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Abstract 
In the area of merchant maritime navigation, electronic charts are a relatively new 

tool. As a result, navigational path planning environments that allow users to manually 

enter a path onto an electronic chart are becoming popular, especially in high-end civilian 

vessels. In military naval operations, however, the switch to newer technology for 

navigation is taking longer, as there is higher risk due to the weapons and sometimes 

nuclear reactors onboard. There also appears to be a pervasive lack of trust in automation.  

In order to incorporate automation into both military and commercial navigation tasks, a 

system must be designed that is not only efficient in aiding the planning, but also 

trustworthy to a user. 

Currently in military submarine and surface ship navigation, paths are planned 

and re-planned using paper charts, pencils, and rulers, and while these paths are adequate, 

they are often not optimized based on the depth, weather, and surrounding contacts. As 

part of a larger research project that is developing a tool to bring more situational 

awareness to a submarine commander, this thesis develops and implements an 

automation and visualization to aid submarine commanders in surface navigation. To 

achieve this, this thesis incorporated design requirements for creating such an automated 

tool in the development of an automated path planning tool, and then tested the resulting 

product on human subjects. The results showed that the automation was successful at 

reducing the time required to generate an optimized path for a set of changing input 

parameters. The results also showed that the tool was trustworthy, promising high 

potential for use in commercial and military environments. 
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1. Introduction 

1.1 Motivation 

 

With modern technology, a merchant ship navigator can now plan a course on an 

electronic map using detailed information about the area to be navigated. Thus, rather 

than using paper maps, a navigator can now utilize electronic maps such as the Electronic 

Chart Display and Information System (ECDIS
©

). Electronic map displays can be 

configured to show different layers of detail upon zooming in or out, and one can select 

specific pieces of information, for example depth and contour lines to be shown/not 

shown at any time. There are also path-planning applications such as the Voyage 

Management System (VMS
©

), which uses these electronic charts to create path-planning 

environments which allow a user to plan and customize their own path for navigation in 

an easier and more informative fashion. The path planning aids found in these electronic 

charting environments can also include weather information so that a navigator can take 

the environment into account while planning a path.  

Although these environments greatly improve the path-planning process, they still 

require that a human does the cognitive work of calculating and choosing a good path for 

their vessel to follow. This work could be expedited and the quality of the paths created 

can be improved with the use of an intelligent automation. The computing power of 

current day computers can be leveraged to help improve the path-planning process by 

incorporating automated path-planners into current day navigation. 

Although advanced navigation systems exist, some maritime organizations such 

as the U.S. Navy still have not made the switch to this technology for the human-based 

path planning process, and both military and commercial sectors of the maritime 
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community have not made the switch to using automation for path planning. Some Navy 

ships, both surface and subsurface, use electronic charts for real-time surface navigation; 

however, when it comes to path-planning, naval personnel still use the more familiar 

paper maps and their own personal notes to plan and re-plan their routes. While 

automated path planners can significantly reduce the workload of ship and submarine 

navigators, the lack of use of automation in the naval domain suggests there is a lack of 

trust in automated path planning technology. This distrust may be inhibiting the 

acceptance and success of this potentially revolutionary technology. 

1.2 Problem Statement 

 

This thesis investigates ways to design an automated path planner for surface navigation 

that can be used as an advisory tool for members of the maritime community, and have 

functionality that stakeholders find reliable. It attempts to develop a trustworthy tool that 

can help facilitate the maritime industry’s switch to automated navigation, as well as aid 

in rapid route re-planning. The focus of this effort is on submarine surface navigation 

since the broader research focus is rooted in this domain, but the results are generalizable 

to all maritime communities. 

1.3 Research Methodology 

 

This thesis is part of a larger project called the Mobile Situational Awareness Tool 

(MSAT), which is developing a portable interface that submarine commanders can use 

for obtaining global situational awareness of the submarine. The focus of this thesis was 

the development of a navigational interface, which is just one of many functionalities the 

MSAT supports [Cummings & Carrigan, 2008]. The following are the objectives for this 

thesis that will be further described in the following sections. 
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 Objective 1: Develop functional and display requirements for manual path generation 

and manipulation, and implement them in an actual display.  

