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Abstract 

Search and rescue (SAR) teams use robots to assist with searches in areas where humans 

cannot/should not go. The interaction between the user and robot is important to the success of 

the mission. Specifically, when the robot sends data back to SAR personnel, information must be 

interpreted, and decisions must be made based on the findings. Re-design of robot interfaces has 

decreased cognitive load while increasing the effectiveness from the operator’s standpoint. Yet, 

there is little research on information interpretation as it relates to SAR decision-making which, 

is the aspect of the human-robot interaction this paper aims to focus on. Specifically, this paper 

reviews research on SAR robot interfaces, operation, and critical incidents. Diving deeper, it 

applies these considerations to the creation of mental models, and how they play into the overall 

effectiveness of using robots for SAR purposes. Finally, it proposes the idea of a co-robot 

operator and a training technique to have more effective cross-agency robot decision-making. 

Introduction 

A high-level summary of events around Search and rescue (SAR) utilization is needed to 

understand the critical SAR factors worth evaluation at this time. SAR teams are called to a 

scene under the National Incident Management System (NIMS) to ensure the alignment of 

resources in emergency responses. Within NIMS, there is an Incident Command System (ICS) 

which is an approach to command, control, and coordinate emergency response by providing a 

common hierarchy across agencies and resources. In most instances, SAR teams are requested by 

agencies to provide resources, which is when SAR becomes part of the ICS for that emergency. 

Within the ICS, there is communication between agencies and a command and control on 

executing a search/rescue mission. Once called to scene and alignment is created across 

agencies, the SAR team often provides input on an effective plan of action. An initial site 

evaluation will likely need to be conducted to assess the risks involved with rescue activities and 

to decide on the best course of action. Once a plan is decided upon, SAR may start their search 

and rescue efforts, implementing a plethora of techniques, tools, and other resources. These 

rescue efforts vary in duration and may require adjustments to plans as the incident develops. 

Many decisions must be made by many stakeholders of the incident. There is a heavy 

focus on learning more about decision-making in cognitive science research, with some findings 

applying to the field of SAR. The use of robots for SAR purposes is a fairly new domain and 

there remains much to understand about every aspect of their utilization, particularly on how 

their use interacts with the decision-making process. There are many situations in which a robot 

may be an effective tool for SAR purposes such as scoping the environment for threats, entering 

small areas that are inaccessible to humans, and/or too risky to sacrifice SAR personnel. There 

are two main decisions around using robots. The first decision is whether to deploy a robot and 

the second is how to utilize a deployed robot to continuously make decisions on the execution of 

SAR efforts. 

To better illustrate where a robot may be used for SAR purposes, a post-earthquake event 

is a common example. Earthquakes can occur without warning, which results in many people 

being caught off guard going about their daily lives. In this situation, there, unfortunately, is 

often building collapses trapping civilians inside the crumbled structure. Upon arrival to the 

scene, SAR teams and other agencies all have the primary goal of preventing further injuries or 

death, which includes themselves. This means that one of the first tasks is to evaluate the site to 

understand the incident and its risks since even after an earthquake is over, the collapsed 

buildings may be very unstable and pose a threat to rescuers. A robot may be deployed to 

evaluate the situation from a safe location, and this is the first point in which a decision must be 
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made around the utilization of SAR robots. After an assessment, a plan of action will be made, 

which may include the additional deployment of a robot to start actual incident efforts. There are 

many types of robots that can be used from on-ground rovers, walking robots, drones, and more. 

An earthquake scene may be complicated with debris obstacles making certain tools more 

effective or safe to use than others. Once a robot is deployed, the decision-making process has 

just begun as the robots provide feedback to an operator. The continuous feed of information 

from the robot must be perceived, interpreted, put into context, and then a decision must be made 

on how to proceed. This process from when robot information is first perceived by a human 

operator to when a decision has been made on the next steps is complex and the process of doing 

so is currently poorly understood. Although all aspects of decision making regarding a successful 

search and rescue mission are important, this paper focuses on the information perception, 

translation of information into the decision-making process, bringing awareness to current 

practice and concerns, and provide suggestions on the next steps towards more effective use of 

robots for SAR. 

 

Robot Operation 

Although several types of robots can be used for SAR, there are two main types of their 

operation. The first type of robot is an autonomous robot, in which sensors on the robot provide 

an algorithm that decides on what the next step is or in detecting a victim. Fully autonomous 

robots for off-road use are proven to navigate successfully but fail under the far more complex 

disaster environments typical in SAR scenes (Scholtz, et al., 2004). The second type is a 

manually operated robot, in which an operator guides the robot based on sensory feedback. Some 

robots are manually controlled but have sensors to help with providing spatial awareness and/or 

to assist in searching for victims. An example of this may be a rover robot with a camera that 

allows the operator to decide on where to drive next based on the scene captured by the camera. 

