors  are  fundamental  in  generating  real-time
3D maps, enabling robots to detect obstacles and navigate
sites  with  remarkable  precision  (Muñoz-Bañón  et  al.,
2022). Cameras, in both 2D and 3D variants, offer a rich
visual  understanding  of  the  construction  environment,
which  is  essential  for  tasks  like  material  identification
(Zhang et al., 2018) and progress monitoring (Ahmadian
Fard  Fini  et  al.,  2021,  Moragane  et  al.,  2022).  Radar  is
useful  for  mobile  perception,  especially  in  adverse
weather  conditions  (Wang  et  al.,  2023a).  Acoustic
sensors or  microphones capture sound patterns,  enabling
robots to respond to auditory signals or detect abnormalities
in machines through sound analysis (Rao et al., 2022).

Besides  these  fundamental  sensors,  there  are  many
other  perception  sensors  useful  in  recognizing  targets  to
be  manipulated  by  robots.  Robotic  perception  systems
integrating  ultrasonic  sensors  with  flexible  triboelectric
sensors detect object shape and distance through reflected
ultrasound,  positioning  robotic  manipulators  accurately
for object grasping (Yasin et al., 2021, Shi et al., 2023b).
Force and torque sensors are critical for enabling precise
control during tasks such as lifting, placing, or fastening
components,  ensuring  accuracy  and  safety  (Li  et  al.,
2020,  Cao  et  al.,  2021).  Proximity  sensors  help  robots
detect  the  presence  of  objects  or  surfaces  without  direct
contact  (Koyama  et  al.,  2018),  which  is  essential  for
avoiding  collisions  and  ensuring  proper  alignment  of

 

Table 1    Keywords search list

List Keyword

List 1 Technologies/Systems Robots, Automation, AI, Sensors, IoT, Digital Twins, Communication networks

List 2 Functionalities/Processes Task allocation, Environment perception, Collaborative control, Human-robot interaction, Resource
management, Workflow optimization,

List 3 Applications Modular construction, Industrialized construction, Prefabricated assembly, Quality control, Smart
manufacturing, Construction monitoring
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components during assembly. Infrared sensors detect heat
signatures,  which  are  useful  in  monitoring  the  curing
process  of  materials  like  concrete  or  in  detecting  over-
heating components (Yumnam et al.,  2021, Singla et al.,
2023), thereby preventing potential hazards and ensuring
the quality of the construction process.

For  robots  in  other  fields,  tactile  sensing  has  gained
attention  for  its  efficiency  and  low  latency.  Multimodal
robot  skin  cells,  networked  to  form  large-area  skin
patches, cover robot surfaces, enabling efficient handling
of vast amounts of tactile data (Zhou et al.,  2024). Inno-
vations  like  robotic  e-skin  composed  of  resistive  tactile
force  and  temperature  sensors  monitor  the  sliding  and
slipping  movements  of  objects,  enhancing  soft  grippers’
dexterity (Yamaguchi et al., 2019, Bao et al., 2023). The
development  of  compliant  “skins”  for  humanoids  inte-
grates  distributed  pressure  sensors  based  on  capacitive
technology,  allowing  deployment  on  nonflat  surfaces
(Mishra  et  al.,  2021).  Novel  fabric-based,  flexible,  and
stretchable  tactile  sensors  can  seamlessly  cover  natural
shapes,  providing  a  more  intuitive  sense  of  touch  (Pyo
et al., 2021).

Beyond  sensors  directly  attached  to  robots,  ambient
intelligence also enhances robotic perception. Multi-agent
robot-sensor  networks,  including  distributed  cameras,
environmental  sensors  (e.g.,  temperature,  humidity,
light),  and  motion  detectors  (Prati  et  al.,  2019),  are
employed  for  surveillance  and  monitoring  of  human
living  and  working  environments.  These  sensors  gather
detailed environmental data, which helps robots understand
and  navigate  their  surroundings  more  effectively  (Dong
et  al.,  2019).  This  integration  allows  robots  to  adapt  to
dynamic conditions, detect changes in their environment,
and  respond  accordingly,  improving  their  ability  to
perform complex tasks in varied settings.

Software: Cognition Techniques in Robots
This  subsection  delves  into  the  techniques  that  enable

robots  understand  their  surroundings,  focusing  on  envi-
ronment  modeling,  object  detection  and  classification,
and human-related cognition.

a) Environment modeling
Environmental  modeling  is  the  cornerstone  of  robotic

understanding  and  navigating  the  surrounding  world,
covering  multiple  dimensions  from  object  recognition  to
two-dimensional  image  segmentation  and  three-dimen-
sional  point  cloud  processing.  Object  recognition,  an
essential  part  of  environmental  modeling,  empowers
robots  to  comprehend  their  surroundings  by  identifying
and  manipulating  objects.  Deep  learning  has  significantly
enhanced object detection capabilities, particularly through
the  application  of  Convolutional  Neural  Networks
(CNNs)  (Muhammad  et  al.,  2021).  This  advancement  is
evident  in  algorithms  like  R-CNN  (Zhao  and  Cheah,
2023),  YOLO  (You  Only  Look  Once)  (Li  et  al.,  2023c),
and  SSD  (Single  Shot  MultiBox  Detector)  (Liu  et  al.,
2021a),  which  have  become  benchmarks  in  the  field.
Object  classification  is  seamlessly  integrated  into  this
process,  with  CNNs  extracting  image  features  through
layered network architectures (Ku et al., 2021). Prominent
models  such  as  VGG  (Chen  and  Guhl,  2018),  ResNet
(Hou  et  al.,  2020),  and  Inception  (Xiao  and  Kang,  2021)
have  tackled  issues  like  gradient  vanishing  and  model
overfitting,  thus  enhancing  classification  performance
significantly.

In  the  two-dimensional  aspect,  image  segmentation
technology  is  key  to  environmental  understanding,
promoting the robot’s recognition of the environment by
distinguishing  objects  from  the  background  in  images
(Wang et al., 2022b, Bai et al., 2023). Traditional methods
such as threshold segmentation (Pare et al., 2020), region
growing  (Yeom et  al.,  2017),  and  edge  detection  (Kher-
admandi and Mehranfar, 2022), although simple and effi-
cient,  are limited by image quality (Wang et al.,  2020d).
In recent years, the rise of deep learning technology, such

 

Fig. 4    Overview of robot cognitive techniques.
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as Fully Convolutional Networks (FCNs) (Tulbure et al.,
2022)  and  U-Net  (Vasquez  et  al.,  2024),  has  greatly
improved the accuracy and efficiency of image segmenta-
tion. Especially, the introduction of attention mechanisms
(Huang et al., 2022, Zhang et al., 2024) and Transformer
structures  (Wang et  al.,  2023c)  has  further  enhanced the
performance  of  segmentation  models.  Recently,  image
segmentation  algorithms  that  combine  large  language
models have shown the potential to maintain high perfor-
mance with a small amount of labeled data (Wang et al.,
2023b, Yun et al., 2023).

In  the  three-dimensional  aspect,  the  acquisition  and
processing  of  point  cloud  data  are  fundamental  to
constructing  detailed  three-dimensional  models  of  the
environment surrounding the robot. Technologies such as
laser  scanning  (Hu  et  al.,  2023),  stereo  vision  (Yuan
et  al.,  2022),  and  structured  light  scanning  (Lam  et  al.,
2022) provide depth information of the environment from
different  perspectives.  The  preprocessing  of  point  cloud
data,  including  filtering,  registration,  and  segmentation
(Wang  et  al.,  2020c,  Li  et  al.,  2021),  provides  accurate
data  for  subsequent  environmental  understanding.  The
application  of  deep  learning  in  point  cloud  processing,
such  as  PointNet  (Kim  et  al.,  2022)  and  PointNet  +  +
(Yin et al., 2021), as well as models based on Transformers
(Zhou et al., 2022), has demonstrated powerful capabilities
in  handling  three-dimensional  data,  providing  effective
technical  support  for  robots'  autonomous  navigation  and
task  execution  in  complex  environments  (Chen  et  al.,
2019).  Furthermore,  Simultaneous  Localization  and
Mapping  (SLAM)  allows  a  robot  to  build  a  map  of  an
unknown  environment  while  simultaneously  keeping
track  of  its  own  location  within  that  map  (Kim  et  al.,
2018).

b) Human-related cognition
Cognition related to humans is also an essential compo-

nent of robotic cognition systems. It involves recognizing
human activities,  detecting human bodies,  understanding
intentions,  and  recognizing  gestures  and  voice
commands.  This  section  will  detail  the  human-related
cognition and its applications.

First, Human Activity Recognition (HAR) is a technol-
ogy that  identifies  human behaviors  by analyzing sensor
data,  video,  and other  multimodal  information  (Li  et  al.,
2023b).  Deep  learning  models  such  as  CNNs  (Slaton
et  al.,  2020, Sherafat  et  al.,  2022)  and  Recurrent  Neural
Networks  (RNNs)  (Guo  et  al.,  2023,  Younesi  Heravi
et al., 2024) have been widely applied in HAR, improving
the accuracy and efficiency of recognition. Graph Convo-
lutional Networks (GCNs) are used for processing skeletal
data,  enhancing  the  accuracy  of  activity  recognition  by
modeling  the  connections  between  human  joints  (Shi
et al., 2020).

Human  body  detection  technology  shares  similarities
with  object  detection  in  environmental  modeling.
However, human body detection faces unique challenges,

such  as  occlusion,  pose  variation,  and  scale  changes
(Cheltha et al., 2024). To address these issues, specialized
human body detection methods have been proposed. For
example,  pose  estimation-based  methods  like  OpenPose
detect human poses by identifying key points of the body
(Urgo  et  al.,  2024),  part-based  models  like  Deformable
Part Models (DPMs) (Chen et al., 2020), which decompose
the human body into multiple parts and detect the position
of each part to cope with pose variation and occlusion.