 Objective 2: Develop a trustworthy automated path planner that enables course re-

planning.  

 Objective 3: Evaluate both human and automation-based methods of planning with 

human subject experiments. Functional path planning involving automation and the 

relationship between the automation’s design, the interface and algorithm, and the 

users’ trust in the automation has not been extensively tested using human subject 

experimentation in maritime settings.  

 Objective 4: Generate recommendations for future work based on civilian and 

military personnel responses to the proposed automated path planner and associated 

visualization designed to promote trust. 

1.4 Thesis Organization 

 

Chapter 2, Background, reviews previous research in maritime path planning, 

both manual and automated. It also reviews research addressing trust in 

automation. 

Chapter 3, Cognitive Task Analysis (CTA), gives a description of the CTA used 

to develop the interface design requirements and the lessons learned. 

Chapter 4, Design and Implementation, describes the design choices made to 

address the manual and automated path planning functionality and display 

requirements. The final implementation is presented in detail. 
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Chapter 5, User Testing, presents the experimental protocol and trust analysis 

tool used for the human subject testing. It also describes the analysis methods and 

results. 

Chapter 6, Conclusions, summarizes the key discoveries from this thesis, and 

proposes recommendations for future research. 
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2. Background  
 

This chapter presents the research on current technologies used in maritime navigation, 

and discusses where there are short comings. It also introduces path-planners designed 

for maritime navigation and as well as path-planners that are currently being used in other 

domains. Moreover, collision avoidance displays are introduced and research involving 

trust in automation is discussed in detail.  

2.1 Current Manual Path Planning 

 

A previous observational study conducted onboard the U.S.S. Palau revealed high levels 

of cognitive and temporal demand associated with navigation tasks [Hutchins, 1995]. The 

tools identified to be commonly used for navigation included: the alidade, which is a 

device that sights a landmark and uses the line of sight for measuring the spatial 

relationship between the home ship and that landmark, the hoey, which is a one arm 

protractor used in translating the angular relationship between the home ship and a 

landmark to a bearing on a map, parallel rulers, parallel motion protractors, and 

compasses for plotting on charts, and distance scales and dividers for measuring distances 

on charts for use in dead reckoning [Hutchins, 1995]. These devices all have degrees of 

error to their accuracy. Moreover, the measurements are performed by and communicated 

through multiple personnel, introducing the potential for communication errors. 

An example Hutchins [1995] uses that shows how multiple people can be required 

for a navigational task is the Sea and Anchor Piloting Detail which requires 10 different 

roles: the navigator, assistant to the navigator, navigation plotter, navigation bearing 

recorder/timer, starboard and port pelorus (a compass attached to a sighting telescope) 
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operators, restricted maneuvering helmsman, quartermaster of the watch, restricted 

maneuvering helmsman in after-steering, and fathometer (depth) operator. This example 

shows that using an automated path planner could greatly increase the accuracy and 

speed of planning a path, since it would replace the physical tools that currently make 

path planning slow and error prone. Moreover, such a tool has significant manning 

implications since it is likely not as many people would be required. 

As mentioned before, electronic charts such as ECDIS
©

 can be integrated with 

programs such as VMS
©

 to allow a user to plan a course on an electronic map using 

detailed information about the area to be navigated. While such path planning 

environments allow users to plan and customize their own path for navigation in an easier 

and more informative digital fashion, there is still room for the users to make mistakes, 

such as a miscalculation of closest point of approach to another vessel, that can place 

their course in areas where their ship shouldn’t go. 

In addition to electronic charts, there are other aids currently used to support 

manual path-planning such as Automatic Radar Plotting Aids (ARPA) which are radar 

systems that help navigators by automating the tracking of other vessels in the water and 

providing a navigational display for where other vessels are in the water [International 

Maritime Organization, 1979]. Other systems include Automatic Identification System 

(AIS) for indentifying and locating vessels and Long Range Identification and Tracking 

(LRIT) System, both of which are coastal navigational supervising and assisting systems. 

