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ABSTRACT 
 
This paper presents a construction robot schema (CRS) for construction planners to facilitate 
decision-making and project planning in operating robotics. CRS is a database schema structure 
that was developed in our previous study, which can facilitate collecting and exchanging data of 
various construction robots based on the data requirements of the construction domain. We 
validated the applicability of the schema by the simulation of robotic construction operations. In 
addition, we conducted interviews with experts from the construction industry to validate the 
information in CRS. As a result, the schema was validated with minor revisions to some 
parameters. The characteristic of CRS compared to other types of robot schema are that its 
development and application are based on the perspective of the construction domain and are 
designed to cover different construction robots broadly. The conclusions highlight the 
contributions of the data schema use and applicability for the construction industry. 
 
INTRODUCTION 
 
A construction robot schema (CRS) is a database schema used to collect and exchange construction 
robots’ data, which is developed for construction planners’ decision-making and project planning 
to operate construction robots. In the previous study, we developed a CRS to help construction 
planners increase their awareness of various types of robots. The preliminary CRS has four 
categories to classify construction robots' relevant data parameters, including Ontological 
Properties, Operational Requirements, Activity, and Safety. Ontological Properties refer to the 
parameters that can be observed and measured about the performance or tangible things of robots. 
Operational Requirements refer to the parameters of the conditions of construction sites that are 
necessary for robots to perform tasks. Activity refers to the parameters relevant to construction 
activities when robots participate in a specific project. Safety refers to the parameters of preventing 
damage or injuries when robots perform tasks with human colleagues. Based on the systematic 
literature review, our previous study summarized and classified parameters with corresponding 
definitions, data types, examples and references. 

Many researchers proposed data requirements for construction robots in their study. For 
example, when they conducted simulations to create models for construction robots, they needed 



2 
 

data on robot bodies such as length, height, and width. When they studied the efficiency of 
operating construction robots on sites, they needed the performance data of robots. However, few 
researchers considered summarizing the data requirements of the construction domain to facilitate 
data collection and exchange for better operating construction robots. In practice, construction 
robotics manufacturers may provide users with a lot of robotics information. However, for the 
construction planners who make decisions and plan projects in operating robots, the variety and 
complexity of information provided by manufacturers make it difficult for construction planners 
to use this information to comprehend robots. Based on these limitations, our previous study 
developed CRS as a consistent data structure to summarize the data requirements of the 
construction domain and designed it for construction planners to help them better understand 
construction robots to facilitate making decisions and planning projects in operating robots. 

For the preliminary CRS, our previous study summarized, classified, and defined 
parameters based on a systematic literature review method without observing the working status 
of construction robots. This limitation may impact the quality of CRS. The study validated the 
information inside the database schema to ensure the usability, comprehensiveness, and 
completion of CRS. The purpose of the validation process in the study is to correct the term used, 
determine reasonable relationships, and identify missed information. In this study, we conducted 
two types of validations including simulation validation and interview validation. After the 
validation, the study made decisions for changing CRS based on the analysis during the validation 
process.   
 
LITERATURE REVIEW 
 
In the construction domain, when researchers need construction robots to conduct simulations or 
experiments, they need to obtain data about robots for support. Melenbrink et al. (2020) mentioned 
in the study that the use of simulation to evaluate the production performance of construction 
robots needed to consider the robot’s relevant data including mass, power, efficiency, reliability 
and overall mission cost. The study by Feng et al. (2015) included collision checking of 
construction robots in unstructured construction sites. They pointed out that the experiment 
required acquiring positioning data for the robot and then using grasshoppers in Rhino to generate 
a checking system. In addition, in their 3D printing experiments of mobile robots, Zhang et al. 
(2018) mentioned that based on the data of the working range of their robotic arms and the 
repeatability, they defined a feasible solution as the ability of the robot to accurately place the 
material on the desired print path without collisions. These researchers have demonstrated the need 
for robotics data for robotics-related research and operations in construction. To summarize the 
data needs from the construction domain, we developed CRS for construction planners to cover 
various construction robots to facilitate awareness for implementation and operation planning.  

