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Abstract 6 

Though construction robots have drawn attention in research and practice for decades, human-robot collaboration 7 

(HRC) remains important to conduct complex construction tasks. Considering its complexity and uniqueness, it is 8 

still unclear how HRC process will impact construction productivity, which is difficult to handle with conventional 9 

methods such as field tests, mathematical modeling and physical simulation approaches. To this end, an agent-based 10 

(AB) multi-fidelity modeling approach is introduced to simulate and evaluate how HRC influences construction 11 

productivity. A high-fidelity model is first proposed for a scenario with one robot. Then, a low-fidelity model is 12 

established to extract key parameters that capture the inner relationship among scenarios. The multi-fidelity models 13 

work together to simulate complex scenarios. Based on the simulation model, the twofold influence of HRC on 14 

productivity, namely the supplement strategy on the worker side, and the design for proactive interaction on the robot 15 

side, are fully investigated. Experimental results show that: 1) the proposed approach is feasible and flexible for 16 

simulation of complex HRC processes, and can cover multiple collaboration and interaction modes; 2) the influence 17 

of the supplement strategy is simple when there is only one robot, where lower Check Interval (CI) and higher 18 

Supplement Limit (SL) will improve productivity. But the influence becomes much more complicated when there 19 

are more robots due to the internal competition among robots for the limited time of workers; 3) the productivity per 20 

robot improves when there are more robots and workers, even if the human-robot ratio remains the same; 4) 21 

introducing proactive interaction between robots and workers could improve productivity significantly, up to 22% in 22 

our experiments, which further depends on the supplement strategy and the human-robot ratio. Overall, this research 23 

contributes an integrated approach to simulate and evaluate HRC’s impacts on productivity as well as valuable 24 

insights on how to optimize HRC for better performance. The proposed approach is also useful for the development 25 

of new robots, optimization of HRC process to maximize construction performance and occupational health. 26 

Keywords: Human-robot collaboration; agent-based simulation; multi-fidelity simulation; human factor; human-in-27 

the-loop 28 



1 Introduction 29 

 Construction robots have drawn attention in research and practice these years to cover the shortage of 30 

conventional construction. The productivity for the entire industry has been declining in recent years and the 31 

conventional construction paradigm has reached the technological performance limit[1]. As for workers in the 32 

industry, construction tasks are usually of high physical demand, and sometimes are harmful to their health[2]. For 33 

example, many masons are facing low back disorder due to heavy workload [3]. Besides, it is also observed that 34 

young generations show low interest in the construction sectors[1], which may further aggravate aging and lacking 35 

problems of construction workers. Therefore, construction robots have aroused increasing interest in the last 15-20 36 

years[4] and are gradually implemented in construction projects[5] because they can improve productivity while 37 

replacing workers from doing heavy duties and dangerous tasks. The application of robots involves nearly every 38 

construction-related task, including glazing[6], beam assembly[7], earthmoving[8], concrete wall fabrication[9], etc. 39 

However, the construction industry cannot be fully automated currently even with the aid from robots[4]. As a 40 

result, various operations and tasks still need to be fulfilled by human workers and they have to interact with robots. 41 

In other words, human-robot collaboration (HRC) is and will be a critical part of the construction process. Thus, it is 42 

important to investigate the impact of HRC process on construction productivity. However, considering the high cost 43 

of construction robots[10], it is unrealistic to analyze HRC through field tests. On the other hand, due to the 44 

multifarious tasks of both workers and robots, the complicated interactions between the two participants, together 45 

with the complex environment settings[11], it is very difficult to formulate a mathematical model or use physical 46 

simulation to capture the whole process with acceptable accuracy and computation efficiency.  As a result, the HRC 47 

process in construction is seldom studied so far, which calls for further investigation. 48 

To address this problem, “bottom-up” approaches such as agent-based (AB) modeling are used in this study to 49 

model HRC process. AB modeling is a simulation approach to model systems by using virtual agents to imitate the 50 

behaviors and interactions of participated individuals[12]. It is suitable for systems whose[13]: 1) problem domain is 51 

spatially distributed; 2) subsystems exist in a dynamic environment and 3) interact with each other. Furthermore, 52 

simulation models are effective tools to analyze how critical factors are affecting system performance. For example, 53 

Sun et al.[14] compared the evacuation performance for multiple building layout scenarios created by adjusting 54 

parameters (i.e. number of exits or doorway width) in the AB model, while Jung et al. [15] aimed at finding the 55 

optimal lift system combination among alternatives based on simulation models. The impact of HRC process on 56 

construction can be investigated quantitatively in a similar way by analyzing the simulation results with different 57 



factors.   58 

This research starts with an analysis and review of HRC in construction, which shows specific complexity and 59 

uniqueness comparing to other collaboration systems such as human-human collaboration or human-machine 60 

collaboration. Then, the bricklaying process is chosen as a typical application in the construction domain. An agent-61 

based (AB) modeling approach is adopted to simulate HRC process in a multi-fidelity way. First, a high-fidelity 62 

model is proposed for a simple scenario with only one robot and three workers. This model thoroughly considered 63 

the physical location and detailed behaviors of robots and workers. Three human factors, forgetting, muscle fatigue, 64 

behavior uncertainty, are incorporated to further improve the model accuracy and stress the difference between robots 65 

and workers. Then, to generalize the model to more complex scenarios with multiple robots, three key parameters 66 

are identified that capture the inner relationship between scenarios. To extract the values of the parameters, a low-67 

fidelity model is proposed. The model, simplifying the behaviors of agents, is much easier to build and modify. These 68 

parameters are finally used in the high-fidelity model to simulate complex scenarios. The simulation model is then 69 

validated. Based on the agent-based hybrid model, we propose an in-depth investigation of how HRC process will 70 

impact construction productivity, from both the worker side and the robot side. To improve productivity, workers 71 

can develop a better strategy to collaborate with robots, and robots can be designed to be more proactive in interaction 72 

with workers.  73 

The remainder of the article is organized as follows. Section 2 reviews previous studies related to HRC process 74 

in construction. Section 3 introduces the methodology of this research. Section 4 proposes the development of the 75 

high-fidelity AB simulation model. Section 5 discusses the multi-fidelity simulation approach to apply the model in 76 

complex scenarios. Section 6 validates the simulation model while provides analysis and discussion of how the HRC 77 

process affects construction productivity. Section 7 reviews and discusses key points in the development and 78 

utilization of the simulation model. Section 8 summarizes the study, discusses the limitations and future 79 

developments of this research. 80 

2 Related works 81 

This section synthesizes the studies related to this research. Specifically, Section 2.1 discusses the complexity and 82 

uniqueness of HRC in construction comparing with other collaboration systems. Section 2.2 reviews the previous 83 

methods to investigate HRC process. 84 



2.1 Analysis of human-robot collaboration systems in construction 85 

2.1.1 Collaboration system classification 86 

Generally, collaboration systems are classified by participants. In construction, collaboration systems between 87 

human-human, human-machine, machine-machine and human-robot are common. Human-human and machine-88 

machine collaboration refer to the collaboration among workers and machines respectively. The difference between 89 

human-machine collaboration and human-robot collaboration is that human conducts a mission by manipulating a 90 

subordinate[11] (i.e. infrared cameras in bridge inspection[16]) while human and robots can work on different tasks 91 

side by side, which indicates the higher autonomy and flexibility of robots[11]. 92 

Several communication modes (Table 1) and interaction modes (Table 2) are involved in collaboration 93 

systems[17]. These modes are originally used to describe the collaboration between humans and robots, but it is 94 

believed that they can be generalized into other collaboration systems as well. Agents in Table 1 referred to the 95 

participants in collaboration systems (i.e. robots in HRC). For example, if two agents use cellphones to communicate, 96 

then this communication mode is classified as Remote Contactless Interaction. If two agents work in the same place 97 

and same time but conduct two different tasks on the same item, this interaction mode belongs to Cooperation.   98 

Table 1. Communication modes in collaboration systems[17] 99 

Communication mode Description 

Direct physical interaction One agent’s body contact with another in order to perform a task 

Remote contactless interaction Agents contact by interfaces (e.g. voice, camera) 

Teleoperation On agent directly drive another with interfaces 

Message exchange Information is exchanged using digital signals transmitted through 

physical buttons 

Table 2. Interaction modes in collaboration systems[17] 100 

Interaction mode 

Description 

Same place Same time Same item Same task 

Coexistence √ √ × × 

Synchronized √ × √ × 

Cooperation √ √ √ × 



Collaboration √ √ √ √ 

2.1.2 Complexity and uniqueness of human-robot collaboration system in construction 101 

Traditional collaboration systems in construction between human-human, machine-machine and human-machine 102 

are involved in simulation scenarios of previous papers. We summarize the simulation scenarios, collaboration types, 103 

communication modes and interaction modes of representative works in Table 3 according to the classification in 104 

[17]. For example, in the bridge inspection process, human-human collaboration and human-machine collaboration 105 

both occur. In terms of human-human collaboration, preparation and inspection are conducted in sequence by 106 

technicians, so the interaction mode between two teams of workers belongs to Synchronized mode. Technicians use 107 

voice to communicate, which is considered a form of Remote Contactless Interaction. As for human-machine 108 

collaboration, during the inspection process, technicians manipulate and move with the devices to fulfill tasks, which 109 

implies that the worker and machine are working on the same tasks all the time, therefore it is classified as 110 

Collaboration mode. Besides, since technicians need to set and program the devices first, the communication mode 111 

is Message exchange.  112 

It can be concluded that traditional collaboration systems only involve one or two simple communication modes. 113 