Over the past years, maritime navigation has become more reliant on such coastal 

navigational supervising and assisting systems [Urbanski et al., 2008]. These systems are 

used in addition to ship-borne systems such as ECDIS
©

 and Global Maritime Distress 
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Figure 1: Riskier contact regions in red, with clusters of neighboring contacts 

together into a unified region. [Rothgeb, 2008] 

 

2.3 Current Maritime Automated Path Planning Approaches 

 

Little research has investigated the use of automated path planning and re-planning in 

maritime navigation. One exception is the work of Smierzchalski, et al. [1998], which 

developed an automatic path planner that accounts for surrounding contacts and their 

future positions, as well as the size and weight of the ship along with all other variables 

affecting motion, such as center of gravity and size of control surfaces, in an effort to 

predict accurately the future position of the submarine. The proposed algorithm, EP/N++, 

which is a variant of the EP/N (Evolutionary Planner/Nagivator) algorithm for mobile 

robots [Xiao et al., 1997], randomly generates paths that are acceptable in getting a ship 

from one point to another, and uses an evaluation function to choose the  path with the 
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least cost. The EP/N++ algorithm uses a contact model that varies the size of algorithm’s 

internal representation of other vessels in the water as a function of their speed, heading, 

and safe separation distance. The randomized approach adopted by the algorithm causes 

the solutions to be near-optimal at best, with the optimal solution traded for algorithm 

speed. This research is somewhat limited, as the proposed algorithm only takes into 

account contacts in the vessel’s area of observation, 5-8 nautical miles (NM) in front of 

the bow and 2-4 NM behind the stern, and it does not address uncertainties involved with 

predicting where a contact will be in the future.  

Smierzchalski, et al. [1998] tested their algorithm on scenarios that differed in the 

amount of random paths the algorithm was allotted to generate and that differed in the 

configuration of two or three contacts in the surrounding water. The length of time to 

converge on a solution using the EP/N++ algorithm varied from 5 to 28 seconds 

depending on the scenario. The algorithm was not extensively tested on enough scenarios 

to show exactly how the run time of the algorithm was affected by the amount of paths 

used. Also, there was no analysis on how the quality of the solution path was affected by 

the amount of paths used and the configuration of the contacts. Although the algorithm 

was tested on a set of different contact configurations, the algorithm was not tested on the 

more computationally-expensive scenarios that would use more than just 3 contacts, 

which would have better reflected a situation that would occur in real life especially in 

the case of going in to port. Another limitation of this research was the lack of testing of 

the algorithm with actual human navigators. 

Although the automated path planning research in maritime navigation is limited, 

there is extensive research in the field of robotic path planning which can provide useful 
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insights to maritime navigation. Path planning in navigation is a large area of research in 

the computer science field [Winston, 1992], with significant research conducted in 

robotic path planning [Thurn et al., 2002], [LaValle, 2006], [Russell & Norvig, 1995].  

In addition to robotic path planning where the cost to travel from one point to 

another on a graph is modeled as a definite or certain variable, there has also been 

research in robotic path planning where the cost to travel is modeled as an uncertain 

variable that changes in value depending on other variable values that are hard to predict 

or model, such as congestion from traffic [Nikolova et al., 2006]. Nikolova et al. [2006] 

presented two cost models, one with a quadratic cost function and one with a 

combination of a quadratic and exponential cost function, for representing travel time and 

the reliability/variance of a route that was physically valid. They used a combination of 

dynamic programming and partial minimization techniques that when tested on grid 

graphs, with up to 1600 nodes for the quadratic cost model and up to 100 nodes for the 

quadratic and exponential cost model, had running times that were in the order of a few 

seconds. However, memory was a limiting factor in how many nodes the algorithm could 

handle.  

One algorithm that will be further examined in this thesis that has been used in 

some robotic path-planning initiatives, but unlike the previous algorithm, does not 

address cost uncertainty, is the A* algorithm, which is an informed search method that 

can quickly find an optimal path to a destination [Hart et al., 1968]. Its advantage is its 

speed and its ability to calculate an optimal solution for the graph that it is presented with 

as compared to the EP/N++ algorithm, which generates suboptimal solutions for its given 

graph. Although the granularity of the graph affects how efficient a solution is for the A* 
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help the automated path planner to quickly come up with a least cost solution if an 

intuitive interface is provided.  

