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Abstract: In scientific and technical diving, the survey of unknown or partially unexplored areas is a
common task that requires an accurate planning for ensuring the optimal use of resources and the
divers’ safety. In particular, in any kind of diving activity, it is essential to foresee the “dive profile”
that represents the diver’s exposure to pressure over time, ensuring that the dive plan complies with
the specific safety rules that have to be applied in accordance with the diver’s qualification and the
environmental conditions. This paper presents a novel approach to dive planning based on an original
underwater pathfinding algorithm that computes the best 3D path to follow during the dive in order
to be able to maximise the number of points of interest (POIs) visited, while taking into account the
safety limitations. The proposed approach, for the first time, considers the morphology of the 3D space
in which the dive takes place to compute the best path, taking into account the decompression limits
and avoiding the obstacles through the analysis of a 3D map of the site. Moreover, three different cost
functions are proposed and evaluated to identify the one that could suit the divers’ needs better.
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1. Introduction

Underwater archaeologists, biologists, and even law enforcement agents are often committed
to survey underwater sites for accomplishing a variety of missions that may include the search and
recovery of lost items, visual census of benthic species, documentation of cultural assets, etc.

Unfortunately, the underwater environment is unfamiliar and hazardous for humans, so that
specific procedures and rules have been defined to ensure the divers’ safety. Most of the safety
procedures are intended to reduce the risk of drowning, while others aim to reduce the risk of
decompression sickness. In some contexts, getting lost is a serious hazard, and specific procedures to
minimise this kind of risk have to be followed.

Dive planning is the process of planning the underwater diving operations ahead, aiming to
increase the probability that a dive will be safely completed and the goals achieved [1]. The complexity
and the details considered in dive planning may vary enormously, but some kind of planning is
required for most underwater dives. The purpose of dive planning is to ensure that divers do not
exceed their comfort zone and skill level or the safe capacity of their equipment. It includes scuba gas
planning to ensure that the amount of breathing gas loaded in the tank is sufficient to complete the
diving safely, taking into account any reasonably foreseeable contingencies.

During the ascent, the depressurisation leads the inert gases dissolved in the tissues to come out
of the solution, eventually forming bubbles inside the body if the ascent is too fast. This could lead to a
condition known as decompression sickness. The risk to contract this disease can be effectively managed
through proper decompression procedures, and, therefore, its prevalence has been greatly reduced.
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Given its potential severity, much research has been dedicated to its prevention, and divers almost
universally use dive tables or dive computers to limit their exposure and control their ascent speed.

The activities planned ahead by the diver could require more time than expected. In such a
case, a diver could experience difficulties, or at least spend some time, to accurately evaluate during
the diving if he/she has enough time to reach all the planned points of interest (POIs). To conduct
such an evaluation, he/she should be able to evaluate the distance between all the POIs and the time
needed to reach and explore them, taking into account the air still available in the scuba tank and the
decompression stops needed at the end of the dive. It would be necessary to employ a system able to
calculate the best available path that enables the diver to visit the greatest number of POIs, taking into
account all the constraints imposed by the underwater environment. At present, dive computers
provide information about the diving and calculate the decompression stops, but they are not capable
of performing advanced evaluations as the ones described before.

Many different tools are available for planning a future dive. MultiDeco [2] is a decompression
program for PC, Mac, Android, iPad, and iPhone. It uses the varying permeability model (VPM-B)
and the Bühlmann model (ZHL-16) for computing the decompression profiles. It provides different
settings that allow for customising deep and safety stops, stop times, and air breaks. Subsurface [3]
is an open-source dive-log program for recreational, tech, and free divers that runs on Windows,
Mac, and Linux Subsurface. It can plan and track single-tank and multi-tank dives using air, Nitrox,
or Trimix. It supports a wide range of dive computers and can also import existing dive logs from
several sources. Diveroid [4] consists of an underwater case equipped with a small dive computer and
an app that turns the phone in an underwater camera, simultaneously showing the information on the
dive, like pressure, no-decompression limit, and times. DecoTengu [5] is a Python dive decompression
library that allows for various implementations of the Bühlmann decompression model with Erik
Baker’s gradient factors. The results of the DecoTengu calculations are decompression stops and tissue
saturation information that can be used by third-party applications for data analysis or dive planning.

Artificial intelligence has investigated search methods for solving pathfinding and path-planning
problems in large domains. Path planning is integral and crucial to various fields, including robotics
and videogame design [6,7]. The classic problem of determining the shortest path in a cluttered
environment has been one of the main objectives for many research efforts over the years.