This is reasonable since humans only need to communicate by voice; the machine-machine system as a fully 114 

automated system only needs electronic signals to send messages; while machines as passive objects only need to be 115 

programmed or manipulated by humans. Furthermore, since machines lack autonomy and flexibility, collaboration 116 

systems with machines only support one interaction mode (collaboration), while human-human collaboration systems 117 

may involve multiple interaction modes at the same time. 118 

Table 3. Traditional collaboration systems in previous work 119 

Paper Scenario Collaboration type Communication 

mode 

Interaction 

mode 

Seo et al.[18]   Bricklaying Human-human RCI Collaboration 

& Coexistence 

Abdelkhalek et al.[16] Bridge inspection Human-human RCI Synchronized 

Zhe et al.[19] Pump maintenance Human-human RCI Synchronized 

& Collaboration 

Jabri et al. [20] Earthmoving Machine-machine RCI Collaboration 



Yassin et al. [21] 3D printing reinforced 

concrete 

Machine-machine RCI Synchronized 

Abdelkhalek et al.[16] Bridge inspection Human-machine ME&DPI Collaboration 

Jung et al.[15] Lift system Human-machine ME&DPI Collaboration 

Comparing to the traditional collaboration systems, HRC in construction is complex and unique in the following 120 

three aspects. All three aspects are further illustrated in Section 4.  121 

• Simultaneously involving multiple communication and interaction modes: since many robots in construction 122 

are not fully automated, they still need to be installed, programmed or manipulated (Message Exchange, 123 

Teleoperation) like machines; however, robots have much higher autonomy and independence as a teammate rather 124 

than a passive tool[11], which provide possibilities for more communication modes (Remote Contactless Interaction, 125 

Direct Physical Interaction) and more interaction modes. For example, for human-robot collaboration in bricklaying, 126 

three communication modes and three interaction modes are involved. Detailed information will be given in Section 127 

7.  128 

• Safety requirement: in extremely complicated and distributed environments like construction sites, it will be 129 

very hard to set up fences to separate workers and robots[22]. Since human workers are exposed to robots, human-130 

robot collaboration systems need some safety requirements such as safety distance[23]. Safety issues are seldom 131 

considered in traditional collaboration systems.  132 

• Different characteristics between participants: the two participants, humans and robots, have different 133 

characteristics. For example, human workers are likely to forget or feel tired, but robots are not. This makes HRC 134 

unique from other systems as well. For other systems such as human-machine collaboration, when humans are tired, 135 

the efficiency of machines will also be affected since the humans and machines are essentially performing the same 136 

task and the machine is manipulated by humans. 137 

2.2 Previous methods to investigate HRC process 138 

To the best of the author’s knowledge, researchers have not paid much attention to the HRC process in 139 

construction, possibly due to the still limited application of construction robots. However, in other domains, 140 

researchers propose several methods to study HRC process. This section summarizes these previous approaches. 141 

2.2.1 Mathematical modeling approach 142 

Mathematical modeling was adopted by many researchers to investigate and optimize HRC process in 143 



manufacturing. Fager et al.[24] proposed a working time model of kit preparation with order batching to compare the 144 

productivity between manual and robot-supported assembly lines. Total working time contained picking time, sorting 145 

time and traveling time. Each type could be calculated using the proposed equations. Bogner et al.[25] built a 146 

mathematical model for HRC process in assembly of printed circuit boards, and optimized the task allocation in order 147 

to minimize completion time. However, mathematical models could be difficult to apply to more complicated and 148 

dynamic systems such as construction. On one hand, the task in kit preparation  only involved picking and sorting, 149 

and the HRC process only contained one interaction mode (synchronized) and one communication mode (RMI). 150 

However, HRC in construction has more complex tasks and multiple modes at the same time. Besides, the traveling 151 

route of the operator in [24] was a 7m bidirectional line. In contrast, construction workers usually have to adopt a 152 

longer and more flexuous route because of the larger work zone, disordered material stacking and potential 153 

hazards[26]. On the other hand, human behavior was considered deterministic in mathematical models, which meant 154 

that humans were assumed to carry out tasks strictly[25]. However, as a labor-intensive industry, construction 155 

productivity will be heavily affected by human factors. Some human factors, such as muscle fatigue, will affect 156 

workers’ behavior so they may behave dynamically which is hard to model mathematically. 157 

2.2.2 Simulation approach 158 

There are two general simulation approaches in robot-related domains (see Figure 1). One stream of research is 159 

the strict physical simulation which aims to imitate the target system as detailedly as possible[27]. A broad range of 160 

simulation platforms is classified into this category, including USARSim [28], Gazebo[29] and SAI [30]. These 161 

platforms are based on the physical model of the robot's mechanical design and can provide an accurate evaluation 162 

of the robot kinematics, dynamics and interaction behavior with the environment[31]. Notably, Brosque et al. [32] 163 

were one of the first researchers to apply physical simulation in the construction domain. However, two features of 164 

physical simulation prevent it from application in this research. On one hand, the accurate imitation of physical 165 

behavior requires considerable computation capacity[32], which is not suitable for macroscopic modeling with 166 

multiple robots, materials, and a complicated environment. As a result, the investigation and optimization of the 167 

process within physical simulation are confined locally. On the other hand, physical simulation cannot well model 168 

the existence of humans, since it cannot model the ergonomic behavior nor the decision-making process of humans. 169 

Thus, physical simulation has to adopt a rather indirect way, such as modeling a human as a shape with biomechanical 170 

boundary[33, 34], or use the simulation model with only robots to determine their activity sphere which can provide 171 

the safety area of humans[32].  172 



The other stream of research is the dynamic simulation, in which significant features of the tasks are abstracted 173 

and simplified[27]. In the dynamic simulation, AB simulation is a useful method to represent individual team 174 

members and then understand how they affect team performance, which fits in well with the research goal to study 175 

HRC,  and therefore it is adopted by several researchers. For example, Giachetti et al. [31] used AB simulation to 176 

study the human-robot team performance in military scenarios, and Wang et al. [11] studied the importance of trust 177 

between humans and robots in HRC by building intelligent agents.  The AB simulation in this research is 178 

distinguished from the previous researches in four main ways. First, the robot tasks and their interaction with humans 179 

in our model are more complicated. In previous works[11] [31], robots mainly focus on moving tasks and do not 180 

have much interaction with workers. Second, to deal with the multifarious interaction when there are multiple robots 181 

and workers on site, we propose a multi-fidelity simulation method. The high-fidelity model guarantees the accuracy 182 

of the simulation, which the low-fidelity model brings extra flexibility. Besides, the AB model we proposed gives 183 

attention to the ergonomic behavior of humans, which is important to further stress the difference between humans 184 

and workers. Finally, an in-depth investigation of how HRC process affects construction productivity is provided in 185 

this research, which is seldom discussed before.  186 

 187 

Figure 1. Simulation approaches in the robot domain 188 

3 Research methodology 189 

The objective of this research is to model HRC process in construction with high precision and use the proposed 190 

model to examine the effect of HRC process on total construction productivity. Considering construction is a rather 191 

broad topic, the focus is narrowed down to the bricklaying process in consideration of the following three reasons. 192 

• Bricklaying is one of the most traditional construction processes. Although reinforced concrete (RC) is the 193 

dominant structure type nowadays, bricks are still used in infilled walls between two RC columns. 194 

• Bricklaying robots are successfully promoted. The research of bricklaying robots can be traced back to the 195 

nineties[35]. Several bricklaying robots, such as SAM100 and Harian X, are derived from these researches and are 196 

gradually adopted by companies and projects[36]. 197 
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• Bricklaying is labor-intensive and carries physical risks[2], which is suitable for the application of 198 

construction robots. 199 

To achieve the research objective, a three-step methodology is utilized (Figure 2): high-fidelity model 200 

development, generalization of modeling scenarios, and analysis of the influence of HRC process. Each part is 201 

introduced as follows. 202 

 203 

Figure 2．Overview of the research methodology 204 

AnyLogic© (version 8.5.0) is used as a simulation platform for the high-fidelity model. First, types of agents, their 205 

relationships and the simulation environment are defined in the model structure. The working hour agent, the robot 206 

agent, the worker agent, the brick agent and the sensor agent are incorporated. A real project in Beijing is used as the 207 

simulation environment in this research. This section focuses on a simple scenario with one robot and three worker 208 

agents in the simulation environment. Then, behavior rules are captured to define the agents’ property in the high-209 

fidelity model so that agents can act spontaneously. More specifically, the core of the section is to model the behavior 210 

of robots and workers.  211 

To model more complex scenarios, we first propose a scenario classification guideline. In this research, the 212 

complex scenarios refer to the scenarios with multiple robots. Then, three key parameters, Occupied Rate (OR), 213 

Waiting Time (WT), and Get Checked Interval (GCI), are defined that capture the inner relationship between the 214 

simple scenario and the complex ones. A low-fidelity model is proposed subsequently to extract the key parameters. 215 

The model, simplifying the behaviors of agents, is much easier to build and modify. These parameters are finally 216 

assigned to the high-fidelity model to simulate complex scenarios.   217 

Then, the validation of the multi-fidelity simulation model is tested. Based on the model, the influence of HRC 218 

process on construction productivity is analyzed. The influence is two-fold, namely the worker can develop a better 219 

strategy to cope with robots while the robots can be designed to be more proactive in the interaction with human 220 
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workers. We take the strategy of regarding the checking and supplementing frequency and the installation of gravity 221 

sensors as examples to thoroughly investigate the twofold influence. 222 

4 Development of the high-fidelity model 223 

In this section, based on our previous work[37], the main steps of developing the high-fidelity AB model to 224 

simulate HRC process in bricklaying will be introduced and discussed. This model thoroughly considered the 225 

physical location and detailed behaviors of robots and workers.  226 

As a highly flexible approach, there are many ways to model the HRC process. Among them, a robot-centered 227 

approach is used in this research, making it easier to identify and define the behavior rules of robot agents and worker 228 

agents. For example, when dealing with several workers moving a robot to the destination, it is difficult to keep the 229 

synchronicity of these workers if they are moving separately. On contrary, from a robot-centered perspective, the 230 

robot moves to the destination, and the workers only need to keep walking towards the moving robot, which can keep 231 

workers at the same pace. 232 

Furthermore, since AB simulation is a highly abstract approach, the agent in the model does not have physical 233 

functions such as laying bricks. Therefore, it is important to find counterparts for all the tasks performed by both 234 

robot agents and worker agents to accurately model their behavior. For example, the bricklaying robot needs ten 235 

seconds to lay a brick. Although the abstract robot agent cannot really perform this task, if the robot stays fixed at 236 

the target place for ten seconds and then a brick is generated, the process will look the same as the real task. Abstractly, 237 

tasks can be classified into four categories, and the counterpart for each category is provided according to Table 4.  238 