In  understanding  human  intentions,  voice  recognition
technology  plays  a  key  role.  In  addition  to  traditional
RNNs,  Transformer  models  like  BERT  and  GPT  have
been  used  for  voice  recognition  (Acheampong  et  al.,
2021,  Zheng  et  al.,  2021),  improving  the  understanding
and  accuracy  of  language  content  recognition.  Another
technique  is  end-to-end  voice  recognition  systems  like
DeepSpeech  (Hannun  et  al.,  2014),  which  directly
convert sound signals into text, reducing the dependency
on  traditional  feature  extraction  steps.  Similar  to  voice
recognition,  facial  expression  recognition  can  use  deep
learning-based  methods,  such  as  the  Facial  Action
Coding System (FACS) combined with CNNs, to identify
different  facial  action  units  and  infer  emotions  (Deng
et al., 2019). Body language analysis can utilize pose esti-
mation  technology  like  PoseNet  to  recognize  human
postures and infer intentions (Aonty et al., 2023). Gesture
recognition technology is usually based on image recog-
nition algorithms, such as CNNs. For example, using 3D
CNNs  to  analyze  time-series  images  can  identify  the
dynamic  features  of  gestures  (Wang  et  al.,  2023c).  Eye-
tracking  techniques  are  also  applied  widely  in  tracking
human  gaze  to  infer  their  intention  (Hasanzadeh  et  al.,
2017,  Guo  et  al.,  2022).  Another  approach  is  based  on
hand  keypoint  detection  technology  like  MediaPipe
Hands, which recognizes specific gestures by identifying
key points of the hand (Docekal et al., 2022). 

3.1.2    Applications in IBM

Environmental modeling
In  the  field  of  off-site  IBM,  environmental  modeling

plays  a  crucial  role  in  off-site  assembly  by  enabling
robots  to  deeply  understand  the  surroundings,  including
identifying  workstations,  storage  areas,  and  transport
routes  (Bowmaster  and  Rankin,  2019,  Yin  et  al.,  2019,
Anane  et  al.,  2022),  thereby  effectively  planning  their
movements  and  operations.  Additionally,  environmental
modeling  technology  allows  robots  to  detect  and  avoid
potential obstacles (Yang and Kang, 2021, Brosque et al.,
2023), such as other robots, workers, or scattered materi-
als,  ensuring  safety  and  smoothness  on  the  production
line. Using these models, robots can also perform precise
path  planning,  reducing  movement  time  and  distance
within  the  work  area  and  thereby  improving  overall
production efficiency.
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Object recognition
Advanced deep learning models like Faster R-CNN and

YOLOv3 enable robots to accurately identify and classify
various  building  elements  and  materials  in  the  factory
(Riordan et al., 2019, Stjepandić et al., 2022). This capa-
bility  accelerates  the  sorting  and  assembly  process,
enhancing the speed and accuracy of production. Further-
more, combined with pose estimation technology, robots
can  determine  the  optimal  grasp  points  and  operation
positions  based  on  the  detected  object’s  shape  and  size
(Dawod and Hanna, 2019; Li and Qiao, 2019; Qin et al.,
2016),  ensuring  the  correct  assembly  and  fixation  of
components. Additionally, robots can use vision detection
systems  to  monitor  the  assembly  process  in  real-time,
detecting  defects  and  poor-quality  products  to  ensure
high product  standards  (Zheng et  al.,  2020, Moon et  al.,
2024).  For  quality  control  in  modular  construction,
computer  vision  systems  integrated  with  AI  analyze
images  or  video  feeds  to  identify  defects  or  deviations
from expected standards (Bae and Han, 2021, Lee et al.,
2022b).  For  example,  AI-driven  vision  systems  can
inspect welds or paint quality on modular units, automati-
cally flagging areas that do not meet the predefined stan-
dards,  thereby  enabling  early  corrective  measures  (Chen
et al., 2021c, Golec et al., 2023, Jung et al., 2023).

Human-related cognition
Human-related cognition technologies enable robots to

collaborate  more  effectively  with  factory  workers  and
other  robots  (Evjemo  et  al.,  2020).  Through  natural
language  processing,  robots  can  understand  and  respond
to  workers'  voice  commands,  reducing  communication
errors  and  improving  work  efficiency  (Li  et  al.,  2023a,
Park et al., 2024). At the same time, robots can understand
workers' emotions and intentions by analyzing their facial
expressions  and  gestures,  promoting  smoother  human-
robot collaboration (de Gea Fernández et al., 2017, Wang
et  al.,  2023c).  Moreover,  robots  can  monitor  workers’
behavior  and  location,  promptly  identifying  potential
safety  risks  and  taking  measures  to  prevent  accidents,
enhancing  safety  on  the  production  line  (Gusmao  Brissi
et al., 2022, Hou et al., 2022). 

3.2    Communication

Intelligent  IBM  requires  effective  communication
between  robots  as  well  as  between  humans  and  robots.
This includes sharing the motor status, joint position, and
the  results  of  cognition,  such  as  the  detected  positions
and types of objects (Kalinowska et al., 2023), which lays
the  foundation  for  subsequent  control  and  coordination.
In  human-robot  collaboration,  detected  human  informa-
tion,  such  as  position,  behavior,  intentions,  and
commands,  is  also  shared  with  robots  to  ensure  safe
control.  The  results  of  quality  inspections  are  communi-
cated  to  both  robots  and  human  supervisors  to  lay  the
groundwork for further assembly. Sections 3.2.1 to 3.2.2

first review the technical details of communication proto-
cols  within  inter-robots  and  human-robots,  then  details
the  applications  of  communication  in  IBM  (see  Section
3.2.3). 

3.2.1    Technology in robots communication

This  section  focuses  on  the  technical  aspects  of  robotic
communication, both inter-robot and between robots and
network  systems,  including  basic  communication  proto-
cols,  field  bus,  and  network  systems,  essential  for
enhancing robotic operations in industrial environments.

Core Communication Protocols
Core  protocols  such  as  Data  Distribution  Service

(DDS),  Robot  Operating  System  (ROS),  and  Message
Queuing  Telemetry  Transport  (MQTT)  are  particularly
important in robotic data exchanges (Liang et al.,  2022).
DDS  is  designed  for  real-time,  high-performance  data
exchange  using  a  publish-subscribe  model  (Lin  and  Lu,
2024).  It  supports  complex  data  distribution  topologies
and a wide range of Quality of Service (QoS) parameters,
including reliability, bandwidth control, and latency guar-
antees.  These  features  make  DDS  indispensable  in
synchronized settings. For example, in automotive manu-
facturing,  where  multiple  robots  collaborate  to  complete
complex  tasks  like  body  assembly  and  welding,  DDS
ensures  that  these  collaborative  actions  are  precisely
synchronized  within  strict  time  windows,  significantly
enhancing production efficiency and product quality (Lin
and  Lu,  2024).  ROS  utilizes  a  publish-subscribe  system
via  TCP  or  UDP,  facilitating  versatile  data  and  service
exchanges  among various  robot  nodes  (He  et  al.,  2022).
This setup enhances modularity and scalability in robotic
applications,  such  as  in  logistics  where  different  robotic
units collaborate for inventory management and package
sorting.

Meanwhile,  MQTT  thrives  in  environments  with
limited  bandwidth  and  high  network  latency.  It  operates
on  a  simple  publisher-subscriber  client-server  model,
efficiently  managing  network  bandwidth  and  reducing
the  size  of  data  packets  (Jiang  et  al.,  2022),  crucial  for
enhancing the efficiency of remote communications. It is
particularly  effective  in  remote  operation  contexts,  like
petrochemical  plants  (Shu  et  al.,  2018)  and  offshore  oil
rigs (Naranjo et al., 2018), where there is often a need to
remotely  monitor  and  control  robotic  operations  in  vast
and complex industrial environments. MQTT ensures that
operators,  even  from  an  office  setting,  can  receive  real-
time  updates  on  the  status  of  robots  on-site  or  send
control commands swiftly in emergency situations, effec-
tively  preventing  or  responding  to  potential  safety  inci-
dents.

DDS and MQTT are not only bridges for communication
between robots but also seamlessly integrate with sensor
networks,  actuators,  and  factory  management  systems,
enabling  real-time  data  collection  and  processing  and
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pushing  forward  the  deep  development  of  factory
automation  and  intelligence.  The  integration  of  Internet
of  Things  (IoTs)  technology  and  5G  technology  has
expanded  the  use  of  these  communication  protocols,
especially  in  smart  manufacturing  (Mahiri  et  al.,  2022,
Cheng et al., 2024). For instance, 5G technology ensures
that  robots  can  quickly  respond to  sudden  commands  or
adjustments,  optimizing  production  efficiency  and  mini-
mizing  downtime  (Cheng  et  al.,  2024).  IoT  technology,
by  connecting  various  sensors  and  actuators,  not  only
facilitates  real-time  data  collection  and  analysis  on
assembly lines but also enables real-time monitoring and
optimization of resource use (Mustafha et al., 2020, Yuan
et  al.,  2021).  IoT technology is  particularly  important  in
installation  tasks  as  it  helps  coordination  systems  track
the  status  of  various  resources  in  real-time  (Wu  et  al.,
2022b),  such  as  material  usage  rates,  tool  locations,  and
robot conditions.

Middleware  technologies  such  as  Apache  Kafka
(Lourenço  et  al.,  2021)  or  RabbitMQ  (Yoshino  et  al.,
2021)  bridge  robots  and  operating  systems,  ensuring
timely  data  transmission  and  maintaining  data  reliability
and order, crucial for real-time control systems and auto-
mated monitoring. For example, in automated warehouse
systems, Kafka can handle data streams from hundreds of
sensors  (Dymora  et  al.,  2023),  relaying  this  information
in  real-time  to  path  planning  systems  to  optimize  robot
trajectories.  Through  these  protocols,  the  manufacturing
industry  can  achieve  higher  levels  of  digitalization  and
networking, optimize production processes, reduce opera-
tional  costs,  and  simultaneously  enhance  the  quality  of
products and services.

Fieldbus and network integration systems
Fieldbus systems like CAN (Controller Area Network)

and  EtherCAT  (Ethernet  for  Control  Automation  Tech-
nology),  as  well  as  wireless  communication  protocols,
including Wi-Fi, Bluetooth, and Mesh network technolo-
gies are pivotal in robotic communications (Pereira et al.,
2023).

The CAN bus allows multiple devices to communicate
on the same network through a non-destructive arbitration
method, which is ideal for automotive assembly where it
coordinates  communication  between  control  units,
motors, and sensors (Zhang, 2022). EtherCAT communi-
cates  data  using  standard  Ethernet  frames  without  the
need  for  additional  Ethernet  excels  in  high-speed  data
transmission,  crucial  for  precision  tasks  in  automated
packaging lines  where  rapid  and accurate  data  exchange
between  cameras,  sensors,  and  controllers  is  needed  for
flawless operation (Wang et al., 2017b).