In this situation, the operator must make decisions about where to navigate the robot based on 

the interface. Non-autonomous robots are the focus of this analysis since the interpretation by 

operators is still the most effective method and can be improved through the study of human 

decision-making. Although some robots such as drones fly routes autonomously, the operator is 

still perceiving the drone’s information and making decisions based on it and are still relevant to 

this paper’s focus. 

 

Awareness and Critical Incidents 

For a robot to be used as an effective tool to aid in search and rescue, critical incidents 

must be kept minimal. A critical incident is an occurrence that completely prevents the robot 

from completing a task. For example, the robot getting lost in a building and unable to return 

would be considered a critical incident. Research in the robot domain has resulted in an outline 

categorizing the current critical human-robot interactions and is as shown in Figure 1. 

Categorizing these required interactions helps to identify and provide aimed solutions whether it 

be on the human-robot interface or the process of using the robot altogether. 
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Figure 1 (Scholtz, et al., 2004) 

 

The list highlights areas that the operator must be aware of while operating the robot to 

use it effectively. There is a lot of stimuli that need to be attended to and introduce the need for 

an effective interface to manage the information. The research took it one step further to 

introduce a list of functions in Figure 2 that displays should include ensuring the operator is able 

to receive all necessary information to avoid critical incidents. 

 

 
 

Figure 2 (Scholtz, et al., 2004) 

 

Robot Interfaces 

In the earthquake rescue example, a rover may be used to navigate through the rubble to 

assess the situation or to find victims. The rover may have sensors for spatial awareness, a 

camera for operator sight, a thermal camera to identify potential humans, and more features that 

help operators navigate and help identify points of interest. These features are needed to capture 

the data, but they must be communicated to a human through some form of display. As there are 

many types of robots and models, they often have different displays. In an analysis of SAR robot 

interfaces, four guidelines for success or failure of interfaces have been introduced, which relate 

to how the user processes the information and uses it to inform future actions, as shown in the 

list below (Baker, et al., 2004). 
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1. Enhance awareness (map of where robot has been) 

2. Lower cognitive load (fused sensor information) 

3. Increase efficiency (minimize multiple windows) 

4. Provide help in choosing robot modality (provide assistance in determining appropriate 

level of robotic autonomy)  

 

In the same research paper, they critiqued a pre-existing interface that provided ample 

information squeezed into one window. They found that most users focused exclusively on the 

video window, which is only one display on the window. The other windows were used very 

seldomly as it was difficult to take focus away from the video for any period of time. As a result, 

they designed a new interface that sought to better follow the four guidelines for interfaces. The 

main outcome was a single window with the video being the focal point, with supporting 

information overlaying the video or near it, and other features as listed below (Baker, et al., 

2004). The new display has been tested and has proven to be a new standard to follow in the 

development of new displays, as it significantly improves the operator's ability to manage 

information effectively and reduce critical incidents. 

 

1. Pan and tilt indicators (video options to better see surroundings and focus) 

2. Ranging information (sonar and laser sensors to detect obstacles and bring 

attention to them in the video) 

3. System alerts (shift from visual to auditory alters) 

4. Environment map (to help with awareness of position) 

5. Rear sensors (to help with quicker and accurate positioning). 

 

Interactions 

Operator Interactions 

Previous research has shown critical problems with operating a robot, particularly from 

the interface standpoint. New interface principles and examples have been established with the 

goal of enhancing awareness, reducing cognitive load, and increasing efficiency. Improving the 

interface to better meet those goals is an important step in the proper utilization of the robot for 

SAR purposes. The process to acquire the necessary information to successfully navigate the 

scene and identify points of interest such as hazards for humans to avoid or the identification of 

subjects has been researched and improved to a level that robots can be utilized effectively for 

real SAR purposes. 

However, there is more to a SAR mission than a robot and a single operator. Resources 

such as other SAR robots, SAR personnel, and other emergency responders such as firefighters, 

police, and investigators will likely be involved under the ICS structure. As the use of robots for 

SAR purposes is a fairly new domain, the interaction from robot to operator as well as operator 

to other resources is lacking understanding. There is no documented process for how assets such 

as a robot will be used under the incident command system. The opportunity to understand the 

interaction and resulting decision-making could result in better success in emergency response. 