It is easy to see all possible interaction modes in Table 2 can be modeled with the four types of tasks. Besides, 239 

AnyLogic© contains a powerful mechanism called message. Agents can send messages to all or several specific 240 

agents. This function, together with the four types of tasks, can model the four communication modes in Table 1 as 241 

well. Details are illustrated in Table 5. For example, if two agents communicate through Direct Physical Interaction, 242 

first they need to move to meet and operate to exchange information. Besides, they need messages to simulate the 243 

information they exchanged.  244 

Table 4. Counterparts for different types of actions 245 

Action classification Counterpart Example 

Working Actions Staying fixed at a given A robot uses ten seconds to lay a brick: the robot stays at 



position for a given time a target place for ten seconds, then a brick is generated 

Moving Actions Moving to a given position 

at a given speed 

Workers move a robot: the robot moves to a destination 

while the workers keep moving to the robot 

Resting Actions Staying fixed at a random or 

given position until needed 

A worker rests because of tiredness: the worker stays 

fixed at a given place until he is able to work again 

Operating Actions Both staying fixed at a given 

position for a given time 

Workers use 30 minutes to install a robot: the robot and 

workers stay fixed at a target place for 30 minutes 

Table 5. Modeling techniques for communication modes 246 

Communication mode Required functions 

Direct Physical Interaction Moving, operating, message 

Remote Contactless Interaction Message 

Teleoperation Moving, message 

Message Exchange Moving, operating, message 

Following the above-mentioned principles and methods, the overall model structure and all the agents involved 247 

in the HRC process are modeled. Their behavior rules are described in this section. Passive agents like brick agents 248 

are manipulated by other agents, and have no complex behaviors. Thus, descriptions of them are omitted. 249 

4.1 Model structure 250 

Model structure determines the types of agents and their relationships. Initially, four kinds of agents are involved 251 

in this model, the working hour agent, the robot agent, the worker agent, the brick agent. Similar to [16], a hierarchical 252 

structure is adopted in this research to express the relationship between agents, as shown in Figure 3. The structure 253 

contains three layers. The first layer is the workplace where robot agents work together with worker agents to fulfill 254 

given tasks by manipulating passive brick agents. Their working time is monitored and captured by a working hour 255 

agent, which is also presented on this layer. The simulation environment is defined in this layer, which describes the 256 

workplace. In this research, a typical residential project in Beijing is used to provide references to the design of the 257 

simulation environment. Several assumptions are made to simplify the original layout of the construction site without 258 

losing generalization. One of the buildings in the layout is picked as the construction object. The corner of the site is 259 

assumed to be Long-term Store Place to deposit construction materials, such as bricks. A small place near the building 260 

is considered as Temporary Store Place for workers’ convenience. A rectangle area that envelopes the building is 261 



assumed to be Work Zone. Besides, a small rectangle place near Temporary Store Place is set to be Robot Store Place. 262 

In the beginning, all bricks are deposited in the Long-term Store Place. The robot is placed in the Robot Store Place, 263 

while all the workers are randomly placed in Work Zone. The simplified layout of the simulation environment is 264 

shown in Figure 4.  It is then imported to the simulation model using real-world plotting scale to ensure reliability.  265 

In the second layer, the behavior rules for the upper four agents are determined using several parameters and state 266 

charts. In Figure 3, the behavior rule and the corresponding agent are linked by dashed lines. The relationship between 267 

different agents is illustrated by thick lines and explanations. Furthermore, the robot can be designed to interact more 268 

proactively with human workers, which enhances collaboration performance. An example of this proactive design is 269 

the installation of gravity sensors, which will be further explained in Section 4.5. In the structure of the simulation 270 

model, the sensor agent is embedded in the robot agent in the second layer, and its behavior is further defined in the 271 

third layer. In this section, the model focuses on the scenario with only one robot agent.  272 

 273 

Figure 3. The hierarchical structure of agents 274 
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 275 

Figure 4. The simulation environment of the model 276 

4.2 Modeling working hours 277 

The flowchart of the working hour agent is illustrated in Figure 5. Its interactions with other agents are labeled 278 

with arrows. The direction of the arrows indicates the information direction, whether the agent is sending messages 279 

or receiving messages. The working hour agent is initialized at “waitToStartWork” state. When the construction 280 

period begins, it switches to “working” state and starts the loop. At “working” state, it will inform worker agents to 281 

start work. After eight hours, which is a common working period every day, the working hour agent switches to 282 

“workingHourFinished” state and informs worker agents. After all the workers get off work, the agent switches to 283 

the next state “resting”, and will go back to “working state” the next day. 284 

 285 

Figure 5. Working hour agent 286 

4.3 Modeling robots 287 

4.3.1 Agent behaviors 288 

The main job of robot agents is to construct brick walls. Conventionally, brick walls function as infilled walls 289 

located between columns. Two dummy nodes, start node and end node, are extracted to represent the endpoints of 290 

each wall, as shown in Figure 6.  291 
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 292 

Figure 6. Construction tasks for robot agents 293 

The flowchart of the robot agent and its interaction with other agents are presented in Figure 7. The robot agent 294 

is initialized in “robotIdle” state. When workers come and prepare to move the robot, it will be activated and switch 295 

to “preparingToMoveToWorkStie” state and will stay at this state for the time need for preparation. This is a typical 296 

example of Direct Physical Interaction and Operating Actions. Then, the robot moves to the worksite and informs 297 

the workers. After reaching the destination, it will switch to “robotSetting” state, representing workers installing the 298 

robot on-site, which is another procedure of Operating Actions. After being installed, the robot will call its 299 

collaborators and will receive a message when all collaborators are in position. Then, the robot agent switches to 300 

“robotWorking” state and begins to work. After the current wall is finished, or the working hour agent lets the robot 301 

go off duty, the robot agent moves to the start point of the current wall and waits for workers. When workers come, 302 

if the working hour is not finished and there are unconstructed walls, they will move the robot to the start point of 303 

the next wall. Otherwise, they will move the robot back. For the latter occasion, preparation work needs to be done 304 

at first, and then the robot moves back to the Robot Store Place. After the robot reaches the destination, the agent 305 

will switch back to “robotIdle” state and informs all the workers to go to rest. 306 



 307 

Figure 7. Robot agent 308 

As for the working process, although there are several types of bricklaying robots existing in industry or academia 309 

[2, 35, 38-42], most robots share the same process of laying one brick. Therefore, SAM100 is chosen as an example 310 

to model the laying process. For SAM100, the whole process can be summarized into the iteration of two procedures, 311 

moving to target position and bricklaying. The latter is a generalized process that contains plastering on the surface, 312 

grabbing one brick and laying it on the mortar. These two procedures are represented by “moveToTargetBrick” state 313 

and “bricklaying” state. When one layer is finished, the robot will return to the start node. For safety reasons, it is 314 

assumed that the robot will not start the next layer until the worker responsible for extra mortar removing (introduced 315 

in the next section) finishes this layer.  Therefore, when the robot agent reaches the target place but the worker is not 316 

ready, it will first switch to “waitForPlaster” state and will not switches to “bricklaying” state unless the worker is 317 

ready. Since several bricklaying robots have a pipe to deliver mortar[10], it is assumed that the mortar is always 318 

sufficient. However, robots will probably still run out of bricks that are stored inside. When this happens, the robot 319 
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will pass to “breakDown” state and stop operating. When the bricks are supplemented, the robot will start operating 320 

again and continue the previous task.  321 

4.3.2 Summary of parameters 322 

Parameters of robot agents and their meanings are summarized in Table 6. 323 

Table 6. Parameters and meanings of robot agents 324 

Parameter Meaning 

Node Set The set for all start nodes and end nodes 

Number of Layers Number of layers in each wall 

Brick Laying Duration Duration for laying one brick 

Number of Nodes Number of nodes in the Node Set 

Moving Velocity in Working Velocity as robots moving to the target position during working 

Robot Storage Capacity The maximum number of bricks that can be stored inside the robot 

4.4 Modeling human workers 325 

In the model, workers are responsible for three kinds of tasks in the whole process (Figure 8). First, workers need 326 

to carry the robot to target locations. This task is called Robot Moving and Installing (RMI). It is assumed that three 327 

workers are needed to perform this task. Second, considering when robots squeeze a brick on the mortar, the robot 328 

arm will also push some mortar beyond the below brick’s edges, this extra mortar is supposed to be removed by one 329 

human worker. This task is called extra mortar removing (EMR). Third, robots may run out of bricks in their storage, 330 

so one worker is needed to check periodically and supplement bricks in time[43]. This task is called Brick Supplement 331 

(BS). All three worker agents collaborating with a robot agent need to perform the RMI task. Besides, one is 332 

responsible for BS (which is called the BS worker), another worker agent is responsible for EMR (which is called 333 

the EMR worker), and the third agent can perform other unrelated tasks. The tasks are allocated by the robot agent 334 

at “callingForCollaborator” state.  335 



 336 

Figure 8. Construction tasks for worker agents 337 

4.4.1 The task for robot moving and installing (RMI)  338 

RMI task can be divided into three parts, corresponding to three parts of Figure 9.  339 

