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Oil plume dispersion in water depth is an applied topic to study, and a practical 

way to respond to such a catastrophic event is to deploy an autonomous 

underwater vehicle (AUV) in the area. With notice that the underwater oil 

flows upward to the surface and in the meantime disperses into larger radii, a 

conical helix can be a suitable candidate for maneuvering about the oil spill. 

A helix maneuver requires steady control of the roll angle of the vehicle. 

Therefore, roll control adverse yaw, which originated in aviation, would be a 

concern for underwater navigation too. The correcting actuator signal that can 

adjust the vehicle's yaw angle, and therefore maintain its heading angle, shall 

be provided by the rudders or stern planes of the vehicle. Then the 

methodology of this research is to analyze the dependability of the rudder’s 

subsystem as a network of components in series. The dependability analysis 

that is performed here is in a series block diagram that is based on a minimal 

cut series. The results of this study show that the dependability of the 

engineering subsystems in an unmanned underwater vehicle can directly 

influence the outcome of a sensitive marine environmental protection project. 
Results show that the stern planes by more than a 90 percent chance can 

manage to control the maneuvering goals. 
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1. INTRODUCTION 

“While unmanned underwater vehicles have been and are being manufactured by many companies all 

around the globe for several decades, their risk of failure, safety and reliability in the sea are not commonly 

discussed as a standard piece of information” [1]. Dependability engineering is a discipline that aims to ensure 

that systems are reliable, available, maintainable, and secure. The successful completion of a mission (failure-

free mission) increases vehicle reliability [2]. For this purpose, several measures can be taken including: 

• Fault prevention by designing systems to avoid failures in the first place.  

• Fault detection by identifying failures in systems as soon as possible.  

• Fault tolerance by designing systems so that they can continue to operate even in the presence of failures.  

• Fault recovery by repairing failures and restoring systems to their normal state of operation. 
Dependability is defined as “a measure of the entity’s operating condition at one or more operating points 

during the life cycle, including the effects of reliability, maintainability, and survivability” [3]. Dependability 

is an inherent characteristic of a system or product that has to be integrated with safety during the design 

process. The dependability characteristics shall be traded with other system attributes such as mass, size, cost, 

and performance during the optimization of the design [4].  

On the other hand, the reliability of autonomous vehicles is a complex issue. Several factors can affect 

the reliability of an autonomous vehicle, including: 

• The quality and accuracy of the sensors used to perceive the environment; 

• The sophistication of the software used to make driving decisions; 

• The robustness of the system to handle unexpected events; 

• The level of integration with other vehicles and infrastructure. 
Autonomous vehicles are still under development, and there have been some accidents involving 

autonomous vehicles in recent years. The probability of failure has been reported as high as 2% for an 80-

kilometer mission by an autonomous unmanned underwater vehicle [2]. Note that a finished mission with fault 

means that the mission was finished without mission abort. The results from such a mission can be expected 

to be not satisfying [5]-[7]. 

A minimal cut set is a set of components or events whose simultaneous failure is sufficient to make the 

system fail. In other words, if any one of the components or events in a minimal cut set fails, the system will 

fail. Minimal cut sets are often used in reliability engineering and safety engineering to identify the most critical 

components or events in a system. By understanding the minimal cut sets for a system, engineers can design 

the system to be more reliable and safer. 

Minimal cut sets can be used to improve the reliability and safety of systems in many ways. For example, 

engineers can use minimal cut sets to: 

• Identify the most critical components or events in a system and design them to be more reliable. 

• Implement redundancy in the system to mitigate the failure of any one component or event. 

• Develop maintenance and testing procedures to reduce the probability of failure of critical components 

or events. 

• Develop emergency procedures to deal with the failure of critical components or events. 
The MC reveals the influence (sensitivity) of components on system dependability, thus, the MC reveals 

weak points [8]. Here are some specific examples of how the reliability of autonomous vehicles is being 

improved: 

• Sensor technology is improving. Autonomous vehicles rely on a variety of sensors to perceive their 

environment, including cameras, radar, and lidar. These sensors are becoming increasingly accurate and 

reliable, which helps autonomous vehicles to make better driving decisions. 