Dijkstra [8] proposed an algorithm to address the shortest path problem. Hart [9] used a heuristic
function to estimate the cost of the path from a starting point to a given destination. The Dijkstra
algorithm is combined with this heuristic function to form a new node-searching strategy known as the
A* algorithm. The heuristic function can increase the efficiency of the Dijkstra algorithm by pruning
the search space in maps. The A* algorithm uses heuristic knowledge in the form of approximations
of the goal distances to focus the search and find the shortest paths for path-planning problems in a
potentially faster way with respect to uninformed search methods.

In our work, we propose an underwater pathfinding algorithm that computes the best path,
avoiding the obstacles in the site (by analysing a 3D map of the site) and taking into account the
limitations of decompression. To the best of our knowledge, approaches similar to ours do not yet
exist in the literature.

Currently, there are some works in which algorithms such as A* are applied in the search of paths
for autonomous vehicles. For instance, in [10], path planning for unmanned surface vehicles (USVs)
and an implementation of path planning in a real map are discussed. In particular, in this paper,
satellite thermal images are converted into binary images and are used as the maps for the finite angle
A* algorithm (FAA*). To plan a collision-free path, the algorithm considers the dimensions of surface
vehicles and their turning ability. In [11], a 3D path planning of an autonomous underwater vehicle
(AUV) is proposed by using the hierarchical deep Q network (HDQN) combined with the prioritised
experience replay. In [12,13], reinforcement learning techniques are proposed in order to allow UAVs
to navigate in unknown environments.
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In [14], path planning and the resulting control problems of autonomous underwater vehicles
(AUV) in three dimensions (3D) are studied. For obstacle avoidance and path optimisation,
a path-planning method based on particle swarm optimisation (PSO) and cubic spline interpolation
is proposed. The control strategy discussed in this paper is compared with the line-of-sight (LOS)
guidance through a simulation experiment.

In [15], a study of the optimal three-dimensional headings of AUVs is presented, with the goal of
reaching a given destination in the least amount of time from a known initial position. The authors
employ the exact differential equations for time-optimal path planning and develop theoretical and
numerical schemes to predict three-dimensional optimal paths for several classes of marine vehicles,
taking into account their specific propulsion constraints.

In [16], LPA*, an incremental version of A*, is proposed, combining ideas from the artificial
intelligence and the algorithms literature. It repeatedly finds the shortest paths from a given start
vertex to a given goal vertex, while the edge costs of a graph change or vertices are added or deleted.
Its first search is the same as that of a version of A* that breaks ties in favour of vertices with smaller
g-values, but many of the subsequent searches are potentially faster, because it reuses those parts of
the previous search tree that are identical to the new one.

The system described in [17] proposes the use of an omnidirectional ASV with the ability to follow
the diver and act as a private satellite in order to increase diver’s safety and to enable monitoring
from the surface. It is one of the few underwater systems of diving assistance, but it does not offer
any kind of path planning to support the diver. The technical contribution of this work consists
mainly in the development of a diver-tracking system composed of an autonomous surface marine
vehicle and an underwater diver interface used for two-way communication between the diver and
the surface vehicle.

The present paper introduces a novel system that can support divers during their underwater
surveying activities, computing the optimal path to follow in order to maximise the number of points
of interest that can be reached and explored during the dive, while taking into account several safety
factors. This work proposes, for the first time, to consider the 3D space in which the survey dive takes
place in order to adapt the path planning to the obstacles in the environment. The system is based on a
novel underwater pathfinding algorithm that computes the best path while taking into account the
decompression limits and avoiding the obstacles by analysing a 3D map of the site.

This original approach can be employed in two different scenarios: before the dive, when estimating
a planning of the underwater activities and—an even more challenging scenario—during the dive,
when the path needs to be adapted to unexpected situations and the time available for completing the
dive. In the latter case, the system enables the diver to know constantly the best path that maximises the
number of visited POIs and minimises the cost of the path. The latter, in an underwater environment,
can be defined in different ways. This information can be provided to the diver through an underwater
tablet, such as the one presented in [18–20], housed in a waterproof case and coupled with an acoustic
localisation system. This tablet is provided with a dedicated app that enables the diver to access
different features, such as the visualisation of a 3D map of the underwater site, the geo-position of the
diver, a set of POIs, and a predefined path for the visit. The proposed system allows for extending the
functionalities of the underwater tablet to provide an online optimal path planning while taking into
account the diving safety conditions.