(1) As shown in Figure 9 (a), at the very beginning, worker agents are initialized in “workerIdle” state. After 340 

informed by the working hour agent, the agents first switch to “movingToRobotStorage”, which indicates that they 341 

are moving to Robot Store Place. The state switches to “preparing state” when they have arrived. After receiving the 342 

message from robot agents indicating the completion of preparation, workers will keep moving to the robot while the 343 

robot keeps moving to the destination, which is a typical procedure of Moving Actions. After informed by the robot 344 

agents of their arrival, workers switch to “workerSettingRobot” state, which refers to installing the robot on the 345 

worksite. The robot agent will inform the workers when the installation is completed, then worker agents will switch 346 

to “workerReturn” state, in which the agents will choose a random place to rest as a typical procedure of resting 347 

category. 348 

(2) As shown in Figure 9(b), when the robot finishes the bricklaying work for one wall, it will inform workers to 349 

move to it. Then, if the working hour is not finished, workers will judge whether there are other unconstructed walls. 350 

If so, they will move the robot to the next unfinished wall. Similarly, some preparation work needs to be done. The 351 

robot agent will inform the worker agents of the finish of the preparation, then workers will keep moving to the robot 352 

while the robot keeps moving to the destination. Their arrival will be informed by the robot agent through message, 353 

then the worker agents will switch back to “workerSettingRobot” state in Figure 9(a). 354 

(3) Otherwise, workers will move the robot back to Robot Store Place (Figure 9(c)). This process resembles (2), 355 

so it will not be explained in detail. The worker agents will finally switch back to “workerReturn” in Figure 9(a). 356 
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(c) 360 

Figure 9. RMI task of worker agents 361 

4.4.2 The task for extra mortar removing (EMR) 362 

For EMR tasks and BS tasks (BS tasks will be discussed in Section 4.4.3), three human factors are incorporated.  363 

(1) Forgetting: Because the BS worker may repeat checking many times a day, he or she is possible to forget some 364 

checks. To capture this behavior, Remember Probability (RP) is determined by the following equation[44, 45], where 365 

CI refers to check interval (the time between two contiguous checks), and 𝐴,𝐵 refers to parameters. 366 

𝑅𝑃 = 𝐴𝑒−𝐵×𝐶𝐼 (1) 

(2) Muscle fatigue: In the bricklaying process, several tasks have physical workloads on masons [46], which leads 367 

to muscle fatigue. To address this, we make reference to a dynamic fatigue model proposed by Seo et al. [18]. A 368 

worker will take a voluntary rest when his current level of muscle strength is lower than the physical demand of the 369 
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next work element, and will not perform the task until the former is at least 10%MVC higher than the latter. MVC 370 

refers to maximum muscle strength. The relation of current muscle strength and the workload is shown in equation 371 

(2), and muscle strength in the recovery process can be explained in equation (3). 372 

𝐹𝑐𝑒𝑚(𝑡)

𝑀𝑉𝐶
= 𝑒−

𝐹𝑙𝑜𝑎𝑑
𝑀𝑉𝐶

𝑑
 

(2) 

𝐹𝑐𝑒𝑚(𝑡𝑏) = 𝐹𝑐𝑒𝑚(𝑡𝑎) + 𝑟 × (𝑡𝑏 − 𝑡𝑎) (3) 

𝐹𝑐𝑒𝑚(𝑡) represents the currently available maximum force at time 𝑡. 𝑑 refers to the duration of the task, and 𝐹𝑙𝑜𝑎𝑑  373 

refers to the average physical demand of a work element. Only four work elements that have physical demand are 374 

considered in this research based on Seo et al.  (Table 7). Besides, 𝑟 is the recovery rate, which equals 5%MVC per 375 

1 min when 𝐹𝑐𝑒𝑚  is lower than 90%MVC, and equals 0.3%MVC per 1 min otherwise. 376 

Table 7. Average physical demand for work elements 377 

Work element Average physical demand(%MVC) 

Extra mortar removing 10 

Grabbing bricks 40 

Dropping bricks 40 

Adding bricks 40 

(3) Behavior uncertainty: Human workers cannot act strictly like robots. The most direct way to model the 378 

uncertainty is that the duration workers need to perform a task is not fixed. Therefore, we consider adding triangular 379 

distributions with a 20% variance in the parameters related to the workers’ task duration to capture their random 380 

performance. 381 

The flowchart of the EMR worker agent is given in Figure 10. After he receives the EMR task, the agent will 382 

move to the robot. After his arrival, the EMR task begins. The EMR task is the iteration of moving to target brick 383 

and removing extra mortar on the brick, corresponding to “moveToTargetBrick” state and “brickPlastering” state.  384 

To ensure that the EMR worker has a safe distance from the robot, it is assumed that the distance between the worker 385 

agent and the robot agent should be large than the length of 10 bricks. If some workers get too closed to the robot, 386 

the robot will stop working. Besides, if the worker is exhausted, the agent will also stop and rest for a moment, which 387 

is another typical example of Resting Actions. If the worker agent receives the message from the working hour agent, 388 

it will return to “workerReturn” state in Figure 9(a). Note that when the robot runs out of bricks and stops operating, 389 



but the BS worker does not show up, the EMR worker will inform him to supplement bricks (i.e. call him by voice 390 

or cellphone).  391 

 392 

Figure 10. EMR tasks for worker agents 393 

4.4.3 The task for brick supplement 394 

The flowchart of the BS worker agent is given in Figure 11. After receiving the mission from the robot agent, the 395 

worker agent will switch to “checkIdle” state. There are two ways to begin to perform the BS tasks, which includes 396 

 (1): The agent will periodically check the bricks in the robot agent, and this procedure is labeled with a purple 397 

rectangle. To improve efficiency, he should not wait until the bricks are used up so that the robot can be supplemented 398 

before it runs out of bricks. In other words, if he finds the bricks are less than Supplement Limit (SL), he will start 399 

the supplement process directly. The worker agent will go to Temporary Store Place or Long-term Store Place to 400 

supplement bricks, corresponding to “movingToBrickTemp” state and “movingToBrickStore” respectively, 401 

depending on the number of bricks at Temporary Store Place. If it is larger than the Robot Storage Capacity, he will 402 

grab, move and add these bricks to the robot. Otherwise, the BS worker will first transport five times the Robot 403 

Storage Capacity bricks from Long-term Storage Place and drop them at the Temporary Storage Place. For each task, 404 

if the worker cannot perform the task due to fatigue, the agent will switch to “resting” state to stay until he can work 405 

again. After the robot finishes working or the working hour is finished, the BS worker agent will switch back to 406 

“workerReturn” state in Figure 9(a).    407 

(2): If the BS worker agent fails to supplement brick in time and causes the robot to use up all the bricks and stop 408 

operating, the EMR worker will inform the BS worker to start the supplement process (labeled with a red rectangle). 409 

Note that this situation is harmful to the construction productivity, since the robot will stop working for a while. 410 

Therefore, it is important to determine the proper frequency for checking and supplementing to avoid this situation. 411 
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 412 

Figure 11. BS tasks for worker agents 413 

Among the three types of workers, the BS worker is considered most important among three workers in the 414 

human-robot collaboration process due to the following two reasons: 1) the BS worker interacts more frequently with 415 

robots than the other two worker agents, and their interaction is complicated and involves two interaction modes, 416 

coexistence and collaboration; 2) The BS process involves two human-determined parameters, SL and CI, which 417 

indicates that the BS process can be optimized by developing a better supplement strategy, namely selecting 418 

appropriate values for SL and CI. Therefore, the following sections mainly focus on analyzing the BS process. Note 419 

that other tasks like the EMR task can be analyzed following the same route.  420 

4.4.4 Summary of parameters 421 

Parameters and meanings of worker agents and their meanings are summarized in Table 8. 422 

Table 8. Parameters of worker agents 423 

Parameter Meaning 

Moving Robot Velocity The moving speed of workers when moving a robot 

Walking Velocity Moving speed of workers 

Mortar Removing Duration The time for a worker to remove mortar on one brick 
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Supplement Limit (SL) Under this limit, the worker will start the supplement process 

Check Interval (CI) The interval between two contiguous check 

Preparation Duration The time needed for preparation work 

Installation Duration The time needed for robot installation 

Grabbing Duration The time needed for grabbing bricks 

Dropping Duration The time needed for dropping bricks 

Supplement Duration the time needed for supplementing bricks 

Carrying Velocity the moving velocity for the BS worker when transporting bricks 

A, B Parameters related to forgetting behavior 

4.5 Sensor-based proactive interaction 424 

So far, the robot is acting passively in collaboration. For example, in the BS process, the robots just focus on their 425 

tasks and only passively wait for workers to come and check. It does not provide any information and guidance to 426 

help workers better decide the checking time and frequency. On contrary, the robot can be designed to interact 427 

proactively with workers. For example, imagine some gravity sensors are installed that will alert workers when the 428 

bricks inside are less than SL. This design can provide useful information about the appropriate action time to workers, 429 

so that the workers can supplement bricks in time. This section further develops the model to simulate this new design 430 

with gravity sensors. Note that other designs, such as a user interface that can predict the possible time for running 431 

out of bricks, can be implemented by summarizing their functions by defining new agents, following the same way 432 

as the gravity sensor agent 433 

In the new high-fidelity model, the flowchart of the sensor agent is given in Figure 12. The agent is initialized in 434 

“closed” state. When the robot agent begins to work, the sensor agent is activated and switches to “checking” state. 435 

At this state, every time the bricks in the robot are insufficient, the agent switches to “alerting” and sends messages 436 

to worker agents. After the bricks are sufficient again, the sensor agent will switch back to “checking” state. After 437 

the robot finishes its work, the sensor agent will switch to “closed” state again. Note that the sensor will only alert 438 

for five seconds and then stop sending alerts. or it will bring too much noise. 439 