• Software algorithms are becoming more sophisticated. The software that controls autonomous vehicles 

is becoming increasingly sophisticated and able to handle complex situations. This includes the ability 

to detect and avoid obstacles, navigate in challenging conditions, and interact with other vehicles and 

infrastructure. 

• Redundancy is being built into the system. Autonomous vehicles are being designed with multiple layers 

of redundancy so that a failure of one component does not disable the entire system. This helps to ensure 

that autonomous vehicles can continue to operate safely even in the event of a failure. 
Overall, the reliability of autonomous vehicles is a top priority for developers and regulators. As 

autonomous vehicles become more widely deployed, one can expect to see continued improvements in their 

reliability. AUVs are unmanned, autonomous systems at level four which is human-supervised autonomy [9], 

[10]. 

About what we desire to achieve by operating unmanned underwater vehicles, an extreme mission is a 

mission that is highly challenging and requires a high level of skill, expertise, and resources. Extreme missions 
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in scientific research include conducting experiments in remote and dangerous environments, such as the Arctic 

and Antarctica, and studying extreme natural phenomena, such as volcanoes and earthquakes. Additionally, 

the extreme missions in disaster relief include rescuing people from collapsed buildings, delivering food and 

water to remote areas, and fighting wildfires and other natural disasters. 

Extreme missions are often motivated by a desire to push the boundaries of what is possible and to make 

a positive difference in the world [11],[12]. The term digital mission was originally coined to assist the 

successful conduction of outer space missions. It is the modeling of things that move through space in six 

degrees of freedom (DoF) and time. It involves sensors and information transfer. All of these moving objects, 

that are traced, also communicate together, and the engineer can analyze and plan a mission thereby [13]. 

Digital mission engineering can increase the reliability of AUVs by analyzing of elements and 

components of their missions. As digital technologies continue to develop and become more pervasive, they 

can be used to address a wide range of environmental challenges that are becoming increasingly important in 

today's world. By focusing on specific goals and strategically using digital technologies, we can harness the 

power of digital technologies to create a better future for all. 

Oil spill response is the process of containing and cleaning up oil spills. The goal of oil spill response is 

to minimize the environmental impact of the spill and to protect human health and safety. The best oil spill 

response technique to use will depend on the specific circumstances of the spill, such as the type of oil spilled, 

the size of the spill, and the environmental conditions. 

Despite the challenges, oil spill response is essential for protecting the environment and human health. 

Research work [14] tracked a planar oil plume in a simulated environment by using an acoustic sensor model 

developed for in-situ analysis and by sending heading angle commands to the AUV vehicle control computer. 

Professor Neil Bose talks about the oil plume crisis response [15]:  

• Marine pollution and oil spill response. 

• Harsh environment 

• Plastic threats to marine life 

• GOM 2010 Deepwater Horizon, 5 m barrels of oil. 
Oil spill response to include the underwater “Delineation using AUVs”; means indicating the approximate 

position of the border or boundary of the oil spill in the depth. The main objective of this study is to evaluate 

the dependable operation of the AUV in roll control adverse yaw. Any other type of performance can be a 

subject of dependability analysis. The significance of results is a matter of choice between different scenarios 

and how the operator wants to respond to an extreme event. 

The system's overall performance can be scored by summarizing its response to each of these scenarios. 

As an example, a gymnast is rated by its performance in difficulty and execution. As previously noted, the 

current AUV system is at level four of autonomy; in the future when these vehicles rely less on humans, they 

will choose between various scenarios, and in their choice, they have to evaluate which scenario can progress 

at a lower probability of failure, and possibly foresee the bottlenecks where the mission may need to terminate 

and abort. Therefore, they decide and rate the mission based on its difficulty and execution. 