2. Materials and Methods

The proposed pathfinding algorithm is composed of different stages, each addressing a different
problem. The first step is a preprocessing stage—namely, the space partitioning, in which the 3D model
of the underwater environment is analysed and represented in a way that is simpler to be processed
by a search algorithm. Subsequently, the process of searching the best path to visit a set of points of
interest can be divided into two phases. In the first phase, all the best paths between each couple of
POIs are generated (links generation). In the second phase, the best sequence to visit the major number
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of POIs is defined, aiming to minimise the cost of the visit (path optimisation). In both phases, the cost
of the underwater movements was assessed with different strategies, where each of them determines
the choice of a different best path. In order to take into account the aspects that are inherent to the
underwater environment, in this last phase, the search algorithm relies on an external API (application
programming interface)—namely, the DecoAPI, which records the history of the dive and evaluates
the actual state of the diver parameters related to the dive. This API was developed separately from
the pathfinding algorithm, and it implements the Bühlmann model ZH-16LC [21,22] extended with a
gradient factor [23] to track and compute the decompression profile of the diver.

All stages of the pathfinding algorithm are represented in Figure 1 and described in more detail in
the following sections.
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2.1. Space Partitioning

The space partitioning is the process of dividing a space into nonoverlapping regions so that any
point in the space can be associated with a single specific region. Representing a geometrical space in
such a way can simplify different kinds of geometry queries, e.g., determining whether a ray intersects
an object. Space partitioning is often used in 2D/3D path planning. In this case, the adjacent regions
are connected to each other by modelling a graph, so the process of searching for the shortest path can
be performed by the means of algorithms that operate in a graph.

For this purpose, it is very useful to divide the space into regions and to label the ones that
correspond to the “water” and the ones matching the “terrain”, with the aim of discerning between
the areas of the underwater site that the diver can pass through and the obstacles he/she has to avoid.
In particular, the space is partitioned into voxels with shapes of equal size cubes (namely, one metre),
forming a 3D grid. The exact dimension of the voxel was chosen in relation to the approximate
dimension of a diver. Indeed, a voxel not bigger than the diver is enough to represent the underwater
environment with sufficient accuracy. Even though it can produce a better approximation of the 3D
map, a too-small voxel could be counterproductive. In fact, an undersized voxel could lead to paths that
go through narrow passages where the diver should not and could not dive through. Moreover, it is
worth noting that the size of the voxel directly affects the algorithm performance, because the smaller
the voxel, the larger the total number of voxels that composes the 3D grid, and the computational cost
of the search algorithm employed in phase 1 depends on the number of voxels involved in the search.

2.2. Phase 1 (Links Generation): Calculating Optimal Links between Pairs of POIs

In phase one, a graph was defined, where each node represents a “water” voxel of the 3D grid, i.e.,
a region that is accessible to the diver. Each voxel is connected to its neighbours, which are the adjacent
voxels. The weight of the edges, connecting each node of the graph with its neighbours, depends on
the strategy by which the cost of the underwater movements is defined. Given this graph, the problem
that needs to be solved is the generation of the best paths between each couple of POIs. These best
paths are referred to as “links”, because they represent the links of a second different graph that will
be defined and used in phase 2. The best path between two given POIs is the one that minimises the
defined cost, i.e., the shortest path. In graph theory, the shortest path problem requires to find a path
between two nodes in a graph, so that the sum of the weight of the edges that belong to the path is
minimised. In the literature, an algorithm that is widely used to solve this kind of a problem is A*,
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which is often used in many fields of computer science due to its completeness, optimality, and optimal
efficiency [24]. A* is an informed search algorithm that uses a heuristic function to estimate the cost of
the cheapest path from a given node to the goal node. The algorithm uses this information to focus its
search toward a direction that most likely will lead to the optimal solution. The heuristic function
is problem-specific, so it needs to be defined according to the context. If the heuristic function is
admissible, meaning that it never overestimates the actual cost to reach the goal node, A* will always
return a least-cost path from the starting node to the goal node.

As regards the weight of the edges of the graph, i.e., the cost of the underwater movements,
three possible strategies were considered to define it: one based on the distance covered by the path,
one on the air consumption, and the last on the decompression cost. Since the heuristic function is
problem-specific, it is defined in a specific way for each strategy. These strategies are described in
detail in the following subsections.