 440 

Figure 12. Sensor agent 441 

5 Low-fidelity modeling: generalization from simple to complex scenarios 442 

The proposed high-fidelity simulation model focuses on simple scenarios with only one robot agent (with or 443 

without gravity sensors) and three worker agents. When there exist more robots or more workers, their duties may 444 

have overlap, and the interaction between agents will be complicated, which makes it very difficult and 445 

computationally expensive to model the complex scenarios. Instead, we model a sub-collaboration system that only 446 

contains one robot, as the average performance of complex scenarios. This generalization approach enables us to 447 

model all the complex scenarios with one high-fidelity model. This method has the following two advantages, 448 

convenience and flexibility, comparing to building precise simulation models for each complex scenario, 449 

• Convenience: complex scenarios may involve a large number of workers and robots, which poses great 450 

difficulty to the modeling procedure. Besides, these agents and their interaction will also cause high computation 451 

expenses. In contrast, the generalization approach will not need much extra effort and computation resources.  452 

• Flexibility: Building a precise model for each complex scenario is not flexible. For example, if the number 453 

of workers and robots changes, or the robot uses a new type of sensor, the model should be changed significantly or 454 

even rebuilt. On the contrary, complex scenarios can be unified to the same simulation model with a proper scenario 455 

generalization technique, which makes the model more adaptive. 456 

5.1 Scenario classification 457 

First, we give a clear criterion for classifying simple and complex scenarios. As discussed in Section 4.4, the 458 

analysis mainly focuses on the BS tasks. Thus, two complex scenarios are considered in this research (Figure 13): 1) 459 

Multiple Robots-Single BS Worker scenario, where one BS worker checks and supplements bricks for multiple robots 460 

simultaneously; 2) Multiple Robots-Multiple BS Workers, which has several BS workers and several robots on site. 461 
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These two scenarios have no restrictions on the installation of gravity sensors. In other words, the existence of gravity 462 

sensors does not influence the classification of scenarios, since we have already developed the sensor agent in the 463 

high-fidelity model. 464 

 465 

Figure 13. Simple and complex simulation scenarios 466 

5.2 Scenario generalization 467 

5.2.1 Key parameters to capture the relationship between complex and simple scenarios 468 

In the simple scenario, the interaction between the robot and the BS worker is summarized as follows. If there are 469 

no gravity sensors, the BS worker periodically checks the robot; the robot (the EMR worker beside the robot) informs 470 

the BS worker when it runs out of bricks. If the sensors are installed, the BS worker can also get notified by the 471 

sensors. 472 

For the Multiple Robots-Single BS Worker scenario, in the robot’s perspective, it is still checked periodically. 473 

When it runs out of bricks, it will still be supplemented after informing someone. The robot itself cannot identify 474 

how many robots are onsite given the behavior of workers. In other words, the sub-collaboration system with only 475 

one robot and one BS worker in complex scenarios does not have essential differences comparing to the simple 476 

scenario, which can be simulated by the high-fidelity model. The only three minor differences are: 1) The robot will 477 

experience a larger check interval since the BS worker needs to deal with multiple robots simultaneously. In other 478 

words, the interval of robots gets checked may be longer than the check interval of the BS worker regulated by the 479 
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supplement strategy; 2) When the BS worker receives the message from the EMR worker, the BS worker is possibly 480 

supplementing bricks for another robot, thus the BS worker may not immediately respond to the request; 3) As a 481 

result, the robot may not restart operating until the next check of the BS worker. To describe the differences, the 482 

modified flowchart of the BS worker is given in Figure 14. A new path (the red dotted rectangle) is used to describe 483 

the situation that the BS worker cannot respond immediately to the robot. We introduce three extra parameters to the 484 

high-fidelity simulation model. The interval of robots gets checked is called Get Checked Interval (GCI). GCI will 485 

completely replace CI in the high-fidelity model. Besides, Occupied Rate (OR) refers to the probability that the BS 486 

worker cannot respond immediately. If that happens, the robot needs to wait for Waiting Time (WT) before it is 487 

supplemented. These three parameters capture the inner relationship between complex scenarios and simple scenarios 488 

(summarized in Table 9). After the parameters are extracted, the values are assigned to the corresponding parameters 489 

in the modified simulation model. Therefore, we can simulate the sub-collaboration system by the high-fidelity model. 490 

Because all the robots are the same, the sub-collaboration system is essentially the average behavior of all the robots 491 

onsite. To this end, the whole complex scenarios are simulated. Note that simulating the complex scenario by 492 

averagely modeling its subparts will induce some error. However, considering it brings so many benefits as 493 

mentioned before, it is reasonable to sacrifice accuracy to some degree in return for better convenience and flexibility 494 

in the modeling process. 495 

It is clear that this approach is suitable for the Multiple Robots-Multiple BS Workers scenario. Besides, the simple 496 

scenario with one robot and one BS worker can also be modeled after assigning CI to GCI and assigning 0 to OP and 497 

WT.  498 



 499 

Figure 14. Modified flowchart of the BS worker for complex scenarios 500 

Table 9. Key parameters capturing the relationship between complex and simple scenarios 501 

Parameter Meaning 

Get Checked Interval (GCI) The check interval experienced by the robots 

Occupied Rate (OR) The probability that the robot cannot respond immediately 

Waiting Time (WT) The time the robot needs to wait before the BS worker give responses 

5.2.2 Extracting key parameters by the low-fidelity model 502 

In order to model the complex scenarios with the simulation model, it is crucial to extract the value of GCI, OR, 503 

WT in these scenarios. A low-fidelity model is proposed to extract the parameters without the necessity to build a 504 

high-fidelity model for each complex scenario, as mentioned before. There are four main differences between the 505 

high-fidelity and low-fidelity model (Table 10).  506 

• Platform: The high-fidelity model uses Anylogic© as the simulation platform, while the low-fidelity model 507 

is programmed using Object-Oriented-Programming in Python.  508 

• Position and movement: The high-fidelity model considers the real position, physical movement and detailed 509 

behaviors of agents in the simulation environment. For example, when the BS worker starts to supplements the bricks 510 

for the robot, he needs to move to the storage place first, and then performs other actions such as grabbing and moving 511 
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bricks. Considering the duration for each action is well defined and a task contains a series of actions, the duration 512 

of a task is the sum of durations for each action. For example, the time needed for a BS task contains the duration of 513 

moving, grabbing bricks, etc. Since the start position and end position are not fixed, the duration is a random variable. 514 

We collect the average duration of the whole checking process 𝑇𝑐 , the supplementing process from Temp Storage 515 

Place 𝑇𝑠𝑡  and Long-term Storage Place 𝑇𝑠𝑙  in the high-fidelity model. In the low-fidelity model, we ignore the 516 

position and movement of agents and directly use 𝑇𝑐 , 𝑇𝑠𝑡  and 𝑇𝑠𝑙 as the time needed for each corresponding task. 517 

• Ergonomic behaviors: In the high-fidelity model, we consider the forgetting behavior and the fatigue of 518 

human workers. Besides, the triangular distributions are applied to capture workers’ random performance. In the low-519 

fidelity model, all these ergonomic behaviors are ignored to simplify the model. 520 

• Flexibility: Due to the aforementioned three points, the low-fidelity model becomes much easier to build 521 

and modify than the high-fidelity model. 522 

Table 10. Comparison between the high-fidelity and low-fidelity model 523 

The high-fidelity model The low-fidelity model 

Use Anylogic© as the simulation platform Use Object-Oriented-Programming (OOP) in Python 

Consider the position and movement of agents Ignore the position and movement 

Consider the ergonomic behaviors of workers Ignore the ergonomic behaviors 

Hard to build and modify Easy to build and modify 

In the low-fidelity model, if the robot runs out of bricks and informs the BS workers to start the supplement 524 

process but all the BS workers are busy, it will be recorded as a failed request. Otherwise, if there is at least one 525 

available worker responds, it will be recorded as a successful request. For the scenario with gravity sensors, the alert 526 

that at least one BS worker can respond to is considered a successful request. Otherwise, the alert belongs to a failed 527 

request. Occupied Rate (OR) is calculated according to equation (4). 𝑛𝑢𝑚𝑓  and 𝑛𝑢𝑚𝑠 refer to the number of failed 528 

requests and successful requests respectively. When the robot is supplemented after a failed request, the model will 529 

calculate and record the interval between the request and the current time. Waiting Time (WT) is the average interval.  530 

𝑂𝑅 =
𝑛𝑢𝑚𝑓

𝑛𝑢𝑚𝑠 + 𝑛𝑢𝑚𝑓
   

(4) 

According to Figure 11, the definition of Check Interval (CI) is the interval between the time when the worker 531 

returns to “CheckIdle” state and the time the worker starts to check. The extraction of Get Checked Interval (GCI) in 532 



the robot’s perspective is given in Figure 15 following the similar definition. For the scenario with two robot agents 533 

and one worker agent, GCI is longer than CI. The low-fidelity model will keep updating the latest end time of 534 

checking or supplementing. When the worker starts to check a robot, the model will calculate the interval between 535 

the latest end time and the current time. The interval is recorded as GCI for the corresponding robot. The average of 536 

all GCI for all robots will be calculated and used as the final value. 537 

 538 
Figure 15. Check Interval (CI) in the robot’s perspective 539 

Then, the extracted OR, WT and GCI will be used to value the corresponding parameter in the high-fidelity model 540 

to simulate the sub-collaboration system in the complicated scenarios. The overall procedures are summarized in 541 

Figure 16. 542 

 543 

Figure 16. Overall procedures of scenario generalization 544 
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6 Simulation experiments 545 

