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Preface

The demand for underwater work is increasing. As such, this book provides 
guidelines for developing a successful underwater work curriculum, designing an 
innovative learning and teaching method, and promoting consistent standards 
in underwater work education. It includes case studies of underwater work, 
integration of blended e-learning, and sustainable and social innovation in 
underwater work learning experiences. The five chapters focus on cutting-edge 
research and provide the reader with a broad overview of the current state of 
development in underwater work design and methods. The chapters in this volume 
include the relevant technical, sustainable, and social innovations that have a 
significant influence on society and the stakeholders. This edited book consists of 
5 chapters focusing on underwater work. A brief summary of each part is given 
below.

Chapter 1 “Introductory Chapter: Underwater Ordeals” is a brief introduction 
defining underwater work, its trades and crafts, and associated challenges.

Chapter 2 “Cross-Correlation-Based Fisheries Stock Assessment Technique: 
Utilization of Standard Deviation of Cross-Correlation Function as Estimation 
Parameter with Four Acoustic Sensors” presents the cross-correlation-based 
fisheries stock assessment technique, which uses the mean and ratio of the standard 
deviation to the mean of cross-correlation function (CCF) as the estimation 
parameter. However, this chapter utilizes only the standard deviation of CCF as a 
parameter to estimate population size. The authors use four acoustic sensors and a 
chirping sound commonly generated by damselfish (Dascyllus aruanus), humpback 
whales (Megaptera novaeangliae), dugongs (Dugong dugon), and other species to 
accomplish the simulations. Results show that a robust estimation can be obtained 
using the standard deviation of CCF as an estimation parameter even when the 
distances between acoustic sensors are small.

Chapter 3 “Diving as a Scientist: Training, Recognition, Occupation - The ‘Science 
Diver’ Project” describes the challenge of conducting scientific work under water. 
From collecting samples to protecting underwater cultural heritage sites, scientific 
divers need to address issues concerning scientific methodology, diving safety, 
professional acknowledgment, training, and legal implications. All these matters 
are handled in different ways depending on factors like region, organizations 
involved, legal framework, diving philosophy, and so on, producing a diverse 
framework on scientific diving as a distinct type of underwater work. The Science 
DIVER project’s main objective is to study and analyze this fragmented landscape 
to provide insight and suggestions for a commonly accepted framework that will 
promote scientific diving as a means of forwarding knowledge both within the 
scientific community and its interaction with the public.

Chapter 4 “Progressive Underwater Exploration with a Corridor-Based Navigation 
System” focuses on the exploration of underwater environments by means of 
autonomous submarines like autonomous underwater vehicles (AUVs) using 
vision-based navigation. An approach called Corridor SLAM (C-SLAM) was 



IV

developed for this purpose. It implements a global exploration strategy that consists 
of first creating a trunk corridor on the seabed and then branching as far as possible 
in different directions to expand the explored region. The system guarantees the 
safe return of the vehicle to the starting point by taking into account a metric of the 
corridor lengths that are related to their energy autonomy. Experimental trials in a 
basin with underwater scenarios demonstrate the feasibility of the approach.

Chapter 5 “Underwater Technical Inspections Using ROV Applied to Maritime and 
Coastal Engineering: The Study Case of Canary Islands” describes how underwater 
technical inspections using remotely operated vehicles (ROV) have an important 
role in the design, construction, maintenance, and repair of maritime and coastal 
infrastructures, trough video recording, digital photographs, collection of technical 
data, and underwater topographic survey providing support for consultancy 
studies and projects and technical advice and appraisals. Routine inspections are 
key to the maintenance of any submerged infrastructure. The importance of this 
type of inspection is increasing every day, but divers are also placed in increasingly 
dangerous scenarios to carry out this type of work. Inspections of underwater 
structures (as in dams, bridges, reservoirs, breakwaters, piers, oil rigs, etc.) have 
always been arduous and difficult, and often dangerous, but today underwater 
drones offer solutions that eliminate the risk faced by divers as well as greatly reduce 
the high costs involved in such inspections.

We hope this volume will enhance readers’ understanding and practice of 
underwater work and processes. 

Sérgio António Neves Lousada and Rafael Freitas Camacho
UMa - Faculdade de Ciências Exatas e da Engenharia, 

Campus Universitário da Penteada,
 Funchal, Portugal

XIV
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Chapter 1

Introductory Chapter: Underwater 
Ordeals
Sérgio Lousada and Rafael Camacho

1. Underwater works

Underwater work is work done underwater, generally by divers during diving 
operations, but includes work done underwater by remotely operated vehicles and 
manned submersibles.

The versatility and multifarious skills of underwater works means that it is pos-
sible to operate over a wide range of activities, working in hyperbaric conditions or 
in confined spaces. The divers’ experience in the field and their detailed knowledge 
of diving procedures enables them to operate in highly specific segments [1]:

• inspection of civil-engineering structures;

• undersea foundations and welds;

• ship hull inspections and raising of wrecks;

• work in hostile and nuclear environments;

• dam inspections using an ROV (Remotely Operated Vehicle);

• installing or commissioning outfalls, undersea conduits, and cables.

2. Trades and crafts

Virtually, all the civil-engineering trades and crafts can be transposed to under-
water work, as in the case of high-pressure cleaning, cementing, welding, cutting, 
among others [1]. Therefore, all professional diving occupations have a few skills 
commonly used:

• underwater navigation;

• underwater searches;

• rigging and lifting;

• inspection, measuring, and recording;

• and the use of basic hand tools.
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Some skills are specific to specialist occupations such as: erecting formwork and 
shuttering (civils), oxy-arc cutting (salvage, ships husbandry, offshore), hydraulic 
bolt-tensioning (offshore oil and gas), bomb disposal (military, public safety), 
search and rescue (public safety, police), and site surveys and mapping (scientific, 
archeology).

3. Ordeals

Most construction projects involving professional divers are engineered by road, 
canal, and port engineers, but only a few know in depth the risks inherent in the 
underwater work performed by professional divers [2].

As in any profession, engineers need a permanent updating in their area of 
expertise through continuous training [2].

One of these subareas is underwater engineering. However, for several years, 
engineering projects have suffered from a lack of rigor in their approach to under-
water work, both at budget level, constructive procedures and in terms of safety 
and health [2].

It is believed that this is so, mainly due to the ignorance of the exceptional condi-
tions that the hyperbaric environment imposes throughout the activity and the legal 
framework that regulates it. This means that the tasks are tendered with significant 
shortcomings that hinder their subsequent execution in adequate conditions of 
safety and economic viability [2].

The main objective of this book is precisely conveying the on-going construc-
tive procedures, methods and methodologies, the equipment, the limitations, and 
the specificities that the hyperbaric environment has, where the diver develops his 
work, that so much condition an underwater work.
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Chapter 2

Cross-Correlation-Based Fisheries 
Stock Assessment Technique: 
Utilization of Standard Deviation 
of Cross-Correlation Function as 
Estimation Parameter with Four 
Acoustic Sensors
Shaik Asif Hossain and Monir Hossen

Abstract

In the past, cross-correlation-based fisheries stock assessment technique utilized 
the mean and the ratio of standard deviation to the mean of cross-correlation func-
tion (CCF) as estimation parameter. However, in this paper, we have utilized only 
standard deviation of CCF as estimation parameter to estimate the population size. 
We utilized four acoustic sensors and considered chirp sound which is commonly 
generated by damselfish (Dascyllus aruanus), humpback whales (Megaptera novae-
angliae), dugongs (Dugong dugon), etc., species to accomplish the simulations. We 
found that a robust estimation can be obtained using standard deviation of CCF as 
estimation parameter even when the distances between acoustic sensors are small.

Keywords: acoustic sensor, bins, chirp, fisheries stock assessment,  
standard deviation

1. Introduction

Passive acoustic monitoring of fish abundance is an emerging field of research 
among the conservation researchers and marine ecologists. It has upgraded 
understanding of the temporal distribution and repertoire of soniferous fish and 
mammals [1–2]. Generally, passive acoustic monitoring is used to have an insight 
about the population size of soniferous fish and mammals, which are problematic to 
locate using visual sampling techniques [3–6] in a certain marine area. These types 
of fishery surveys utilize the advantage of sound production nature of many species 
of fish and mammals which possess natural acoustic tags. It has the merit of being 
a non-destructive and non-invasive monitoring technique, unlike the conventional 
fisheries stock assessment methods, that is, mark recapture techniques, environ-
mental DNA, visual census, echo, minnow traps, etc. [7–8]. Generally, mechanical 
instrument-based conventional fishery surveys suffer from poor accuracy, time 
consuming nature, overly human interaction, costly instruments, etc., which can 
be overcome by passive acoustic monitoring techniques. Passive monitoring can 



Underwater Work

6

provide unbiased data on the location and movement of sound producing source 
in underwater situations [9]. Low-frequency (<10 kHz) acoustic sensors, that is, 
hydrophones, are used to detect natural sound production by fish and mammals 
[10]. Usually, fish sound is associated with courtship, feeding or aggressive encoun-
ters [10]. Researchers categorized the sound types of fish and mammals by different 
names, that is, chirps, pops, grunts, whistles, growls, hoots, etc., which are associ-
ated with their frequency and temporal characteristics [11].

However, cross-correlation-based fisheries stock assessment technique, a passive 
acoustic survey technique, was proposed in [12–16]. In this technique, the sound 
signals of vocalizing fish and mammals are processed to estimate their population 
size [17]. This statistics-based technique has the potential to resolve some main 
drawbacks of conventional techniques like complexity, reliance on human interac-
tion, time consuming nature of estimation, sensitivity, high cost, etc. A simplified 
block diagram representation of this technique is illustrated in Figure 1.

In the past, the researchers associated with this technique utilized the mean 
of CCF [12] ratio of standard deviation to the mean of CCF [13–20] to estimate 
population size. In this paper, we have introduced standard deviation of CCF as 
estimation parameter to perform our desired estimation. We considered four acous-
tic sensors case [21], that is, hydrophones, in this research. For four acoustic sensors 
case, different types of topologies, that is, acoustic sensors in line, acoustic sensors 
in a rectangular shape, acoustic sensors in a triangular shape, are possible. Similarly, 
Acoustic sensors in a triangular shape can be a square shape, a rhombus shape or a 
trapezoidal shape. In this paper, we considered acoustic sensors in line case (ASL 
case). The main reason of considering four acoustic sensors is increasing number of 
cross-correlation function ensures better accuracy in this technique [14]. Likewise, 
from diverse sound types of fish and mammals, we considered chirp sound which 
is commonly generated by damselfish (Dascyllus aruanus), humpback whales 
(Megaptera novaeangliae), dugongs (Dugong dugon), etc., species [11]. We organize 
this paper as firstly, to state the theoretical procedure of our proposed methodology 
and finally, the theory will be evaluated by simulation. We used MATLAB simula-
tion environment to accomplish our simulation in this study.

2. Utilization of the CCF

The formulation of cross-correlation of sound signals of fish and mammals is 
analogous to the formulation of cross-correlation of Gaussian signal [22], which are 
the starting materials to estimate the population size. Chirp sound of fish and mam-
mals are received by the acoustic sensor and recorded in the associated computer in 

Figure 1. 
Simplified block diagram of cross-correlation fisheries-based stock assessment system.
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which cross-correlation is executed. Transmission and reception of sound signals 
are performed for a time frame, called “signal length.” Sound (chirp) generating 
fish and mammals are considered as the sources of sound signals and N fish and 
mammals are distributed over the volume of a large sphere, the center of which 
lies halfway between the acoustic sensors. A typical scenario of fish and mammals 
distribution is shown in Figure 2.

In the water medium, a constant propagation speed Sp of sound is considered 
[23]. Figure 3 shows an example of 3D estimation area under water space with 
a single fish N1 and four acoustic sensors H1, H2, H3, and H4. We considered the 
coordinates of H1, H2, H3, and H4 are (x1, y1, z1), (x2, y2, z2), (x3, y3, z3), and (x4, y4, z4) 
respectively, whereas the coordinate of the fish is (a, b, c). The distance between the 
acoustic sensors can be calculated as follows:

 ( ) ( ) ( )= − + − + −
22 2

12 1 2 1 2 1 2DBSd x x y y z z  (1)

 ( ) ( ) ( )= − + − + −
2 2 2

23 2 3 2 3 2 3DBSd x x y y z z  (2)

 ( ) ( ) ( )= − + − + −
2 22

34 3 4 4 4 3 4DBSd x x y y z z  (3)

Here, dDBS12 = distance between H1 and H2, dDBS23 = distance between H2 and H3, 
and dDBS34 = distance between H3 and H4.

Let us consider, a sound signal coming from N1 is S1(t), which is finite in 
length. The signal received by acoustic sensors H1, H2, H3, and H4 are Sr11, Sr12, 
Sr13, and Sr14, respectively:

 ( ) ( )α τ= −11 11 11 11 ,rS t S t  (4)

 ( ) ( )α τ= −12 12 12 12 ,rS t S t  (5)

 ( ) ( )α τ= −13 13 13 13 ,rS t S t  (6)

 ( ) ( )α τ= −14 14 14 14 ,rS t S t  (7)

where α11, α12, α13, and α14 are the attenuation due to absorption and disper-
sion in the medium, and τ11, τ12, τ13, and τ14 are the respective time delays for the 
acoustic signals to reach the acoustic sensors. For four acoustic sensors ASL case, 
the cross-correlation among the acoustic sensors is taken place for three times, i.e., 
between sensors H1 and H2, H2 and H3, and H3 and H4. So, the total number of CCF 
is three.

Therefore, the CCFs are:

 ( ) ( ) ( )τ τ τ
+∞

−∞

= −∫1 11 12 11C S t S t d  (8)

 ( ) ( ) ( )τ τ τ
+∞

−∞

= −∫2 12 13 12C S t S t d  (9)

 ( ) ( ) ( )τ τ τ
+∞

−∞

= −∫3 13 14 13C S t S t d  (10)
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To find out the CCFs for N number of fish and mammals, we have to take the 
total sound signals received by the four acoustic sensors.