2.2.1. Distance

The simpler strategy is to consider the cost of an underwater path as the mere distance covered by
the path. In the 3D grid, the allowable movements are restricted by the nature of the grid itself. Basically,
three different types of movements are allowed in a 3D grid, and each of them has a different cost:

• Mov1D: It is the movement along only one axis. Given a voxel diameter of one meter, the cost of
this kind of movement is defined as c = 1 (Figure 2, yellow line).

• Mov2D: It is the movement along two axes. Its cost is defined as the diagonal of a square of a side
equal to one: c =

√
2 � 1.4 (Figure 2, blue line).

• Mov3D: It is the movement along three axes. Its cost is defined as c =
√

12 + 1.42 � 1.7 (Figure 2,
green line).

In this case, given two nodes, the heuristic function (1) is computed as the distance between the
two nodes evaluated as movements in the 3D grid. Since the heuristic should not overestimate the
distance, it is considered the best case, i.e., the minimum number of movements of a different kind that
permits to reach one node from the other:

h = 1.7×Mov3D + 1.4×Mov2D + 1×Mov1 (1)

where MovXD is the number of movements for each type of movement.
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2.2.2. Air Consumption

In an underwater environment, the covered distance is not the only factor to take into account
while evaluating the cost of a path. Indeed, the diving depth is a factor that affects different aspects of
the dive, such as the air consumption, the quantity of nitrogen absorbed, and, consequently, the need
and the duration of the decompression stops at the end of diving. The air consumption depends both
on the distance covered and the diving depth. Therefore, it could be a valid parameter to consider as a
cost to be minimised.

To compute the air consumption, the respiratory minute volume (RMV) has to be considered as
the air consumption rate [1]. The RMV is the total volume of air moved in and out of the lungs in one
minute, and it is directly related to different exertion levels among divers. The air consumed at a given
depth can be computed calculating the consumption rate at the depth with Equation (2):

Cd = RMV × Pa (2)

where Cd is expressed in scfm (standard cubic feet per minute), and Pa is the absolute pressure (ata)
at the given depth. Then, the air consumed (3) can be calculated by multiplying the Cd by the travel
time (min).

Cair = Cd ×Movtime (3)

Given the distance of each type of movement, as described in the previous section, the travel time
(4) can be defined as

Movtime =
Movdistance

v
(4)

where v is the traveling speed that can be considered as a constant. Therefore, the cost (5) can be
defined as

Cair =
RMV

v
× Pa ×Movdistance (5)

As RMV
v is constant, i.e., it remains the same in the cost computation of whatever path, the cost

function (5) can be simplified as follows (6):

Cair = Pa ×Movdistance (6)

On this basis, the heuristic function (7) can be defined, and it considers the best case of a path
with the minimum distance, as computed in the previous section, and the minimum air consumption
that matches the one evaluated on the surface (Pa = 1).

h = Mov3Ddistance ×Mov3D + Mov2Ddistance ×Mov2D + Mov1Ddistance ×Mov1D (7)

where MovXD is the number of movements for each type of movement, and the movement distances
are the ones described in the previous section.

2.2.3. Decompression Cost

On the basis of the theory of the dissolved gas model of Bühlmann [21], it is possible to evaluate
the partial pressure of inert gas dissolved in the tissue compartments of the diver. This pressure is
an important parameter in the computation of decompression stops. In fact, the greater the pressure,
the longer the time that will be eventually needed to complete safely the decompression.

Hence, the formulation of a “decompression cost” that is based on the inert gas pressure in the
tissues and is computed by means of the Schreiner Equation (8) [25]:

Pt = Palv0 + R
(
t−

1
k

)
−

(
Palv0 − Pt0 −

R
k

)
e−kt (8)
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• Pt, compartment inert gas pressure (bar).
• Pt0, initial compartment inert gas pressure (bar).
• Palv0, initial inspired alveolar inert gas pressure (bar). Palv0 = (Pamb − Pwv)Q, where Pamb is the

initial ambient pressure, Pwv is the water vapour pressure at 37 degrees Celsius, i.e., 0.0627 bar,
and Q is the fraction of inert gas.

• k, half-time constant related to the compartment (min−1), k = ln 2
hal f−time .

• t, time of exposure (min).
• R, rate of change in inspired inert gas pressure with change in the ambient pressure (bar/min).

R = QRamb , where Ramb is the rate of change in the ambient pressure, and Q is the fraction of
inert gas.