 

Mental Models 

A study focused on communication and interactions has provided insights as to how 

operators spend their time, how they communicate, and what strategies may work best. The 

research reviewed the information processing theory, and how situational awareness is acquired 
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through sight, sound, touch, taste, and smell. The perception of sensory data interacts with 

working memory to code the information and match it with patterns to interact with a mental 

model. It was found that operators spend nearly 50% of their time moving the robot and the other 

50% stationary, to either gain situational awareness, communicate, or make decisions. The study 

noted that the cognitive tasks of navigating, searching, mapping, interpreting, and decision-

making overload the operator (Burke, et al., 2004). The improvements in interfaces as mentioned 

earlier reduced cognitive load and allow the operator to create a more accurate mental model in 

less time. Although the intricacies of how the interface was improved from a human factor’s 

standpoint, it is important to note the effects the improvements have on the operator’s ability to 

manage the stimulus. Effectively, the faster mental model mapping will increase the time spent 

moving the robot and conducting work faster. The information processing theory has many 

intricacies and adaptations, resulting in everyone having a different mental model, which 

contributes to difficulties in multi-person communication and decision making. 

 

Communication and Mental Model Mapping 

Research has found that planning and communication helped to increase a team-wide 

mental model, and lead to higher performance (Burke, et al., 2004).  It was found that operators 

with a higher situational awareness communicated search strategies, instructions, and provided 

more environmental context, which helped to align mental models across the team (Burke, et al., 

2004). An example of this relation is the operator’s creation of search strategies from mental 

models of their perception of the robot information. Planning aids the process and the sharing of 

the mental models through communication, which can improve team performance (Stout, et al., 

1999.) The team interaction graphical representation in Figure 3 shows the communication 

between the main three main information flows. The interaction shows the high-level interaction 

requirements needed to use a robot as part of a SAR team. Yet, there is little detail as to how to 

improve the interconnectedness of the stakeholders and information flows. 

 
 

Figure 3 (Burke, et al., 2004) 
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Integrating Ideas 

So far, this paper has identified considerations around using robots for SAR purposes. To 

apply the considerations to improve the effectiveness of the robots, an evaluation of the 

components and their interconnectedness is needed. The main components required as discussed 

previously are listed below. 

 

1. Capable robot 

a. Robustness: The robot needs to have the ability to navigate the environment 

without physical assistance. 

b. Technology: The robot must have the correct technology such as sensors and 

information sources to match the requirements of the task. 

2. Interface: The interface must provide a large amount of information to inform the user, 

but it must be structured and presented in a way that reduces cognitive load and is 

manageable.  

3. Communication: SAR teams are part of an incident command system with other 

emergency agencies. The ICS has been designed to be flexible in nature and 

accommodate changes in resources. The relationship between SAR teams and the rest of 

the ICS is well established and efficient. However, the communication from the 

robot/operator level all the way to the chief commander is complex and the information 

flow is not well understood at this point. 

4. Strong mental models: Strong mental models need to be developed to have awareness 

and inform decision-making. 

a. Operator: The operator of the robot must have a strong mental model of the 

robot’s status, the environment, and other relating context. The interface affects 

the mental model as well as communication on factors outside the robot’s scope. 

b. Team: The team must be able to understand the mental model as well. The team is 

affected by the use of the robot, and the information flow is vital to the team’s 

overall success. Having a shared mental model creates alignment and contributes 

to higher success rates. 

 

The interconnectivity of these components is crucial for a successful robot operation. In 

the earthquake example, if the wrong robot is deployed and it could not navigate the terrain, then 

there is no need for a well-designed interface, or working mental map. However, if the robot is 

well suited for the job, then a well-designed interface is needed as a first step in successfully 

navigating, but communication and the development of a strong team mental model are crucial to 

effectively use the robot to complete the overarching task. However, even with a working 

understanding of the importance and interconnectivity of these components, the decision-making 

process is still unclear from the ICS standpoint. The robot, operators, and other assets' 

relationships to the rest of the incident command are established, but the interactions and flow of 

information between parties are unclear and prohibit the best decision-making at the right level. 

 

Next Steps 

Increased communication leads to stronger shared mental models and has been shown to 

improve SAR outcomes. However, the decision-making process as to who is involved in the 

process of making decisions, how they can be informed on the mental model, how the 

continuous feed of information can be updated in real-time, and how the information is translated 
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into a decision has not been well established. As SAR teams have been growing relations with 

other agencies and integrating procedures with other response agencies such as law enforcement, 

this paper suggests a training framework and plan of action that can be reviewed and 

implemented cross-functionally for SAR missions leveraging robots. 