Thus, the composite signals received by H1, H2, H3, and H4 are:

 ( )α τ
=

= −∑1 1 1
1

N

rt j j j
j

S S t  (11)

 ( )α τ
=

= −∑2 2 2
1

N

rt j j j
j

S S t  (12)

 ( )α τ
=

= −∑3 3 3
1

N

rt j j j
j

S S t  (13)

 ( )α τ
=

= −∑4 4 4
1

N

rt j j j
j

S S t  (14)

Therefore, the total CCFs are:

 ( ) ( ) ( )τ τ τ
+∞

−∞

= −∫12 1 2rt rtC S t S t d  (15)

Figure 3. 
Diagram of a single fish with four acoustic sensors, H1, H2, H3, and H4.

Figure 2. 
Distribution of fish and mammals with four acoustic sensors, that is, four pluses (++++).
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 ( ) ( ) ( )τ τ τ
+∞

−∞

= −∫23 2 3rt rtC S t S t d  (16)

 ( ) ( ) ( )τ τ τ
+∞

−∞

= −∫34 3 4rt rtC S t S t d  (17)

This is the form of series of delta functions because in cross-correlation proce-
dure one sound signal is the delayed copy of another [22].

3. Theoretical estimation from standard deviation of CCF

As we considered chirp generating fish and mammals to estimate their popula-
tion size, an introduction to chirp signal is an important task in this perspective. 
Chirps belong to a swept-frequency sound signal, which possess a time varying 
frequency. From a sound analysis of Plectroglyphidodon lacrymatus and Dascyllus 
aruanus species of damselfish, It was seen that the produced chirps by them was 
consisted of trains of 12–42 short pulses of 3–6 cycles [12, 24]. The durations varied 
from 0.6 to 1.27 ms where the peak frequency varied from 3400 to 4100 Hz [25]. 
Such a sound signal can be represented as [8, 12, 13]:

 ( ) ( )
π

  − = + +  
    

2
2 1

12
2

f f t
X t Acos f t P

d
 (18)

where f1 = starting frequency in Hz, f2 = ending frequency in Hz, d = duration in 
second, P = starting phase, and A = amplitude.

However, the mean of CCF can be expressed by ensemble average of the chirp-
signal cross-correlation as [22].

 
( ) δ

+∞

−∞

 − −
〈 〉 = × + −  

 
∫

   

 ,a s b s
T r S

p p

C t Q T v d t
S S

r r r r
r

 (19)

where QT represents the acoustic power of the received signals from the sources 
taken to be constant over time and space, v is the creation rate of the sources whose 
unit is unit time per unit volume, Tr is the total recording time, 



sr  is the path length 
of sources from the origin, ar  is the path length of first acoustic sensor from the 
origin, and 



br  is the path length of second sensor from the origin.
Now, the variance of the CCF can be defined as [22]:

 ( )( ) ( ) ( )= 〈 〉 − 〈 〉2 2 ,Var C t C t C t  (20)

where ( )〈 〉2C t  and ( )〈 〉2C t  are defined in Eqs. (21) and (22), respectively, 
as [22]:

 

( ) ( ) ( )

( ) ( )

τ τ τ τ

τ τ τ τ

+ +∞ +

− −∞ −∞

+ +∞ +

− −∞ −∞

 
〈 〉 = − × + − × 

 
 

− × + − 
 

∫ ∫∫

∫ ∫ ∫

    

    

 

22 2 2
1 1 1 1 1 1

2

2
3 3 3 3 3 3

2

, ;  , ;

, ;  G , ;

r

r

r

r

T t

T a bT

T t

a bT

C t Q v dt dr d G r r t G r r t

dt dr d G r r t r r t
 

(21)
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and

 

( ) ( ) ( )

( ) ( )

( )

τ τ τ τ

τ τ τ τ

τ τ

+ +∞ +

−∞ −∞−

+ +∞ +

−∞ −∞−

+ +∞ +∞ +

−∞ −∞ −∞−

 
 = − × + − ×  
 

 
 − × + − +  
 

− ×

∫ ∫ ∫

∫ ∫ ∫

∫ ∫ ∫ ∫

    

  



 

 

 



2
2 2

1 1 1 1 1 1

2

2

3 3 3 3 3 3

2

2
2

1 1 1 1

2

, ; , ;

, ; , ;

, ;

r

r

r

r

r

r

T
t

T a b
T

T
t

a b
T

T
t

T a
T

C t Q v dt dr d G r r t G r r t

d dr d G r r t G r r

Q v dt d dr d G r r t

t t

t ( )

( ) ( )

( ) ( )

( )

τ

τ τ τ

τ τ τ

τ τ

+∞ +

−∞ −∞

+ +∞ +∞ +

−∞ −∞ −∞−

+∞ +

−∞ −∞

   − ×     
 

− × − + 
 

   − × − ×     

− ×

∫ ∫

∫ ∫ ∫ ∫

∫ ∫







 

    

    





 

1 1

1 1 1 1 1 1

2
2

1 1 1 1 1 1

2

2 2 2 2

, ,

, ; , ;

, ; , ;

, ;

r

r

a

t

b a

T
t

T a b
T

t

b

G r r

dr d G r r t G r r

Q v dt d dr d G r r t G r r

dr d G r r t

t

t

t t

G( )τ
 

− 
 







2 2, ; ,b tr r
 

(22)

where G(.) = Green’s function. The other parameters signify their usual  
meanings [22].

Therefore, we can get the standard deviation, σ of the CCF as we know that  
standard deviation is the square root of the variance.

 ( )( ) ( ) ( )σ = = 〈 〉 − 〈 〉2 2Var C t C t C t  (23)

However, to analyze the random signal cross-correlation problem to find the 
standard deviation in the above way is very hard. Therefore, the problem can be 
reframed as a binomial probability problem which can make the analysis simpler. 
Since, cross-correlation function follows the binomial probability distribution in 
which the parameters are the number of balls, that is, fish and mammals, N, and 
one on the number of bins, b; therefore, the standard deviation, σ of the CCF is 
defined as bellow [22]:

 σ  = × × − 
 

1 11 ,N
b b

 (24)

where N is the number of fish and mammals and b is the number of bins. Here, b 
can be achieved from the following Eq. [22]:

 × ×
= −

2 1,DBS R

P

d Sb
S

 (25)

where SR is the sampling rate, dDBS is the distance between equidistant sensors, 
and Sp is the speed of sound propagation.

From Eq. (25), we can write the following formula:

 σ×
=

−

2 2

1
bN

b
 (26)
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Therefore, if σ is available from simulation, the estimated population size of fish 
and mammals, N will be found from Eq. (26).

Now, for four acoustic sensors ASL case, the final standard deviation will be 
found from the average of σ1, σ2, and σ3.

 
σ σ σ

σ
+ +

= 1 2 33

3
CCF

Average  (27)

Thus, from Eq. (26), we can obtain that

 
( )σ×

=
−

22 3

1

CCF
Averageb

N
b

 (28)

Therefore, if σ is available from simulation, N will be found from Eq. (28).

4. Simulation and discussion

Simulations were executed considering that four acoustic sensors lay on the 
center of a sphere. We also considered a uniform random distribution of fish and 
mammals. Thousand iterations were averaged to accomplish the simulated results. 
To ease the simulation, the power difference among the acoustic pulses transmit-
ted by each fish and mammal was considered negligible. Here, we considered  
dDBS12 = dDBS23 = dDBS34 = dDBS. The parameters used in MATLAB simulation are 
introduced in Table 1.

Figure 4 shows the theoretical and corresponding simulated results for the 
population estimation of fish and mammals in terms of the estimation parameter 
σ of CCF. The solid lines designate the theoretical results, and the stars, circles, 
squares, and triangles correspond the simulated results. The variations of b are as 
results of varying dDBS in the four different Figures 4(a)–(d). The other parameters 
are same for all the figures.

Figure 5 shows the difference between theoretical and simulated population size 
of fish and mammals for b = 79. In this figure, the solid line indicates the theoretical 
results, and the triangles are corresponding to the simulated results. From Figure 5, 
it can be seen that the theoretical and simulated results are closely stayed to each 
other, which signifies the strength of this population estimation method. Similarly, 
we can see that the number of bins, b has an impact on the estimation parameter, 
which is obvious from Eq. (28). We can see that the value of the standard deviation 

Parameters Value

Dimension of the sphere 2000 m

dDBS 0.25, 0.5, 0.75, 1 m

SP 1500 m/s

SR 60 kSa/s

Absorption coefficient, a 1 dBm−1

dispersion factor, k 0

b 19, 39, 59, 79

Table 1. 
Parameters used in Matlab simulation.
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is lower in case of higher b and vice-versa and the simulated results are closer with 
the theoretical lines also. The figures also illustrate that a very short distance, even 
to place a single fish between them, between the acoustic sensors can also give a 
good estimation using this technique.

Figure 4. 
Number of fish and mammals vs. σ of CCF (a) b = 19 (dDBS = 0.25 m and SR = 60 kSa/s) (b) b = 39 
(dDBS = 0.5 m and SR = 60 kSa/s), (c) b = 59 (dDBS = 0.75 m and SR = 60 kSa/s), and (d) b = 79 (dDBS = 1 m 
and SR = 60 kSa/s).
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However, our work has some limitations, for example, assuming the delays to be 
integer, negligence of multipath interference, consideration of negligible amount of 
power difference among the fish sound pulses during transmitting time.

5. Conclusion

Passive acoustic monitoring is a potential tool to survey the population size of 
fish and mammals in a certain marine area. It can overcome the major drawbacks of 
conventional techniques. Cross-correlation-based stock assessment technique is also 
a passive acoustic survey technique dedicated to fish and mammals. An investiga-
tion on this technique with different estimation parameters was the cardinal goal of 
this research. To do that, we performed our desired estimation with standard devia-
tion of CCF as estimation parameter. The small difference between theoretical and 
simulated results proved that it is highly possible to pursue this passive monitoring 
technique utilizing standard deviation of CCF as estimation parameter. Here, we 
considered four acoustic sensors because from the previous research, we found that 
an increasing number of CCF ensures better accuracy using this technique. In this 
paper, we considered four different numbers of bins to show its impact on estima-
tion also. It is shown that a robust estimation is possible using standard deviation of 
CCF as estimation parameter even when the distances between acoustic sensors are 
small. Therefore, during practical implementation of this technique, these findings 
will contribute significantly.

Figure 5. 
Exact number of fish and mammals vs. estimated number of fish and mammals for b = 79 (dDBS = 1 m and 
SR = 60 kSa/s).
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Abstract

Conducting scientific work underwater is a challenging endeavor. From  collecting 
samples to protecting underwater cultural heritage sites scientific divers need to 
address issues concerning scientific methodology, diving safety, professional acknowl-
edgement, training, legal implications etc. All of these matters are handled in different 
ways depending on factors like region, organizations involved, legal framework, diving 
philosophy etc. producing a diverse framework on scientific diving as a distinct type of 
underwater work. The ScienceDIVER project’s main objective is to study and analyze 
this fragmented landscape, in order to provide insight and suggestions towards a com-
monly accepted framework that will promote scientific diving as a means of forward-
ing knowledge both within the scientific community and its interaction with the public.

Keywords: scientific diving, dive training, professional diving, diving legislation, 
diving safety

1. Introduction

For more than a century now the underwater world has yielded priceless infor-
mation on a variety of scientific disciplines. Whether it is the amazing mechanism 
and the impressive cluster of bronze sculpture from the Antikythera Shipwreck [1] 
or the valuable measurements on biodiversity and how climate change affects the 
ecosystem (among others [2]), the data that derive from underwater projects enrich 
our perception of the world daily and significantly. Going through this long list of 
underwater endeavors it becomes evident that dive-based research is considered a 
valuable tool in scientific progress. New data along with new methodologies spring 
out of the challenging underwater environment enhancing scientific processes 
and results. Moreover, diving for scientific purposes is also considered nowadays 
a substantial part of professional development for scientists that want to expand 
their horizon or excel through the development of specialized skills and expertise. 
Thus, it has become part of a growing business sector that combines the scientific 
world with the maritime industry. Established terms such as Blue Growth and Blue 
Economy1 or even recently emerged ones such as Blue Science2 reflect the dynamic 

1 https://ec.europa.eu/maritimeaffairs/policy/blue_growth_en
2 https://www.euromarinenetwork.eu/activities/blue-science-blue-growth
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environment that the combination of several scientific fields can create working 
with the relevant public or private institutions, in order to promote social and 
financial development.

However, a career path to scientific diving (SD) is not clearly evident to those 
who seek to follow it, either students or scientists who want to forward their 
research underwater. The reason is probably the existence of multifarious ways in 
which different parts of the world or different established frameworks approach 
scientific diving as a part of their activity. The relevant landscape is chaotic not in 
the sense that it is totally absurdum of course, rather than in the mathematical sense 
of the term meaning that it has many variables that sometimes interact and other 
times remain idle, creating an unstable model for the harmonization of procedures 
and accreditation. Differences in philosophy that span from minor dissimilarities 
in definitions [3–9], to completely unlike and sometimes controversial approaches 
on features like health and safety [3, 5, 7, 10–13], remuneration and professional 
acknowledgment. That being said, there are of course established frameworks that 
do work on a regional, national or even continental level that have been develop-
ing for decades (among others [14–16]). Yet, since science leads the way in joining 
multi-backgrounded people for the promotion of knowledge and has in a way 
already achieved a global understanding on methodology and procedures, one 
should expect or even better strive towards the creation of a common framework 
for the scientific diving community as well, so as to promote research and expand 
international collaboration. United Nations’ declaration of the decade 2021–2030 
as the Decade of Ocean Science for Sustainable Development3 is for example a great 
opportunity for nations to work together in order to generate the global ocean 
science needed to support the sustainable development of our shared oceans. 
Scientific diving could be a major device in providing an effective framework for 
the promotion of Ocean Literacy4 and the enhancement of interaction between 
science and the public.