 

Figure 2: Numerical Potential Field visualization 
 

The algorithm Marquez (2007) used to find a least-costly path was the Numerical 

Potential Field Method, NPFM [Barraquand et al., 1992], [Marquez, 2007], [Rimon & 

Koditschek, 1992], which is a form of gradient descent search. This method is 

computationally expensive as it requires that a minimum total path cost from a cell to the 

goal is calculated for every cell in the grid space being used. Calculating the minimum 

total path cost for every cell is particularly expensive as all possible paths from a grid cell 

to the goal cell are calculated in order to find the minimum cost for that cell. While this 

algorithm provides means to create a potential field visualization, the overhead from 

calculating the cost, or potential, for every cell makes the algorithm significantly slower 

than a search method such as A*.  

In summary, there is a general lack of research investigating human interaction 

with automated path planners, especially in the maritime setting. Such a tool should 

quickly generate an optimal path while taking into account a large amount of contacts in 
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the surrounding area. Also, there is a need to develop an interface that will allow users to 

use this automation effectively.  

2.4 Trust in Decision Aid Systems 

 

New technologies in complex systems such as an automated path planner face the 

challenge of gaining a level of trust from the operator of the system before the system is 

accepted. When an operator has a low level of trust or too much trust in a system, the 

system has the potential to be dangerous [Atoyan, D., R., 2006]. Distrust may lead to 

system disuse, and over-trust may lead to inappropriate reliance on a system 

[Parasuraman & Riley 1997].  

There are six main components that are necessary to build trust [Muir & Morray, 

1996]: predictability, dependability, faith, competence, responsibility, and reliability. 

Where predictability is the degree to which one can predict the system’s state, 

dependability is the degree to which one can rely on the performance of the system. Faith 

is the degree to which one can believe in the system in unknown situations, and 

competence is the degree to which the system sufficiently meets necessary requirements. 

Responsibility is the degree to which the system is accountable for its performance, and 

reliability is the degree to which the system yields the same performance for repeated 

trials.  

Trust is mainly affected by the reliability of the automation [Parasuraman et al., 

2000], [Lee & Moray, 1992], and the perceived reliability that a user attributes to 

automation is often related to how the information from the automation is conveyed to 

the user [Parasuraman & Riley 1997]. Most people expect automation to perform 

perfectly as opposed to an imperfect human, and thus, there is a higher expectation for 
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what automation should accomplish than what a human should accomplish [Dzindolet et 

al., 2002]. If automation is imperfect, it is important that its interface conveys when its 

solutions are less reliable or uncertain. Research has also found that automation is trusted 

more during unfamiliar situations as opposed to familiar situations [Muir, 1987], thus in 

designing an automated path planner, one needs to consider how to help users understand 

situations that are unfamiliar to them so that they can build more appropriate trust in the 

system rather than just rely on the automation when they don’t know how to handle a 

situation.  

One area of interest concerning trust in automation is how to prevent a user from 

over trusting automation which can lead to inappropriate reliance on automation. Since 

unforeseen failures in a system can occur, it is important that a user can detect when a 

system is failing to produce the proper output. One suggestion to help this problem is to 

make automation state indicators more evident to users, with the purpose of enhancing 

monitoring [Parasuraman & Riley, 1997]. Since enhancing monitoring helps prevent 

failures, it consequently improves reliability, and as previously mentioned, increasing 

reliability will promote more trust in the system. 

Another concern with trust in automation is the distrust in automation, which can 

lead to disuse and loss of potential benefits offered by automation. Research has shown 

that when automation reliability is in doubt, users’ trust in the automation significantly 

drops, causing more reliance in manual methods [Ruff et al., 2002].   

Given the significant cultural trust issues that will likely be faced in the attempt to 

introduce automated path planning technology into the maritime domain, design 
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interventions to promote trust were a significant focus of this thesis, which will be further 

discussed in Chapter 4.  