In the first place, the dependability of the unmanned vehicle is in mind, but a solution is sought within 

the boundaries of an extreme mission. An oil spill response is selected assuming that every element of the 

mission is virtually simulated. The platform to do this mission in reality is MUN Explorer AUV [14]. In the 

next section, an introduction to the vehicle and its maneuvering features is made. Then the task is confined to 

a helix maneuver during which roll control adverse yaw is targeted. In other words, when the autonomous 

vehicle is searching for a subsea oil spill, a possible case is to turn circles while descending or climbing. Dive 

planes of the vehicle are responsible for depth change, while tail planes maintain roll control. Without an 

effective synchronized performance of both the dive and tail planes, the helix maneuver cannot be achieved 

[16]. System up state is when the control algorithm is successful, and together the down or fault states compose 

a situation where roll control fails. Results show that the dependability of the engineering subsystems in an 

unmanned underwater vehicle can directly influence the outcome of a sensitive marine environmental 

protection project. 

 

2. METHODS 

In this section, first the vehicle is introduced, and next the process of the underwater maneuvers is 

addressed. 

 

2.1. The MUN Explorer AUV 

In addition to many publications, this page introduces Explorer AUV: [17],[18].  

• Overall length: 4.5 m, and maximum diameter: 0.69 m. 
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• Four aft planes arranged in "X" configuration and two foreplanes which assist with precise depth and 

roll control. 

• Control planes: 35 by 35 cm in chord and span. 

• The AUV is propelled by a 0.65 m diameter high-efficiency two-bladed propeller. 
In the case of dive planes (Figure 1), the root-base projects out by 1.5 inches (equivalent to 3.8 cm), which 

may be added to the span of the fin (14”36 cm). This thickness is uniform along the length of the chord. It is 

fixed and does not deflect with the fins [19]. 

As can be seen in Figure 2, the root-base for the stern plane is not of uniform thickness throughout the 

length of the chord compared to the case of dive planes. In order to account for the curvature of the faired tail 

section, the root-base has a leading-edge thickness of 1.5” (same as previous) but a trailing edge (TE) thickness 

of 1.875”. In any case, the root base is fixed and does not move with the planes. 

 

 
Figure 1. Dive planes of MUN Explorer 

 

 
Figure 2. Stern planes (rudders) of MUN Explorer 
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2.2. Sea Trials 

During a typical mission, the AUV records a host of parameters that are logged onto the Vehicle Control 

Computer (VCC) hard drive. These parameters include information on vehicle position, attitude, heading, and 

speed, propeller rpm. depth, altitude, control plane deflections, and power input to various sensors, and 

actuators to name a few. 

To perform a helix, the AUV performs a circle and then a “dive-and-turn” phase by which it descends to 

the next circular path in a larger depth. The two bow planes are engaged during the dive-and-turn phase and 

have a non-zero value for about 10 seconds [16] Figure 4 100. 

Figure 3 to Figure 6 show sample maneuvering of MUN Explorer during a sea trial [20]. During a plane 

turning circle, a positive deflection angle means that the leading edge (LE) of the bow planes (dive planes) turn 

upward, thus they produce a net upward force, while the four stern planes produce a net downward force. 

Planes number 3 (upper port) and 6 (lower starboard) use − and planes 4 (lower port) and 5 (upper starboard) 

use  to perform a starboard turn [21]. 

Given the command radius and speed, the control plane deflections necessary for achieving a circle having 

the command radius are automatically determined and set by the vehicle control system during the mission 

execution. The position of the vehicle is estimated by DVL using velocity and heading. 

 

 
Figure 3. Time history of vehicle position 

 

 
Figure 4. Vehicle and propeller speed 
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Figure 5. Deflection angles of the stern planes 

 

 
Figure 6. Vehicle trajectory 

 

2.3. Roll Control Adverse Yaw 

Roll control adverse yaw is a phenomenon that occurs when an aircraft rolls to one side, but also yaws in 

the opposite direction. This is due to the difference in lift generated by the two wings. When the aircraft rolls 

to one side, the wing that is tilted up generates more lift than the wing that is tilted down. This difference in 

lift causes the aircraft to yaw in the opposite direction. Pilots can counteract adverse yaw by using the rudder. 