All the above generated the idea of a focused research on this particular field 
that would provide insight on effective ways for the creation of a unified scientific 
diving framework. The project “ScienceDIVER: Cross-sectoral skills for the blue 
economy market”5 started in November of 2019 and comprises the joint effort of 
three Universities (Aristotle University of Thessaloniki, Greece - University of 
Calabria, Italy - University of Stuttgart, Germany), a research Institution (DAN 
Europe) and three companies representing the advisory maritime industry (Atlantis 
Consulting, Greece – envirocom, Germany – Marine Cluster Bulgaria). It is funded 
by the European Maritime and Fisheries Fund (Blue Economy 20186) and its main 
objective is to support the development of blue and smart cross-sectoral skills, in 
order to meet the evolving needs in the labor market of Blue Economy. By building 
solid -long lasting- collaborations and structures between academia and industry 
it aims to offer standardized training and clear career pathways to diving scientists 
within the European Union. The project is structured in three phases. Firstly, there 
is the mapping of the relevant landscape and the assessment of needs. Subsequently 
the consortium will develop tools for the promotion of the project’s objectives and 
lastly there is the testing phase and the provision of viable solutions along with the 
final results.

3 https://en.unesco.org/ocean-decade; https://oceandecade.org/
4 https://oceanliteracy.unesco.org/
5 https://www.sciencediver.eu/
6 https://ec.europa.eu/info/funding-tenders/opportunities/portal/screen/opportunities/topic-details/
emff-03-2018
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2. Methodology

This chapter was produced based on data from the first phase of the project. 
For all the reasons stated above mapping the landscape is a challenging endeavor. 
In order to approach the subject, the work was divided in five separate tasks. First 
one was mapping the stakeholders. Since it is nowadays widely accepted, both for 
professional and social reasons, that knowing the people involved is essential for 
the success of any management plan, identifying the stakeholders became a prior-
ity. The second task was in essence an expansion of the first one, since it comprises 
focused interaction with selected stakeholders such as competent organizations 
and policy makers. Both of the above two tasks were used as tools for the produc-
tion of the following. Third task was to map the training framework concerning 
scientific diving. Task number four aimed at providing a view on the relevant legal 
framework, whereas the last one was focused on presenting matters of professional 
acknowledgement.

Data were gathered from various sources. Bibliography seems to be limited on 
the specific topic [17–20], since the bulk of scientific diving literature is mostly 
devoted to the presentation of projects or dedicated to specialized procedures, e.g. 
diving physiology or hazmat diving, rebreather diving etc. (for a list of indicative 
publications see [21] but also [22–25]) and not on theoretical matters concerning 
overall methodology and processes. This chapter is actually a way of contributing to 
this area of interest by disseminating the results of the project’s survey. Most of the 
material used was taken from official texts provided by organizations that are either 
focused on or adjacent to scientific diving. Corpora with scientific diving guidelines 
and standards, various manuals (training, guidelines etc.), educational material 
etc. [3, 5, 7, 10, 12, 13, 26] that are provided by these organizations entail basic 
information concerning procedures, prerequisites, certification etc. but also reveal, 
although not straightforward the philosophy behind the choices on these matters. 
In other words, analyzing the data one may find clues on the various factors that 
create the general context that has led to those choices. On a more direct approach, 
once the stakeholders were identified and assessed, a series of interviews took place 
with various key players, in order to receive some insight to specific issues. In most 
cases, in order to keep a coherent approach, predefined questionnaires were used in 
the communication. Additionally, questionnaires were used also on specific subjects 
(e.g. citizen science and SCUBA diving) aimed at gathering data from a larger base 
like for example the recreational diving community. Beyond that, a lot of informa-
tion was produced by online sources, such as official (and unofficial) websites 
(among others [2, 14–16, 27, 28]), social media etc. which were critically assessed 
and provided a more popular aspect to the research than the sterilized image official 
documents or official representatives do.

Moving from the greater context to more specific ones and trying to keep the 
overall picture while focusing on more specific areas the study was carried out 
on several levels. Starting from a global perspective, the first level’s aim was to 
provide an overview of the situation at various parts of the world organizing big 
clusters. Most of these clusters were representative of continental regions (Europe, 
America, Australia, Asia, Africa) and the analysis was carried out on a superficial 
level providing, as stated above, an overview of the situation. More extensive was 
the study in selected areas. Europe was obviously the main focal point, however 
more detailed analysis was produced as well for other regions that were considered 
to have an important background in scientific diving such as North America (USA 
and Canada), Australia and New Zealand, South Africa, certain Asian countries etc. 
Deeper examination was then decided to be put forward in five “focus countries” in 
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the EU (Croatia, France, Germany, Greece, Italy) for them to be used as “case stud-
ies” keeping in mind that these would also probably serve as testing countries in the 
implementation phase of the project.

Since this is an ongoing project and data gathering never stops on one hand and 
the data pool is considerably large on the other, there were certain assumptions 
made, in order to go on with the process. Such assumptions would be that the data 
provided by official websites are indeed valid and updated, that the data provided 
by various contact persons are true and correct and that in all cases there may be 
more information available that has not been located yet during bibliography or 
online searches, or has not been mentioned by the interviewees.

3. Training framework

The study of the training framework was deemed to be extremely important, 
since it is the backbone of every diving scheme. It entails all the theoretical and 
methodological information of each diving framework and has been designed to 
transmit this information from one person to another, thus it is designed to be com-
prehensible and coherent. The scope of this task was to provide an overview of the 
scientific diving training landscape and through comparative and analytical tools to 
offer some insight on the various approaches that are taken spotting either com-
mon ground or indisputable differences. In short to provide a critical map of this 
entangled network. The objectives set in order to provide this result were firstly to 
make a list of all the official diving courses related directly or indirectly to scientific 
diving, to study them and produce some analytical/comparative interpretations and 
discuss them, in order to come up with relevant conclusions.

A total of 33 diving courses were presented and studied [28–50]. The data gath-
ered comprised basic information about the training agency and the specific course 
(title, weblink, short description), more detailed data concerning the content and 
the learning objectives (theoretical knowledge and practical skills), some data 
about logistics (examination, region, prerequisites, training material, certification 
requirements and contact person information, i.e. name, position/assignment, 
contact info). In addition to all the above, a quantitative attribute was placed 
expressing the relevance of the specific course to scientific diving. The scale span 
from 3 (max) which indicates a direct reference to SD in course title and description 
to 1 (min) stating that there is no reference to scientific diving, although some of 
the courses’ content is adjunct to it, insinuating a low relevance. Relevance factor 
index 2 represents the area between the two extremities with courses that although 
not named as such, include references to scientific diving in their syllabus. The data 
derived from all available sources (see above in methodology, p. 3).

Once the list was ready, the analytical phase of the study begun. For method-
ological reasons the following scheme “Training standards ->Training course -> 
Certification -> Qualification/recognition” (Figure 1) was adopted in order to 
be able to organize/categorize the data (training courses, organizations, learn-
ing objectives, material, prerequisites etc.). More specifically, four [4] criteria 
categories were recognized, i.e. (a) Prerequisites (input), (b) Technicalities 

Figure 1. 
Training scheme as approached by the study.
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(durations, costs, number of participants, etc.), (c) Learning objectives (knowledge 
and skills) and (d) Certifications (outputs). The above criteria were selected in 
order to allow the description of the training courses on the context of “pathways”, 
originating from an entry point (Prerequisites), passing through a fulfillment phase 
(Learning Objectives) and resulting to a destination point (Certification) (Figure 2). 
Technicalities were considered as a complementary set of information for the logistics 
of each training course. It was later decided to let this part aside because the complex-
ity of adjusting factors (region, currencies and local financial context, flexible train-
ing timelines etc.) made it impossible to gather usable data for comparative analysis 
and moved beyond the scope of the intended study.

From analyzing the gathered information that comprises a variety of train-
ing courses, the study has concluded to six [6] recognizable qualification 
systems, which are directly related to scientific diving: (a) American Academy 
of Underwater Science (AAUS) /Canadian Association of Underwater Science 
(CAUS), (b) Australian Diver Accreditation Scheme (ADAS), (c) Confédération 
Mondiale des Activités Subaquatiques (CMAS), (d) European Scientific Diving 
(ESDP), (e) Global Underwater Explorers (GUE), (f) Health and Safety Executive 
(HSE). Apart from CMAS and GUE the other four (AAUS, ADAS, ESDP and HSE) 
are not training agencies, but are providing qualification. These organizations 
provide standards for the creation of training courses by their members (e.g. for 
AAUS see [51]). Comparison was held on three levels (see Table 1) following the 
scheme on Figure 2.

The first one was about prerequisites. Features that were considered were 
the entry level – diving certification needed for a diver to begin scientific diving 
training, administrative matters such as current professional status, age limits, 
nationality issues etc., medical requirements, swimming proficiency and water-
manship standards. It was also noted if and what kind of entry exams are required 
and whether there is a need to prove experience through the number and the type 
of previously logged dives. Summarizing the results, it seems that there is a com-
mon threshold concerning existing dive certification. All of the systems require a 
degree of recreational diving status (whether basic e.g. Open Water Diver or novice 
e.g. CMAS **, Rescue Diver or equivalent) in combination with Basic Life Support 
capabilities (e.g. CPR, first aid, defibrillation, oxygen provision). Most of them 
require medical examination and again all of them require a number of logged dives 
to prove some kind of experience, although the number and type of dives fluctuates 
from a minimum of 25 dives of any type to more specific demands like dive plan-
ning, participation to science projects etc.

The second level of analysis focused on learning objectives. The idea here was 
that if one breaks down the complex structure of these training systems, the basic 
elements that they are made of are the “learning objectives”. Kind of like the genes 
in an organism. The selection/combination of learning objectives, either those 
referring to theoretical knowledge, or those that have to do with practical skills is 
essential since they are the building materials of the training courses and this pro-
cess reflects their scope and objectives. Breaking down the courses and analyzing 
the basic themes on which they are based resulted in a comparative list containing 

Figure 2. 
Training “pathway”.
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AAUS ADAS CMAS ESDP* GUE HSE

PREREQUISITES

ENTRY LEVEL 
(CERTIFICATION)

• • • • • •

Autonomous diver”. ISO 24801-
2:2007 (e.g. Open Water Diver).

• • •

CMAS** or equivalent (e.g. Rescue 
Diver)

• • •

EFR •

ENTRY EXAMS • •

ADMINISTRATIVE • •

MEDICAL • • • • •

SWIMMING / 
WATERMANSHIP

• • • •

EXPERIENCE • • • • • •

Logged dives • • • • • •

Check dive •

LEARNING OBJECTIVES

DIVE SAFETY • • • • • •

PROJECT MANAGEMENT • • • • • •

SCIENTIFIC METHOD • • • • •

DATA RECORDING & 
HANDLING

• • • • •

Methods and Techniques • • • •

Mapping • • •

Data Management • • •

UW Imaging • • • •

LEGAL ASPECTS • • • • • •

DIVE THEORY • • • • • •

DIVE MODES • • • • •

SEAMANSHIP • • • •

SPECIAL CONDITIONS • •

SPECIALIZED EQUIPMENT • • • • •

Full face mask •

Dry Suit •

Communications • • •

Dive Propulsion Vehicle (DPV) •

SMBs/Lift Bags • • •

Line Reels •

Compressors • •

OTHER TOPICS • • • •

CERTIFICATION

TITLE • • • • • •
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the following recognizable features: (a) dive safety, (b) project management, 
(c) scientific method, (d) data recording & handling (methodology, mapping, 
data management, u/w imaging), (e) legal aspects, (f) dive theory, (g) dive 
modes (e.g. SCUBA, CCR, SSD), (h) seamanship, (i) special conditions (e.g. 
chamber, night, deco dives), (j) specialized equipment (e.g. full face mask, dry 
suit, communications, DPV, lift bags, line reels, compressors), (k) other topics 
(e.g. u/w navigation, search methods, video systems). Through that process it 
became obvious that there are certain topics that are common to all training 
schemes such as dive safety, project management, legal aspects and dive theory. 
Moreover, it is evident that most of the systems (five out of six) provide also 
training on scientific methods, data recording and handling, dive modes and 
specialized equipment. Although there are differences on the extend and the 
ways each topic is approached, the aforementioned learning objectives seem to 
define the content of the term scientific diving as far as training is concerned.

The final level of analysis referred to the output of the whole process and more 
specifically to the provided certification and its acknowledgement. An important 
feature was the title granted after the completion of the training, due to the fact that 
it is absolutely related to its training systems’ approach. Thus, along with the obvi-
ous Scientific Diver title, one comes across the terms: professional diver (HSE) and 
occupational diver (ADAS). This comes as no surprise of course, since the debate 
whether scientific diving belongs or not to the greater professional/occupational 
diving scheme is an old one and still raging. Moreover, the fragmentation of the sci-
entific diving landscape also results in certifications not being globally recognized, 
although reciprocity arrangements are becoming more and more common between 
organizations, at least in terms of training. Lastly, it seems that the most common 
scientific areas where a scientific diving certification comes to fruition are oceanog-
raphy, archaeology, biology – ecology, geology, engineering and as an adjacent field, 
media production for scientific purposes.

On a larger scale and beyond the three levels of analysis presented here, there are 
some other notable issues that were raised during the study. The fact for example 
that GUE and CMAS, the two systems that are also training organizations are 

AAUS ADAS CMAS ESDP* GUE HSE

Scientific Diver • • • •

Professional Diver •

Occupational Diver •

RECIPROCITY • • •

DISCIPLINES • • • • • •

Oceanography • • • • • •

Archaeology • • • • • •

Biology • • • • • •

Ecology • • • • • •

Geology • • • • • •

Engineering • • • • • •

Media •
*(KRISTINEBERG MARINE STATION).