21 

 

3. Cognitive Task Analysis 
 

Previous work done by Cummings and Carrigan [2008] discusses the application of a 

Hybrid Cognitive Task Analysis (HCTA) to the task of surface collision avoidance. This 

process, its results, and interviews conducted with subject matter experts (SME) are 

discussed in this chapter.  The comprehensive results obtained and lessons learned 

through the HCTA and SME interviews are used as the motivation for the design of the 

navigation assistance.  

3.1 Background of CTA and HCTA 

A cognitive task analysis (CTA) is performed in order to yield information about the 

knowledge, thought processes, and goal structures underlying task performance 

[Schraagen et al., 2000]. Conducting a CTA can come in the form of analyzing an 

existing system or interviewing subject matter experts. Both approaches were used to 

develop a design for the navigation tool. 

 While a CTA is commonly accomplished by analyzing existing systems, a 

Hybrid CTA (HCTA) can be used when no predecessor systems exist [Nehme et al., 

2006]. A HCTA creates design requirements by creating scenario task overviews, 

generating event flow diagrams, generating situational awareness requirements, and 

generating decision trees [Nehme et al., 2006]. Since an automated navigational tool is 

not currently implemented, the HCTA approach was also used for developing 

navigational information requirements.    
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3.2 Hybrid CTA Results 

 

The Hybrid CTA previously performed helped to uncover the information requirements 

for surface navigation [Cummings & Carrigan, 2008].  These results were obtained 

through a four step process, starting with the task scenario overview.  This information 

was then used to develop an event flow diagram, which puts the tasks into a temporal 

order.  The processes in this event flow diagram were then assessed to determine the 

situational awareness requirements, and the key decisions from the event flow diagram 

were expanded using decision trees to determine the different knowledge states.  Finally, 

display requirements were determined for the knowledge states, and these were added to 

the situational awareness requirements to comprise an overall list of informational 

requirements.  This list of requirements for surface navigation is shown in Appendix A. 

 One of the insights gained from the CTA was the number of processes involved in 

safe navigation.  Before a submarine leaves port, in addition to plotting the main path that 

the submarine will travel, the navigator develops a contingency plan for handling events 

that may alter their course, such as contacts or weather changes. A contingency plan is a 

set of rules that will be used by the navigator when an event occurs that may require the 

submarine to move off course. The contingency plan considers depth, shipping lanes, and 

destination to develop the best course of action. If a contingency plan does not address a 

problem that occurs while the submarine is in motion, the submarine is slowed down 

while the navigator must quickly find an open area to move to and then re-evaluate the 

situation.  

While navigating in real time, if a submarine is on a collision course with another 

ship, the navigator must re-plan using the contingency plan. Depending on the situation, 
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multiple iterations of re-planning may be required to get to a suitable solution. Error! 

Reference source not found. shows the typical process navigators will follow for handling 

a contact that could result in a possible collision. As the figure shows, a navigator may 

have to plan an alternate course, calculate variance, and compare the result against 

allowable tolerances multiple times before a solution path is found that will handle a 

contact. In addition, planning an alternate course will also require the labor involved in 

choosing a path with good visibility and adequate depth. 
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Figure 3: Events flow diagram for avoiding collisions in unrestricted water 

(Cummings & Carrigan, 2008) 
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Table 2: Steps to re-plan a path 

1 Determine acceptable navigational routes 

2 Choose a route 

3 Draw straight route on the map 

4 Measure route with compass to determine heading 

5 Measure route with scale to determine path length 

 

The next step was the interviews.  Through interviews with the Navy personnel, it 

was determined that there was a potentially dangerous time delay in the information flow 

process.  When a contact was acquired, its information was passed along to both the 

plotter and fire control to be tracked. A contact could be acquired through sonar, radar, 

visual, or Automatic Identification System (AIS) information. AIS data is electronic 

information concerning a vessel’s identification and location. When AIS information is 

available, the contact course and heading has to be manually added to the plot.  In 

general, both Navy Captains were willing to accept a mobile electronic tool to aid in the 

navigation process, but the 2 junior officers interviewed mentioned that they would be 

unlikely to trust any type of automation that assisted with path planning.  If used, the 

junior officers stated that they would want to have some way to view uncertainty in the 

system, so that they could make accurate decisions. 