Wireless  protocols  like  Wi-Fi,  Bluetooth,  and  Mesh
network technologies support diverse robotic applications
(Aijaz,  2021, Artetxe  et  al.,  2023).  Wi-Fi  is  suitable  for
connecting  dispersed  robotic  systems  in  large  factory
environments  due  to  its  high  throughput  and  extensive
coverage capabilities (Ma et al., 2019). Bluetooth, known

for  its  low  energy  consumption,  is  suitable  for  small,
mobile robots or sensor networks in tasks such as material
handling  or  inventory  tracking  in  a  warehouse  (De
Beelde et al., 2021, Bencak et al., 2022). Mesh networks
offer  robust  connectivity  in  automated  warehouses,
enabling  continuous  communication  between  robots  and
ensuring that tasks like sorting and transporting goods are
performed without interruptions (Nurlan et al., 2022). 

3.2.2    Human-robot interaction interfaces

This  section  explores  the  interfaces  that  facilitate  user
interaction  with  robotic  systems,  focusing  on  enhancing
intuitiveness  and  efficiency  in  communication  between
humans and robots.

Augmented  Reality  (AR)  and  Virtual  Reality  (VR)
technologies significantly enhance the user experience in
interacting  with  robotic  systems  by  providing  visual
enhancements  and  fully  virtual  environments  (Zhang
et  al.,  2023b).  AR  overlays  computer-generated  images
or information onto live video streams, allowing operators
to  see  an  enhanced  version  of  the  real  world,  which  is
especially  useful  in  precision-demanding  assembly  or
maintenance  tasks,  providing  crucial  visual  assistance
and data  guidance.  For  example,  in  complex mechanical
assembly, AR can display the precise location and instal-
lation  steps  of  each  component,  helping  operators  accu-
rately  complete  tasks  (Cattari  et  al.,  2020,  Wang  et  al.,
2021b). In contrast, VR creates a fully controlled simulated
environment,  allowing  operators  to  practice  and  refine
their skills without physical risk (Osti et al., 2021). It can
also  allow  operators  to  manipulate  robot  tasks  remotely
by immersing them in virtual representations of the real-
world  task  (Geng  et  al.,  2022).  Furthermore,  VR  also
offers  the  potential  for  real-time  simulation,  enabling
operators to test strategies and adjustments without inter-
rupting live robotic operations (Wang et al., 2024).

Graphical  User  Interfaces  (GUI)  and  haptic  feedback
technologies make robot operations more intuitive. GUIs
provide  a  user-friendly  visual  interface  for  intuitively
monitoring  and  controlling  robots  (Liu  et  al.,  2021b),
essential  in  remote  surgery  systems where  precision  and
response  time  are  critical.  Haptic  feedback  technologies
such  as  vibration  feedback  and  force-feedback  gloves
provide essential tactile sensations that replicate the phys-
ical  interaction  with  objects,  enhancing  user  control  in
teleoperation scenarios where direct handling of materials
or  tools  is  required  (Ozioko  and  Dahiya,  2022,  Shi  and
Shen, 2024).

Natural Language Processing (NLP) simplifies human-
machine interactions by allowing operators to communi-
cate  with  robotic  systems  using  natural  language.  NLP
includes  voice-to-text  conversion,  semantic  under-
standing,  and  intent  recognition  (Wu  et  al.,  2022a,
Shamshiri  et  al.,  2024),  enabling users  without  technical
backgrounds  to  control  robots  through  simple  voice
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commands,  significantly  reducing  the  complexity  of
operations  and  enhancing  operational  efficiency.  For
example,  voice  commands  can  be  used  to  direct  robots
during disaster recovery operations (Gentile et al., 2023),
allowing for quick and hands-free manipulation of robots
in critical situations. 

3.2.3    Applications in IBM

Efficient  communication  technologies  are  essential  in
ensuring  the  efficiency  and  precision  of  the  assembly
process of modular building construction. Communication
within  robots,  between robots,  and between humans  and
robots all play key roles.

Robot self-communication
In  modular  building  assembly,  the  precise  action  of

each robot is critical to the success of the entire assembly
process.  By  utilizing  efficient  internal  communication
protocols  such  as  CAN  and  EtherCAT,  robots  can
synchronize their sensor readings and control commands
in  real-time  (Etz  et  al.,  2018,  Martinova  et  al.,  2023),
ensuring  that  each  step  is  executed  with  precision.  For
instance,  when  a  robot  installs  large  structural  elements
like wall panels or roof modules, the precise control of its
movements  depends  on  real-time  feedback  from  joint
sensors and torque sensors (Gawel et al., 2019, Apolinarska
et al., 2021). This precise internal communication allows
the robot to automatically adjust its movements to accom-
modate minor deviations at the joints, ensuring structural
stability and alignment.

Communication between robots
Communication  between  robots  is  also  crucial,  espe-

cially in scenarios requiring multiple robots to collaborate
on installing large modules (Augugliaro et al., 2014, Zhu
et  al.,  2021).  By  using  wireless  communication  tech-
nologies like Wi-Fi and Bluetooth, robots can share posi-
tioning data (Zhu et al., 2021), progress updates (Jiang et
al., 2022), and real-time status information (M. Tehrani et
al.,  2023),  ensuring  consistency  in  collaboration  during
the assembly process. For example, one robot might posi-
tion  a  prefabricated  wall  panel  at  a  specified  location
while  another  robot  handles  fastening  and  welding.
Through  wireless  networking  technologies,  these  robots
can exchange position and task status information in real-
time, precisely coordinating their actions to optimize the
efficiency  and  quality  of  the  assembly  process  (Zhou
et al., 2021, Ginigaddara et al., 2022).

Human-robot communication
In  terms  of  human-machine  interaction,  technologies

like AR, VR, NLP, and haptic feedback provide operators
with unprecedented control and intuitiveness (Kramberger
et al., 2022, Cheng et al., 2023). AR and VR technologies
allow  operators  to  visually  comprehend  the  operations
and anticipated paths of robots during complex assembly
tasks, either through virtual overlays or complete immer-
sion (Kaiser et al., 2021, Ginigaddara et al., 2022), which

is particularly useful for ensuring the precise assembly of
large  components.  For  instance,  enhance  the  planning
process by allowing virtual simulations of planned paths
(Wang et al., 2021a). This capability enables pre-execution
validation  of  routes,  ensuring  that  the  paths  are  feasible
and safe in real-world scenarios, thereby reducing opera-
tional  risks  and  enhancing  reliability.  Additionally,  NLP
enables  operators  to  communicate  with  robots  through
simple  voice  commands,  allowing  for  more  flexible  and
rapid  adjustment  of  robot  tasks  or  responses  to  sudden
situations (Wang et al., 2022a, Wu et al., 2022a). Haptic
feedback technology is especially critical in remote oper-
ations, providing operators with immediate physical feed-
back  about  the  robot’s  contact  and  operational  status
through vibrations or force-feedback gloves (Kaiser et al.,
2021, Cheng et al., 2023), enhancing the safety and preci-
sion of operations. 

3.3    Control

This section specifically refers to robotic control, including
low-level control like precise control and adaptive control
as  well  as  high-level  motion  and  path  planning.  These
controls  respond  to  environmental  variances,  human
intentions,  and  activities,  crucial  for  executing  efficient,
precise, and adaptable operations. Sections 3.3.1 to 3.3.2
discuss  control  techniques  from  different  levels  while
section 3.3.3 details their applications in modular building
assembly. 

3.3.1    Low-level control

This  module  focuses  on  how robots  execute  precise  and
adaptive movements  in  response to  internal  and external
factors.

Precise control
Precise  control  technologies  are  critical  for  enhancing

the positional precision of robotic systems, particularly in
low-level  control  concerning  actuators  and  feedback
mechanisms.  These  technologies  are  crucial  in  robotic
systems performing fine operations such as assembly and
welding.

Advanced servo control  systems link the servo motors
and  a  high-level  control  unit,  such  as  a  programmable
logic controller (PLC) (Vogel-Heuser et al., 2017), adapt-
ing  the  original  signal  and  forward  it  to  the  motor.  The
setup  enables  exceptional  precise  control  of  position,
speed,  and  torque.  Complementary  to  motor  control,
inverse  kinematics  (IK)  (Zhou  et  al.,  2023),  which  is  a
basic  robotic  arm  control  algorithm  that  solves  for  the
joint  angles  that  achieve  the  desired  position  and  orien-
tation of  the robot’s  end effector.  This  technique is  vital
for  tasks  where  precise  endpoint  positioning  is  crucial,
such  as  in  assembly  operations  where  components  must
be aligned with high precision.

Additionally,  sliding  mode  control  (SMC)  alters  its
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structure based on the state of the system and employs a
discontinuous  control  action  to  ensure  the  system’s
trajectory adheres to a predefined sliding surface despite
system  uncertainties  or  external  disturbances  (Baek  and
Kwon,  2020).  For  instance,  it  can  control  robotic  arms
with high accuracy in positioning despite  dynamic loads
or  mechanical  wear.  Moreover,  SMC is  often  employed
in electric drives and actuators within robotic systems to
ensure precise motion control.

Feedback-based  control  systems  utilize  representative
algorithms  such  as  Proportional-Integral-Derivative
(PID)  control,  feedforward  control,  and  state  feedback
control (Shi et al., 2023a). PID controller is a control loop
feedback  mechanism  widely  used  in  industrial  control
systems (Bazhanov et al., 2016). It continuously calculates
an  error  value  as  the  difference  between  a  desired
setpoint and a measured process variable. It then applies a
correction based on proportional, integral, and derivative
terms.  PID  is  widely  employed  in  robots  to  control  the
motors' speed and position precisely, such as maintaining
the robotic arm’s joint at a set angle. Feedforward control
uses  a  predetermined model  of  the  system to  predict  the
outputs based on command inputs (Li et al., 2022), allowing
the system to anticipates the need for control action rather
than merely reacting to sensory feedback. It’s commonly
used  in  dynamic  environment,  such  as  adjusting  the
torque  in  robotic  joints  to  handle  varying  loads  dynami-
cally.  Furthermore,  state  feedback  control  incorporates
the  full  state  of  the  system  into  the  controller  to  make
decisions (Panda et al., 2017, Li et al., 2022). It typically
uses  all  available  state  measurements  to  feed  back  into
the system for more accurate control. It has been utilized
in  precision  systems  such  as  satellite  attitude  control,
where  complete  knowledge  of  the  state  is  necessary  for
effective control.