Table 1. 
Comparative analysis of scientific training schemes.
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preferable for individual training, since the rest require either a connection with 
a scientific institution or a professional status. These limitations also result in a 
tendency for gaps in the existing qualification systems to be covered by courses pro-
vided by training organizations (e.g. recreational diving agencies and universities). 
In other words, when none of the presented schemes is an option, which is quite 
common in many countries that have either a poor or no scientific diving frame-
work at all, recreational diving courses with learning objectives related to scientific 
diving or short seminars organized by universities or relevant to the subject organi-
zations seem to compensate for the lack of officially recognized certification. Lastly, 
a topic of an ongoing discussion that seems to be very interesting refers to the role 
of volunteers, amateurs and citizen scientists in research projects. There are courses 
for example, like the ones organized by the Nautical Archeological Society (NAS) 
in the UK [46] that have been educating citizens in underwater archaeology for 
decades now. Citizen science is rapidly developing in other scientific areas as well, 
most prominently in ecology and underwater biology, requesting from recreational 
divers to submit data to scientific projects [52–54]. It is evident that the results of 
this discussion affect the form of SD training schemes and the option of introduc-
ing the act of raising awareness, educating people and finally certifying them 
officially to participate in scientific diving projects could be a big part of scientific 
diving training in the future.

4. Legal framework

The importance of the legal framework surrounding scientific diving activi-
ties is in a way self-evident. It provides the solid base on which theory becomes 
practice and becomes -in the framework of this study- the liaison between training 
(i.e. structuring the method) with professional acknowledgement (i.e. applying 
it on the field). The diverse landscape that has been repeatedly mentioned so far 
is obviously reflected on legal matters as well. Although certain steps have taken 
place the last couple of decades, the present legal framework is still either pretty 
complex or insufficient (if nonexistent) making scientific diving a difficult task in 
terms of standardization, insurance, mobility (reciprocity) of scientific divers etc. 
Thus, it was decided that an overview of the legal framework along with an analysis 
of selected features or specific regional characteristics was absolutely necessary in 
order to comprehend the present situation, provide insights and produce sugges-
tions for optimization.

The legal study was carried out following the basic methodology of the project, 
collecting data from all (mainly official in this case) available sources and com-
municating with stakeholders (e.g. diving industry, policy makers, scientific diving 
institutions) focusing on the legal aspect of their organization and activity. The 
data were organized and analyzed in such a way, so as to elucidate, if possible, the 
gray areas and identify the gaps among the various legal structures that have been 
built around scientific diving, in order of course to pave the way towards unification 
or at least cooperation.

The study comprises three basic parts. The first one focuses on definitions. 
Recognizing the importance of understanding the meaning of words and how much 
they represent the general principles of the organization issuing them on one hand 
and affect the implementation of each scheme on the other, it was deemed criti-
cal to have a more detailed look into them [3–9]. A list of definitions was created 
for comparative reasons containing the various interpretations that organizations 
involved in scientific diving apply to fundamental terminology. Besides the intui-
tively related terms, such as scientific diving, scientific diver, science diver, scientific 
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diving instructor, the list covers other major areas of diving activity such as com-
mercial, occupational and recreational diving with the relevant terms, diving modes 
(e.g. technical diving, surface supply, mixed gas diving, CCR) as well as other forms 
of diving activity that have some kind of relevance with the investigated subject (e.g. 
police and military diving, rescue procedures). Looking at the results one can see 
that although the differences are minor the divergence further down the road is in 
certain cases substantial creating a hiatus. However, the basic definitions are more 
or less the same concluding that whatever the professional status or the dive mode 
scientific diving is defined by (a) its scientific purpose and (b) its scientific method.

The second part of the legal study examines the international framework 
covering scientific diving. Analyzing the current situation in various countries 
the overall picture is again fragmentary. Differences occur on several levels, such 
as for example the maturity of the legal framework itself. Certain countries (e.g. 
Australia and New Zealand, Canada, South Africa, UK, and USA) have a long 
tradition in occupational diving which means that they have an established legal 
framework. On the contrary there are several countries, where scientific diving is 
not mentioned at all in legal texts, even though there is a scientific community that 
tries to regulate itself through recognized recreational diving schemes. In summary, 
one could suggest that when not directly addressed the topic of scientific diving is 
most often covered by labor laws or laws regulating maritime affairs. Another level 
of differentiation includes means of authority and enforceability. In countries that 
do have an established framework, authorities follow a scheme with four cooperat-
ing parts (Figure 3): (a) Statutes laws that are at the top of the legal hierarchy and 
are created by a legal body. (b) Regulations. A regulation is the second step in the 
hierarchy of law. Regulations have the force of law which is made by an executive 
authority under powers delegated by primary legislation. (c) Codes of Practices. 
Codes of Practices do not have the force of the law. They provide guidance from the 
regulator on how to comply with requirements and obligations under work health 
and safety laws and regulations. They can influence court proceedings under the 
health and safety laws and regulations. (d) Standards. They do not have legal force, 
but can similarly be used to establish norms for certain classes of diving. These are 
voluntary consensus documents, which, although not automatically a legal docu-
ment, may be incorporated into legislation by reference or used in private contracts 
as a set of specifications and procedures. Thus, besides national legislations the 
study included official texts issued by scientific diving organizations, such as the 
AAUS, ESDP, EUF (European Underwater Federation) etc. [3–5, 10–13, 26, 55–58]. 
This leveled structure means that both the formation and the enforcement of the 
relevant legislation is distributed to several stakeholders rather than being a solemn 
responsibility of the state. Following a bottom up approach, organizations need to 
look after the validity of their procedures according to standards and code of prac-
tices they helped to create, collective organisms and government departments have 
to check and modify regulations whereas national administration is responsible for 
the creation, modification and enforcement of the statutory laws. Of course, that’s a 
scheme that works in countries that do have a mature legal framework.

The third part of the legal study was based on more thorough research covering 
the focus countries (i.e. Croatia, France, Germany, Greece and Italy). Specified 

Figure 3. 
The four levels of legal engagement.
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research topics were investigated in order to provide further insight into the 
matter. Since it would be lengthy endeavor to present the content of the research 
here, it would suffice to say that the results were more or less anticipated and 
the picture drawn was not at all different from the one described in the previous 
paragraph. What is interesting enough is than in none of the focus countries the 
legal framework is specifically directed at scientific diving. Running the gamut 
there are (a) professional diving environments like the one in France regulating 
matters of scientific diving and addressing the matter on an occupational basis 
according to labor legislation, (b) lighter or less structured frameworks that are 
more related to scientific diving yet less official (e.g. Germany, Croatia, Italy) 
and (c) completely absent frameworks, like the case of Greece that has minimal 
scientific diving reference in official texts.

Concluding and keeping in mind that the scope of the project focuses on the 
European level, one could definitely suggest that there is a clear need for clarifica-
tions and legal framework improvements concerning scientific diving for the vast 
majority of countries and an effort to agree on basic principles in order to unify 
the regionally based arrangements that have been running so far. Especially within 
the European Union the tools for harmonization on such matters already exist and 
through this framework the scientific diving community can strive for a widely 
accepted legal structure.

5. Professional acknowledgement

Same as training and legal aspects, professional acknowledgement of scientific 
diving is a complex matter. An introductory statement could be that on a global 
scale scientific diving is rarely recognized as a distinct professional activity. 
However, since this statement is quite vague, the professional acknowledgment 
study aimed at providing a more accurate assessment of the situation. Presenting 
the international status quo and then focusing on particular regions and situations 
produced an evaluation of the degree of professional acknowledgment based on 
relevant data and expert opinions. In order to organize and analyze the data a list of 
selected criteria was created based on (a) definitions (e.g. scientific diving purpose, 
scientific methodology), (b) legal framework (e.g. official recognition by the state, 
relevant legal framework), (c) remuneration (occupational aspect) and (d) reci-
procity (regional and institutional).

In general, one can suggest that the status of the relevant legal framework is 
directly affecting professional acknowledgement. Thus, in regions with an estab-
lished legal framework professional recognition is much more developed that in 
the case of regions with a lack of or an insufficient legal framework. In the latter, 
recognition of scientific diving credentials becomes unofficial and is regulated on 
an organizational level e.g. by institutions or the private sector according to circum-
stantial needs.

An interesting outcome that derived from the study was the notion that scien-
tific diving in practice comprises two interacting parts. The first one is obviously 
the scientific method used to acquire the information from the underwater environ-
ment. Disciplines like archaeology, biology, engineering, geology, medicine, ocean-
ography, meteorology have for a long time now already developed methodological 
tools designed for underwater work. The second one refers to the diving aspect and 
is a cluster of techniques (or dive modes) that have to do with all the subsidiary 
activity that needs to take place during an underwater scientific project. Deep 
diving, heavy lifting, setting up the survey area, scientific equipment maintenance, 
recovering of artifacts and samples and other tasks that require a variety of skills 
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which range from basic recreational diving skills to more demanding diving proce-
dures, such as surface supply, mixed gases, lift bags handling, power tools etc. The 
first part is easily defined and accepted, as stated previously in this text. The second 
part though is actually an area of debate, since it involves tasks that are traditionally 
connected to commercial diving [3].

Another point of interest is the distinction between scientists that organize 
their own scientific diving projects as part of their wider research and those that 
are directly employed by institutions to work specifically for underwater scien-
tific work. In other words, scientists that also dive and scientific divers explicitly 
hired for this purpose. This distinction refers to the occupational nature of the 
underwater work performed and becomes part of the relevant discussion. Once 
again there are cases where the distinction becomes difficult and definitions about 
occupational diving like the one used by ADAS [4] try to provide clear solutions 
stating that “Diving in the course of employment (irrespective of whether or not diving 
is the principal function of employment or merely an adjunct to it) and comprising all 
diving work carried out as part of a business; as a service; for research; or for profit.” is 
occupational. Of course, not everybody agrees with this statement and the debate 
lingers.

Another aspect of the occupational nature of scientific diving is remuneration. 
Information about scientific divers’ remuneration is difficult to acquire due to the 
multifactorial nature of wages (depending on region, legal framework, professional 
status etc.) and the sensitivity of personal data involved. A general conclusion to 
be made though is that payment can be produced either in a direct way, in the form 
of a salary for scientific diving services or indirectly as compensation, allowance, 
supplementary payment etc. which aligns with the aforementioned distinction 
between scientists that dive in the scope of their work or scientific diver explicitly 
hired for that purpose.

Lastly, insurance - wise when things are not specifically regulated by the 
occupational diving framework and insurance is not provided by the state (public 
insurance), most of the countries recognize either DAN insurance [59] or other 
relevant occupational insurance schemes form the private sector. Accident insur-
ances are offered by various insurance providers. However, they only cover the costs 
of treatment, which can of course be very cost-intensive. Much more important are 
the benefits that may be provided by the social insurance schemes, e.g. in the case of 
occupational disability due to an accident.

6. Conclusions

Summarizing results and discussion, here are some final thoughts on the subject. 
From a starting point that unification is a good thing and will promote the interests 
of the scientific diving community, the fragmentation that the study of today’s 
landscape reveals needs to be addressed on certain fundamental issues.

A major decision that needs to be made towards unification is related to the 
basic questions on the professional nature of scientific diving. Is scientific diving an 
occupational activity? Should scientific diving follow commercial diving practices? 
Should it abide by strong rules that provide a stable framework or should it serve a 
less rigid yet versatile framework that provides options for more contexts?

It is impossible if not irresponsible to provide answers hastily. The scientific 
diving landscape is at the moment fragmentary due to regional or professional 
micro-management or simply because it is still undeveloped or immature in many 
countries, even in some that do have noticeable scientific diving activity. Thus, the 
development of a widely accepted scientific diving framework (training, legal, 
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professional) is not just a way to enhance reciprocity among the existing ones, but 
more importantly a way to promote scientific diving in general.

There is an ongoing effort for the creation of a World Scientific Diving Training 
Council, while in our area of interest, Europe, the ESDP tries to bring people from 
various countries and backgrounds together during conferences and workshops 
[60–62]. The ScienceDIVER project itself is proof that work is being done towards 
that goal. Hopefully these efforts will come to fruition soon and scientific diving 
will be sufficiently supported in the years to come.

This chapter follows the project’s primary goal which is to promote a new holistic 
approach to the theory behind the formation of a scientific diving framework. As 
stated above, bibliography focused on the theoretical matters of scientific diving 
is limited. In most cases there are thoughts and insights among the lines of texts 
dedicated either to the presentation of underwater scientific work or to presenta-
tions of the current situation in specific regions. In this chapter we present the 
data gathered during the analytical phase of the project providing a wide view on 
the relevant landscape concerning what we believe to be the main pillars of this 
structure, i.e. training, legal framework and professional acknowledgement. Most 
importantly through the analysis of the various tasks performed, we provide our 
suggestion for a methodology addressing this multileveled and complex cluster of 
issues that we believe corresponds to the fundamental features of scientific diving. 
The various approaches expressed hitherto concerning these three major features 
have been discussed in the relevant sections in a way, so as to pinpoint the key issues 
of confrontation, such as the content of training courses (e.g. learning objectives 
and prerequisites), the various legal implications, safety and insurance policies, sal-
ary issues etc. Having all the above gathered in one study will serve as a base for the 
development of new scientific bibliography focused on the issues raised in this text. 
In other words, we hope that this text will serve as a trigger point for the production 
of new scientific literature of the same holistic nature, since the problems we face 
will only be efficiently handled through collaboration and convergence. In order to 
do so though we need more people and projects working on the issue. Whether the 
authors of these future study agree or not with the thoughts expressed in this text is 
of minor importance, since the discussion will have commenced.
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Chapter 4

Progressive Underwater
Exploration with a Corridor-Based
Navigation System
Mario Alberto Jordan

Abstract

The present work focuses on the exploration of underwater environments by
means of autonomous submarines like AUVs using vision-based navigation.
An approach called Corridor SLAM (C-SLAM) was developed for this purpose.
It implements a global exploration strategy that consists of first creating a trunk
corridor on the seabed and then branching as far as possible in different directions
to increase the explored region. The system guarantees the safe return of the
vehicle to the starting point by taking into account a metric of the corridor lengths
that are related to their energy autonomy. Experimental trials in a basin with
underwater scenarios demonstrated the feasibility of the approach.