A database schema refers to the structure and organization of data stored in a database 
(Batini, Lenzerini, and Navathe 1986). Database schema validation is the process to ensure that 
the database schema defining the database structure is correct and consistent with the expected 
design (Coronel and Morris 2016). In terms of validating the database schema, Farré et al. (2008) 
performed a series of experiments to verify the correctness of the database schema using the 
prototype tool they developed. The tool they developed can automatically check the contents and 
relationships of a database schema in a short time. Bonifati et al. (2019) used mathematical models 
to validate the schema of graph databases. Their validation method can consider both prescriptive 
and descriptive database schemas. Hu & Qu (2007) used a mapping method to verify the 
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consistency among the attributes, relationships, and properties in the database schema. They then 
demonstrated the performance of the method in practical applications through case studies and 
experiments. According to their previous validation studies, the common in their studies was that 
they used experimentation and application to validate the correctness of relationships and attributes 
in database schemas. 

For the validation of CRS, based on the review of these researchers’ previous validation 
studies, we decided to conduct a simulation experiment to validate the correctness of CRS. By 
simulating a construction robot in an unstructured construction site, this study identified the 
correctness and completeness of the information in the CRS (Kim et al. 2019). In addition, the 
study conducted expert interviews. Use peer review to help further scrutinize the information in 
the CRS in case there was any missed information during the simulation (Huber et al. 2011). 
Through these two methods, this study ensures that the CRS can be more comprehensively 
validated. 
 
METHODOLOGY 
 
To improve the quality of CRS, this study determines the rationality of the information in the CRS 
through validation. The validation of the study is divided into two parts including simulation and 
interviews. The simulation checked the constructability and accessibility of construction robot in 
the site. The interview invited experts who have knowledge and experience of developing and 
implementing various types of robots. The study validated 5 aspects (Di Zio et al. 2016) of CRS 
including term use of parameters, correct categorization, definition, usability of parameters, and 
comprehensiveness. 

Through simulation experiments on construction robots, the definition of CRS, usability of 
parameters, and comprehensiveness were validated. During the simulation experiment, CRS must 
ensure that the definition can fully describe the parameters, the parameters selected and used by 
the simulation fully meet the experimental requirements, and the experiment can extract any 
required information from the CRS. 

To complement the simulation experiments, expert interviews were conducted in the study. 
In addition to validating the definition of CRS, usability of parameters, and comprehensiveness, 
expert interviews can also validate the term used of parameters and correctness of categorization. 
Through interviews, the CRS must ensure that the terminology used for the parameters is correct 
and not misleading, and that each parameter is classified under the correct category. 

After the simulation and interview, the changes of CRS include the modification of the 
terms, definitions, and categories of parameters in the data structure, adding new parameters or 
categories, or deleting existing parameters or categories. For any changes in CRS, there are two 
criteria to accept the suggestions and conduct changes. The first criteria are that modification 
opinions must come from knowledge and experience in the development, analysis, and application 
of robots in the construction site or research and should follow the perspective of construction 
planners for planning to operate construction robots. The second criteria are that when making 
modifications, it is necessary to be able to find corresponding literature or cases of applications 
and experiments to support changes. If any of these criteria is not met, the study should reject the 
suggestions for changes. 
 
SIMULATION RESULTS 
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Figure 1 shows the outline of the simulation experiment. For simulation validation, the CRS was 
validated through the modeling of construction robotic for analysis of the constructability and 
accessibility. Through this part, the study validated that the CRS should meet the data requirements 
of the simulation experiment for the robot. For the modeling, the selected construction robot, the 
Canvas robot, was studied and the selected experimental method is the simulation experiment. The 
accessibility was analyzed by simulating the robot moving through the opening, and the robot 
traveling on the temporary structure. The study analyzed constructability by simulating the robot's 
work in confined spaces on a construction site. When the simulation experiments obtained 
information from CRS, this study found that some data can be provided by CRS, while some data 
required for simulation were not readily available from the initial CRS. 
 