In short, this equation evaluates the tissue inert gas pressure according to its initial state Pt0 to the
ambient pressure Pamb and to the ascent/descent rate. The idea is to define Pt as the decompression
cost, but in order to solve the concerning equation, some assumptions were necessary. It is assumed
that the breathing mixture is atmospheric air, and therefore, the only inert gas considered is nitrogen.
Typically, on the basis of the Bühlmann model, the equation is calculated for all 16 tissue compartments,
but in this case, for the sake of simplicity, only the first compartment was considered, i.e., the one with
the highest diffusion rate. This compartment has a half-time equal to 4 [22]. Furthermore, the time of
exposure t and the rate of change in inspired gas pressure R are calculated assuming a speed of the
diver equal to 10m/min. In addition, for the evaluation of R, a fixed value Q = 0.79 stands for the
fraction of nitrogen in the air. Finally, it was necessary to define the value of Pt0 that is related to the
diver initial state. Since the diver state is not known at this stage, it is assumed as a constant Pt0 equal
to the one computed on the surface before starting the dive. On the surface, the amount of nitrogen in
the body is constant, so, in this case, the partial pressure of nitrogen (9) corresponds to the alveolar
partial pressure:

Pt0 = Palv0 = (Pamb − Pwv)Q = (1.0132bar− 0.0627bar) × 0.79 = 0.7509 bar (9)

On these bases, a table of the decompression costs was created. For each depth, three cases were
considered: remaining at the same depth, ascending, and descending. For each of these cases, the cost
of the three different movements allowed in the 3D grid were computed, as described previously.
In Table 1, as a sample, only a part of the decompression cost table is reported.

Table 1. A part of the decompression cost table.

Depth Direction Mov1D Mov2D Mov3D P_alv0

0 Same 0.752156728 0.753014201 0.753655358 1

0 Down 0.752493664 0.753485367 0.754226993 1

1 Up 0.752682484 0.753748715 0.754545865 1.1

1 Same 0.753019419 0.754219881 0.755117501 1.1

1 Down 0.753356355 0.754691047 0.755689137 1.1

2 Up 0.753545175 0.754954395 0.756008008 1.2

2 Same 0.753882111 0.755425561 0.756579644 1.2

2 Down 0.754219046 0.755896727 0.75715128 1.2

3 Up 0.754407866 0.756160076 0.757470151 1.3

3 Same 0.754744802 0.756631242 0.758041787 1.3

3 Down 0.755081737 0.757102408 0.758613423 1.3
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Table 1. Cont.

Depth Direction Mov1D Mov2D Mov3D P_alv0

4 Up 0.755270558 0.757365756 0.758932294 1.4

4 Same 0.755607493 0.757836922 0.75950393 1.4

4 Down 0.755944429 0.758308088 0.760075566 1.4

5 Up 0.756133249 0.758571436 0.760394438 1.5

5 Same 0.756470184 0.759042602 0.760966073 1.5

5 Down 0.75680712 0.759513768 0.761537709 1.5

As regards the heuristic function (10), similar to the other strategies, a path with the minimum
distance and the minimum decompression cost that corresponds with the one evaluated on the surface
was considered:

h = Mov3Dsur f ace_cost ×Mov3D + Mov2Dsur f ace_cost ×Mov2D + Mov1Dsur f ace_cost ×Mov1D (10)

2.3. Phase 2 (Path Optimisation): Calculating Optimal Path to Visit All POIs

Once phase 1 is completed, all the best links through each couple of POIs have been computed.
In phase two, a new graph with a node for each POI can be considered. This is a complete graph for
which the links were computed in phase 1. Given this graph, the problem is to find the path that visits
the highest possible number of POIs with the minimum cost. It is worth noting that it could be not
possible to safely visit all the POIs. This is due to the constraint related to the diving safety procedures
that take into account the remaining air in the tank and the absorption of nitrogen in the tissues that
should not go beyond the limits. Taking into account all of these aspects, the search algorithm in this
phase relies on the DecoAPI introduced before.

Therefore, the algorithm of phase 2 searches for the path that visits the highest possible number of
POIs with the minimum cost and that is safe and feasible for the diver, given his/her actual state.

The cost of the path depends on the strategy employed in phase 1. In the case of strategies based
on the distance and on the air consumption, the cost considered in phase 2 is the same as the one
evaluated in phase 1, so each link of the new graph has a cost that matches the one computed for
the related best link found in phase 1. In the other case of the strategy based on the decompression
cost, the cost considered in phase 2 is based on a parameter evaluated by DecoAPI, i.e., the ascent
pressure limit. It was decided to consider this cost during this phase, because it is directly related to
the inert gas dissolved in the tissues on which the decompression cost of phase 1 is based as well.
In particular, the ascent pressure limit stands for the minimum ambient pressure to which the diver
can ascend without exceeding the critical supersaturation limit. Furthermore, the ascent pressure limit
computed by DecoAPI can rely on the knowledge of the complete decompression profile of the diver,
and, therefore, it is more realistic than the decompression cost computed in phase 1, which is based on
some strong assumptions that could not correspond to the real case.