Keywords: monocular active SLAM, vision-based navigation, dense mapping,
feature-based SLAM, corridor network, path planning, guidance system,
self-similarity, sunlight caustics

1. Introduction

Vision-based SLAM systems are much appreciated nowadays in a broad
spectrum of applications in robotics, autonomous navigation, and guidance
systems, in airborne, underwater, and terrestrial environments [1–4]. A global
comparison shows that SLAM applications underwater are less abundant (see some
state-of-the-art works) [5–10].

In particular, underwater navigation generally excludes any form of global
positioning system such as in other environments, so vision is a sound alternative,
provided visibility is good enough. On the other hand, in turbid waters it is possible,
to some extent, to navigate at low altitude on the seabed. However, in these extreme
cases, the texture of the seabed may appear voluminous, which implies visual
occlusions and collision probabilities. Conversely, shallow waters, rapid changes in
the natural illumination, for example, due to the sunlight caustic on the floor,
shadows, and flashes, can seriously damage the photometric properties of the
images. In such extreme cases, the estimation of the vehicle position can be so
impaired with the possibility of vehicle loss.

These characteristics of the underwater environment pose major challenges to
the success of navigation, especially if it takes place in unknown regions. These
challenges relate not only to robust estimations of the vehicle position and
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surrounding cartography [11] but also to the ability of the guidance system to avoid
possible collisions at low altitudes.

In this work we will present an approach for the autonomous exploration of
unknown regions of the seabed by means of a navigating system connected to
a decision-making process hosted in the submarine. This vision-based approach is
called Corridor SLAM (C-SLAM), because it combines SLAM techniques with
a strategy to build a corridor over the seabed. The original concept was described in
[12]. This document presents a generalization of previous work centered on a robust
network of corridors. A variant of the basic concept uses active SLAM for exploring
and building a grid map (see recent works [13–15]), but they do not enclose in any
way the concept of path optimality as here, which proposes continuous paths with
viewpoints associated.

A relatively close idea to the concept of corridor can be found in the “teach and
repeat” method, [16], to follow a path in unfamiliar outdoor environment, such as
in the exploration on the surface of Mars by a rover. However, the basic method
does not include an autonomous exploration, as the first path construction is given
remotely by a human operator with the aid of a camera at the rover front. Once an
a priori feasible path has been defined, the vehicle can “repeat” the path that was
previously “learned.”

The main objective of our approach is to make the right decisions to build robust
pathways to explore and configure them in a network. At the same time, the system
is able to bring the vehicle back to the starting point from any position in the
explored area. The robustness properties of the network are conceived in the sense
that there are preferential directions to explore and are such that one allows
a successful return.

2. C-SLAM-based autonomous navigation

Figure 1 illustrates the complete structure of the proposal for an autonomous
vision-based system. It consists of three nested feedback loops, called adaptive
control loop, reference adjustment loop, and dense mapping loop. They are
described in details below.

The adaptive control loop generates the control actions u necessary to achieve
the prescribed reference path η̂ref and the reference speed _̂ηref. Both are provided by
the guidance system. The path following will attenuate the influence of sea currents

Figure 1.
C-SLAM structure. Three-loop-based approach to underwater exploration.
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that push the vehicle off the corridor. The adaptive law circumvents the require-
ment to make available an AUV model which is generally complex due to its 6
degrees of freedom (see [17, 18]). Additionally, the action of marine currents and
a variable speed of the AUV make hydrodynamic resistance forces very difficult to
estimate and include in the dynamic model. For these reasons, controllers with
self-adjustment of coefficients and dynamics adaptation seem to be much more
effective than fixed controllers.

In the adaptive control loop feedback, there is the vision system that basically
takes images of the seabed with the vehicle in motion to estimate the position η and
rate _η of the AUV. The estimates are termed η̂ and _̂η, respectively. The monocular
camera onboard takes images in a sequence called I. The line of vision is oriented
forward with a certain inclination towards the ground. In case of sunlight caustics
on the seafloor [19], the quality of the images may be significantly improved by an
online deflickering filter [20–22]. The filter attempts to retrieve the original photo-
metric properties of the frame. Its output is the frame sequence Id. A feature-based
SLAM algorithm estimates the position of the vehicle and a sparse depth map MS of
the floor. Here, texture characteristics of the ground like self-similarity and water
turbidity will generally difficult the self-localization and map estimation. Therefore
they are considered as disturbances [23, 24].

The reference adjustment loop has the function of reformulating the references
η̂ref and _̂ηref according to a new scale factor of the estimated relief. This is necessary
due to the variability of the estimated sparse map when revisiting the corridor site.

The outer loop of the C-SLAM, namely, the dense mapping loop, is dedicated
to the construction of the corridor network, providing alternatives for bifurcating
the path during the exploration. The feedback consists of the navigation system,
a block for estimating a dense mapping MD of the terrain, and a block for path
planning and bifurcation managing. These blocks will process the odometry infor-
mation provided by the inner feedback in order to update the topography of the
corridors. The dense map helps the guidance system to implement the future path
to follow and to avoid collisions.

A typical navigation route consists in part of stretches between relevant points
or landmarks. For example, a stretch that links a starting point with a bifurcation
point, or one that covers an entire branch, or one between a bifurcation point and a
point of no return. During the exploration, the path is created step by step, in which
the vehicle direction is regularly changed towards preferential points that should
ensure the continuity of the future path.

According to the main objectives of the exploration, C-SLAM should allow a
successful return of the vehicle to the starting point from any distant point of the
network. The farthest points are called no-return points. In this case, it is assumed
that when the vehicle reaches a point of no return, it possesses at least half of its
energy autonomy [25–27]. It is therefore that C-SLAM must permanently estimate
points of no return and also ensure that there exists at least one way for the
comeback before losing the energy autonomy.

3. Corridor net

The network of submarine corridors is the composition of interconnected strips
on the seabed, which covers a certain explored region and allows navigation
between different points of it. Topographically the strips are sequences of recog-
nizable sites on MS and topologically by a branched network that is made up of
nodes and bifurcation points.
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A node is characterized by a cluster of seabed characteristics. It has a position
and a viewpoint associated with the local characteristics. These characteristics are
represented by keypoints of the local scene. The position of the cluster is deter-
mined by its centroid.

In the exploration, C-SLAM has to decide at each moment the next step of
movement that starts from the current node. Each step consists of the identification
of the next node, the direction of its centroid, and the speed of navigation to bridge
the gap between nodes. The detection and identification of a node is a process that
can involve many steps, during which a node is tracked and classified among other
nodes in a merit order list.

In order to choose a suitable node among many possible ones, the vision system
evaluates the most outstanding characteristics of the scene and then decides the
optimal direction towards the corresponding node. The optimization of this direc-
tion results from the maximization of a cost function of the quantifiable require-
ments. Similarly, the rate is properly determined based on a previously specified
vehicle cruising speed. Thus, the speed can be regulated to go up and down
according to the curvature of the path. This construction procedure is repeated in
the next step permanently during the exploration.

Cluster tracking involves localization on both a scattered local map and a dense
map. The estimation of distances between nodes of any network branch is decisive
for the planning of revisits according to the available margins of autonomy of the
vehicle.

It is worth noting that estimated distances on the maps are simply evaluated on
the particular scale of the monocular SLAM method, which does not necessarily
coincide with the actual scale. This would not represent an obstacle to C-SLAM as
long as the estimated distance between the starting point and any point of no return
on the network is exactly related to half the energy autonomy of the vehicle. Some
approaches define another type of scaled topology, achieved by means of stereo
vision or scanner [8, 10, 27].

Bifurcation points are commonly distributed along each branch. There are two
different sets of bifurcation points. The first set includes divergent points at which
the paths physically bifurcate. The second set covers the so-called open bifurcation
points, which were identified and ranked in a list of suitable landmarks for a future
deviation of the path. The ranking position is issued in accordance to a criterion of
robustness.

While each new corridor is simply added to the network as a new branch, existing
corridors are updated in each new revisiting. Each round trip implies that the
vehicle starts with plenty of energy autonomy. This indicates the dimensions of the
explored region. Clearly, with the deployment of multi-robots, the scan will be faster
[28, 29] but will not necessarily cover a larger region than with this proposal.

Since the camera is monocular, safe return is practically implemented by guiding
the vehicle in reverse. This is because the system might not identify all the nodes in
the 3D landscape in the way back, i.e., when navigating from the opposite direction.
However, with the camera in reverse, the system is able to recognize the seabed
features on the path straightforwardly. In reverse motion, all nodes are revisited but
from back to front.

4. Construction of a corridor net

Before starting a round trip in the network of corridors, C-SLAM must make the
decision to advance the exploration or revisit explored branches of the network.
Commonly, both decisions are involved with the intent to expand the explored
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region. In addition, the system defines a suitable ground altitude for navigation with
the end of achieving good visibility conditions.

For the next discussion, Figure 2 is taken as support.
The first corridor and each new section of the corridor network are constructed

according to an optimum criterion. This criterion takes into account the most
outstanding characteristics of the seabed in the form of keypoints (shortened KP),
which can be categorically recognized over time and preferably from different
points of view.

Autonomous navigation begins with a commissioning phase (CP) to adjust the
controller and initialize SLAM techniques for scattered and dense mapping. To
achieve these objectives, the vehicle is forced to travel fast short distances, zigzag-
ging over the bottom with a rather erratic course. In this way, images can reflect the
changes in texture and parallax that are necessary for a visual odometry. This, in
turn, produces a stable estimation of the vehicle localization at the beginning of the
exploration.

Once odometric data η and _η are considered reliable, the adaptation of the
controller coefficients is carried out by providing persistent and rich-in-frequencies
changes in the reference position η̂ref and rate _̂ηref in the main degrees of freedom.
To this end, it is convenient for η̂ref to continue in time the previous erratic motion.
Additionally, the rate _̂ηref is defined as the sum of the cruising rate and a random
sequence that causes soft accelerations and brakings along the trajectory. Once the
convergence of the controller coefficients has been attained, the exploration starts
at the current position. This position is marked as the starting point (shortened SP)
and fixed for future trips.

Figure 2 (left) illustrates the construction of a corridor path from SP up to an
end point (shortened EP), for instance, the estimated no-return point. The system
analyzes the texture characteristics in the image sequence in order to detect robust
clusters (C). Once they are recognized, the system tracks them as they pass in front
of the camera. With a set of robust clusters, the system is able to triangulate frame
by frame the pose of the camera.

Usually, raw information for robust cluster detection is provided by the feature-
based SLAM method employed in the vision system. Certainly, for self-localization,
the SLAM method constantly defines keyframes (KF) with the most stable
keypoints in the image, i.e., with those that have been followed up so far. Thus,
C-SLAM has to group the robust keypoints in clusters and finally perform an

Figure 2.
Round trip during exploration (left). Corridor network topology (right).
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evaluation of cluster set. In this way, C-SLAM can define nodes (N) and eventually
bifurcation points (BP).

The topology of the corridor network usually contains a diversity of elements
that are described in Figure 2 (right), shortened SP, EP, KP, KF, C, N, LM, and BP.
Additionally there are trifurcation points (TF) which are created from BPs:
confluence points (CO) that occur between two paths that meet at a point; outer
points (OP) which are detected landmarks or nodes but due to energy reasons are
unreachable; dead-end points (DP) at which the vehicle must turn by force due to
the absence of Ns or LMs in the horizon; and, finally, crosspoints (CR) at which a
path crosses another path and these can or cannot be detected by the vision system.

It can frequently happen that, due to the existence of COs and CRs, many
possible path alternatives are established to return from any point or to join two
distant points in the network. Loops can also be generated during the expansion
(see Figure 2, right).

As mentioned previously, the topological space is subject to an unknown and
variable cartographic scale that produces accumulative odometric errors. This
means that corridors can cross others without this being reflected in the global map.
However, this does not invalidate the objective of C-SLAM, to return safely to SP.

It is expected that after reiterated revisits along different corridors, the number
of loop closures carried out by the basic SLAM method will increase and the net-
work will progressively take on a more real form. Simultaneously, the scale of the
map will become more uniform, and the used metric will increasingly gain in
accuracy.

The construction of the network is mainly based on a criterion to define
a metric in the topological space. This is discussed below.

5. Nodes, landmarks, and keyframes

C-SLAM sets up a node to accurately synchronize future movement steps. For
example, the direction to which the vehicle is to be driven in the short term in order
to reach the next node is precisely defined at the current node. In addition, the
speed of the vehicle on this direction is also defined here. All this gives the reference
position η̂ref and rate _̂ηref, which are used in the adaptive control system as inputs.
Many other steps are synchronized at the current node as detailed below.

When C-SLAM decides to expand the network with a new branch, it searches
for a landmark in the current corridor and then deflects the path in the indicated
direction.

Nodes and landmarks are gestated in a common optimization process. Optimi-
zation involves maximization of a cost function with one optimum and many
suboptimal results. The optimum outcome defines the first place in a ranking list,
followed orderly by the suboptimal outcomes. Nodes and landmarks are selected
from this ranking list.

The direction that defines η̂ref and _̂ηref to the next node is given by the optimal
result. On the other hand, the best solution in the suboptimal set is reserved for a
landmark.

Unlike a node whose next direction is defined in each step, a landmark can
demand many steps. A landmark is a node whose high position on the merit list
ranks it for a successful future branching. Therefore, not all the nodes become
landmarks.

Finally, there is a subtle difference between a node and a keyframe generated
from any SLAM technique. A node is the most robust cluster in the current
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keyframe, and in general its appearance frequency is generally lower than the
frequency of a keyframe.