Adaptive control
Adaptive control is vital in environments where obstacles

or  conditions  are  unpredictable.  This  approach  takes
advantage of environmental perception, such as advanced
sensor  technologies  and  real-time  data  processing,  al-
lowing  robots  to  accurately  perceive  and  adapt  to  their
surroundings.

RRT  not  only  helps  planning  in  static  environments,
but  it  also excels  in  dynamic and unpredictable environ-
ments by generating a search tree that randomly expands
across  the  space,  efficiently  finding  pathways  in  high-
dimensional  spaces  (Mohammed  et  al.,  2021,  Qi  et  al.,
2021). In an unstructured environment, an RRT might be
used to plan the path of a robotic arm to pick up objects
located at random positions, ensuring the path is feasible
without colliding with unforeseen obstacles.

Besides  this,  there  are  many  other  algorithms  that  are
good at robot adaptive control in dynamic environments,
like  potential  fields  (Vlantis  et  al.,  2023),  dynamic
windows  (Vlantis  et  al.,  2023),  and  sequential  quadratic
programming  (SQP)  (Li  et  al.,  2016).  Potential  fields

create  a  virtual  'field'  around  obstacles  where  the  force
magnitude  increases  as  the  robot  gets  closer  to  the  obs-
tacle.  The robot  navigates  by moving in  the  direction of
the resultant force vector. It’s useful in mobile robots for
environments  like  shopping  centers,  where  people  and
obstacles  are  continuously  moving.  Dynamic  window
approach  is  a  real-time  collision  avoidance  method  for
mobile  robots  which could  also  help  robots  navigate  the
busy city streets. SQP is an iterative method for nonlinear
optimization  which  is  useful  in  dynamic  environments
where the robot must adjust its path in response to changing
conditions, such as in automated warehouses.

With  the  advancement  of  machine  learning,  genetic
algorithms could be used in exploration robots that need
to continually adapt to new terrains and obstacles, such as
planetary  rovers  (Hao  et  al.,  2021).  Model  predictive
control  (MPC)  uses  a  model  of  the  robot’s  dynamics  to
predict  and  optimize  future  movements  over  a  moving
time horizon  (Zeng et  al.,  2024b).  It  updates  the  control
inputs  at  each  timestep.  This  technology  is  particularly
effective  in  applications  where  the  robotic  arm  needs  to
react  to  dynamic  objects,  or  precise  timing  is  crucial,
such  as  in  pick-and-place  tasks  involving  moving
conveyor  belts  (Alberto  et  al.,  2023).  It  could  also  be
used in autonomous driving to adaptively plan movements
in  response  to  rapidly  changing  traffic  conditions  (Lin
et  al.,  2019).  Recurrent  Neural  Networks  (RNNs)  and
Hidden Markov Models (HMMs) are used to model time
series data (Rahman et al., 2021), which helps in predicting
future  states  of  the  environment  based  on  historical
patterns. It could be used in interaction-based applications
where the robot needs to predict human actions. Dynamic
decision-making  in  adaptive  control  utilizes  statistical
models and machine learning algorithms, such as Decision
Trees  (Dönmez  and  Kocamaz,  2020)  and  Conditional
Random  Fields  (CRFs)  (Zhou  et  al.,  2019),  allowing
robots  to  respond  effectively  to  explicit  commands  or
detected  obstacles.  CRFs  are  particularly  useful  in
predicting  sequential  data  that  align  decision-making
closely with observable environmental variables, helping
in  accurately  mapping  observed  environmental  variables
to appropriate robot responses.

Reinforcement  learning  techniques  also  play  a  crucial
role  in  refining  the  adaptive  control  strategies  of  robots
by  allowing  them  to  learn  from  interactions  with  their
environment (Yu et al., 2022). For example, policy gradient
methods like Proximal Policy Optimization (PPO) (Cano
Lopes  et  al.,  2018)  optimize  the  control  policies  by
directly adjusting the parameters of the policy in a direction
that  improves  performance,  which  is  crucial  in  dynamic
settings where the robot must adapt to sudden changes in
the  environment.  While  actor-critic  models  like  Asyn-
chronous Advantage Actor-Critic  (A3C) is  a  dual-model
approach  where  the  ‘actor’  proposes  actions,  and  the
‘critic’ evaluates them based on how good they are with
respect  to the current policy.  This method is  effective in
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environments where both the current state and the action
have to be considered for making decisions (Zhang et al.,
2019).  These  techniques  continuously  optimize  control
strategies  to  address  human  inputs  and  environmental
shifts,  enhancing  the  robot’s  interactive  and  adaptive
capabilities (Oliff et al., 2020). 

3.3.2    Motion and path planning

Effective  motion  and  path  planning  ensures  that  robotic
systems execute tasks efficiently and accurately. Robotic
arm motion planning focuses  on the  movement  of  joints
to reach a desired position or perform a task with the end-
effector.  It  deals  with  the  articulation  in  joint  space  and
must  consider  the  kinematics  and  dynamics  of  the  arm.
Mobile robot path planning concerns the navigation of a
robot through an environment from one point to another,
often  on  a  flat  or  varied  terrain.  It  involves  collision
avoidance with static and dynamic obstacles and typically
operates  in  a  2D  or  3D  Cartesian  space.  Regarding  the
planning  algorithms  for  these  two  applications,  they
could  mainly  be  divided  into  two  types,  including  tradi-
tional methods and machine-learning-based methods.

Conventional approaches
For  path  planning,  existing  algorithms  always  connect

it  with diagrams like point and tree graphs. Graph-based
search  algorithms  like  the  Dijkstra’s  and  A*  are  widely
applied  in  the  path  planning  field  (Lotfi  et  al.,  2021).
They utilize a graph representation of the environment to
find  the  shortest  path  between  two  points.  For  instance,
these  types  of  algorithms are  usually  employed in  ware-
house  robots  to  navigate  between  shelves  in  a  fixed
layout (Zhang et al., 2022b). Complementary to the basic
graph  algorithms,  visibility  graphs  connect  all  vertices
directly  to  each  other  without  intersecting  obstacles  to
form a graph. It could be used in automated guided vehicles
in factories where the layout is a constant. In addition, the
Voronoi diagrams decompose the space into regions closest
to  a  set  of  predefined  points  (Huang  et  al.,  2021a).  It’s
widely  used  in  path  planning  for  agricultural  robots  to
navigate between crop rows.  The probabilistic  roadmaps
algorithm integrated with the pre-mapped roadmap (Chen
et al., 2021a), is used for planning paths by capturing the
connectivity  of  the  robot’s  free  space  through  random
sampling.  Additionally,  rapidly-exploring  random  tree
(RRT) is  an algorithm designed for  efficiently  searching
high-dimensional  spaces  by  randomly  building  a  space-
filling  tree  (Zhao  et  al.,  2023).  The  tree  starts  from  the
initial  state  and  expands  toward  randomly  generated
points  in  the  state  space,  rapidly  exploring  the  space
while  ensuring  paths  are  feasible.  This  makes  it  suitable
for  planning  in  complex  environments  with  present
obstacles.

For  motion  planning,  a  robotic  arm  could  also  utilize
RRT to determine a feasible path for the arm in complex
environments,  like  reaching  inside  a  cluttered  space

(Yuan et  al.,  2020).  A* algorithm also finds the shortest
path  in  a  high-dimensional  configuration  space  that  a
robotic  arm’s  end-effector  should  follow.  Meanwhile,
mathematical  representations like polynomial  splines are
used  to  generate  smooth  trajectories  (Choi  et  al.,  2017).
They  are  commonly  used  to  interpolate  the  waypoints
that  a  robot’s  end  effector  must  pass  through,  ensuring
that  the  trajectory  is  continuous  and  differentiable.  For
example,  polynomial  splines  are  used  in  robotic  surgery
or the assembly of delicate components as the requirements
of  precision and smooth control.  Dynamic Programming
(DP)  solves  problems  by  breaking  them  down  into
simpler  subproblems  (Ferrentino  et  al.,  2023).  It  is  used
in  trajectory  optimization  to  calculate  the  optimal
sequence of actions from a given state to a goal state. It’s
employed  in  tasks  requiring  optimal  path  decisions  in
complex  environments,  like  robotic  arms  sorting  items
based on size and weight.

Machine-learning based methods
Machine learning-based models, like CNNs, could help

real-time  obstacle  detection  based  on  the  environment
image  and  help  autonomous  vehicle  navigation  (Santos
and Victorino, 2021, Zeng et al., 2024a). While reinforce-
ment  learning trains agents  to  optimize actions based on
rewards, learning from interactions with the environment
(Cai  et  al.,  2023b, Luo and  Schomaker,  2023).  It’s  used
in robotic arms to learn complex assembly tasks in envi-
ronments  modeled  during  training  (Apolinarska  et  al.,
2021). For instance, an industrial robotic arm learns over
time the best strategies for assembling intricate electron-
ics,  adapting  its  movements  to  variations  in  component
shapes  and  sizes  based  on  past  successes  and  failures.
Also,  reinforcement learning could generate the paths of
automated guided vehicles in a factory based on the training
rewards  (Zhu  and  Zhang,  2021).  Additionally,  imitation
learning or programming by expert demonstrations opens
a new research area for optimizing robotic arm trajectories
(Manuel  Davila  Delgado  and  Oyedele,  2022,  Luo  and
Schomaker,  2023).  Robots could learn work experiences
from a human demonstrator under this scheme. 

3.3.3    Applications in IBM

In  the  context  of  AIR-aided  in-factory  modular  building
assembly,  the  integration  of  advanced  control  policies
and models  plays  a  pivotal  role  in  enhancing  efficiency,
precision, and adaptability.

Precision assembly
Precision assembly is critical in ensuring that structural

components fit seamlessly to meet stringent quality stan-
dards. When placing components, advanced servo control
systems  are  deployed  to  maneuver  large  structural
elements  such  as  beams  and  panels  with  high  precision
(Eversmann  et  al.,  2017).  These  systems  ensure  exact
placement, critical in structures requiring tight tolerances.
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SMC and state feedback control are crucial for operations
that  involve  dynamic  loads,  such  as  automated  welding
(Rahul et al., 2018). SMC ensures the welding apparatus
operates  consistently  under  varying  loads,  while  state
feedback  control  adjusts  in  real-time  to  maintain  the
precision required for high-quality welds.