The space of the solutions can be represented as a tree (Figure 3). The root of the tree is represented
by the diver, and the first level of the tree is composed of all the POIs. The child nodes of each branch
node are all the POIs except the ones that are just present in the branch. The tree has a number of leaves
that is N!, where N is the number of POIs. The number of the leaves corresponds to all possible paths
that visit all the POIs. The total number of nodes of the tree (11) is given by the following formula:

N∑
k=0

N!
(N −K)!

(11)

that represents all the possible partial paths, i.e., the paths that visit only a subset of the given POIs.
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A depth-first search algorithm for traversing the tree was implemented. As soon as it finds a path
with a cost lower than the actual best path (if any), this is recorded as the best path. In addition, also,
the best partial path is recorded, i.e., the path that visits the greater number of POIs with the lowest
cost. If there is not a path that can visit all the existing POIs, this partial path will be returned as the
best path. This is due to the fact that, apart from different strategies employed in phase 1, in phase
2, each eligible path is processed by DecoAPI and should result safe to be considered as a possible
solution. A path is considered safe if the diver does not exceed the decompression limits and if he/she
has enough time to fulfil the deco stops, thus concluding the dive in complete safety. DecoAPI performs
this evaluation on the basis of the actual state of the diver. In fact, it records the dive profile of the
diver in order to perform the estimation of the nitrogen absorbed by the tissues of the diver. When the
tree is generated, the initial state of the diver corresponding to the root of the tree is recorded. At each
branch node, the state of the diver is computed according to the actual path of the related branch and
is propagated in the lowest level of the tree. This step avoids the repetition of expensive calculations
that were previously done. Furthermore, a pruning of the search tree is implemented, i.e., a technique
for the optimisation of the tree through the removal of the branches that are redundant in order to find
the optimal solution. In particular, when a partial path has a cost that is greater than the cost of the
actual minimal path, the related branch is deleted from the tree, and the search proceeds on to the
next branch.

3. Results

The behaviour of the pathfinding algorithm was tested on each underwater site for each of the
three strategies previously described. For each 3D model of the underwater sites, space partitioning
was performed in order to produce a 3D grid on which the algorithm could perform the search of the
best path.

3.1. Case Studies

Three cases of study were considered to evaluate the behaviour and the performance of the
pathfinding algorithm. Each of them consisted of a 3D model that represented an underwater site with
different environmental features. Five POIs were placed in each site, and they represented the spots
that the diver needed to visit. The different environments are described in the following subsections.
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3.1.1. Shipwreck

This underwater site is a typical sample of an artificial obstacle in an underwater environment
that could restrict the freedom of movement of the diver, and it has to be taken into account while
computing a diving plan. In particular, in this case study, the obstacle is also the focus of the mission
and is represented by a modern shipwreck that is 85 m long and approximately 13 m wide (Figure 4).
The shipwreck lays on the seabed in an upright position at a depth of around 35 m. The deck of the
ship is at a depth of around 30 m.
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3.1.2. Seamount

This case study represents a sample of a natural obstacle in the underwater environment, such as
a seamount (Figure 5). It is not a real environment but a 3D-modelled one. The depth at the seabed
level is around 30 m, and the top of the seamount is 10 m deep.
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3.1.3. Landslide

A typical natural underwater formation is the landslide, i.e., an underwater slope where the depth
increases gradually (Figure 6). In this case, the environment was modelled as well. The top region is
around 7 to 8 m deep, and the bottom of the seabed is at a depth of around 27 m.
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3.2. Space Partitioning: 3D Grids

Figure 7 represents the 3D grids for each case study. More precisely, the figure shows the voxels
of the grids that represent the “terrain”, i.e., the regions of the underwater site that cannot be traversed
by the diver, as described in the related section. The whole grid covers the entire underwater sites
from the seabed to the surface. In the figure, the bounds of the grids are represented by the white lines.
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3.3. Generated Paths

In Table 2, all generated paths are reported for each case. The rows represent the underwater sites,
and the columns represent the strategy adopted to compute the related path. The position of the diver
is set always on the surface, and the generated paths visit all the POIs in each case. The generated path
is represented by the voxels of the grid that are part of the path. A gradient colour is used to better
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identify the depth of the path. The gradient ranges from the green colour on the surface to the red
colour on the seabed. A numbered label near each POI indicates the order of visit.