5.1 Selection of optimal directions and landmarks

During exploration, keyframes are the basis for selecting nodes. For every few
keyframes of the sequence generated by the active SLAM algorithm, C-SLAM
chooses the current keyframe and defines a node. The frequency of the node
appearance depends physically on the visibility conditions and is commonly fixed in
the commissioning phase.

On the other side, the selection of a path direction from the current node to
navigate to the next (yet not defined) node follows a particular criterion. Also the
selection of a promissory landmark for a future bifurcation is subject to the same
criterion.

It is assumed that many keypoint clusters are faced at the same time in the
ranking process in order to establish an order of merit. When the score of a partic-
ular cluster exceeds a threshold value, it is then considered as a potential landmark.
Clearly, many clusters remain in the vision field for a time, so that they may
continuously be tracked during their latency periods. Some of them will become
landmarks.

After a landmark is lost in the field of vision, it will remain inactive with its last
score and its location on the map. While in the exploration phase landmarks are
generated, in a revisiting period they are consolidated, or even separated. Eventu-
ally, a landmark becomes a bifurcation point when C-SLAM decides to branch out
to explore new regions.

The proposed criterion is based on a cost that is defined as a linear combination
of quantifiable requirements to be met by each cluster in its latency period. Thus

Vi ¼ λ1 f C þ λ2TC þ λ3Δθ þ λ4δ�1 (1)

where Vi is a cost for one keypoint cluster named Ci, given the weights λj with
0≤ λj ≤ 1 and Σjλj ¼ 1: The requirements for Ci are described and symbolized as

• High density of keypoints in a cluster: factor f C

• Continuous traceability of a cluster: period TC

• Robustness against the change of points of view: span angle Δθ

• Alignment of a cluster on the heading direction: factor δ�1

The cost weights will be defined previously according to the emphasis placed
on some particular aspects of robust navigation. Since all requirement variables
will be normalized to their expected highest values, a trivial choice λj ¼ 0:25
is generally satisfactory. The simple election λ1 ¼ 1 should support a
continuous navigation; however in this case zigzagging on the pathway should not
be ruled out.

Since some detected landmarks are far away from the vehicle position, one
should check whether these will be attainable with the current autonomy range of
the vehicle. If they are unreachable, they will be removed from the ranking list or
marked as OPs. To this goal a metric is required for the topological space of the
corridor network.
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5.2 Cost parameters

5.2.1 Density of keypoints in the cluster fC

The key assumption to calculate the first parameter f C is that visual features are
very volatile in harsh underwater environments. Therefore, dense clusters may be
thought to be more resistant to long-term disappearance than dispersed clusters.
The first step to determine f C is to group keypoints of the current keyframe in
clusters. For this, for example, k-means clustering can be used in combination with
an efficient initialization method. For the time k of cluster appearance, the follow-
ing is calculated:

f C kð Þ ¼ NKP Cið Þ
maxNKP

(2)

where i identifies the cluster of the set and NKP is the number of KPs in Ci. Thus,
the parameter can be determined recursively by

f C ¼ k� 1ð Þ f C k� 1ð Þ þ f C kð Þ
k

(3)

Since the set of selected robust keypoints in the SLAM algorithm is generally
sparse, clustering operation should not be excessively time-consuming.

Statistically, the maximum expected number of NKP can be estimated in the
commissioning phase as a function of the harshness of underwater environments.
For example, poor visibility, self-similarity of the ground, caustic sunlight,
shadows, flares, etc. are factors that contribute to reduce the number of robust
keypoints.

5.2.2 Period for continuous traceability TC

The second parameter is related to the traceability of Ci. The longer Ci is
detected, the more feasible it will be to achieve continuity of navigation and a safe
return. The parameter is estimated in each keyframe as follows:

TC ¼ NKF Cið Þ
maxNKF

(4)

where NKF is the number of consecutive KFs in which Ci appears approximately
at the same position and almost with a similar density. To assess the similarity of
the NKF clusters, a Euclidean norm can be used. In addition, attention should be
paid to changes in f C and cluster midpoint. NKF is estimated by thresholding all
these variables properly.

Finally, the maximum number of consecutive keyframes depends to some
extent on vehicle speed, altitude, camera tilt, and field of vision, among other
factors. As a reference formaxNKF one can take the number of KFs required to
cover a distance of 10 times the length of visibility in the line of sight.

5.2.3 Span angle Δθ for viewpoint range

The third parameter Δθ relates the robustness of Ci with the variation of
viewpoints. A fairly large angle would be necessary for a cluster to be unambigu-
ously detected from different points of view. Δθ applies in these two important
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cases: first when clusters are aligned in front of the vehicle and second when they
are aligned to one side of the vehicle (see example in Figure 2, left, for landmarks
LM1 and LM2). Thus, it results in

Δθ ¼ span θj Cið Þ� �

max span θj
� � (5)

where the symbol span :f g means the difference between the maximum and
minimum value of the sequence θj during the tracking of Ci. In turn, θj is the angle
between the line that joins the camera with the cluster midpoint and the camera
optical axis.

A large value of Δθ suggests a more robust link between the nodes and, on the
other hand, in the case of landmarks, a more successful bifurcation.

The maximal span of θj is set equal to half of the horizontal field of vision of the
camera, which specifies the tracking of a cluster that is initially seen far away in
front of the vehicle and disappears from the field of vision sideways.

5.2.4 Course alienation factor δ�1

The fourth parameter δ�1 plays a key role in the construction of the corridor.When
the corridor is built step by step, one would normally prefer to keep the real course
along a straight line rather than change the course. This is because the control of the
vehicle along a line is generally more precise than on curves. Similarly, revisits on
straight stretches are more immune to loop-closing failures than on curved stretches.

Therefore, in the case of nodes, δ�1 should generally produce a higher cost than
in the case of landmarks that are reserved for bifurcations. Hence, landmarks are
generally created on one side of the path, while nodes are rather in a straight line.

Since the cost (Eq. (1)) contains terms that must be maximized, δ�1 reflects the
opposite of the alienation parameter here called β. Therefore, δ�1 should indicate
how much the transverse separation of a cluster from the route is δ�1 assessed in the
horizontal navigation plane. To this end, both the optical axis and the line that joins
the camera with the midpoint of the cluster are projected onto the navigation plane.
Between these lines, the angle βj is obtained. A third line is defined, which connects
the camera with the point furthest to the right of the vision field. Projecting this line
on the navigation plane results in the angle called β ∗ with the projected optical axis.

Hence, it results in geometric mean

δ�1 ¼ 1
N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X

j

tan β ∗

tan βj

 !2
vuut (6)

where N is the number of assessments j during cluster tracking.

5.3 Application of the selective criterion

The inclusion of a cluster Ci in the merit order list during its tracking is subject to

Vi >V ∗ (7)

where V ∗ is a global threshold given for the cluster score. The merit order list is
updated keyframe by keyframe. Hence, if Ci is already in the list, its score is simply
actualized.
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If V ∗ is set too high, many landmarks might be created, and the network could
be unnecessarily too dense. The optimal number of bifurcations per corridor should
satisfy a general rule that the distance between two consecutive BPs is spanned by
about 20 nodes. On the other hand, if the branches are too scattered, V ∗ could be
too high.

When a new node is created, C-SLAM immediately evaluates the next most
promising direction to lead the vehicle into the unknown environment with the goal
of exploration. Therefore, the highest score refers to the cluster with which the
reference path η̂ref should be continued.

In addition, C-SLAM checks whether the second highest score corresponds to an
active cluster and in which case decides to set a landmark. Another more cautious
strategy is to set a landmark when the second highest cluster just disappears from
the list.

Landmarks can be also consolidated in the return and in every passage on any
explored corridor. On the other side, the landmark cost may decrease so much that
it is to be removed from the list. In this way, landmarks are permanently evaluated
up to the moment they are employed to bifurcate into the corridor. At this moment,
they change their status from LM to BP and disappear from the list forever.

In a changing environment, the adaptation of Ns, LMs, and BPs after a long
period is necessary. This allows a renewal of the corridor network as needed
(cf. [7, 30]).

During assiduous navigation, the topology of the network is outlined like a tree
of branches. Each branch contains its identification in the tree, the sequence of
nodes arranged in one direction, the landmarks, the bifurcation points, and any
other particular element that should be important for decision-making.

6. Expansion of the network

Extending the boundaries of the corridor network requires C-SLAM to
implement certain policy-makings, which goes beyond the corridor network
building.

A first policy implies the definition of an appropriate metric to extend the
lengths of the corridor network as much as possible according to the available
energy autonomy.

A second policy supports the decision-making to choose bifurcations in order to
multiply the number of branches. In this case, revisitings are of secondary impor-
tance as they take place only when they are needed as bridges to create new
branches.

A third and final policy concerns the optimal scheduling of paths between two
points of the network. In a situation with many alternatives to get a connection
between sites, the system will search for the one with the best energy efficiency.

6.1 Metric

The metric space represented by the corridor network depends on an unknown
scale which also changes over time due to cumulative odometric errors. This will
affect, above all, the global map, which is the composition of many local maps with
their own scale. As scale variations are generally small from map to map, the
metrics are similar.

In order to maximize the length of a corridor without compromising the safety
of the way back, it is essential to have a reliable metric. Since safety and energy
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autonomy are closely related, the metric must express the energy margin that the
vehicle possesses at any time and position in the network (cf. [24, 25]).

It is clear that due to the challenging environment, the energy used to connect
two points is often not the same in both directions. This will undoubtedly depend
on sea currents, vehicle speed changes, travel breaks, and zigzagging on the refer-
ence route. Thus, for example, real-time detection of the no-return points based on
the battery state of charge may not be reliable enough in unforeseeable circum-
stances. For this reason, a more powerful detection of no-return points is developed
here on an empirical basis.

To this end, a function for the estimation of the energy margin is proposed. It
adds up the energy consumption until the full autonomy is completed. The function
can be evaluated at any time, especially in the decision to return.

The idea behind the proposal is that almost all the energy available in navigation
is intended to move the vehicle. Therefore, an approach that is based solely on the
energy of motion along the travelled path seems to be quite rational.

The first one defines the consumption of energy as a set of possible cases:

E _̂η, η̂
� �

¼
ð
Ci

_̂η
2
η̂ð Þdη̂

� �
(8)

where :f g is a symbol for a set of cases and
Ð
Ci
_dη̂ describes a curvilinear integral

along the path i that spans the way from the SP up to the point where the autonomy
is completed (see Figure 3 to support the concept). Similarly, the distance covered
by the vehicle on this path i until all available energy is consumed is defined as
a set of cases:

d η̂ð Þ ¼
ð

Ci

dη̂
� �

(9)

It should be noted that all routes cover each shape, both straight and
curved ones.

Figure 3.
Energy margin to reach total energy consumption. Numerical identification of no-return points on different
paths.
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Figure 3 shows numerical simulation results wherein the distance travelled by a
vehicle over different paths is computed after accomplishing full autonomy. In the
experiments the vehicle acquires a cruise velocity, but this is slightly changed around
this value at random. The resulting ground truth statistics must be available before
applying C-SLAM but are updated during the construction of the corridor network.

In order for C-SLAM to decide the time point for the comeback on a new corridor,
a norm based on the average on the sets in Eqs. (8) and (9) is applied. The Euclidean
norm can be used to obtain the energy limits called EEP and travelled distance dEP:

EEPk k2 ¼
1
N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X

i

ðEPi

SP
_̂η
2
η̂ð Þdη̂

� �2
s

and dEPk k2 ¼
1
2N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X

i

ð

Ci

dη̂
� �2

s
(10)

subject to the conditions for safe navigating on the path i

dEPk k2 ≥
ð

Ci

dη̂ (11)

EEPk k2 ≥
ð

Ci

_̂η
2
η̂ð Þdη̂ (12)

where the equality of either of the two equations will mean the identification of
the end point EPi for this path. N is the number of trips in the statistics that cover
a distance di for any route from SP. It is very important to frame the confidence of
the norm in the risk of loss of the vehicle. In this sense, the most unfavorable case
might be more appropriated. In this case, it is valid

EEPk kmax ¼
max
Ci

ðEPi

SP
_̂η
2
η̂ð Þdη̂

� �
and dEPk kmin ¼

min
Ci

1
2

ð

Ci

dη̂
� �

(13)

and so the conditions for the detection of a no-return point are as follows:

dEPk kmin ≥
ð

Ci

dη̂ (14)

EEPk kmax ≥
ð

Ci

_̂η
2
η̂ð Þdη̂ (15)

where again the equality of either of the two equations will mean the identifica-
tion of the end point EPi for this path i.

In order to continuously adapt the norm to the environment, the set (Eqs. (8)
and (9)) must be updated on each round trip. It can be noticed that the update can
be applied both in a new corridor and in a revisiting case as well, regardless of the
path chosen.

6.2 Planning of new corridors

The way in which C-SLAM progressively explores and increases branches can be
supported by different criteria.

6.2.1 Method I

The first method is based on the criterion that for fast expansion of new branches,
occurrences of revisitings of old branches should be reduced as much as possible. To
this end, the number of revisited stretches in old branches and their distances to SP
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should be minimized during the sequence of round trips. Here, the rectification of the
path

Ð BPi

SP dη̂ is employed. It is evident that to reach a certain BP on an old branch, the
vehicle must unfailingly revisit some first stretches on this branch.

Figure 4, right and middle, illustrates a case study of an expanded network in
two different forms.

Once the trunk corridor is created, the proposed method starts from SP and
searches for the closest LM and splits into a new branch until it culminates in an EP.
At this stage, this LM becomes a BP. In doing so, the approach minimizes the length
of all revisited stretches. Any other branch generation is suboptimal. The worst
suboptimal generation, on the contrary, expands the network by starting each
round trip from SP to the most distant LM. In fact, this option produces a maximi-
zation of the revisited stretches.

Even when the optimal branch generation expands the network faster than other
options, all methods end up with the same number of revisited stretches. This fact is
reflected in Figure 4 (right). Therefore, from the point of view of the total energy
consumed, the difference is short and medium term only.