When the pilot applies a rudder, the aircraft will yaw in the direction of the rudder deflection. 
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Adopted by the author the Roll Control application [22] is a simplified AUV subsystem that is in charge 

of: 

• Calculating the vehicle roll rate according to a rudder command and the adverse yaw effect from both 

dive planes (and possibly the hull’s added moment of inertia effect); 

• Computing left and right warning alarms, which sound, respectively if the vehicle roll rate is strictly 

less than –10.0° per second or strictly greater than 10.0° per second; 

• Computing the “roll mode” (either Off, Nominal, or Failsoft) according to the ON/OFF button being 

pressed and the vehicle roll rate value. 
Active control of the vehicle toward target parameters that are unknown before deployment, such as where 

the target is or where the target is headed is achieved by using in-situ data analysis in real-time with an 

additional on-board computer called a backseat driver. This computer sends instructions to modify the mission 

of the vehicle and to promote its autonomy [14], [23]. 

To give the underwater vehicle the ability to mitigate problems autonomously by onboard fault protection 

system, [24] use a combination of BNP {Bayesian nonparametric} and LDA {Latent Dirichlet allocation} 

techniques. The developed model is used for fault diagnosis in AUV vertical plane maneuvers. The existing 

data-driven methods do not grow and have rigid structures. It is helpful for the UUV type of performance to 

evolve its intelligence by using new data as it undergoes new operation modes. Therefore, it is necessary to 

automatize: 

• The system characters and patterns, and 

• The system nominal and fault mode adaptability. 
This process is described by [24] as a transformation of records of the AUV’s sensors which are 

heterogenous data (e.g., numeric, Boolean, or text) to a common domain space. They assume that there are an 

infinite number of latent {unknown} topics, but only a finite number of them is enough to explain the observed 

data. Then, the smart robot can upgrade with the size and complexity of the data. Therefore, article [24] is an 

illustration of how the automated vehicle can enhance its database for failure and faults. 

Figure 7 shows the computer model in Ansys SCADE™. As can be seen, the major elements in this 

virtual model transit from where a failure may lead to an adverse maneuvering status for the automated vehicle. 

It is analogous to an event tree analysis where the sequence of events and their hazards can be logically traced. 

 

 
Figure 7. Roll control adverse yaw computer application [22] 

 

3. RESULT AND DISCUSSION 

The dependability of system structures can be modeled using dependability block diagrams (DBD), 

similar to reliability block diagrams (RBD). According to the binary basis of the Boolean logic, the DBD is 

either in the up state mode or in the down state mode. Each network model can be converted from the up state 

mode into the down state mode using the Boolean algebra: 𝐷𝑆 = 𝑈𝑆
̅̅ ̅, and vice versa: 𝑈𝑆 = 𝐷𝑆

̅̅ ̅ [8]. The system 

down state is a logical OR-connection of all minimal cuts MC, while the system up state is the AND-connection 

of their negation 𝑀𝐶̅̅̅̅̅, modeled by DBD belonging to the system S: [8] 

 𝐷𝑆 = ⋁ 𝑀𝐶𝑖

∀𝑖∈𝑆

     𝑈𝑆 = ⋀ 𝑀𝐶𝑖
̅̅ ̅̅ ̅

∀𝑖∈𝑆

 (1) 

For each component (e.g., computer, communication line), the following three states are defined. U up 

state (processing/delivering of the correct message within time). D down state (no processing/delivering of the 
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message or message out of time, e.g., due to failure of a computer, breakage of transport line, etc.). F fault 

message state (processing/delivering of the faulty message, e.g., faulty processing or transferring of the 

incorrect message, falsified or corrupted message). It is assumed that the components are s-independent; 

stochastic dependency (s-dependency) is explained by [8]. 

 𝐷𝐹 = 𝐷 ∨ 𝐹 (2) 

 

3.1. System Requirement Analysis 

To be able to compensate the vehicle path by the application of the X-planes at the vehicle stern, they act 

sequentially. As a result, they are modeled as four components that are connected in series. It was seen in 

Figure 5, that the X-planes during a turning maneuver take values that fluctuate about an average. All turns 

were performed to the starboard side [16]. As long as the four planes are acting the maneuvering objective is 

fulfilled. If any of the four planes fail, then the vehicle can no longer follow the prescribed trace. Figure 8 is a 

3D sketch of what shall happen during a successful oil spill crisis scenario as defined in this article. While the 

AUV is aiming to stay in the turn an adverse effect of the bow planes can stray it outside the desired path. 