Table 2. The paths generated with three different strategies for three different case studies.

Underwater Site
Strategy

Distance Air Consumption Decompression

Shipwreck
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For each path generated with a specific strategy, the costs of the other two strategies are also
computed for the path. These costs are reported in Table 3, where each column represents the paths
generated by the related strategy divided by the underwater site. Consequently, each row represents
a specific type of cost. Within the row, the value highlighted in grey represents the minimum cost,
and the value in bold represents the cost closest to the minimum.

Table 3. The costs computed for each path with the tree strategy.

Underwater Site Cost
Strategy

Distance Air Consumption Decompression

Shipwreck
Distance 167 172.2 301.7

Air Consumption 13.5292 13.4948 20.6618
Decompression 2.277739 2.14631 0.8656095

Seamount
Distance 139.2 143.5 175.6

Air Consumption 8.3121 8.2405 9.3926
Decompression 0.5507061 0.548093 0.5466153

Landslide
Distance 223.7 227.4 292.4

Air Consumption 12.1802 11.7076 13.9602
Decompression 0.5526806 0.548951 0.5451685

Over time, the paths determined by the pathfinding algorithm could change. In fact, the history of
dives is recorded by DecoAPI, which evaluates the diving profile of the diver and establishes if a certain
path is safe or not for the diver. Figure 8 and Table 4 depict two different moments of the same dive.
In the first moment, the diver is diving at a depth of 18 m, and the related dive data are reported in the
first column of Table 4, labelled as “Case a”. In this situation, the algorithm succeeds in finding a safe
path to visit all the five POIs (Figure 8a). After fifteen minutes at the same depth of 18 m, the situation
changes, as reported in the second column of Table 4, labelled as “Case b”. In fact, the ascent pressure
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limit, which meaning was defined before, increases from 0.97 to 1.64 bar. The air available in the tank
goes down to 66 bar, and the time to surface (TTS) goes up to six minutes. In particular, the TTS is
a typical diving concept that represents the time estimated for the diver to complete the eventual
decompression stops and ascend safely to the surface. In this new situation, the pathfinding algorithm
evaluates that it is no longer safe for the diver to visit all the five POIs. Therefore, it suggests an optimal
partial path, i.e., a path that visits four POIs with the minimum cost and in complete safety.
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Table 4. The dive data associated with the two cases presented in Figure 8.

Dive Data
Initial State

Case “a” Case “b”

Time (min) 39 54
Diving depth (m) 18 18

Ascent pressure limit (bar) 0.97 1.64
Tank (bar) 95 66

Time to Surface (min) 2 6

4. Discussion

The results reported in Table 2 show that the algorithm behaves in a different way according to
the adopted strategy. In particular, the strategy based on the distance produces a straightforward path
that obviously takes into account only the distance covered by the path whilst ignoring the depth.
On the contrary, the strategy that relies on the air consumption cost considers both the distance and
the depth of the generated path. As a result, this strategy produces paths that suggest ascending a
little in some cases, in order to dive at a lower depth and consume less air without impacting too
much on the distance covered by the path. Finally, the strategy based on the decompression cost
generates paths that suggest ascending more and more frequently with respect to the air consumption
strategy. In addition, the strategy based on the decompression cost suggests visiting the POIs in an
order that does not seem to be convenient or logical. This is due to the fact that this strategy does
not take into account the distance covered by the path and suggests diving at lower depths as much
as possible in order to minimise the ascent pressure limit. In fact, the ascent pressure limit is not an
increasing function during the dive, but it can decrease while ascending. The costs reported in Table 3
allow for better addressing the differences between the results obtained by the alternative strategies.
Obviously, each strategy obtains the best values (highlighted in grey) as regards the cost related to
the strategy itself. The strategy based on the distance obtains an air consumption cost that is the
closest to the minimum. The strategy based on air consumption seems to suggest paths that minimise
the consumption of air, but, in addition, it obtains a distance cost and ascent pressure limit that are
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the closest to the minimum. On the contrary, the strategy based on the decompression cost seems
successful only in optimising the ascent pressure limit while suggesting paths that have a distance and
air consumption cost that are considerably higher with respect to the other two strategies.