During the interviews with the civilian operators, it was found that the technology 

available on most commercial ships is further along than many of the Navy systems.  

Electronic Chart Displays (ECDIS) are seen in the majority of commercial vessels, and it 

is typical to do path planning using these electronic systems, albeit still using manual 

planning methods with no automated planning.  With more electronics on board already, 
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it was not surprising to hear that the civilian interviewees were more willing to trust 

automation in planning a path.   

Through the interview process, additional insight was gained into what important 

criteria needs to be met for a mobile navigation assistant.  If the tool is going to be used, 

it needs to help decrease the amount of time taken to plan and re-plan paths.  It must also 

be seen as trustworthy by the user, and be accurate based on the information provided.  

Finally, in order to increase the trustworthiness, the tool should be able to display 

uncertainty in information, specifically with regards to the contact picture.  If accurate 

information is not available, then the information displayed must convey this picture. 

3.3 Lessons Learned 

Based on the results obtained from HCTA and SME interviews , it was decided that the 

automatic path planner needed to not only provide an efficient path that avoided 

obstacles, but it also needed to provide a path that didn’t require a lot of heading changes.  

Also, since it was cognitively demanding and time consuming for a navigator to plan a 

course around a contact, it was decided that the automated path planner should generate a 

path which avoids collisions with other contacts in the water by predicting the future 

positions of these contacts. In addition, although specific questions pertaining to trust 

were not surveyed across the SME’s, there seemed to be a general reluctance on the part 

of military SME’s to trust a navigation decision support tool’s automation enough to 

incorporate it in current navigational methods. Moreover, because of the foreseen trust 

issues with using automation for navigation, the information pertaining to how a 

contact’s future position is predicted by the algorithm should be modeled in a way such 

that the visualization for that model can convey its uncertainties to the user. For example, 
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enabling the operator to adjust the algorithm’s uncertainty/risk threshold in choosing a 

path can help navigators better understand the operation of the path-planning algorithm, 

and thus induce appropriate trust. By designing to these requirements, a trustworthy tool 

that is useful for surface navigation can be developed. 
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4. Design and Implementation 
 

The navigation display developed in this thesis provides the user capabilities to manually 

plan a path or to use an automated path planner to generate a path. It provides a rich 

interface for manipulating a manual path, and it includes a visualization that helps 

support a user in making navigation decisions. Additionally, it provides an automated 

path planner that attempts to present trustworthy solutions to the user. 

Since the SME interviews showed that sometimes experienced navigators find it 

useful to use personal knowledge that a computer may not have access to, it was decided 

that a manual path planner would help give users the freedom to make a path that a 

computer may not necessarily generate, given that the user has additional information 

that may not be in the computer database. However, even in this manual model, 

automation can still be leveraged as a “critic” [Guerlain et al., 1999] so that it can prevent 

user mistakes in the manual mode while still giving the user freedom.  

An automated path planner was included in this decision support tool to leverage 

fast search methods to derive a quick solution for a navigational problem, since current 

methods are very time-consuming, even when occurring in a digital environment like 

ECDIS. As will be described in more detail, the automated path planning tool 

incorporates knowledge of static obstacles to provide a path that is not only efficient, but 

also safe. It predicts where other ships in the water will be and takes preventative 

cautions to avoid other ships while still maintaining an efficient path. The automation is 

also customizable to the user’s preferences of obstacle avoidance, to allow for both 

flexibility and increased trust in the tool. 
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4.1 Designing for Trust 

 

As mentioned in Chapter 2, when a system derives a solution and there is some 

uncertainty to how exact or correct the solution is, the system should not present its 

solution as if there were no uncertainties in its correctness. Presenting an uncertain 

solution as if it were certain to a user would only hurt the user’s trust in the system 

[Dzindolet et al., 2002]. Thus, when a system recommendation contains uncertainty in the 

correctness of its answer, it must display its solution to the user in a way that conveys its 

uncertainties.  