Material handling and robotic navigation
Efficient  material  handling  and  navigation  are  pivotal

for timely and cost-effective assembly processes. Graph-
based Search Algorithms like A* and Dijkstra’s optimize
the  paths  for  automated  guided  vehicles  (AGVs)  trans-
porting  materials  across  the  factory  floor  (López  et  al.,
2022,  Zhang  et  al.,  2022b).  This  application  reduces
material  handling  time  and  minimizes  congestion.  In
environments  with  both  static  and  dynamic  obstacles,
RRT algorithms plan efficient routes for robotic arms and
mobile robots, ensuring that materials and tools are deliv-
ered  precisely  where  needed  without  delays  (Shu  et  al.,
2022).  Potential  Fields  and  Sequential  Quadratic
Programming  (SQP)  manage  the  movement  of  multiple
robots  working  in  close  proximity  (Alonso-Mora  et  al.,
2017).  These  techniques  prevent  potential  collisions  and
ensure safe interactions between robots and human opera-
tors, crucial in crowded assembly environments (Hartmann
et al., 2023).

Process optimization and adaptive control
Optimizing  assembly  processes  and  adapting  to  real-

time changes in the production environment ensure oper-
ational  resilience  and  efficiency.  PID Control  and  Feed-
forward Control adjust the operation parameters of welding
robots to adapt to varying joint requirements and material
properties  (Wang  et  al.,  2020a).  This  ensures  strong,
consistent  welds  across  different  modules.  Polynomial
Splines  are  used  to  generate  smooth  trajectories  for
assembly  tools,  critical  in  processes  like  automated
drilling  or  painting,  where  the  quality  of  the  finish  is
paramount  (Sun  et  al.,  2022).  MPC  and  reinforcement

learning dynamically adjust the assembly processes based
on  real-time  feedback  from sensors  and  ongoing  perfor-
mance  data  (Zhu  et  al.,  2021,  Liu  et  al.,  2022,  Zhang
et  al.,  2022a).  MPC  predicts  future  system  states  to
preemptively adjust machine settings, while reinforcement
learning continually refines process strategies to improve
efficiency and reduce waste. 

3.4    Coordination and collaboration

Building  upon  the  foundations  laid  in  the  previous
sections  on  cognition,  communication,  and  control,  this
section  delves  into  the  coordination  and  collaboration
within  robotic  systems.  It  begins  by  sections  3.4.1  to
3.4.2  examining  techniques  for  inter-robot  coordination
and the various levels of human-robot collaboration, each
classified  by  the  degree  of  autonomy  involved.  Then
section  3.4.3  discusses  these  techniques’  applications  in
modular  building  assembly,  showcasing  how  they
enhance efficiency and accuracy in construction. 

3.4.1    Coordination and collaboration in robotic systems

Efficient  coordination  and  collaboration  in  robotic
systems  are  essential  in  scenarios  where  harmonious
robot  interactions  are  critical,  such  as  automated  manu-
facturing  lines,  disaster  response  operations,  and  smart
logistics  (Soori  et  al.,  2024).  These  systems  require
sophisticated  algorithms  and  frameworks  to  ensure  that
multiple  robots  can  work  together  seamlessly,  executing
complex  tasks  with  high  precision  and  adaptability.
Figure 5 illustrates the algorithms and example applications
for  inter-robot  coordination  and  human-robot  collabora-
tion.

Collaborative control frameworks
Collaborative control frameworks are essential in envi-

ronments  where  multiple  robots  operate  together  via
 

Fig. 5    Example applications for inter-robot coordination and human-robot collaboration.
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communication  protocols  like  ROS  and  DDS,  either
through centralized  or  distributed  systems,  each offering
unique  benefits  depending  on  the  operational  require-
ments.

In  a  centralized  control  system,  a  master  robot  takes
charge of coordinating the actions of subordinate robots,
making it ideal for environments that require high precision
and  synchronized  activity.  For  example,  in  industrial
manufacturing projects, a centralized system could oversee
and manage the placement and assembly of large prefab-
ricated  segments,  ensuring  that  each  piece  is  joined  in
perfect  alignment  according  to  the  specifications  (Jose
and Pratihar, 2016, Boccella et al., 2020). This centralized
approach  ensures  that  complex  tasks  are  executed  flaw-
lessly  and  efficiently,  reducing  the  risk  of  costly  errors.
Conversely,  distributed  control  systems  grant  autonomy
to  individual  robots,  allowing  them  to  make  decisions
based  on  real-time  data  from  their  immediate  environ-
ment.  This  system  is  particularly  beneficial  in  logistics
and warehouse management, where robots independently
navigate  and  sort  packages,  adapting  their  routes  and
tasks based on current demands and obstacles (Lu et al.,
2014,  Kattepur  et  al.,  2018).  Each  robot  operates  based
on  localized  decision-making  processes  that  enhance
flexibility  and  responsiveness,  crucial  for  maintaining
high efficiency in dynamic environments.

For  multi-agent  coordination,  self-organizing  systems
enable  robots  to  work  toward  collective  goals  without
centralized oversight  (Du et  al.,  2019, M.  Tehrani  et  al.,
2023). An application of this is in drone swarms used for
agricultural  monitoring  or  environmental  assessments,
where each drone autonomously adjusts its flight path in
response to the swarm’s collective behavior and external
environmental factors (Albani et al., 2017). Such systems
rely  on  local  interactions  and  real-time  data  exchange,
allowing the swarm to cover large areas more efficiently
than single drones operating independently.

These collaborative systems also incorporate consensus
algorithms like Raft and Paxos to ensure that all decisions
and data exchanges within the network are consistent and
reliable (Carrara et al., 2020), which is crucial for critical
applications  such  as  financial  services  or  infrastructure
monitoring  where  errors  can  have  significant  repercus-
sions.

Integrated scheduling
Integrated  scheduling  is  critical  for  optimizing  the

distribution of tasks among robots in automated manufac-
turing  lines  or  other  complex  environments  (Rahman
et  al.,  2020).  Techniques  like  linear  programming  and
network flow analysis play crucial roles in these settings.

Linear  programming  helps  define  linear  relationships
through  objective  functions  and  constraints,  effectively
minimizing  time  and  costs  by  ensuring  that  robots  are
assigned  to  tasks  where  they  are  most  needed
(Kolakowska et al., 2014). For instance, in an automotive
assembly  line,  linear  programming  can  sequence  robot

tasks to streamline the installation of parts (Zhang et al.,
2021),  ensuring  efficient  use  of  time  and  robotic
resources.  Network  flow  analysis  complements  this  by
mapping  the  dependencies  between  tasks,  ensuring  that
the entire production process is optimized (Lerlertpakdee
et al., 2014). This method is vital in scenarios like electronic
component  manufacturing,  where  precise  timing  and
order  of  assembly  steps  are  critical  to  the  product’s
integrity and functionality.

Furthermore, data streams also help build an integrated
scheduling  schema.  The  real-time  sensor  data  feedback
dynamically  adjusts  scheduling  strategies  to  effectively
respond to unexpected events and changes during produc-
tion  (Syafrudin  et  al.,  2018).  For  example,  if  a  robot
malfunctions,  the  system  can  quickly  reassign  tasks
among  the  remaining  robots.  Predictive  models  like
ARIMA  and  LSTM  leverage  historical  data  to  forecast
future  workloads  and  resource  demands  (Ayvaz  and
Alpay,  2021),  optimizing  production  plans  and  resource
scheduling,  thereby  reducing  wait  times  and  increasing
production efficiency.

Optimization  of  resource  allocation  and  conflict
management

Optimization  of  resource  allocation  and  conflict
management  is  crucial  for  better  collaboration  among
robots  (Rahman  and  Wang,  2018).  Market  mechanisms
and  auction  algorithms  provide  dynamic  and  adaptive
methods  for  resource  allocation  (Wang  et  al.,  2017a),
where agents  bid for  tasks,  with  the system dynamically
assigning  tasks  based  on  bid  outcomes.  This  process,
exemplified  by  Vickrey  auctions  and  double-sided
auctions,  ensures  the  most  efficient  allocation  of
resources,  optimizing  resource  utilization  and  reducing
operational  costs.  Such  mechanisms  are  particularly
beneficial in logistics scheduling and smart grid manage-
ment, where the efficient allocation of resources is critical
to maintaining system efficiency and responsiveness.

Conflict  management  and  collaborative  path  planning
are essential in multi-robot environments to prevent oper-
ational  conflicts  and  ensure  seamless  collective  actions
(Chen  et  al.,  2021b).  Techniques  like  multi-robot  path
planning (Yang et al., 2023), heuristic graph search algo-
rithms  (Gammell  and  Strub,  2021),  and  collaborative
decision trees (Wang and Santoso, 2022) are employed to
coordinate movements and tasks, ensuring that robots can
operate harmoniously in shared spaces. The integration of
leadership-followership dynamics and dynamic role allo-
cation further enhances the adaptability and efficiency of
robot  teams,  critical  during  complex  task  execution
(Noormohammadi-Asl  et  al.,  2024).  Additionally,  multi-
objective  optimization  strategies  such  as  genetic  algo-
rithms  and  Particle  Swarm  Optimization  (PSO)  address
various  operational  criteria,  like  path  length,  energy
efficiency,  and safety,  optimizing paths  and strategies  to
balance  complex  and  competing  objectives  effectively
(Alothaimeen and Arditi, 2020).
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Learning and Adaptation in Robotic Networks
Interactive  Learning  and  Knowledge  Sharing  are

pivotal  for  enhancing  the  collaborative  capabilities  of
robotic  systems.  Incorporating  advanced  learning  strate-
gies  such  as  reinforcement  learning,  semi-supervised
learning,  and  federated  learning  enables  robots  to  con-
tinually adapt and refine their operational strategies based
on  real-time  data.  These  methodologies  are  crucial  for
robots  engaged in  complex,  evolving tasks  where  adapt-
ability  is  key.  For  instance,  federated  learning  allows
robots  to  aggregate  decentralized  learning  experiences,
enabling them to benefit from collective insights without
compromising  data  privacy  (Martínez  Beltrán  et  al.,
2023).  This  approach  is  especially  valuable  in  environ-
ments requiring high data security, such as healthcare and
financial services. 