This section formulates simulation experiments for in-depth investigations into the influence of HRC on 546 

construction productivity. The influence is twofold. On the human side, workers can develop strategies to better 547 

collaborate with robots and improve construction productivity. Specifically, in the BS task, a better supplement 548 

strategy can be developed to reduce the downtime of the robots due to the lack of bricks. On the robot side, the robot 549 

can be designed to proactively interact with human workers. An example of the proactive design is to install gravity 550 

sensors. This section examines the twofold influence separately. Before that, the parameters in the model are 551 

calibrated, and the validation of the model is introduced. 552 

6.1 Data collecting 553 

Values of parameters involved in the model are given in Table 11 based on theoretical evidence, empirical 554 

evidence and necessary assumptions[35, 47]. More specifically, the third and the fifth parameters are directly 555 

observed from the video records[48]. Parameters related to the walking speed[49] and the forgetting behaviors[19, 556 

44, 45] are derived from related researches. Note that the walking speed in [49] is around 1.3m/s. However, we 557 

consider that masons are under high workload and they usually need to walk in disordered and dangerous construction 558 

sites, so the value for Walking Velocity is smaller. The workers on site are usually experienced, therefore A and B 559 

equals 1 and 0.01[19]. The other parameters are based on assumptions. However, note that these parameters depend 560 

on the specific characteristics of robots and workers. The goal of this research is to propose a multi-fidelity modeling 561 

approach to simulate and analyze the HRC process without dealing with specific robots and workers. Therefore, 562 

making some assumptions is reasonable here. Also note that the value for these parameters can be easily adjusted 563 

when used in a specific circumstance. The worker agent also has two human-determined parameters, SL and CI. 564 

These parameters are determined by the supplement strategy, whose influence on productivity will be analyzed in 565 

this section. 566 

As mentioned in Section 4.4, triangular distributions with a 20% variance are applied to the duration of preparation, 567 

installation, mortar removing, grabbing, dropping, and supplementing bricks. During each simulation experiment, 568 

AnyLogic© will determine the value of parameters according to the predefined constants or distributions in Table 11 569 

to ensure that the parameters will not change in the collaboration process. The values of SL and CI are changed 570 

manually in different simulation scenarios. 571 



Table 11. Value of parameters 572 

Agent Index Attribute  Value Data source 

Robot 

1 

Moving Velocity in Working 0.2m/s 

Assumptions  

(depends on the robot’s type) 

2 Robot Storage Capacity 300 bricks  

3 Brick Laying Duration 10s Video records[48] 

Worker 

4 Walking Velocity 0.75m/s Previous research [49] 

5 Mortar Removing Duration 5s Video records[48] 

6 

Supplement Duration 10s 

Assumptions  

(depends on the robot’s type and 

the worker’s characteristics) 

7 Preparation Duration 20min  

8 Installation Duration 20min  

9 Grabbing Duration 30s  

10 Dropping Duration 30s  

11 Moving Robot Velocity 0.33m/s  

12 Carrying Velocity 0.67m/s  

13 A 1 

Previous research[19, 44, 45] 

14 B 0.01 

 15 SL and CI Varying Decided by the supplement strategy 

6.2 The randomness of experiment results 573 

This section discusses the randomness in the experiments. We take three experiments as examples for better 574 

illustration. The values of SL and CI for these experiments are given in Table 12. Note that other parameters will 575 

have similar results. Each experiment is run five times. The construction time of each experiment is shown in Figure 576 

17. For the first experiment, the range of construction time is from 392.53 hours to 392.58 hours. There is no big 577 

variation in the results. On contrary, for the other two experiments, we can see remarkable fluctuation in the 578 

construction time. The difference can reach to near 20 hours. The randomness is due to the triangular distributions 579 

with a 20% variance in the parameters mentioned in Section 4.4, which induce uncertainty to the system. Sometimes 580 



the uncertainty will not have much influence on the construction time (like the first experiment). However, note that 581 

the working hour agent restricts that the workers and robots can only work up to eight hours. If the work for the last 582 

day still needs nearly eight hours, another day may be needed to finish all the work due to a slight delay, inducing a 583 

remarkable change to the construction time.  584 

Table 12. Experiment design to illustrate randomness 585 

Index Parameters 

1 SL = 300, CI=100, without sensors 

2 SL = 300, CI=1800, without sensors 

3 SL = 300, CI=3800, without sensors 

 586 

Figure 17. Experiment results to illustrate the randomness 587 

Since the experiment has randomness, it is important to run each simulation experiment in the following sections 588 

five times to eliminate the effect of randomness. Then, the average construction time is selected as the measurement 589 

of construction productivity. 590 

6.3 Model validation 591 

The first experiment is the simple scenario with one robot and one BS worker. This setting is consistent with the 592 

real working scenario of SAM100 from video records[48]. Because it is the simple scenario, OR and WT equal 0. 593 

From the video record, it can be seen that the BS worker always stays with the robot, which reflects checking and 594 

supplementing of high frequency. Therefore, in this experiment, the value of SL and CI are 300 and 100, which 595 

represents frequent supplementing and checking respectively.  596 

When SL equals 300 and CI equals 100, the total construction time is 392.55 hours. The construction task contains 597 

38920 bricks in all, so averagely the robot agent can lay 2380 bricks per day. The comparison between the model 598 



results and the performance of real SAM100 reported in [10] is listed in Table 13. Results show that the model can 599 

accurately predict the performance of bricklaying robots, which shows superior applicability of the model. The 600 

remaining difference between the model result and the actual value is probably because the CI in the real-world 601 

application is smaller than 100. The inevitable simplification in the simulation, the error in the value selection of 602 

parameters, and the difference between the layout in the simulation environment and real-world application may be 603 

other reasons. 604 

Table 13. Model validation 605 

Data source Model result SAM100[10] 

Bricks laid per day 2380 2000 - 3000 

6.4 Influence of supplement strategy 606 

Supplement strategy is a key interaction between workers and robots, which determines the checking and 607 

supplementing frequency of BS workers. With a better strategy, BS workers can supplement bricks in time to avoid 608 

the breakdown of the robot. Therefore, it is important to study how supplement strategy influences construction 609 

productivity. The supplement strategy contains two parts. The first part is how a single BS worker collaborates with 610 

robots. Parameters related to this part are CI and SL. On the other hand, in the global view, the supplement strategy 611 

also determines the ratio between robots and BS workers. Since more BS workers will naturally make the checking 612 

more frequent. Note that gravity sensors are removed to emphasize the impact of the supplement strategy.  613 

The scenario design is provided in Table 14. The first two scenarios focus on the supplement strategy of a single 614 

BS worker. For the Single robot –Single BS worker scenario, OR and WT both equal 0, and GCI equals CI. For the 615 

other two scenarios, we consider two robots and two BS workers at most in the construction site. Key parameters, 616 

OR, WT and GCI are extracted from the low-fidelity model. For each scenario, 60 groups of simulation experiments 617 

are conducted with different CI and SL according to Table 15. Since the maximum number of bricks in the robot is 618 

300, the maximum value of SL is 300. Results from pretests show that 3800 seconds is enough to show the trend 619 

clearly, therefore the maximum value of CI is chosen as 3800. We consider 50 and 100 are small enough comparing 620 

to the maximum value, 300 and 3800. Thus, 50 and 100 are chosen to be the minimum values of SL and CI, 621 

respectively.  622 



Table 14. Scenario design regarding the supplement strategy 623 

Index Strategy Work scenario 

1 Supplement strategy 

of a single BS worker 

Single robot –Single BS worker 

2 Multiple robots –Single BS worker 

3 Human-robot ratio Multiple robots –Multiple BS workers 

Table 15. Values of parameters related to supplement strategy 624 

Parameter Range 

CI (seconds) 100, 200, 300, 800, 1300, 1800, 2300, 2800, 3300, 3800 

SL 50, 100, 150, 200, 250, 300 

6.4.1 The Single Robot-Single BS worker scenario 625 

For the first scenario with one robot and one BS worker, construction time of different values of SL and CI are 626 

provided in Table 18 in Appendix A.  627 

The overall effect of CI and SL on construction time is provided in Figure 19(a) using a contour map. Note that 628 

in this scenario, increasing SL and decreasing CI can reduce the construction time. This conclusion is straightforward. 629 

The BS worker only needs to focus on one robot, so larger SL and smaller CI mean more frequent checking and 630 

supplementing. However, this will also lead to the higher workload of the BS worker. Managers can use the proposed 631 

results to better balance the workload and construction productivity. Generally, the system can achieve good 632 

performance when SL is between 200 and 300 while CI is lower than 1500, which refers to the dark blue rectangle 633 

area in the figure. 634 

As for the variation trend, the relationship between construction time and CI is given in Figure 20(a) and (b). All 635 

curves follow a rising trend. We track the GCI in the low-fidelity model of this scenario. When CI reaches 3800, for 636 

all SL from 50 to 300, the GCI is “infinite”. To explain this phenomenon, remember that in our model we consider 637 

two ways to supplement bricks for robots. First, the BS worker will periodically check the bricks in the robot, and 638 

start the supplement process when bricks are less than SL. Second, if the robot has used up all the bricks and stopped 639 

operating, the EMR worker beside the robot will notice and inform the BS worker. Note that the robot will stop 640 

working for a while in the second way, which is harmful to the construction productivity. In this situation when CI 641 

reaches 3800, the interval is so long that the BS worker is not possible to check the robot in time. As a result, all the 642 

supplement process starts with the information from the EMR worker, which leads to the low productivity. This is 643 



the reason why 3800 is chosen as the upper bound of CI in the experiment design since larger CI will generate similar 644 

results. Besides, note that for smaller SL, the productivity curve will rise earlier. For example, when SL equals 50, 645 

the construction time will go beyond 460 hours when CI is just 800. The low-fidelity model indicates that this early 646 

rise is due to the impropriate ratio of CI and SL. For example, when SL equals 50 and CI equals 800, the CI is 647 

relatively much bigger than SL. As a result, although sometimes the bricks are more than SL, these bricks cannot 648 

sustain for the next interval. Similarly, when SL equals 100 and CI equals 1800, no supplement process follows the 649 

check process of the BS worker, so that the robot cannot avoid running out of bricks. The analysis indicates another 650 

important function of the low-fidelity model. It can help one to understand the simulation results of the high-fidelity 651 

model. 652 

6.4.2 The Multiple Robots-Single BS Worker scenario 653 

For the second scenario with two robots and one BS worker scenario, note that the variation trend is different. 654 