The most uncertain part in planning a path for a submarine comes from the 

contact avoidance. Depending on what type of vessel the contact is, the amount of 

variance in the future position of the contact will change. Using radar and periscopes and 

other sensors, one can detect where a contact is and where it is heading, and depending 

on the vessel, one might be able to predict where the contact will be in the future. With 

larger vessels that are known to stay on a seaway, it is relatively easy to predict where the 

vessel will be in the future, however, with a small boat such as a sailboat, it is extremely 

difficult to predict where the boat’s future position will be. Thus one design hypothesis in 

this research is that displaying likely contact positions in the future will improve users’ 

trust in the path planning decision support tool. 

4.2 General Layout and Program Foundations 

 

Given the information and display requirements discussed previously, a prototype display 

was developed to aid submarine personnel in both manual and automated path planning 

(Figure 4). This navigation re-planning display allows the user to re-plan their path by 

using either the automation via the “Autoplan” button or the manual planning tools from 
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up, as before, saying “Obstacle in path, choose an alternate path”. Not only does the user 

see this feedback, but the user can also confirm the message’s validity by seeing from the 

automatically-updated path how an obstacle is interfering with the path. This type of 

feedback helps the user understand how the manual path planner is working, and thus 

should promote trust in the system. 

 

Figure 11: Waypoints that can be deleted are highlighted yellow. 
 

 In summary, the manual path planner tool provides the user a method for carefully 

planning a path that is more efficient than using paper charts, while also giving the user 

the freedom to choose their own method for avoiding paths that come close to other ships 

in the water or even come close to shallow water. It also gives the user the liberty to 

avoid paths that may go through obstacles that are not documented in the electronic 

charts. 
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4.4 Automated Path Planner 

 

The automated path planner was implemented in this tool to provide a fast method of 

path planning that the user could utilize while at sea. It reduces the user’s cognitive 

workload by making safe and efficient choices, particularly in time-constrained settings. 

for the user as to where to place waypoints and by providing schemes for avoiding other 

contacts in the surrounding area.  

After analyzing algorithms that can be used for navigation path planning, the A* 

algorithm [Hart et al., 1968] was chosen to be the backbone of this maritime planning/re-

planning advisory tool since a fast solution is critical for the user in this application, 

especially in the case of re-planning. The A* algorithm was also preferable because of its 

use of a cost function that can be configured to take into account factors such as changing 

speeds and restricted areas of water. A* was also preferable for its ability to calculate a 

fast and optimal solution given an admissible heuristic [Winston, 1992], where an 

admissible heuristic is a heuristic function that generates values that never overestimate 

the cost of traveling from any point in the map to the goal [Winston, 1992]. Other 

algorithms such as Iterative Deepening A*(IDA*) and Breadth-First Heuristic Search 

(BFHS) were not chosen since these algorithms reduce the amount of memory used by 

the program at the expense of speed, which is useful for handling large data sets in 

situations which are not time critical [Zhou & Hansen, 2004]. However, given that the 

size of the grid was relatively small (and will be discussed in a subsequent section), the 

amount of memory needed to solve the problem did not warrant using one of these 

optimization schemes, at the expense of the algorithm’s speed to calculate a solution. The 

implemented A* algorithm in this research effort at required just 40 MB of stack space 
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Figure 13: Path after 1 (top left), 20 (top right), and 500 (bottom) iterations of the 

smoothing algorithm 

Visibility Uncertainty 

 

Since weather is a highly uncertain but critical variable, a simple model was developed to 

account for weather uncertainty, specifically that of visibility. Using visibility data from 

an Excel
®

 database that simulates a current visibility forecast and using uncertainty 

values that are assigned to the 2500 cells to simulate weather variance, cells can be 

classified as visibility obstacles depending on the user’s specification via the slider. Thus, 

areas below specified visibilities are excluded from the submarines search space. The 

uncertainty for each visibility value is represented through a lower and upper bound. It is 

assumed that the average visibility values and standard deviations would be available via 

some external forecasting source.  For this decision support tool, a cell was classified as a 
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visibility obstacle if the cell’s visibility lower bound was less than the cutoff visibility 

value specified by the user.   