3.4.2    Human-robot Collaboration

Direct control
In  the  Direct  Control  model,  humans  have  complete

control over robotic systems with very little autonomy on
the part of the robot. Operators manipulate these systems
using  an  array  of  manual  controls  that  might  include
joysticks, control panels, or sophisticated remote devices,
guiding  the  robots  through  complex  tasks  that  require
precise,  real-time  human  intervention  (Brosque  et  al.,
2020).

Technological  advancements  have  significantly
enhanced  the  operator’s  ability  to  monitor  and  control
robots.  Key  to  this  are  visual  and  sensory  feedback
systems  that  provide  a  comprehensive  understanding  of
the robot’s operations and its environment.  Cameras and
vision systems deliver  live video feeds,  crucial  for  navi-
gating  and  manipulating  in  complex  scenarios.  Sensor
arrays  equipped  with  proximity,  tactile,  and  temperature
sensors furnish detailed environmental data, enriching the
operator’s situational awareness. Moreover, the integration
of  AR  and  VR  into  control  systems  marks  a  significant
leap  forward.  AR  enhances  real-time  video  feeds  with
crucial  operational  data,  while  VR can create  immersive
control  environments  for  both  operational  and  training
purposes,  allowing  operators  to  interact  with  remote
robots as if they were physically present.

The applications of direct control are diverse and criti-
cal, especially in environments where human presence is
risky  or  impractical.  For  instance,  robots  operated  via
direct control are indispensable in hazardous environment
operations such as bomb disposal and deep-sea exploration
(Xia  et  al.,  2023).  These  tasks  demand  a  high  level  of
precision  and  adaptability,  where  autonomous  robots
might currently fall short. In remote collaboration scenar-
ios—such  as  handling  hazardous  materials  in  chemical
spills  or  operating  in  radioactive  conditions—operators
control  robots  from  a  safe  distance,  supported  by
advanced communication technologies that ensure reliable

and timely command execution.
Moreover,  complex  teleoperations  in  sectors  like

nuclear  facility  maintenance  or  space  exploration  rely
heavily  on  direct  control  to  manage  tasks  in  hostile  or
remote  environments  (Su  et  al.,  2023).  Similarly,  in  the
medical field, remote surgery and healthcare applications
see  surgeons  performing  intricate  procedures  via  robotic
systems  controlled  remotely  (Seeliger  et  al.,  2022).  This
setup  not  only  enhances  surgical  precision  but  also
extends  the  reach  of  specialized  medical  procedures  to
remote  locations,  significantly  broadening  access  to
essential healthcare services.

Collaborative autonomy
Robots  possess  moderate  autonomy  and  can  perform

tasks  alongside  humans,  sharing  workspace  and  objec-
tives. This level of human-robot interaction is characterized
by  shared  objectives  where  both  parties  contribute
dynamically  to  the  task  at  hand.  The  key  to  successful
collaboration at this level involves sophisticated commu-
nication protocols and safety measures to ensure operations
are both effective and secure.

In  the  Collaborative  Autonomy  model,  robots  are
designed  to  work  alongside  humans,  sharing  both  the
workspace  and  objectives.  This  level  of  interaction
between  humans  and  robots  requires  sophisticated
communication protocols and advanced safety measures,
ensuring that collaboration is both effective and secure.

Robots in this category utilize advanced pattern recog-
nition  and  NLP  to  understand  and  respond  to  human
gestures, voice commands, and visual cues. Technologies
such  as  CNNs  are  used  for  visual  recognition,  enabling
robots  to  interpret  complex  human  expressions  and
actions (Rodrigues et al., 2023). LSTM networks process
verbal instructions, allowing robots to engage in responsive
and adaptive behaviors that complement human actions.

Safety  is  paramount  in  environments  where  humans
and robots collaborate closely. Dynamic safety zones are
established around robots to prevent accidents, and emer-
gency  stop  mechanisms  are  integrated  to  respond  to
potential hazards immediately (Karagiannis et al.,  2022).
Real-time  monitoring  systems  equipped  with  anomaly
detection  algorithms  constantly  assess  the  operational
area to proactively mitigate risks (Lu et al., 2023), adjusting
robot behavior or activating emergency protocols to safe-
guard human operators.

Force  feedback  and  co-sensing  systems  play  a  crucial
role in applications that require direct physical interaction
between humans and robots. These systems provide intu-
itive  tactile  feedback  to  human  operators,  enhancing  the
collaborative  experience.  For  instance,  technologies  like
tactile  sensing  and  biological  signal  analysis,  which
monitor indicators such as heart rate and electromyography
(EMG),  allow  robots  to  adjust  their  assistance  based  on
real-time  assessments  of  human  exertion  and  fatigue
(Lorenzini  et  al.,  2023).  This  ensures  that  the  robotic
assistance  is  not  only  effective  but  also  attuned  to  the
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physical  state  of  the  human  partner,  optimizing  comfort
and efficiency in joint tasks.

Applications of collaborative autonomy are diverse and
impactful  across  various  sectors.  In  healthcare,  robots
assist with surgical procedures, adapting to the movements
and  requirements  of  doctors  and  nurses,  thus  enhancing
precision  and  reducing  the  physical  strain  on  medical
professionals.  In  the  manufacturing  and  construction
industries,  collaborative  robots  (cobots)  work  alongside
human workers to perform tasks like assembly, painting,
or heavy lifting. These cobots are specifically designed to
handle  burdensome  or  repetitive  tasks,  significantly
reducing the risk of injury and improving productivity on
the production floor. Motion planning algorithms such as
Covariant Hamiltonian Optimization for Motion Planning
(CHOMP) are also crucial in these settings (Thakar et al.,
2022),  optimizing  robot  trajectories  to  minimize  risks
associated  with  high-speed  movements  and  potential
collisions in tight workspaces.

Independent autonomy
Robots operate with high to full autonomy, performing

tasks  independently  under  predefined  guidelines.  This
level  of  automation  shifts  the  human  role  toward  moni-
toring,  maintenance,  programming,  and  optimization
rather than direct control or active supervision (Selvaggio
et al., 2021). This shift is enabled by sophisticated robotic
systems designed to  self-manage a  wide range of  opera-
tional tasks and adapt to new challenges autonomously.

Robots in this category are equipped with Autonomous
Decision  Systems  that  incorporate  advanced  AI-driven
technologies  capable  of  complex  decision-making
(Huang  et  al.,  2021b).  These  systems  analyze  vast
amounts of operational data in real-time, allowing robots
to  handle  unexpected  situations  efficiently.  The  use  of
machine  learning  and  deep  learning  algorithms  enables
these systems to learn from past experiences, continuously
improving  their  performance  and  decision-making  capa-
bilities over time.

Additionally,  Self-Monitoring  and  Diagnostic  Systems
are  integral  to  maintaining  high  operational  efficiency
and minimizing downtime. These systems, equipped with
a  variety  of  sensors  and  diagnostic  algorithms,  enable
robots to monitor their own health, perform routine diag-
nostics,  and  often  rectify  minor  malfunctions  indepen-
dently.  This  capability significantly reduces the need for
human intervention and ensures continuous operation.

In  Fully  Automated  Production  Lines,  robots  autono-
mously  manage  everything  from  material  handling  to
assembly  and  quality  control.  This  automation  allows
manufacturing  plants  to  reduce  labor  costs,  minimize
human  error,  and  increase  consistency  and  throughput.
Additionally,  Autonomous  Vehicles  and  Drones  operate
in  complex,  real-world  environments,  undertaking  tasks
such as deliveries, transportation, and surveillance. These
vehicles navigate using advanced sensing and navigation
technologies,  performing  safely  and  efficiently  in  areas

that might be inaccessible or hazardous for humans, such
as  disaster-stricken  regions  or  densely  populated  urban
areas.  This  level  of  autonomy  not  only  enhances  opera-
tional  capacities  but  also  reshapes  industries  toward
greater efficiency and innovation. 

3.4.3    Applications in IBM

Different  robotic  coordination and human-robot  collabo-
ration strategies play an important role in enhancing effi-
ciency,  precision,  and  safety  across  various  tasks  in  a
modular building assembly.

Cobots for precision and ergonomics
In  modular  building  factories,  collaborative  robots

(cobots)  excel  in  screwing,  bolting,  and  welding  opera-
tions,  where  their  ability  to  execute  repetitive  tasks
reduces  human  error  and  enhances  product  quality  (Fu
et al., 2024). These robots are designed to work alongside
human  operators,  taking  on  physically  demanding  tasks.
For  instance,  in  the  assembly  of  large  modular  units,
cobots  perform  high-strength  welding  and  bolting  tasks
under human supervision (Wagner et al., 2020), ensuring
that  connections  are  secure  and  meet  stringent  safety
standards.  This  collaboration  allows  human  workers  to
focus  on  overseeing  the  quality  of  work  and  managing
tasks that require nuanced judgment.

Dynamic Task allocation with cobots
The integration of cobots in modular building assembly

includes  a  dynamic  task  allocation  system,  where  tasks
are  reassigned in  real-time based on the  ongoing assess-
ment  of  project  needs  and  cobot  capabilities.  For
instance, if a specific phase of assembly is behind sched-
ule,  cobots  can be dynamically  redirected to  that  area to
expedite the process and help meet project deadlines (Zhu
et  al.,  2021,  Lee  et  al.,  2022a,  Fu  et  al.,  2024).  Cobots
specializes in different tasks, such as electrical, plumbing,
and HVAC installations, and can operate simultaneously.
They  coordinate  their  activities  to  avoid  interference,
ensuring  a  smooth  integration  of  all  systems  within  the
modular units. This flexible approach not only optimizes
resource  use  but  also  maintains  a  consistent  workflow,
accommodating unexpected delays or issues efficiently.