6.2.2 Method II

The optimal solution described above has a theoretical rather than a practical
value. The disadvantage of method I is that the way BPs are used has no connection
with the merit order list. For that reason, vehicle safety might be compromised.
When making decisions about where to branch, trust in the list is the only support
for secure expansion.

Therefore, the main focus of the second method is to build up a solid network in
which the path from every EPi to SP maximizes the trust on the BPs on the
pathway. This means that the LMs chosen for bifurcation have the maximal score
on this pathway. The number of revisited stretches over time is described by a curve
that lies between the two extreme curves in Figure 4 (right). This means that in the
long term, the new curve will also converge to the same extreme value.

Many other strategies can be applied besides the other two methods. For
instance, one could be specifically interested in developing the branches to the left
(or to the right) of the trunk line or in creating a solid statistic for the newly
explored branch before continuing with the exploration.

6.3 Path scheduling

Starting from the conception of a fully interconnected corridor network,
multiple alternatives can be considered to obtain a connection between two distant

Figure 4.
Generation of BPs according to different criteria: the fastest branch expansion (left) and the slowest branch
expansion (middle). Number of revisited stretches during network expansion: optimal expansion (red) and a
suboptimal expansion (blue).
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points of the network (see, for example, in Figure 3, right, the bypass shaped by the
points BP-CO and BP-TP-CO). In such situations, C-SLAM should be able to seek
that path that involves the best energy efficiency. For that purpose C-SLAM must
count with odometric information of each stretch and the energy consumption cost
per unit of length.

Once the network has converged in its expansion and especially after a large
number of revisits, it is common to count with the presence of bypasses and loops.
Thereupon these elements will become part of the topology of the network.

In the case of one-way corridors, the existence of a bypass can only occur in the
presence of COs or CRs (see Figure 5, left). On the other hand, the generation of a
loop needs indefectibly at least one CR (see Figure 5, right). It is worth noticing that
a loop represents a dummy alternative to connect a point with oneself through the
loop as illustrated in Figure 5 (right).

As topological elements of the network, loops are marked to avoid unnecessary
energy consumption. For example, in Figure 5 (right) when a loop is encountered,
the path entering the loop is avoided unless the destination is a BP allowing exit
from the loop. For the optimization of paths, the criterion consists in searching
for the shortest path between two points or for the path that minimizes the
energy consumption, or a combination of both. If safety aspects are emphasized, the
energy approach is the most suitable for C-SLAM. This option is described in
the following.

To find the optimal path, the following cost functional is minimized for a path
starting at node NA and ending at node NB:

J NA,NBð Þ ¼ min
NA,NB;Ckf g

XNB

NA

ðNiþ1

Ni

_̂η
2
η̂ð Þdη̂

( )
(16)

where Ck is one of the paths that connects NA and NB and the pair Ni and Niþ1 is
the terminal nodes of the stretch in Ck. The energy information on the stretch from
Ni to Niþ1 is the result of an average each time that the vehicle passes on this
section. For the minimization in Eq. (16), BPs and COs, even dead-end points, are
taken into account along with all nodes. Thus, the minimal value of the sum
on every stretch that links Ni and Niþ1 of Ck represents the optimal path denoted
by C ∗

k .
To assist Eq. (16), the A* search algorithm has been chosen in this work over

other tree search algorithms because of its optimal efficiency [31]. Therefore, the
cost is

F Niþ1ð Þ ¼ g Niþ1ð Þ þ h Niþ1ð Þ (17)

where g is the cost of the path from NA to Niþ1 and h is a heuristic function that
estimates the cost of the cheapest path C ∗

k fromNiþ1 toNB. A* ends when the goal is

Figure 5.
Bypass (left) and loop (right) in the network topology.
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reached or when there are no paths eligible to be extended. In this work, the cost
functions g and h are selected according to the following two terms:

F Niþ1ð Þ ¼ J NA,Niþ1ð Þ þ min
Niþ1,NB;Ckf g

XNB

Niþ1

ðN jþ1

Nj

_̂η
2
η̂ð Þdη̂

( )
(18)

The heuristic function h Niþ1ð Þ is admissible provided that paths with one or
more sections travelled in both directions are excluded from the minimization.
Thus, branches that do not represent a bypass to the branch on which NB is located
are discarded. Loops are also avoided when used to connect a node to itself.

7. Case study

This section shows some experimental results which are selected to illustrate the
viability of the proposal for autonomous navigation based on the proposal. Many
of the functions of the approach are tested together according to the C-SLAM
structure in Figure 1. It is important to note that the case studies are carried out in
limited spaces with simulation of light effects and seabed textures. However, the
staged environments reflect quite well the difficulties encountered in image
processing in real underwater scenarios.

7.1 Environment

In order to provide a ground truth for testing and to achieve acceptable repro-
ducibility of results, many scenarios were set up in a basin with a staged underwater
landscape that closely resembled the natural seabed. In this scenario, rocks, gravel,
sandbanks, and benthos, among others, predominated wherein a variety of under-
water visual effects could be obtained [19, 23] (see Figure 6).

The bioactivity of microorganisms was cyclically changing the characteristics of
soil texture and water transparency. The scenarios were illuminated by direct and
indirect sunlight. However, light disturbances and turbidity were controlled for the

Figure 6.
Stage installations for tests underwater. Diversity of scenarios.
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range of tests. For instance, strong or weak sunlight flickers on the ground were
generated by agitating the water in two orthogonal directions. In addition, visibility
was reduced by discharging silt particles onto the surface that remained suspended
for a period of time.

Therefore, a wide variety of case studies could be faithfully reproduced, such as
rapid changes in luminance, transition from dark to bright scenarios, blurriness,
lens flares, motion blur, self-similarities, glare, and bubbles (see Figure 6).

7.2 Hardware

An ROV (model OpenROV v2.8) was used as the platform for the experiments,
although this was hydrodynamically reformed with side fins to reduce the
motion blur.

Two independent cameras were installed on board, a high-resolution, wide-
angle vehicle camera (Genius f100) and a high-performance camera (GoPro Session
H4). Both cameras are rolling shutter and operate at different frame rates. To
attenuate undesired effects of the rolling shutter mechanism, especially in
photometric-based algorithms, a high speed of 120 fps with an image size of 848 �
480 pixels was used for dense mapping, albeit off-line at the end of every
round trip.

The vehicle was completely steered by C-SLAM that was programmed and
installed in a notebook with GPGPU technology. The bi-directional flow of video
and control signals was implemented via cable. The altitude was conveniently fixed
in advance to adapt to the visibility of the environment. Altitude control was carried
out independently of the adaptive controller by a PI controller. An adaptive speed-
gradient controller [17] was used to self-adjust the controller coefficients for the
main dynamics of the ROV.

7.3 Software

Among other functions, C-SLAM uses state-of-the-art free software to localiza-
tion and mapping. As shown in Figure 1, the block for feature-based SLAM was
implemented with the algorithm ORB-SLAM [32]. On the other hand, the block for
dense mapping was implemented with the photometric-based DSO-SLAM [33] and
sometimes with LSD-SLAM [34, 35]. However, there was a significant modification
in the implementation, namely, DSO (or LSD-SLAM) was supported with the
estimated camera position provided by ORB. This was necessary in general for
improving the stability of the mapping in very harsh environments, especially due
to the presence of strong sunlight caustics or/and poor visibility [23]. The
deflickering filter in this work is based on estimations of sunlight caustic fringes
using a feedback of predicted images [20], which employs very high accuracy
velocity estimation [36]. Software for guidance, control, and corridor construction
was developed specially for C-SLAM.

7.4 Results

One begins with Figure 7which illustrates the role deflickering filter plays in the
improvement of dense mapping in environments with strong sunlight caustics.
Generally, spatiotemporal light changes affect the performance of photometric-
based methods seriously. As seen in the heat maps, the camera depths are coherent
with the physical environment. Thus, the photometric consistence is preserved
after image deflickering.
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The situation is totally different in the case of ORB-SLAM, where light
disturbances do not affect ORB to the same degree as DSO (or LSD-SLAM) (see
Figure 8). However, from several experiments, it was concluded that in turbid
waters, robust texture features decrease substantially, although the overall perfor-
mance of ORB does not degrade as much as in the case of DSO (see [8]). Therefore,
the filtering of caustic sunlight waves can be omitted in the case of ORB, but not in
the case of DSO (or LSD-SLAM). For this reason, the deflickering filter in the
C-SLAM structure in Figure 1 is necessary only for dense mapping ends. Another
conclusion was drawn from navigation in self-similar terrains staged in the basin
like in the third picture to the right in Figure 8.

These terrains provide commonly numerous features in a similar cluster pattern,
but ORB-SLAM often losses the track as it is unable to deal with nearby similarities.

An important instance at the beginning of C-SLAM navigation is the start-up
phase for initializing SLAM algorithms and adaptive controller parameters. To this
end, in the study, the vehicle movements were performed manually providing a
zigzag path of the camera. Figure 9 illustrates the initial process of constituting a
dense mapping of the environment with an adequate camera trajectory. From there,
the start of the exploration was supplied with good estimates of vehicle position and
speed, which in turn, allow the adaptive controller to adjust its coefficients.

Dense methods suffer, more than any other class, from odometric errors [8],
which are minimized in the particular case of DSO through a very cumbersome and
thorough camera calibration process. In these trials, the combination of direct
methods for mapping with ORB-SLAM for tracking increases the accuracy of the
global map of the corridor network, even in the case of normal rolling shutter

Figure 7.
Dense mapping in two cases after image deflickering. Images with sunlight caustics (left), deflickered images
(center) [14], and heat maps for camera depth (right).

Figure 8.
Selection of robust keypoints in three harsh environments: with strong sunlight caustics (left), low visibility
(center), and self-similarities (right).
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cameras as used here. Figure 10 illustrates these results in one experiment with
good textured floor.

The limited space and relatively short time span for the experiments prevented
the use of an energy autonomy metric beyond the context of numerical computer
simulations. In this sense, end points located sideways must be at a certain limited
distance from the trunk corridor. The frequency of occurrence of nodes was syn-
chronized with the keyframe generation according to the simple strategy, namely,
“one keyframe, one node.” The direction to the next node was optimized primarily
by the maximizing the density of cluster keypoints near the front line of vision to
avoid zigzagging of the vehicle. In this way, branches could be extended to a
relatively significant length.

An important feature of the monocular C-SLAM is the vehicle return through
the corridor in reverse motion as seen in the display provided by ORB-SLAM by
means of the symbol “ ,” indicating the direction of movement (see Figure 11,
top). In addition, the track link that exists when the algorithm identifies a connec-
tion between nodes is characterized by green segments between them (see
Figure 12, left).

Reverse movements often caused motion blur due to pulling and cable drag on
the floor [37]. Besides, the drag of the ROV backside is much more pronounced than

Figure 9.
Commissioning phase to initialize photometric dense mappings. Camera path on dense map (left), camera
depth (top-right), and original frame (bottom-right).

Figure 10.
Estimated camera path and dense map. Map and path (left), heat map of camera depth (top-right), and
original frame (bottom-right).
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in the forward displacement. All this made it necessary to reduce the cruise velocity
to minimize large heading perturbations that would cause track loss. In the follow-
ing, two case studies illustrate the C-SLAM performance under these circumstances.

Figure 11 shows a corridor network that was constructed under the criterion of
fast expansion of new branches, i.e., minimizing of revisits in short and medium
terms. Here, three bifurcation points were implemented in four steps. First, the
system creates the trunk corridor and returns to SP. Accordingly, in the next round
trip, the vehicle is led to the nearest BP and forced to bifurcate to create the first
branch, and thereafter it returns to SP again. This routine was repeated for the
second and third BP.

It is notorious that the way back through the trunk corridor from the BP3 to the
SP does not completely agree with the way out. However the position track was
never lost, which demonstrates the robustness of the system against changes of
points of views. The differences in trajectories were due to many causes, including
control tracking errors, cable tugs, and drag disturbances [37].

The diversity of terrain texture shown in Figure 11 (bottom) and their impact
in the performance and robustness of C-SLAM are noticeable. For instance, at BP1,
the terrain is bulky, so the contrast is high and the keypoints are robust. On the
other hand, in BP2 and BP3, the terrain was acquiring an increasingly self-similar
appearance, and the keypoint clusters were becoming increasingly volatile. In
some trips in reverse through this self-similar zone, the vehicle briefly lost its
tracked position.

Figure 12 illustrates a more sophisticated experiment in which branches were
allowed to occur on both sides of the trunk corridor. Over time, in addition to the
formation of branches, confluence of paths and way crossings were also appearing.
The picture on the left shows the network from above and the interconnection of
nodes. On the other side, the picture on the right displays the network nodes and

Figure 11.
Corridor network construction with three branches (top). Camera-taken scenes at the corresponding SP, BPs,
and EPs (bottom).
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keypoints produced during the multiple round trips. It is observed that the density
of keypoints is significantly higher in the right zone than in the left zone of the
explored area. This is due to the marked self-similarity of the terrain that dispersed
the keypoints over the terrain, while in the left zone, the bulky elements concen-
trate the keypoints around their peripheries.

The trunk corridor was long enough to encompass areas of different textures.
Light disturbances were moderate; most of them transitions from dim to shining
scenarios.

The sequence of the round trips can be followed by the order of occurrence of
EPs and BPs. The strategy of expanding the network is the same as in the case
before, i.e., create the trunk corridor, return to SP, annex a new branch, and begin a
new round trip.

The most remarkable instance in this experiment occurred on a stretch in front
of EP1, in the self-similar zone, where the C-SLAM briefly loses the vehicle location.
Afterwards the vehicle was led in the direction of EP1 up to cross the trunk corridor.
This CR was recognized by the system and aggregated to the network. From this
point, the vehicle could return in reverse to a point that was also recognized by the
system as a CO. Finally, after the sixth branch, C-SLAM completed the exploration
by providing a global map of the corridor network.