 
Figure 1 The Outline of the Simulation Experiment 

 
The information in the CRS was validated through the simulation experiment of the 

construction robot. The information in the CRS contains descriptions of the construction robot's 
body, manipulator, performance, operational requirements, and safety, which can be used to 
support the establishment of a construction robot model in a simulated environment. During the 
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modeling process, this study examined the degree of completeness and refinement of information 
in the CRS by reviewing the process by which simulated experiments extract information from the 
CRS.  

Figure 2 shows the model of the robot and the construction site in the simulated 
environment. To validate the CRS, the accessibility and constructability of construction robotics 
was analyzed through the application of a case study of Canvas. Canvas is a drywall finishing 
robot which can scan the environment, coat, and sand drywall. The robot can be evaluated in a 
simulated building environment by connecting BIM data with the ROS platform and Gazebo 
simulator. Obtaining pertinent geometric and functional data allows for more precise simulation 
experiments in the virtual environment, which is used to construct virtual buildings and 
construction robot models. The accessibility and constructability assessment of the robot is 
determined through comparing the geometric and configurational information of the robot and its 
arm with the information of the robot-related building model (e.g., doors, walls, columns, and 
other building components). 

 

 
Figure 2 Robot and Construction Site in Simulated Environment 

 
The simulation experiment checked the accessibility of the robot. When the simulated robot 

passed through the passage or the entrance, the length, width, and height data of the robot were 
required to support it. Such data has already been included in the 'Dimensions' parameter of the 
CRS. In CRS, the 'Dimension' parameter is used to collect the length, width, and height of the 
construction robot. In addition, in the accessible simulation, the robot was also simulated to pass 
through temporary floors in the construction environment. In an unstructured construction 
environment, temporary facilities such as temporary structure can’t allow heavy objects to pass 
through, so the weight of the robot is required for simulation. The 'Weight' parameter has also been 
covered by the CRS. 
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When the simulation experiment checked the area of the wall that the Canvas robot can 
touch, the required data was not been provided by the CRS. Since the distance between the mobile 
robot Canvas and the wall can be artificially determined, the contact area between its manipulator 
and the wall can be calculated. The data of contact area was not initially provided by CRS. To 
conform to the needs of the simulation experiment for this type of data, the study decided that CRS 
can indirectly provide several parameters to help the simulation experiment calculate the contact 
area during the simulation process. These newly added parameters included coordinate reach, 
range of motion and manipulator installation position.  

The coordinate reach defines the maximum attach distance of the manipulator on the x-
axis, y-axis and z-axis (Apriaskar and Fauzi 2020). The range of motion is defined as the maximum 
rotation angle of the manipulator in the directions of yaw, pitch, and roll (Iqbal, Ul Islam, and 
Khan 2012). The manipulator installation position is defined as a relative position in a coordinate 
system which is established by the center of the projected surface where the base of the mobile 
robot being in contact with the ground as the origin, the forward direction of the robot being the 
positive direction of the x-axis, the right side of the forward direction being the positive direction 
of the y-axis, and the upward direction being the positive direction of the z-axis (Colucci et al. 
2021). The combination of these three parameters can be used to describe the maximum reach area 
of the manipulator and the relative position of the manipulator on the mobile robot base in three-
dimensional space. 
 
INTERVIEW RESULTS 
 
CRS was further validated through expert interviews. During the interview process, the study 
invited experts from the construction domain, including experts from the construction industry 
who have experience developing and implementing various types of construction robots. Table 1 
shows the experience for each type of expert. The interviews used slides to present the CRS 
structure and parameters. The introduction and overview of the CRS took approximately 10-15 
minutes. After the introduction of CRS, the content was revisited, one category at a time. To all 
the experts to provide suggestions and feedback about the data content and structure. Then in the 
open conversation section, experts shared their experiences about developing or implementing 
robots to help the study check information that may not have been included from the literature 
review. In total, for each interviewee, the study took typically 30 minutes to introduce the experts 
to the current structure, review and collect feedback on the current content, and gather additional 
information from them. 
 