Despite the similar dark blue area for small CI and large SL, there is another dark read area corresponding to small 655 

CI and small CI in Figure 19(b). When SL is less than 100, CI is less than 500, the construction time is extremely 656 

high. It can be identified clearly in Figure 20 (c) and (d). The effect of CI on productivity reflects two types of 657 

variation trends. For larger SL (200, 250,300), the variation trend is similar to the first scenario. However, for smaller 658 

SL (50, 100, 150), the construction time first decreases and then goes up with growing CI. This means that in some 659 

circumstances, diligence (frequent checking) may have a counter effect on productivity.  660 

To explain this counterintuitive trend, note that for scenarios with smaller SL, the productivity is more sensitive 661 

to the effectiveness of each check. Because when the SL is small, the BS worker does not start the supplement process 662 

until the bricks in the robot are relatively less. If one check is delayed and the robot only has a few bricks, these 663 

bricks may not sustain the next cycle. Also note that two robots are competing for the limited time of one BS worker 664 

in this scenario. Therefore, the supplement process for one robot may lead to the check for the other robot being 665 

delayed, which is likely to cause the other robots to run out of bricks. Besides, since all the supplement tasks are 666 

compacted to a small period, the Occupied Rate will be very high in this period, which makes the worker cannot 667 

respond immediately to the stop of robots. In contrast, when the SL is larger, the BS worker starts the supplement 668 

process early, thus the BS worker still has plenty of chances to check and supplement the robot in time before the 669 

bricks are used up.  670 

The construction time data is provided in Table 19 in Appendix A. 671 



6.4.3 The Multiple Robots-Multiple BS Workers scenario 672 

For the third experiment with two robots and two BS workers, the general distribution of construction time is 673 

similar to the single robot-single BS worker scenario, as shown in Figure 19. The intense competition for the time of 674 

BS workers is relieved by introducing extra labor forces. As a result, the dark red area in Figure 19(b) dissipates. 675 

Note that the dark blue area is similar to the Single Robot-Single BS Worker scenario, but some green area is replaced 676 

by the blue area in Figure 19(c). This indicates that productivity increases although the ratio between robots and 677 

workers remains the same. This implies that there exists a scale effect between the collaboration of robots and BS 678 

workers, especially for scenarios with larger CI. The reason behind this is that the large portion of overlap between 679 

check intervals makes that the GCI smaller than the CI determined by the supplement strategy (Figure 18). 680 

 681 

Figure 18. Explanation of the scale effect 682 

The construction time data is provided in Table 20 in Appendix A. 683 

6.5 Influence of proactive interaction 684 

This section investigates how proactive interaction designs, namely the installation of gravity sensors, affect 685 

construction productivity. Gravity sensors are used in the simulation. Note that the values of CI and SL still vary 686 

according to Table 15. The only difference is that 300 is removed from the possible value of SL. Otherwise, the 687 

sensor will send alerts just after the bricks are supplemented, which is not realistic.  688 

6.5.1 The Single Robot-Single BS Worker scenario 689 

The construction time distribution with SL and CI is provided in Table 21 and Figure 19(d). Note that CI, which 690 

has a great influence on the productivity in previous sections, does not have much impact. This is because the BS 691 
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workers do not need to rely on checking to obtain the information thanks to the gravity sensors. Therefore, with the 692 

sensors installed, workers do not need to check frequently. The workers’ burden is greatly relieved. Furthermore, the 693 

decrease of construction time, namely the improvement of construction productivity, is provided in Figure 21(a). 694 

Results show that the sensor can always improve productivity regardless of the value of CI and SL. Averagely, 695 

productivity can improve by 4.94%. Specifically, the improvement is remarkable when SL and CI are larger. 696 

According to our experiments, when SL and CI are greater than 200 and 2800 respectively, the productivity can 697 

generally improve more than 10%. Then improvement is up to 18.04% when SL and CI equal 250 and 3800 698 

respectively. As discussed before, large SL refers to potentially frequent supplementing. But the supplement strategy 699 

with large CI does not fully exploit the potential when there are no gravity sensors. The installation of gravity sensors 700 

eliminates the impact of CI and helps these scenarios to achieve their full potential. On contrary, when CI is less or 701 

equal to 300, the improvement is neglectable. This phenomenon is due to the overlapping effect of gravity sensors 702 

and periodical checks. Note that if CI is relatively small, the BS workers are able to identify the time when the bricks 703 

are less than SL and start the supplement process. In this circumstance, the existence of gravity sensors can only 704 

move the check a little ahead of schedule, which does not have much influence on the overall performance. From 705 

this, we conclude that directly introducing gravity sensors may not be a good idea since sensors are expensive. The 706 

adoption of gravity sensors needs to coordinate with the development of supplement strategy to fully exploit the 707 

benefits of sensors. To this end, the twofold influence, namely the supplement strategy and the design for proactive 708 

interaction, are connected. 709 

6.5.2 The Multiple Robots-Single BS Worker scenario 710 

For the Multiple Robots-Single BS worker scenario, some interesting observations are listed below.  711 

1. According to Figure 19(e), CI does not have much influence on construction productivity. Similar to the 712 

previous scenario, the existence of gravity sensors eliminates the effect of CI.  713 

2. The productivity improvement is provided in Figure 21(b). It can be seen that the gravity sensors can always 714 

improve construction productivity as well. Averagely, the productivity can improve by 11.04%, which is more 715 

effective than the Single Robot-Single BS Worker scenario. This indicates that the human-robot ratio influences the 716 

improvement of productivity. When the human-robot ratio decreases, the average workload increases, which further 717 

needs the sensors to help coordinate. Therefore, the effect of gravity sensors is more remarkable when the human-718 

robot ratio is smaller.  719 

3. Specifically, different from the previous scenario, when CI and SL are both small, the construction productivity 720 



has significant improvements. When SL and CI are less or equal to 100 and 200 respectively, the productivity can 721 

increase 17% to 22%.  As discussed before, in this area, the competition between two robots will increase the 722 

Occupied Rate of the BS worker. Thanks to the extra information provided by the gravity sensors, the checking and 723 

supplementing process can be well organized which can relieve the intense work. 724 

4. From the blue area in Figure 21(b), it can be seen that the supplement strategy can greatly affect the effect of 725 

introducing gravity sensors.  726 

The construction time data is provided in Table 22 in Appendix A. 727 

 728 
(a) Single Robot-Single BS Worker                      (b) Multiple Robots-Single BS Worker 729 

 730 
(c) Multiple Robots-Multiple BS Workers            (d) Single Robot-Single BS Worker with sensors 731 

 732 
(e) Multiple Robots-Multiple BS Workers with sensors 733 



Figure 19. Construction time for the different scenarios 734 

              735 
(a) Single Robot-Single BS Worker (small SL)           (b) Single Robot-Single BS Worker (large SL) 736 

       737 
(c) Multiple Robots-Single BS Worker (small SL)        (d) Multiple Robots-Single BS Worker (large SL) 738 

Figure 20. The effect of CI on productivity for multiple robots-single BS worker scenarios 739 

        740 
(a) Single Robot-Single BS Worker                              (b) Multiple Robots-Single BS Worker 741 

Figure 21. The improvement of proactive interaction 742 

7 Discussion 743 

In this section, we review the whole paper and discuss the key points in the development, utilization and potentials 744 

of the simulation model. 745 



7.1 Human-robot collaboration characteristics 746 

In Section 2.1, we discuss that the complexity and uniqueness in the HRC process in construction are because 1) 747 

it simultaneously involving multiple communication and interaction modes; 2) it stresses safety requirements; 3) 748 

humans and robots show different characteristics in collaboration. All three factors are well considered in the 749 

simulation model, which shows the great applicability of our model in the HRC process in construction. 750 

• Table 16 and Table 17 show the communication modes and interaction modes related to the bricklaying 751 

process. It shows that HRC process simultaneously involves three communication modes and three interaction modes. 752 

These modes are successfully captured by the proposed model.  753 

Table 16. Involved communication modes in the AB model 754 

Communication mode Scenario 

Direct physical interaction 

The BS worker supplements bricks for the robot; 

Workers move the robot; 

Remote contactless interaction 

The Robot waits for EMR for the next layer; 

Sensors alert workers; 

Message exchange Workers install the robot; 

Table 17. Involved interaction modes in the AB model 755 

Interaction mode Scenario 

Coexistence BS tasks and robot laying bricks happen at the same time, 

same place but different items and tasks 

Cooperation The EMR worker and the robot work at the same time, 

same place, same item (a wall), but different tasks 

Collaboration The BS task is performed by the BS worker and the robot  

• As mentioned before, the robot will not start laying the next layer until the EMR worker finishes the layer. 756 

Besides, the minimum distance between robots and workers is required. These two rules represent the safety 757 

requirements. Other requirements can be embedded in the model as well in the same way.  758 

• The different characteristics of humans and robots can be easily modeled by determining different behavior 759 

rules for two agents thanks to the nature of AB simulation. In this research, forgetting, fatigue and behavior 760 

uncertainty are considered. 761 



7.2 Inspiration from the simulation results  762 

From the simulation results, the influential factors have a complicated, and profound influence on construction 763 

productivity. Generally, it is highly recommended to adopt a robot design that can proactively interact with workers 764 