Each strategy may consider or not the diving depth and, eventually, can suggest paths with
an ascent of a variable entity before moving towards the target. In this respect, Table 5 reports
some figures that address the different behaviours of strategies in suggesting the entity of the ascent.
Each figure shows the paths suggested by each strategy that goes from the diver to a POI placed at a
given distance and depth. At a depth of 10 m and a distance of 10 m, all the three strategies suggest
moving straightforward, maintaining the depth. Increasing the distance to 20 m, the air consumption
(AC) strategy suggests ascending a few meters, and the decompression strategy suggests ascending
even more. With a distance of 30 m, both strategies suggest ascending up to the surface. Obviously,
the strategy based on the distance does not ever suggest ascending, because it does not consider depth
as a cost. Going deeper, to 20 m, with the POI placed at a distance of 10 m, the three strategies continue
to suggest remaining the same depth. At a distance of 20 m, the only strategy that suggests ascending
a few meters is the one based on the decompression cost. A further increasing of the distance of the
POI up to 30 m leads the AC strategy to suggest ascending about five meters, while the strategy based
on the decompression cost suggests ascending about 10 m. It is worth noting that, basically, the AC
strategy suggests ascending less with respect to the decompression strategy, placing itself in the middle
between the other two strategies.

Table 5. Different behaviours of the strategies in suggesting the ascent by varying the depth and the
distance between the diver and point of interest (POI).

Depth
Distance between Diver and POI

10 m 20 m 30 m

10 m
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In addition, it could be noted that both the AC and decompression strategies suggest ascending
less with the increase of the depth. This could be explained by observing the graphs in Figure 9. In both
graphs, each line represents the evolution of the different types of movements with the increase of the
depth. It could be noticed that the slope of each line is different. Consequently, as the depth increases,
the gap between different types of movement increases as well. This shows that it is less affordable to
extend the path ascending with diagonal movements.
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Figure 9. The evolution of the air consumption cost (a) and the decompression cost (b) with the
increasing of the depth.

Finally, it has to be noted that, in the results reported, the strategies could also decide to ascend
up to the surface without any constraint in order to evaluate the pure behaviour of the strategy. In a
real case, it is convenient to introduce an ascent limit that can prevent the strategies from ascending
too much. Indeed, the possibility to enable this limit was introduced in the pathfinding algorithm,
and it was set at the depth of the safety decompression stop, which, usually, is at five meters and has to
be completed at the end of every dive.

5. Conclusions

In this work, a novel system was presented that enabled computing an underwater path that visits
the highest possible number of POIs with the minimum cost and in total safety. This was achieved by
designing an original pathfinding algorithm that took into account several factors strictly inherent to
scuba diving. In fact, the algorithm took into account the decompression limits and the remaining air
in the scuba tank. Furthermore, for the first time in the field of path planning aimed to support divers,
the proposed system took into account the topography of the underwater environment to produce a
path that considered and avoided obstacles.

The pathfinding algorithm computes the path with the minimal cost. In order to define the cost of
the underwater movements, three possible strategies are considered: the first one based on the distance
covered by the path, the second on the air consumption, and the last one on the decompression cost.

The analysis of the results suggests that the best strategy is the one based on the optimisation of the
air consumption. The decompression cost is based on the ascent pressure limit that takes into account
only nitrogen absorbed in the tissues. For this reason, the strategy based on this cost tends to suggest
paths that ascend too much towards the surface, without taking into consideration the additional
distance of the path. Conversely, the strategy based only on the distance cost does not consider the
depth of the path and optimises only the length of the path. In the middle, between these two strategies,
the strategy based on air consumption takes into account both the distance and the depth, minimising
the diving at great depths without affecting too much the path’s length. Furthermore, since the AC
strategy tends to ascend less than the strategy based on the decompression cost; it suggests paths
that are more plausible and relevant to the standard scuba diving practices. An ascent limit that can
prevent the strategies from ascending too much was designed as well.
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In the future, it will be necessary to evaluate additional strategies or to combine the existing ones
in a different fashion. Indeed, it could be possible to adopt different strategies for the evaluation of
the costs in the two different phases of the algorithm. Some field tests will be conducted with real
users that could give important feedback to evaluate which strategy could perform better in a real case
scenario. In addition, since divers often return to known locations at the end of the dive (i.e., the boat),
a fixed final node in the computation of the best path could be introduced. This will strongly change the
generated paths and may ensure a better suiting of real diving demands. Finally, a further extension
could also take into account the sea currents that may affect considerably the cost of a specific path.
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