Table 1 Criteria of Experts Selection 

Experts Type Experience Requirements 
Robot Developers • Participated in the development of construction robots for more 

than five years. 
Robot Users • Five or more years of construction industry experience 

• Direct experience of two or more robots. 
 

One of their modification suggestions was in the safety section. Using a bricklaying 
construction robot as an example, one interviewee pointed out that the two wide sides of the robot 
have metal doors. When the robot was performing tasks, the two doors were locked by the operator 
to separate the robot from the worker. In this way, after the robot places the brick, the workers can 
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stand at a safe distance and clean up the excess (spilled) mortar. This external physical security 
measure is also applied to other robots. For example, some 3D concrete printing robots need to 
have an installed ‘fence’ after arriving to a specific work position, to separate the robot and the 
workers when they are required to work in the same area simultaneously. Based on this, the study 
identified and classified this new parameter to Safety categorization named safety barrier. It is 
defined as a temporary facility built around the robot to avoid collisions between the robot and 
human or objects (Landi et al. 2019). The new parameters met the criteria for modification 
proposed in this study, so the CRS accepted the new parameters. 

Other interviewees have extensive experience in the application of various construction 
robots. Some of them suggested that the data structure of the construction robot can include some 
business models, such as the price or price range of the construction robot. Their reason was that 
the construction planners can consider buying, leasing, or giving up the use of the construction 
robot according to the price. Another suggestion was that in terms of safety, the data structure can 
contain some statistical instances, such as the type of accident and the probability of occurrence of 
the construction robot. Based on the modification acceptance criteria, the study rejected both 
recommendations. The reason is that these two suggestions neither come from the application of 
robots on the construction site, nor from the application of robots to construction research. Some 
of them also suggested adding a parameter about the ability of robots for reporting the position to 
construction teams. This ability has been included in the navigation parameters, so the study 
decided to reject this change. 

However, for another part of their suggestions, one interviewee said that the parameter 
named sensor in CRS cannot clearly cover the configuration of the construction robot in terms of 
sensing. His reasoning was that some robots can accomplish tasks using sensors mounted on their 
bodies, while others need external sensors to complete tasks. Therefore, he proposed to divide the 
sensors into internal sensors and external sensors. Internal sensors are sensors mounted on the 
body of the construction robot (Komatsu et al. 2021). External sensors are sensors that are required 
for construction robots to be installed on the construction site (Gawel et al. 2019). Because the 
three new parameters were from the application of robot on the construction site and had literature 
supports, which conformed to the criteria of modification acceptance, the study decided to accept 
the three new parameters. 
 
CRS CHANGES 
 
After validation, the study summarized the changes in the CRS. Table 2 shows the results of 
simulation experiments and experts’ interviews. The table includes the added or deleted parameters 
with corresponding categories, reasons, and validation methods. Based on simulation, CRS was 
added 3 new parameters and deleted 1 parameter. Based on interviews, CRS added 3 new 
parameters and deleted 1 parameter. In total, the study added 6 new parameters and deleted 2 
parameters in CRS.  
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Table 2 Changes of CRS Based on Validation 

 
CONCLUSIONS AND FUTURE WORK 
 
The study conducted a simulation experiment and experts’ interview to validate construction robot 
schema. The purpose of the validation is to ensure the quality of the data structure through correct 
term used, determine reasonable relationships, and identify missed information. After the 
validation, the study added 6 new parameters and deleted 2 parameters with corresponding reasons 
and validation methods. In addition, based on the simulation and interview, the study demonstrated 
the feasibility of CRS for construction planners to facilitate better comprehension for operating 
construction robots. The limitation of the study is that the development and validation process of 
CRS is for construction planners. However, there are also other construction robot users such as 
researchers that may need more detailed information from construction robots. CRS is required to 
conduct more specific and detailed development and validation to provide information to different 
users and satisfy their data requirements. In addition, the study only focused on the correctness of 
data structure of CRS. However, the query efficiency of database schema is also important to be 
validated. 