(i.e., adopting gravity sensors) and hire more workers. These approaches are proved to be always beneficial to 765 

construction productivity according to the simulation. Furthermore, note that in scenarios with multiple robots, 766 

although the average performance regarding one robot is inferior to the performance of the scenario with a single 767 

robot (Figure 19), the existence of multiple robots can multiply productivity. Hence, introducing more robots to 768 

construction can improve productivity as well. Considering all three measurements (introducing gravity sensors, 769 

more workers and robots) will increase the cost, there is essentially a trade-off between productivity and cost. We 770 

want to stress that the proposed simulation model can accurately examine the benefits of each measurement, thus it 771 

is a powerful tool for managers in estimating the trade-off. 772 

There are also ways to improve productivity without introducing many costs. We also prove that a better 773 

supplement strategy, namely adopting proper values for SL and CI, can greatly improve productivity. The manager 774 

can test and choose a good supplement strategy by adjusting the parameters in the proposed simulation model, or 775 

building their model following the key modeling points in Section 4 and 5. The existence of the low-fidelity model 776 

makes the process very easy, since the majority of work in revising and building models is on the low-fidelity model 777 

instead of having to build their own high-fidelity model. 778 

7.3 Future model development and analysis 779 

In this research, we only focus on the influence of the HRC process on productivity as one aspect of construction 780 

performance. Specifically, major attention is paid to the influence of the collaboration strategy of workers and the 781 

proactive design of robots. Admittedly, there are still some important issues we can add and further enrich the model. 782 

Some other influencing factors can also be analyzed based on the simulation model. However, since the space is 783 

limited, we cannot cover all the aspects. This section discusses the future directions of this research. 784 

7.3.1 Influence of human factors 785 

Three human factors, forgetting behaviors, muscle fatigue and behavior uncertainty, highlight the difference 786 

between humans and robots. It will be interesting to investigate the influence of the three parameters. We plan to 787 

design some experiments to analyze the variation trend while adjusting the related parameters. For example, we can 788 

magnify the values in Table 7 or A, B to represent workers that are more easily to feel tired or forget, respectively. 789 

The challenge is to pick the values of these parameters in a scientifically rigid way.  790 



7.3.2 Influence of safety issues 791 

Besides, the safety issue is also very important for the HRC process. In this research, we mainly consider the two 792 

safety requirements. (1) Robots will not start working on the next layer until the EMR worker finishes the current 793 

layer. (2) Robots will stop working when there is a worker nearby. In the future, we plan to consider more safety 794 

requirements to make the simulation more realistic. When there are more safety rules, it is more convenient to 795 

formulate a new abstract safety agent that takes charge of all safety requirements. With this safety agent, it will be 796 

easy to add, delete or modify safety rules since all the rules are under centralized management. Furthermore, we can 797 

investigate the influence of the safety issue. For example, we can count how many times the robot stops due to a 798 

nearby worker, and then explore how to optimize the site layout to reduce the stop time. 799 

7.3.3 Influence of construction quality 800 

The construction quality issue is also worthy of investigation. We plan to consider the random error of the position 801 

of newly generated brick agents in future work. The challenge of this approach is to correlate the construction quality 802 

with the HRC process. One approach is to consider that this position error may be accumulated due to the possible 803 

initial installation error. To avoid the accumulated error, it is interesting to design a new supervision task for worker 804 

agents. The new worker will stop and reinstall the robot if the accumulated error is noticeable.  805 

8 Conclusion 806 

Considering the complexity and uniqueness of HRC process in construction, it is still unclear how it will impact 807 

construction productivity. In this research, an agent-based multi-fidelity simulation approach is applied to address 808 

this question. The following conclusions are drawn from this study. 809 

1. The proposed simulation method shows accuracy, applicability and flexibility. On one hand, the simulation 810 

model can accurately predict the performance of the bricklaying process and cover multiple collaboration modes and 811 

interaction modes, which shows superior applicability of the model. On the other hand, the utilization of the multi-812 

fidelity simulation approach makes the model easy to be revised and applied to other scenarios. Besides, the 813 

simulation model can help examine the effects of possible optimization solutions virtually instead of having to test 814 

them on the spot, which can reduce the cost and risk. 815 

2. The supplement strategy has a great influence on productivity. Generally, when there is only one robot, higher 816 

Supplement Limit (SL) and smaller Check Interval (CI) can improve construction productivity. However, when there 817 

are more robots onsite but the workers remain the same, the competition between robots for the limited time of 818 

workers will worsen the construction performance, especially when SL and CI are both small.  819 



3. The research also reveals the scale effect in the collaboration system. If there are more robots and workers, 820 

even if the human-robot ratio remains the same, the productivity per robot can be improved.  821 

4. The installation of gravity sensors can enable robots to proactively interact with workers. Introducing sensors 822 

can improve construction productivity significantly, up to 22%. The research also finds that the installation of sensors 823 

may not always have a remarkable effect. The effect is influenced by the supplement strategy and the human-robot 824 

ratio. The effect is generally more remarkable when SL and CI are large and when the human-robot ratio is small. 825 

Overall, this research contributes an integrated approach to simulate and evaluate HRC’s impacts on construction 826 

productivity as well as valuable insights on how to optimize HRC for better performance. The authors summarize 827 

key points in simulation and show a paradigm concerning analyzing the effect of HRC based on the model, which 828 

allows this method to be extended to other robot-aided construction domains besides bricklaying. The proposed 829 

approach is also useful for the development of new robots, optimization of HRC process to maximize construction 830 

performance and occupational health. 831 

Further research can be conducted to better develop and utilize the proposed model.  Many parameter values in 832 

this research are not based on actual robots due to the limited practical application. As construction robots become 833 

more prevalent, parameters can be adjusted to actual values. Besides, as discussed in Section 7, it is interesting to 834 

discuss the influence of human factors, safety issues and construction quality based on the simulation model. Finally, 835 

this research focuses on the construction domain. Using the proposed modeling approach to simulate and analyze the 836 

human-robot collaboration process in other industries will also be meaningful. 837 
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Appendix A. Simulation Results 845 

Table 18. Construction time for the Single Robot-Single BS Worker Scenario 846 

SL/CI 100 200 300 800 1300 1800 2300 2800 3300 3800 

50 440.544 440.594 440.619 464.546 464.580 464.564 464.560 464.549 464.554 469.435 

100 440.554 440.596 440.567 440.560 440.552 464.560 459.850 450.290 464.567 474.234 

150 421.381 416.663 426.224 440.559 440.546 445.339 440.578 440.661 464.543 464.708 

200 402.174 416.539 411.854 416.556 416.581 440.559 440.635 445.361 464.563 464.542 

250 397.346 392.561 392.565 411.874 416.590 431.016 440.621 450.287 459.811 478.963 

300 392.553 392.549 392.564 402.181 416.540 426.251 440.563 440.631 464.554 469.378 

Table 19. Construction time for the Multiple Robot-Single BS Worker Scenario 847 

SL/CI 100 200 300 800 1300 1800 2300 2800 3300 3800 

50 565.33  565.38  551.05  493.39  488.56  469.36  488.54  469.46  483.79  483.77  

100 560.57  565.34  560.53  517.47  493.65  459.85  464.60  464.79  469.40  488.57  

150 512.55  488.57  512.58  450.19  455.13  464.53  474.25  469.36  474.35  483.93  

200 416.56  416.58  416.55  440.56  488.58  464.63  474.39  464.66  474.26  488.58  

250 402.19  411.76  416.57  426.28  488.60  474.34  479.15  464.56  479.02  488.58  

300 397.37  416.57  416.56  435.79  488.57  464.71  483.81  464.81  469.55  488.54  

Table 20. Construction time for the Multiple Robot- Multiple BS Worker Scenario 848 

SL/CI 100 200 300 800 1300 1800 2300 2800 3300 3800 

50 440.59  440.55  440.61  459.77  464.66  474.18  464.61  464.60  474.19  464.56  

100 440.54  440.64  440.62  440.61  445.45  469.42  445.43  464.56  507.74  464.54  

150 421.37  416.62  421.38  440.58  440.60  440.56  440.55  445.38  440.63  469.36  

200 406.96  407.03  411.81  416.56  426.18  435.77  416.56  421.35  440.57  464.55  

250 392.60  397.36  392.61  402.17  416.58  435.77  416.56  440.56  440.55  464.56  

300 392.57  397.35  392.55  416.56  416.58  426.34  421.35  440.57  445.35  464.57  

Table 21. Construction time for the simple scenario with gravity sensors 849 

SL/CI 100 200 300 800 1300 1800 2300 2800 3300 3800 

50 440.58  440.60  440.56  440.57  440.57  440.55  440.56  440.53  440.56  440.56  

100 435.84  440.55  440.56  440.56  440.57  440.55  440.61  440.58  440.57  440.63  

150 416.54  416.59  416.57  421.36  421.36  416.58  416.58  416.55  416.55  416.58  

200 411.77  397.36  397.44  402.25  406.95  411.77  411.76  411.78  402.37  407.04  

250 392.53  392.53  392.57  392.61  392.56  392.55  392.54  392.57  392.53  392.56  

Table 22. Construction time for the complex scenario with gravity sensors 850 

SL/CI 100 200 300 800 1300 1800 2300 2800 3300 3800 

50 464.58  464.56  488.58  464.65  459.74  464.66  464.66  459.83  464.61  459.76  

100 440.56  440.55  440.57  440.57  440.56  440.55  440.59  440.62  440.58  440.55  

150 421.42  421.41  421.40  421.42  421.39  421.35  426.18  426.20  421.34  416.58  

200 397.43  406.97  402.26  406.96  402.16  397.44  406.94  402.25  402.19  402.32  

250 392.56  397.35  392.56  392.57  392.60  392.52  392.54  392.56  392.52  392.56  
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