Assembly sequence optimization
In  the  planning  and  execution  stages  of  modular

construction,  genetic  algorithms  are  utilized  to  optimize
the  assembly  sequence  of  the  building  modules  (Cao
et  al.,  2022,  Hartmann  et  al.,  2023).  These  algorithms
help in planning the order in which various parts  should
be  assembled  by  the  cobots,  ensuring  that  each  step  is
carried  out  at  the  optimal  time  to  maximize  efficiency
and minimize downtime. This is particularly beneficial in
settings  where  multiple  assembly  lines  are  operating
simultaneously,  as  it  helps  to  coordinate  the  actions  of
both  human  workers  and  robots  (Kramberger  et  al.,
2022),  ensuring that  all  resources are utilized effectively
without interference.
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Enhanced collaboration
Agent-based modeling is applied to manage the collab-

orative  efforts  of  cobots  and human workers  effectively.
In this setup, both cobots and human workers are treated
as  agents  with  specific  capabilities  and  roles.  Real-time
data  are  used  to  allocate  tasks  optimally  among  agents,
considering factors  such as  task complexity,  agent  prox-
imity, and current workload. For example, more complex
or  delicate  fitting  tasks  might  be  assigned  to  human
workers,  while  straightforward,  repetitive  tasks  are  allo-
cated  to  cobots  (Cai  et  al.,  2023c).  This  modeling
approach  not  only  improves  operational  efficiency  but
also ensures that each component of the modular building
is assembled with the highest precision. 

4    Discussion

Building  upon  the  insights  gathered  from our  NLR,  this
discussion  delves  into  the  future  potential  of  enhancing
IBM  through  the  four  key  modules  of  AIR:  cognition,
communication, control,  and coordination and collabora-
tion. By examining each focus area,  we aim to highlight
emerging  trends,  identify  persistent  challenges,  and
propose strategic directions for future research and devel-
opment.  Following  these  analyses,  we  synthesize  our
findings to discuss the overall future potential of applying
AIR  in  IBM.  This  comprehensive  exploration  seeks  to
underscore  how  advancements  in  these  modules  can
collectively  enhance the  efficiency,  precision,  and scala-
bility  of  AI-aided  robotic  systems  in  off-site  assembly
processes,  ultimately  propelling  IBM  toward  more
autonomous and intelligent manufacturing paradigms. 

4.1    Future research directions in AIR cognition

Despite  the  great  potential,  there  are  several  limitations
within  the  current  robotic  cognition  in  modular  building
assembly that  hinder  optimal  integration and operational
efficiency,  for  example,  inadequate  object  recognition
capabilities,  difficulties  in  dynamic  environmental
perception,  and  limited  human-related  activity  under-
standing  (Chea  et  al.,  2020,  M.  Tehrani  et  al.,  2023).
These  challenges  underscore  the  need  for  specific
advancements  and serve as  the foundation for  proposing
future directions in research and development.

a)  Development  of  Specialized  Data  sets:  Collabo-
rating with industry stakeholders to gather extensive data
on various building modules under different environmental
conditions  helps  create  robust,  high-quality  data  sets
specifically  designed  for  modular  building  components.
Future research should focus on data set curation involving
varied  lighting,  orientations,  and  partial  occlusions  to
mimic  real-world  modular  building  factories.  Addition-
ally, leveraging techniques like synthetic data generation
could  significantly  expand  data  set  variability  and

volume, providing a more comprehensive training ground
for deep learning models.

b) Advanced Sensory Integration for Environmental
Perception: Enhancing robots'  environmental perception
requires  integrating  advanced  sensors  that  can  capture
detailed  environmental  data  under  diverse  conditions.
Developing algorithms capable of fusing data from these
sensors  will  enable  robots  to  create  more  accurate  and
dynamic  representations  of  their  surroundings,  helping
robots better understand and react to changes, such as the
unexpected  movement  of  materials  or  the  presence  of
human  workers,  enhancing  situational  awareness  and
operational safety.

c)  Adaptive  Learning  Models  for  Object  Recogni-
tion: To improve object recognition under varying condi-
tions,  research  should  focus  on  developing  adaptive
learning  models  that  can  adjust  to  different  lighting  and
material  properties.  These  models  could  utilize  transfer
learning and few-shot learning principles to quickly adapt
to new or changing conditions without extensive retrain-
ing.  Implementing  continuous  learning  systems  would
allow  robots  to  update  their  models  on-the-fly  as  they
encounter  new types of  materials  or  changes in  lighting,
ensuring consistent recognition accuracy.

d)  Behavioral  Prediction  Algorithms:  Enhancing
robots’  ability  to  predict  and  interpret  human  actions
requires  advanced  behavioral  prediction  algorithms  that
can analyze and anticipate human movements and inten-
tions.  This  could  involve  developing  more  sophisticated
human-robot  interaction  models  that  use  real-time  data
from  video  and  motion  sensors  to  understand  human
gestures  and  patterns  of  movement.  Implementing  these
predictive  models  would  enable  robots  to  proactively
adjust  their  actions  to  support  and  synchronize  with
human  workers,  fostering  smoother  and  more  effective
collaboration.

e)  Contextual  Dialogue  Systems  for  Improved
Communication:  To  address  the  challenge  of  robots
processing  complex  instructions  and  engaging  in  mean-
ingful  dialog,  future  efforts  should  focus  on  developing
contextual dialog systems that can understand and generate
responses  based  on  the  target  modular  building.  These
systems would employ advanced natural language under-
standing  techniques  to  parse  detailed  instructions  and
provide  contextually  appropriate  responses  or  ask  for
clarifications.  Training  these  systems  with  domain-
specific  data  will  ensure  that  communication  between
human  operators  and  robots  is  both  accurate  and  effec-
tive, facilitating clearer and more productive interactions. 

4.2    Future research directions in AIR communication

The precision and timeliness  of  robotic  tasks  are  critical
in a modular building assembly; thus, the communication
infrastructure  must  be  robust  and  highly  responsive  to
ensure  seamless  robotic  operations.  Here  are  challenges
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in  current  communication techniques  and related actions
to take to address them:

a)  Implementing  6G  network  technologies:  Current
networks may not efficiently adapt to dynamic assembly
floor conditions or shifts in production demands, leading
to  misalignments  in  robot  coordination  and  errors  in
assembly  precision.  Transitioning  to  6G  networks  could
drastically  improve  the  adaptability  and  synchronization
of  robotic  operations,  offering  enhanced  data  transfer
rates,  reduced  latency,  and  greater  reliability.  This
advancement would allow robots to adjust in real-time to
environmental  changes  and  inter-machine  communica-
tions,  significantly  improving  efficiency  and  reducing
errors in modular construction.

b)  Advanced  AI  for  predictive  maintenance  and
network  management:  Existing  networks  often  lack
predictive capabilities to foresee and prevent maintenance
issues,  leading  to  frequent  unplanned  downtimes  and
inefficiencies.  Moreover,  current  network  management
systems might not dynamically adjust  to fluctuating task
priorities and workflow changes, leading to inefficiencies
and potential project bottlenecks. Integrating sophisticated
AI  algorithms  to  continuously  monitor  robotic  systems
could  significantly  reduce  downtime  by  preemptively
identifying potential failures and automating maintenance
schedules. AI-driven network management could dynam-
ically  allocate  bandwidth  and  prioritize  machine  tasks
based on real-time assembly needs, enhancing productiv-
ity, and preventing delays.

c)  Enhancing  security  with  cryptography  and
blockchain:  In  modular  building  assembly,  current
communication systems may not provide adequate security
measures to protect sensitive information, posing risks of
data  breaches  or  intellectual  property  theft.  Developing
specialized cryptographic protocols is  essential  to secure
sensitive data transfers  across factory networks.  Further-
more, implementing blockchain technology could bolster
the  traceability  and  security  of  the  assembly  process,
ensuring that each component and operation is verifiable
and safeguarded against tampering or intellectual property
theft.  These  measures  would  protect  valuable  assets  and
maintain the integrity of the modular building process.

d)  Optimizing  assembly  processes  with  Iot  integra-
tion: There is often an underutilization of the data gener-
ated by IoT devices in current systems, which can signifi-
cantly  optimize  assembly  processes.  Leveraging  the
underutilized data  from IoT devices  in  modular  building
assembly  lines  could  create  a  fully  interconnected  envi-
ronment where all components communicate seamlessly.
AI could analyze this data to optimize workflows, deter-
mine  optimal  assembly  sequences,  and  adjust  processes
in  real-time based  on  feedback from the  assembly  floor.
This smart assembly system would streamline operations,
improve resource allocation, boost energy efficiency, and
shorten overall assembly time, leading to more sustainable
practices and reduced costs. 

4.3    Future research directions in AIR control

Precise and efficient control is critical in a modular building
assembly. For enhancing current control algorithms, here
are  some  future  potentials  to  augment  the  control  and
functionality of robots in IBA:

a)  Adaptive  control  systems  with  real-time  analyt-
ics: Current industrial robot systems often excel in stable,
predictable  environments  but  struggle  with  dynamic
changes  and  unexpected  variations  such  as  irregular
component sizes or mismatched parts. This limited flexi-
bility  can  lead  to  bottlenecks  and  decreased  assembly
efficiency. Future innovations could involve the develop-
ment  of  next-generation  adaptive  control  systems  that
utilize  advanced  sensors  and  real-time  data  analytics.
These systems would enable robots to dynamically adjust
their  strategies  based  on  immediate  feedback  from  the
assembly  environment.  For  example,  using  AI-driven
predictive  models,  robots  could  anticipate  and  mitigate
potential  assembly  issues  before  they  occur,  thereby
maintaining  continuous  production  flow  and  reducing
waste.

b)  Machine  learning  for  improving  control: Robots
typically  perform  well  within  the  parameters  for  which
they  were  programmed,  but  they  can  lack  the  precision
needed for tasks requiring adaptation to minute variations
in  material  properties  or  assembly  conditions.  By  incor-
porating machine learning algorithms directly into robotic
control  systems,  future  robots  could  continuously  learn
and  improve  from  each  task  performed.  This  capability
would allow for finer adjustments in real-time, leading to
unprecedented  levels  of  precision.  Robots  could,  for
instance,  adjust  their  handling  and  assembly  techniques
based  on  the  specific  characteristics  of  each  component
they  work  with,  leading  to  tighter  fits  and  better  overall
assembly quality.

c)  Advanced  control  automation:  Most  robotic
systems  in  modular  assembly  rely  heavily  on  operator
input and pre-programmed routines, limiting their ability
to  make  autonomous  decisions  based  on  situational
awareness.  With  advancements  in  AI  and  cognitive
computing,  robots could be equipped with the capability
to  make  complex  decisions  independently.  For  example,
robots  could  decide  how best  to  manipulate  components
based  on  real-time  scans,  detect  and  correct  errors
autonomously,  and  optimize  paths  and  placement  tech-
niques on the fly. This level of autonomy would drastically
reduce  the  need  for  human  intervention  and  streamline
the entire assembly process.

d)  Robot  trajectory  learning  from  experts:  Current
industry robots often lack the nuanced skills possessed by
human  operators  when  assemble  the  irregular  building
modules  during  IBA.  Utilizing  imitation  learning  where
robots could learn operational skills from human demon-
strations,  capturing  actions  via  sensors  and  cameras.  In
this  way,  robots  acquire  practical  skills  from  expert
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workers, enhancing their capability to perform specialized
tasks  such  as  precise  component  placement  and  specific
assembly techniques. 