 

Designing the Next Steps 

The incident command system is a good place to start the training process to understand 

the organizational structure, which is needed to define roles and responsibilities. Although the 

ICS does not change in structure with the addition of a SAR robot, it is worth reviewing ahead of 

time how the robot will interact with the environment and what communication flows may be 

necessary. For example, after an earthquake, the SAR robot may be the only asset on the scene 

and be used to assess the risks before deploying human assets. In this situation, the incident 

commander may wish to be in direct contact with the robot operator to get information as quickly 

as possible. However, once a plan is put in place and the robot is used for identifying subjects, 

the communication from the operator may only need to reach the particular SAR task group. 

           As discussed, robots have only recently gained the capability to be used on real SAR 

missions. As a result, non-subject matter experts are often unaware of the capabilities of the 

robot. This may lead to improper use of the robot, whether it be lack of deployment, or reliance 

on the robot even in improper situations. There is often cross-agency training in the emergency 

services, but since SAR teams are often not directly government-funded, they do not train 

together. As a result, there should be emphasis put on conducting cross-agency scenario training 

in which the entire cross-agency ICS structure is utilized in environments where robots would be 

the proper tool while also in situations where they would not be. 

 

Goal Setting & Requirements 

 Understanding the ICS structure and training around robots to ensure the best 

communication is important to the overall operation. Goal setting within the ICS structure is 

needed to ensure the robot is used properly. The scale of an incident fluctuates drastically and 

requires different resources. Some county-level SAR teams will not have access to robot 

technology due to budget constraints, whereas federal teams may be equipped with several types 

of robots. Additionally, there are a plethora of different types of robots with varying 

functionality, interfaces, and abilities. Goal setting is important to better understand whether a 

particular robot is a proper tool for the job. Often, when SAR teams have new technology such 

as a robot, there are pressures to utilize it even if it is not the most effective tool. As training 

regiments are improved as mentioned in the last section, there needs to be a strategic way to 

assess a robot’s effectiveness toward meeting the goal. I suggest new a documentation form that 

should minimally be filled out during training regiments, but potentially also be used during real 

incidents before robot deployment. An example document filled out for the earthquake incident 

may look as shown in Figure 4. 
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Figure 4 (Chard) 

 

Robot Operator Procedure 

 The cognitive load on the operator has been discussed as they attempt to navigate, 

perceive, and interpret information, and make decisions. A more refined interface as discussed in 

the research by Baker is a clear stride to address cognitive load while navigating more 

effectively. However, the operator will likely have to decide what findings are worth 

communicating and warrant further investigation. Additionally, they must receive and interpret 

feedback from others. Although an operator perhaps can handle all these tasks, the only strictly 

necessary aspect is the navigation of the robot. Therefore, I suggest having a co-operator that 
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does not navigate but rather acts as a bridge between the operator and other sources. The 

operator would take information from both the robot and information from other ICS functions 

and handle the flow of information and better direct decision making. This would effectively 

reduce the cognitive load as the primary operator could focus solely on their particular 

navigational task without disruption. The outcome would ideally bring the 50% of downtown to 

less than 25%, saving invaluable time significantly.  

To further improve the effectiveness of co-operating, I suggest a second system where the 

co-operator could view relevant information flows. The interface would provide similar feedback 

as does the primary operator's interface, but it would not have the functionality to navigate. This 

would allow the operators to replicate the idea of paired programming, where you have a double-

check system to prevent error, which is crucial in SAR operations. Additionally, the co-operators 

interface would have the functionality to add a route map for the primary operator to follow, 

based on updated plans from the rest of the ICS. Again, to reduce cognitive load on each 

operator, downtime of the operation, and increase overall success. To apply the idea of co-

operation to the earthquake example, this procedure would be implemented during the field 

evaluation technique. The main operator would focus solely on navigating the robot, while the 

co-operator would assess the environment, make decisions, and provide guidance within the 

system for the main operator to follow. 

 

Future Research 

 Most components of SAR robots have been researched and understood to a level of 

competency that can be relied on. For example, the interface evaluation and re-design paper by 

Baker has sound evidence to prove its application. Although the human-computer interaction 

problem has been addressed well from the interface standpoint, the operator and team process 

can be improved as suggested in the previous sections. Additionally, an analysis of the 

interconnectivity of all components from a holistic view has not been conducted previously. The 

last sections of this paper have provided insight as to how to connect components for the most 

effective outcome from the human factor’s standpoint.  

 Further research will need to be conducted to assess the best way to implement the 

recommended changes and evaluate their effectiveness. If a co-operator approach were to be 

implemented, I would conduct a critical decision method technique to delve into the cognitive 

aspects that would be helpful in designing the new co-operator system. Prior research in the 

emergency response domain shows that higher levels of collaboration increase levels of success, 

which is what the suggested ideas aim to work towards. 
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