 

 
Figure 8. Upward spiral (helix) maneuver around an oil plume 

 

3.2. Objective System States 

System states are as follows, 𝑈𝑆 up state means that the X-planes give the correct input for roll control. 

𝐷𝑆 down state means that the X-planes cannot contribute to roll control. 𝐹𝑆 fault state (running: in [25] the 

states are either success, failure, or running. The latter means that the action is running.) means that the X-

planes are running but the resulting trace goes off the prescribed trajectory due to adverse yaw effect. We 

define according to [8]: 

 𝐷𝐹𝑆 = 𝐷𝑆⋁𝐹𝑆 (3) 

 𝑈𝑆
̅̅ ̅ = 𝐷𝐹𝑆 (4) 

 

3.3. Component Modeling 

Each of the four planes is a component of this subsystem which covers a part of the overall roll control 

task. All parameters of the components are assumed to be the same.  
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The dependability of each control plane depends (1) on the proper calculation and delivery of the control 

signal to it, and (2) on the proper mechanical actuation of the plane. 

Figure 9 illustrates the model of the components: each plane has an actuating time before and after which 

the vehicle control computer is communicated to and from. The VCC (nodes) are not considered in the 

component model, as it is assumed to be 100% dependable). 

 

 
Figure 9. Illustration of the component model (four components) 

 

The following three states are defined for each of the components, 𝑈 up state (actuation of the correct 

hydrodynamic force from one node to the next within a given actuating time) ɟ, 𝑃𝑟(𝑈) = 0.979 probability of 

the up state. 𝐷 down state (no actuation of the planes due to failure of the component, e.g. gears stuck, electric 

lines broke, or exceedance of actuating time), 𝑃𝑟(𝐷) = 0.02 probability of the down state. According to [26] it 

is known that there have been not many instances of a down state. There have been instances when fish (squid) 

or large kelp have obstructed/constrained plane movement. 2% is likely reasonable. 𝐹 fault state (running of 

fault actuation, e.g., wrong order of actuation, coupling of motions, corruption of signal), 𝑃𝑟(𝐹) = 0.001 

probability of the fault state. ɟ NOTE: The VCC log counter of MUN Explorer operates at 0.1 seconds [20], 

however the actuating time in Figure 9 is not necessarily the same. The logic of a linear controller would be to 

adjust the command angles of the four planes one after the other in the order of their numbering 3 to 6 (X-

planes). The exact calculation of dependability is as follows: 

 
𝑃𝑟(𝑈𝑆) = 𝑃𝑟 (⋀(𝐷𝑖⋁𝐹𝑖

̅̅ ̅̅ ̅̅ ̅)

4

𝑖=1

) = ∏ 𝑃𝑟(𝑈𝑖) = 0.9794 = 0.919

4

𝑖=1

 (5) 

 

4. CONCLUSIONS 

Finding the underwater patches of an oil spill by an AUV and gathering information urgently and 

accurately can assist in confining the pollution within a region which is a vital step in responding to the incident. 

The task constitutes sensing and detecting the environment and at the same time motion planning and control 

which requires hardware-in-the-loop simulation [27]. Originating in aviation, an adverse yaw effect was 

assumed to cause undesirable changes in the heading of an underwater vehicle. As was seen in Figure 8 the 

AUV uses its dive planes to heel to the helix maneuver. Due to unbalanced lift forces of the port and starboard 

planes, an adverse yaw moment can appear. In such circumstances, the manuscript demonstrated how sensitive 

the vehicle control system is to failure or fault. About 90% of the time, the helix run is successful. “Detailed 

analyses have mostly uncovered that system failures are caused by inadequate system design and s-

dependencies between components, often triggered by common cause failures (CCF) or, in the worst case, by 

systematic failures” [28]. In our problem, small thrusters compared to a single propeller can in addition to 

producing thrust force, contribute to course keeping. For example, four thrusters like the arrangement of the 

Russian MT class AUV [29] or the French Alistar 3000 AUV [30] make a control system that can work parallel 

to the rudder system. Better dependability comes at the price of a more complex system, however. The Markov 

minimal cut approach [28] can assist in resolving the transitions and finding system down states. This could be 

the suggested mainstream for future research. 
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