For the next step and future work, the study needs to establish a construction robot database 
based on CRS to facilitate data collection and exchange. Currently in the construction domain, 
there is a lack of databases to collect and manage data from various types of construction robots. 
The parameters and categories in CRS can support the establishment of the database in order to 

Parameters (Category) Reason Validation Method 
N

ew
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ar
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et
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s 
Coordinate Reach  
(Ontological Property) 

From construction robot application 
research and with literature support. 

Simulation 

Range Of Motion  
(Ontological Property) 

From construction robot application 
research and with literature support. 

Simulation 

Manipulator 
Installation Position  
(Ontological Property) 

From construction robot application 
research and with literature support. 

Simulation 

Safety Barrier  
(Safety) 

From construction site robot 
application and with literature 
support. 

Interview 

Internal Sensor  
(Ontological Property) 

From construction site robot 
application and with literature 
support. 

Interview 

External Sensor  
(Ontological Property) 

From construction site robot 
application and with literature 
support. 

Interview 
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el

et
ed

 
Pa

ra
m

et
er

s 

Reach  
(Ontological Property) 

The movement space and position of 
the manipulator cannot be fully 
described. 

Simulation 

Sensor  
(Ontological Property) 

It cannot distinguish between 
internal and external sensors indicate 
to miss information. 

Interview 
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summarize the fragmented information of construction robots. Through this process, the 
relationships, parameters, and query efficiency can be further validated and modified. 
 
REFERENCES 
 
Apriaskar, Esa, and M. R. Fauzi. 2020. “Robotic Technology towards Industry 4.0: Automatic 

Object Sorting Robot Arm Using Kinect Sensor.” In Journal of Physics: Conference 
Series, 1444:012030. IOP Publishing. 

Batini, Carlo, Maurizio Lenzerini, and Shamkant B. Navathe. 1986. “A Comparative Analysis of 
Methodologies for Database Schema Integration.” ACM Computing Surveys (CSUR) 18 
(4): 323–64. 

Bonifati, Angela, Peter Furniss, Alastair Green, Russ Harmer, Eugenia Oshurko, and Hannes 
Voigt. 2019. “Schema Validation and Evolution for Graph Databases.” In Conceptual 
Modeling, edited by Alberto H. F. Laender, Barbara Pernici, Ee-Peng Lim, and José 
Palazzo M. de Oliveira, 448–56. Lecture Notes in Computer Science. Cham: Springer 
International Publishing. https://doi.org/10.1007/978-3-030-33223-5_37. 

Colucci, Giovanni, Luigi Tagliavini, Luca Carbonari, Paride Cavallone, Andrea Botta, and 
Giuseppe Quaglia. 2021. “Paquitop.Arm, a Mobile Manipulator for Assessing Emerging 
Challenges in the COVID-19 Pandemic Scenario.” Robotics 10 (3): 102. 
https://doi.org/10.3390/robotics10030102. 

Coronel, Carlos, and Steven Morris. 2016. Database Systems: Design, Implementation, & 
Management. Cengage Learning. 

Di Zio, Marco, Nadežda Fursova, Tjalling Gelsema, Sarah Gießing, Ugo Guarnera, Jūratė 
Petrauskienė, L. Quensel-von Kalben, Mauro Scanu, K. O. ten Bosch, and Mark van der 
Loo. 2016. “Methodology for Data Validation 1.0.” Essnet Validat Foundation. 