4.4    Future research directions in AIR coordination and
collaboration

In  the  context  of  in-factory  modular  building  assembly,
coordination  and  collaboration  between  robots  and
human workers face unique challenges that require inno-
vative solutions to enhance efficiency and safety. Here’s
a  detailed  exploration  of  these  challenges  with  proposed
technological interventions:

a)  Safer  human-robot  collaboration:  Safety  issues
and technical  restrictions  currently  inhibit  close  physical
interactions  between  human  workers  and  robots,  which
limits the potential benefits of collaborative creativity and
flexibility in the robotic assembly process. Innovations in
safety  technologies,  including  enhanced  sensing  tech-
nologies  and  smarter  safety  protocols  that  detect  human
presence  and  intentions  in  real-time,  could  facilitate
closer interactions between humans and robots. There is a
need  to  develop  cobots  equipped  with  pressure-sensitive
skin,  machine  vision,  spatial  awareness  and  emergency
response algorithms that halt operations instantly when a
potential human collision is detected. Implementing these
technologies  would  allow  for  safer  physical  proximity
between  humans  and  robots,  thereby  facilitating  direct
collaboration  on  tasks  such  as  joint  lifting  and  precise
positioning  of  heavy  modules,  enhancing  the  assembly
process’s efficiency and safety.

b)  Dynamic  task  allocation:  The  current  systems
struggle  with  dynamically  allocating  tasks  in  real-time
based on the evolving needs of the project and the varying
capabilities of robots and human workers. This results in
sub-optimal  workflow  management  and  can  lead  to
increased project  timelines  and costs.  The application of
agent-based modeling and AI-driven resource management
systems  could  revolutionize  dynamic  task  allocation.
These systems would allow for real-time reassignment of
tasks  and  adjustment  of  resources,  optimizing  workflow
based  on  the  immediate  needs  of  the  project  and  the
specific capabilities of each agent. This approach ensures
that tasks are handled by the most suitable agent (human
or robot), maximizing efficiency and productivity.

c)  Optimizing  assembly  sequences: Current  methods
for planning the assembly sequence in modular construc-
tion  are  often  sub-optimal,  leading  to  material  wastage
and increased labor cost. Utilizing genetic algorithms and
advanced  simulation  techniques  like  digital  twins  could
significantly enhance the planning of assembly sequences
by  simulating  and  optimizing  the  assembly  process  in
virtual  environment  before  physical  implementation.
These  digital  twins  would  model  different  assembly
scenarios  to  identify  the  most  efficient  sequence  and
predict  potential  issues,  enabling  proactive  adjustments

that minimize waste and reduce costs.
d)  Advanced  collaborative  system:  As  modular

construction projects increase in complexity, the integra-
tion  of  sophisticated  collaborative  systems  that  facilitate
seamless  robot-to-robot  and  human-to-robot  interactions
becomes crucial. A unified control platform that integrates
all robotic and human-interface devices into a single user-
friendly  system,  allowing  human  operators  to  monitor
and  control  various  aspects  of  the  robotic  assembly
process  from a  central  hub.  These  systems  would  incor-
porate  advanced  communication  networks  that  support
high-speed data exchange and real-time decision-making,
enhancing the synchronization of tasks across the assembly
line. Such systems would not only speed up the construc-
tion process but also increase the adaptability of production
lines  to  handle  various  design  specifications  and  project
changes without extensive downtime for reconfiguration. 

4.5    Future research directions for AIR in IBM

Looking forward, the modular building industry encounters
both  challenges  and  opportunities  with  the  deeper  inte-
gration of advanced AIR:

a)  Economic  and  accessibility  challenges:  The  high
initial cost and complexity of robotic systems often limit
their adoption, particularly within small to medium-sized
enterprises  focused  on  modular  building  assembly.  The
discussed  techniques  in  control  and  coordination  offer
solutions to this challenge:

•  Modular  Robotic  Systems  from  the  control  section
suggests  that  developing robots  with  standardized,  inter-
changeable  modules  can  reduce  costs  and  enhance
customization.  This  would  allow  companies  to  invest  in
robots  incrementally,  tailoring  systems  to  their  specific
needs without the upfront expense of complete systems.

•  Optimized  Resource  Allocation  strategies  from  the
coordination  and  collaboration  section  can  streamline
operations and reduce wastage, effectively lowering oper-
ational costs and making the technology more accessible.
Techniques  like  linear  programming  and  network  flow
analysis ensure that resources are used efficiently,  maxi-
mizing output while minimizing input costs.

b) Sustainability concerns: Robotic systems are typi-
cally associated with high energy demands and significant
resource  utilization,  which  may  conflict  with  global
sustainability  goals.  The sections on communication and
collaboration provide relevant advancements:

• Energy-efficient Communication Protocols discussed
in the communication section, such as advanced network
technologies  that  reduce  data  transmission  energy  costs,
can  be  crucial.  Implementing  these  would  decrease  the
overall energy footprint of robotic operations.

•  Dynamic  Task  Allocation  within  the  collaboration
section  promotes  operational  efficiency  by  ensuring  that
robots operate at peak efficiency, reducing energy usage.
Methods  like  multi-robot  path  planning  optimize  the
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movements  of  robots  to  prevent  redundant  or  inefficient
paths that increase energy consumption.

c) Advancements in AI Integration: As AI technology
continues  to  evolve,  its  integration  with  robotic  systems
in modular building assembly is anticipated to deepen, as
discussed across all sections, particularly cognition:

•  Advanced  Environmental  Perception  technologies
enable  robots  to  understand and interact  with  their  envi-
ronment  more  effectively,  reducing  errors  and  rework.
This  not  only  enhances  operational  efficiency  but  also
reduces  material  waste  by  ensuring  tasks  are  done
correctly the first time.

• Intelligent Interaction Protocols from the communica-
tion  and  cognition  sections  allow  robots  to  anticipate
human  actions  and  adapt  to  changes  quickly,  ensuring
that the assembly process is not only faster but also more
adaptable  to  varying  conditions  on  the  factory  floor  and
different modular building design.

• Learning and Adaptation in Robotic Networks, lever-
aging machine learning and adaptive algorithms, enables
continuous  improvement  in  robotic  operations.  Robots
equipped with these capabilities can adapt to new assembly
processes,  learn  from  past  mistakes,  and  optimize  their
actions for future tasks, driving both innovation and effi-
ciency in building assembly.

•  Next-generation  AI  like  LLM  and  generative  AI
enable  smoother  cooperation  within  robots  and  between
humans  and  robots.  It  allows  more  intelligent  robotic
control, optimized coordination, and work sequence plan-
ning  based  on  the  unique  characteristics  of  each  task.
Moreover,  customized  LLM-based  AI  assistants  would
help build a harmonious human-robot collaboration.

By  addressing  these  challenges  through  the  discussed
technological advancements, the modular building indus-
try  can  achieve  higher  levels  of  automation,  precision,
and efficiency. 

5    Conclusions

This  paper  has  provided  an  in-depth  exploration  of  AIR
within the context of IBM, with a particular focus on in-
factory modular building assembly. We began by analyzing
the  cognitive  capabilities  of  AI  systems,  which  enable
robots  to  make  decisions  akin  to  human  reasoning.  In
addition  to  these  cognitive  functions,  we  thoroughly
discussed communication techniques essential for effective
interaction  within  robotic  systems,  both  among  robots
and between robots and humans, underscoring the impor-
tance of seamless connectivity as the backbone of collab-
orative operations.

We then examined control mechanisms that ensure the
precise  and  effective  functioning  of  robotic  operations,
crucial  for  the  accurate  execution  of  complex  tasks.
Building on these aspects, our exploration of coordination
and  collaboration  technologies  demonstrated  how  these

elements  are  integrated to  manage the  interdependencies
and  collective  actions  of  robots  and  humans  within  the
production  environment.  This  holistic  integration  of
cognition,  communication,  control,  coordination,  and
collaboration forms a robust framework that significantly
enhances  efficiency,  quality,  and  scalability  in  modular
building assembly.  The integration of  these technologies
represents a significant shift toward autonomous systems
that  can  execute  complex,  collaborative  tasks  with  effi-
ciency and precision.  This  advancement  is  not  just  tech-
nological;  it  fundamentally  transforms  manufacturing
approaches, enabling smarter, faster, and more adaptable
building processes.

Overall,  this  analysis  and  the  ensuing  discussion
provide  a  solid  foundation  for  researchers,  scholars,  and
practitioners  in  the  modular  building  sector  to  anchor
their ongoing and future projects. It outlines a framework
that  not  only  encapsulates  comprehensive  current  tech-
niques  and applications  but  also  sets  the  stage  for  forth-
coming innovations that drive the industry toward higher
levels  of  autonomy  and  efficiency.  Despite  the  compre-
hensive scope of this review, it is important to acknowledge
certain  limitations  that  may  influence  the  breadth  and
depth of the findings presented. One notable limitation is
the restriction of the literature review to articles published
in English. This exclusion of potentially valuable insights
from non-English  sources  may  overlook  emerging  inno-
vations  and  diverse  perspectives  in  the  field  of  AIR  for
modular  building  assembly.  It  could  benefit  from  a
broader  selection  of  publications  to  encompass  a  more
global  and  multidisciplinary  perspective.  Additionally,
the  review predominantly  synthesizes  published  theories
and reported applications, which inherently lacks empirical
validation specific to the use of advanced AIR in modular
construction. Future research could enhance the robustness
of  these  findings  by  incorporating  empirical  studies  that
test and verify the proposed technologies and methods in
real-world settings, thereby solidifying the foundation for
advancing the field. 
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