8. Conclusions

This work deals with the autonomous navigation of underwater vehicles with
the aim of achieving a broad exploration of the seabed. Unlike autonomous naviga-
tion systems in aerial, terrestrial, and space applications, for which the main source
for localization is a GPS system, this approach basically uses only a monocular
camera as sensor.

To establish the position of the vehicle, the proposed vision system takes advan-
tage of the characteristics of texture of the seabed. Since underwater scenarios are
generally very diverse and harsh due to water turbidity and light disturbances,
vision-supported navigation poses a huge challenge for safe autonomous explora-
tion. In particular, the lack of transparency in water forces the control system
to lower the altitude to the seabed, which in turns demands a high degree of
maneuverability to avoid collisions.

Figure 12.
Construction of a corridor network. Path graph with localization of BPs, EPs, COs, and CRs (left). Node
sequence in a sparse map (right).
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This work describes a vision-based system named C-SLAM that provides a
nested loop structure to integrate control, guidance, navigation, and route planning
systems into one. To explore the seabed, C-SLAM implements a strategy based on
active SLAM. In contrast to many methods in the literature that employs topological
models of the environment like feature graphs [13], Bayes tree [14], or grid maps
[15], C-SLAM presents the environment as a network of interconnected corridors
made up nodes and bifurcation points. It is claimed in this work that this simple
topology is highly adequate and robust for harsh underwater environments with
self-similarities, strong spatiotemporal light perturbations, and lack of water
transparency [23].

Compared to other optimization techniques proposed for underwater applica-
tions such as random trees [38], particle swarming [36], octo-trees [39], level
setting [40], and genetic background [41], among others, this proposal has a sig-
nificant level of novelty. It radially searches in the field of vision for the optimal
direction to explore. This direction is subject to satisfy quantifiable requirements for
the navigation. The requirements are integrated in a weighted linear combination
that is maximized step by step. This produces an active scoring list of promising
points for selection of nodes and future bifurcation points providing adaptation to
the environment and robustness of the node sequence.

The heuristic of the proposal have similitudes with the visual teach and repeat
method for long-range autonomy [16]. Therein a pathway is created in an unfamil-
iar outdoor environment, at first by teleoperation and then followed by a rover.
However, C-SLAM is essentially designed for autonomous exploration underwater
and deals with a dense exploration in 2D. Besides, the submarine navigates basically
on a plane over the seabed contemplating topographic features from above, not
over the terrain. So, comparatively, C-SLAM has the advantage to choose the
optimal route in order to be able to safely return to the start point. Another differ-
ence is that the C-SLAM can cope with the lack of map scale and odometric errors
and even so ensure the vehicle return.

In order to expand the explored region as far as possible, a suitable metric in the
non-scaled topological space is defined in relation to the vehicle energy autonomy.
The key idea is to lead the vehicle by a corridor just up to the no-return point in
order to make the return trip safe. In contrast to other approaches that solve the
problem in a rather complex form, for instance, employing dynamic programming
onto bathymetric and sea current maps [26, 27], C-SLAM proposes a statistic-based
connection of odometric information and energy consumption.

The approach was experimentally tested in reduced-scale in a basin, wherein
subaquatic environments with a good resemblance to a real seabed were staged.
Experimental trials have demonstrated the feasibility of the approach in future
applications where an autonomous underwater vehicle can host the C-SLAM vision
system for large-scale underwater exploration. With the exception of extremely
turbid environments, practically in all other cases, C-SLAM was able to make
correct decisions to create and expand the underwater corridor network in a stable
manner.
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Underwater Technical Inspections 
Using ROV Applied to Maritime 
and Coastal Engineering: The 
Study Case of Canary Islands
Sérgio António Neves Lousada, Rafael Freitas Camacho  
and Josué Suárez Palacios

Abstract

Underwater Technical Inspections using ROV have an important role in the 
design, construction, maintenance and repair of maritime and coastal infrastruc-
tures, trough video recording, digital photographs, collection of technical data and 
underwater topographic survey providing support for consultancy studies and 
projects and technical advice and appraisals. Routine inspections are the key to 
the maintenance of any submerged infrastructure. The importance of this type of 
inspection is increasing every day, but divers are also placed in increasingly danger-
ous scenarios to carry out this type of work. Inspections of underwater structures 
(as in dams, bridges, reservoirs, breakwaters, piers, oil rigs, etc.) have always been 
arduous and difficult, and often dangerous, but today underwater drones offer 
solutions that eliminate the risk faced by divers, and that also greatly reduce the 
high costs involved in such inspections.

Keywords: coastal engineering, construction, data, design, maintenance,  
maritime engineering, ROV, supervision, underwater inspections, video recording

1. Introduction

“ROV” (Figure 1) stands for remotely operated vehicle; ROVs are unoccupied, 
highly maneuverable underwater robots that can be used to explore ocean depths 
while being operated by someone at the water surface [1].

In a ROV, the connection between the vehicle and the surface is ensured by an 
umbilical cable that allows bi-directional communication, as well as energy supply 
to the vehicle. The use of this equipment in Underwater Technical Inspections, 
allows to reach greater depths and for a longer period than would be achieved using 
divers. In addition, it is possible to operate in contaminated waters that pose a risk 
to human life [2].

The vehicle is operated by the pilot from a command and control unit. This com-
mand includes two joysticks to control the depth and direction of the ROV, as well 
as commands to guide the video cameras (rotation and tilt), adjust the intensity 
of the lighting, control the articulated arm, and select the autopilot in direction or 
depth [2].
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The co-pilot assists in the navigation maneuver, as he is responsible for observ-
ing, analyzing and interpreting the sonar images and the acoustic positioning, 
giving indications to the pilot where to go [2].

The video signal is digitally recorded on magnetic tape, integrating information 
about the depth, the azimuth, the number of turns that the vehicle has accumulated 
on its own axis, as well as the date and time of the dive [2].

Most ROVs are equipped with at least a still camera, video camera, and lights, 
meaning that they can transmit images and video back to the ship. Additional 
equipment, such as a manipulator or cutting arm, water samplers, and instruments 
that measure parameters like water clarity and temperature, may also be added to 
vehicles to allow for sample collection [1].

First developed for industrial purposes, such as internal and external inspec-
tions of underwater pipelines and the structural testing of offshore platforms, ROVs 
are now used for many applications, many of them scientific. They have proven 
extremely valuable in ocean exploration and are also used for educational programs 
at aquaria and to link to scientific expeditions live via the Internet [1].

ROVs range in size from that of a small computer to as large as a small truck. 
Larger ROVs are very heavy and need other equipment such as a winch to put them 
over the side of a ship and into the water [1].

While using ROVs eliminates the “human presence” in the water, in most 
cases, ROV operations are simpler and safer to conduct than any type of occupied-
submersible or diving operation because operators can stay safe (and dry!) on ship 
decks. ROVs allow us to investigate areas that are too deep for humans to safely 
dive themselves, and ROVs can stay underwater much longer than a human diver, 
expanding the time available for exploration [1].

2. Underwater technical inspections in Canary Islands

The underwater environment can be particularly harsh on structures, posing 
unique challenges to inspectors who must evaluate scour, material conditions or 
construction [3].

Figure 1. 
Equipment used SIBIU PRO (NIDO ROBOTICS): Maximum depth of 300 meters.
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The technical inspection was carried out by Pharos Company using an under-
water drone “ROV” (Remote Operated Vehicle), an unmanned underwater robot 
connected to a surface control unit by means of an umbilical cable.

The ROV used in this inspection is the “SIBIU PRO” developed by the company 
NIDO ROBOTICS, equipped with an HD camera, with 300 m of umbilical cable 
and four lights of 1,500 lumens. This ROV allows diving to a maximum depth 
of 300 m.

The following reports pretend to illustrate the reliability of Underwater 
Technical Inspections developed by similar companies around the world resorting 
to ROVs based on the study case of Canary Islands.

2.1 Canary Islands

The Canary Islands, also known informally as the Canaries, are a Spanish 
archipelago and the southernmost autonomous community of Spain located 
in the Atlantic Ocean, in a region known as Macaronesia, 100 km (62 miles) 
west of Morocco at the closest point (Figure 2). It is one of eight regions with 
special consideration of historical nationality as recognized by the Spanish 
government [4, 5].

The eight main islands are (from largest to smallest in area) Tenerife, 
Fuerteventura, Gran Canaria, Lanzarote, La Palma, La Gomera, El Hierro and 
La Graciosa (Figure 3). The archipelago includes many smaller islands and islets: 
Alegranza, Isla de Lobos, Montaña Clara, Roque del Oeste, and Roque del Este. It 
also includes a series of adjacent rocks (those of Salmor, Fasnia, Bonanza, Garachico 
and Anaga). In ancient times, the island chain was often referred to as “the 
Fortunate Isles” [6].

Figure 2. 
Spain (source: www.mapsofworld.com).
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2.2 Inspection of interior docks (reinforced concrete quay blocks)

Two dives were carried out to control the execution of the interior docks expan-
sion work (second phase), in the Las Palmas Port (Figures 4–10).

During the inspections, the following elements were visually controlled:

• Foundation of the quay blocks (bench, foundation and guard blocks);

• Condition of the concrete block wall as it closes to the RO-RO ramp;

• General condition of the vertical facing of the quay blocks;

• Completion of the lips of the docking superstructure;

• Location of wreck inside the Nelson Mandela dock.

Figure 3. 
The Canary Islands (source: www.zonu.com).

Figure 4. 
Interior docks, Port of Las Palmas.
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Figure 5. 
Quay blocks joint detail. Foundation footing.

Figure 6. 
PVC pipe detail, quay blocks joint.

Figure 7. 
Detail of guard concrete executed in foundation.
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Figure 9. 
Defense detail and lip concreting joints executed with continuous trolley.

Figure 10. 
Detail of the wreck found.

Figure 8. 
Lip finish of superstructure in submerged area.
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2.3 Ro-Ro ramp inspection (bulk concrete blocks)

Two dives were carried out with the ROV to visually check the initial and final 
state of the repair of the berthing ramp of the passenger ships of the Shipping 
companies that operate in the Port of Las Palmas (Figures 11–15).

The elements to check were:

• Foundation of the bulk concrete blocks;

• General condition of the vertical wall, consisting of bulk concrete blocks;

• State of the finish of the ramp in its submerged part.

Figure 11. 
Ro-Ro ramp, Port of Las Palmas.

Figure 12. 
Detail of joint between concrete quay blocks in vertical face.
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Figure 13. 
Detail of the foundation of the ramp.

Figure 14. 
Ramp repair area.

Figure 15. 
Vertical face of the ramp.
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2.4 Inspection of shelter dikes (reinforced concrete quay blocks)

2.4.1 Port of Las Palmas, Gran Canaria

An immersion was carried out with the ROV to visually check the state of the 
outer dock of the Port of Las Palmas, in the hammer area (Figures 16–18).

The items inspected were:

• Condition of the exterior and interior joints between quay blocks that make up 
the hammer;

• Condition of the foundation of the reinforced concrete quay blocks that make 
up the hammer;

• Condition of the concrete guard blocks in the exterior area.

Figure 16. 
Shelter dike, Port of Las Palmas.

Figure 17. 
Detail of depth markers on the facing of concrete quay blocks and joint.
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2.4.2 Port of Arrecife, Lanzarote

A visual inspection of the submarine emissary of Arrecife was carried out  
by ROV (Figures 19–22).

The items inspected were:

• General inspection of the entire layout of the submarine emissary;

• Checking the state of the joints of the different sections of the pipe;

• Search for possible leaks in the pipe section;

• State of the concrete weights;

• Inspection of the state of the diffusers.

Figure 18. 
Guard concrete blocks on the foundation bank of the external dike.

Figure 19. 
Shelter dike, Port of Arrecife.
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2.5 Foundation slab inspection - Duke of Alba

Three visual inspections were carried out through ROVs during the construction 
and completion phases of the expansion work for the cruise berth in the Port of 
Naos (Arrecife) (Figures 23–26).

Figure 20. 
Detail of the diffuser system of the submarine emissary pipeline.

Figure 21. 
Details of weights over the submarine emissary pipeline.

Figure 22. 
Detail of the concrete weights in a pipeline section near the coast.



Underwater Work

72

The Duke of Alba consists of a reinforced concrete slab and a superstructure on 
reinforced concrete piles with lost casing.

The elements to check were:

• Starting state of the piles on the foundation slab;

• Condition of the surface and perimeter foundation slab;

• Condition of the foundation bench;

• Estimation of the height of the executed foundation slab.

Figure 23. 
Foundation slab – Duke of Alba, Port of Arrecife.

Figure 24. 
Duke of Alba’s reinforced concrete foundation slab (Port of Naos).
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3. Conclusions

In civil engineering, supervision, control, measurement and assessment of all 
phases of the work are essential: from project conception, planning, execution, 
including preservation and maintenance of infrastructures. This integral manage-
ment model makes it possible to optimize resources and ensure that quality stan-
dards are achieved for works in progress and in service.

One of the handicaps that maritime work has had historically is the inherent 
difficulty of being partially or totally submerged in the aquatic environment. 
Underwater robotics and the reduction of the costs by using ROV equipment can 
constitute a turning point in the way of conceiving the management of works, qual-
ity and maintenance of the different coastal and port infrastructures.

The State Ports Administration - Spain (in Spanish: Administración de Puertos 
del Estado) and specifically the competent Port Authorities in the Canary Islands, 
have been promoting the use of the ROV as a new alternative for the management, 
supervision and maintenance of its infrastructures for a few years. The ROV is a 
highly reliable and safe, automatable and configurable technology that dramatically 
reduces costs and risks in underwater inspection operations.

Figure 25. 
Corner detail of the Duke of Alba’s foundation slab (Port of Naos).

Figure 26. 
Detail of upper surface and pile in the foundation of the Duke of Alba (Port of Naos).
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