Farré, Carles, Guillem Rull, Ernest Teniente, and Toni Urpí. 2008. “SVTe: A Tool to Validate 
Database Schemas Giving Explanations.” In Proceedings of the 1st International 
Workshop on Testing Database Systems, 1–6. DBTest ’08. New York, NY, USA: 
Association for Computing Machinery. https://doi.org/10.1145/1385269.1385281. 

Feng, Chen, Yong Xiao, Aaron Willette, Wes McGee, and Vineet R. Kamat. 2015. “Vision 
Guided Autonomous Robotic Assembly and As-Built Scanning on Unstructured 
Construction Sites.” Automation in Construction 59 (November): 128–38. 
https://doi.org/10.1016/j.autcon.2015.06.002. 

Gawel, Abel, Hermann Blum, Johannes Pankert, Koen Krämer, Luca Bartolomei, Selen Ercan, 
Farbod Farshidian, Margarita Chli, Fabio Gramazio, and Roland Siegwart. 2019. “A 
Fully-Integrated Sensing and Control System for High-Accuracy Mobile Robotic 
Building Construction.” In 2019 IEEE/RSJ International Conference on Intelligent 
Robots and Systems (IROS), 2300–2307. IEEE. 

Hu, Wei, and Yuzhong Qu. 2007. “Discovering Simple Mappings Between Relational Database 
Schemas and Ontologies.” In The Semantic Web, edited by Karl Aberer, Key-Sun Choi, 
Natasha Noy, Dean Allemang, Kyung-Il Lee, Lyndon Nixon, Jennifer Golbeck, et al., 
225–38. Lecture Notes in Computer Science. Berlin, Heidelberg: Springer. 
https://doi.org/10.1007/978-3-540-76298-0_17. 

Huber, Daniel, Burcu Akinci, A. Adan Oliver, Engin Anil, Brian E. Okorn, and Xuehan Xiong. 
2011. “Methods for Automatically Modeling and Representing As-Built Building 



10 
 

Information Models.” In Proceedings of the NSF CMMI Research Innovation 
Conference. Vol. 856558. NSF. 

Iqbal, Jamshed, Muhammad Ul Islam, and Hamza Khan. 2012. “Modeling and Analysis of a 6 
DOF Robotic Arm Manipulator.” Canadian Journal on Electrical and Electronics 
Engineering 3 (January): 300–306. 

Kim, Pileun, Jisoo Park, Yong K. Cho, and Junsuk Kang. 2019. “UAV-Assisted Autonomous 
Mobile Robot Navigation for as-Is 3D Data Collection and Registration in Cluttered 
Environments.” Automation in Construction 106: 102918. 

Komatsu, Tomohiro, Yota Konno, Seiga Kiribayashi, Keiji Nagatani, Takahiro Suzuki, Kazunori 
Ohno, Taro Suzuki, Naoto Miyamoto, Yukinori Shibata, and Kimitaka Asano. 2021. 
“Autonomous Driving of Six-Wheeled Dump Truck with a Retrofitted Robot.” In Field 
and Service Robotics: Results of the 12th International Conference, 59–72. Springer. 

Landi, Chiara Talignani, Federica Ferraguti, Silvia Costi, Marcello Bonfè, and Cristian Secchi. 
2019. “Safety Barrier Functions for Human-Robot Interaction with Industrial 
Manipulators.” In 2019 18th European Control Conference (ECC), 2565–70. 
https://doi.org/10.23919/ECC.2019.8796235. 

Melenbrink, Nathan, Justin Werfel, and Achim Menges. 2020. “On-Site Autonomous 
Construction Robots: Towards Unsupervised Building.” Automation in Construction 119: 
103312. 

Zhang, Xu, Mingyang Li, Jian Hui Lim, Yiwei Weng, Yi Wei Daniel Tay, Hung Pham, and 
Quang-Cuong Pham. 2018. “Large-Scale 3D Printing by a Team of Mobile Robots.” 
Automation in Construction 95 (November): 98–106. 
https://doi.org/10.1016/j.autcon.2018.08.004. 

 