Contact Uncertainty 

 

Since an automated path planner is more useful if it can predict where other contacts 

could be in the future, a back-end model was created for predicting a contact’s future 

position and presenting it to the A* algorithm. The model utilizes a contact’s current 

position, speed, and heading, which can be obtained through technology such as AIS, 

sonar, and periscopes. The model employs dead reckoning, calculating future positions of 

the contacts over time based on each contact’s last known position, heading, and speed. 

Since many factors such as vehicle type or current can introduce a significant amount of 

variance in that future position, a circular area is placed around a contact’s predicted 

position at a given time in the future to represent possible areas within the algorithm’s 

search space that the vessel may end up occupying at that time. Because the area needed 

to avoid a contact may vary per contact, the navigation decision support tool calculates 

three separate paths, each using a differently sized circular area for variance to be used 

for all contacts.  The user is then given the opportunity to select a path as per a preferred 

variance size. 

The three different sizes of variance used to produce the three paths represent 

varying levels of uncertainty in predicting the contacts’ future positions.  The path 

calculated using a smaller sized circular area for variance corresponds to the automation 

having less uncertainty in predicting each contact’s future position. Whereas a path 

calculated with larger circles for variance corresponds to the automation being more 

uncertain in predicting contacts’ future positions. 
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Figure 15: Automated path planner: High Separation vs. no Separation 

 While the manual path planner gives the user freedom to choose any method to 

handle contacts, the automated path planner attempts to still give the user some freedom 

in choosing how to handle contacts by providing the user with multiple paths to choose 

from by generating different contact avoidance schemes. Additionally, the automated 

path planner takes precautionary steps in creating paths by utilizing user-set cutoff values 

to determine which areas should not be included in the search space for the algorithm. It 

also uses the cutoff separation value with its capabilities of predicting a contact’s future 

position to prevent a user from running into a contact. 

The two methods of path planning presented in this chapter are predicted to 

improve the quality and speed of path planning for maritime applications. The manual 

path-planner gives the user an easy to use interface for quickly planning a safe path to a 

goal. It automates the tedious work of drawing straight lines on the map and it automates 
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the work of measuring heading while still giving the user the freedom to plan a path 

wherever they wish it to go. The automated path-planner utilizes the speed of the A* 

algorithm, combined with the contact prediction model to quickly plan a path that 

effectively avoids obstacles. The next chapter will measure how effective these path 

planning methods are as compared to the traditional pencil and paper method.  
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5. User Testing 
 

This chapter describes the human-in-the-loop experiment conducted to assess how 

effective the navigation decision support tool is in re-planning a course as compared to 

the traditional paper and pencil method. In addition to traditional performance metrics, 

trust was also measured.  

5.1 Experimental Protocol 

 

The main research question to be addressed was: How does using the navigation decision 

support tool affect surface navigation performance in comparison to paper charts, and 

how trustworthy is the automated tool? In addition, whether a sizable difference in the 

amount of trust exists between civilian and military personnel was investigated. 

The participants in this experiment used both the paper and pencil method as well 

as the navigation display to re-plan a path. The length of each path created and the time it 

took to plot a path were measured to determine which navigational tool provides the best 

results.  The participants were also asked a series of trust questions to help determine 

whether or not the tool is trustworthy, and whether it could be relied upon for navigation. 

Participants 

 

Eight military personnel, both Coast Guard and Navy, and eight civilians from the MIT 

sailing pavilion and the Massachusetts Maritime Institute with experience in navigating 

in open waters were tested. The average age of the military personal was 31 years old, 

with a standard deviation of 7 years, and a range of 23-47 years. The average age of the 

civilians was 41 years old, with a standard deviation of 10 years, and a range of 27-59 

years. Only male participants were used in the experiment since the submarine 
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Figure 17: Paper chart with depth values 

 

Figure 18: Weather/Visibility Chart 


