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Industry columns were awash with expectations 

prior to the budget that there will be a slew of 

focussed measures to improve shipping, particularly to 

shipbuilding. The Economic Survey 2022-23, released just 

before the Budget, has few significant observations while 

emphasising the importance of nurturing shipbuilding:

- Approx. 65% of the value addition in construction 

(ship) is by the manufacturers of shipboard materials, 

equipment, and systems

- Shipbuilding has one of the highest employment 

multipliers (6.4)

- Shipbuilding has a robust investment multiplier at 1.82 

(e.g., for an investment of 1 lakh crore, the expected 

circulation will be 1.82 lakh crores due to the multiplier 

effect)

A very important indicative parameter to note is that all 

these suggestive statistics are all based on shipbuilding 

activities pertaining to naval requirements and not 

connoting to building of merchant ships.

But in the Budget, infrastructure and logistics got 

the better of the blessings. Infrastructure-in-need for 

improved rail-road-waterways connectivity, freight 

corridors, warehousing, green logistics leverages based 

on green solutions, technology driven management 

(digitalisation)… all these will make things easier. Another 

move is the push toward skill and coastal enterprise 

development (Check: PM Yojanas [Kaushal Vikas/Matsya 

Sampada]). The logistics sector alone hosts over 20+ 

million workforce and even with all automation, India 

will have to still rely on the skills of the young and the 

not-so-young.

Looking back at the expectations, India’s 30+ 

shipyards/13 million tonnage (approx.), could have done 

with some direct incentives, though the mentioned 

measures may be expected to generate few favourable 

winds for shipping also. 

In all, considering the caboodle of the Budget, the 

port of destination appears to be the $5 trillion GDP and 

certainly not the Elections 2024. But if the ETA is 2025 

(for the $5trillion GDP), the speeds have to be adjusted 

upwards. Do our economic engines pack the power 

for that? Times will testify.

In this issue…

We go underwater again as we start an interesting 

discussion on subsea navigation systems. In Part A of the 

series, Dr. Jyoti et al., touch on the points of development 

of navigation systems. The emphasis is on the subsea, 

underwater, autonomous vehicles’ navigation. Traversing 

through the degrees of freedom and cybernetics, the 

Authors explain Geodetic reference and prediction 

algorithms etc. The Global Navigation Satellite System 

(GNSS) and their function by transliteration, the modern 

gyroscope and the accelerometer are interesting 

takeaways.

The next read is on materials. Austenitic structures 

exhibit close-cubic forms in the Carbon-Temperature 

phase diagrams for steels. Moving from the construct, 

Mainak Mukherjee, Jnana Sagar Lokineddi discuss 

superaustenitic steels, duplex steels etc., with rferences to 

marine applications. The LR duo explain the compositions, 

structure, characteristics and applications of the types 

in use. This will certainly update the knowledge of the 

practicing marine engineers on the materials front.

Following this, is an article proposing a prediction 

model based on machine learning. The case in question 

takes on few physiochemical properties of water and 

is based on data culled from various other studies and 

datasets and tries to wed the solution to ballast water. The 

modelling exercise appears robust, whereas the ballast 

water relevance remains unanswered, particularly in terms 

of species count. However, we feature this article, treating 

it as an exercise in linear and multivariate regression 

analyses to encourage the researchers’ efforts.

The MER Archive from March 1983 has few takeaways… 

electric fires, CPPs etc. The discussion on wear continues 

under Lube Matters. We have some electrical knowledge 

coming in under Competency Corner. In the Heritage 

Hourglass section, Amruta Talawadekar and Maitre Shah 

highlight few women achievers in maritime epochs.

Here is the March 2023 issue for your reading pleasure.

Dr Rajoo Balaji
Honorary Editor

editormer@imare.in

If one does not know to which port one is sailing, no wind is favourable.

 - Seneca
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MATURITY ASSESSMENT OF SUBSEA NAVIGATION 

AND POSITIONING SYSTEMS - PART A

Introduction 

Navigation was a major challenge that bedevilled 

ocean travellers and explorers from the time it was 

firmly established that the earth is not flat. Ancient 

sailors watched celestial objects and constellations 

such as Southern Cross in the Southern hemisphere 

and Big Dipper in the Northern hemisphere to identify 

their position. The Pole Star provided a celestial point 

of reference and became North, opposite end became 

South, and exactly in-between we placed an artefact 

called equator. 

Compasses, which indicate direction relative to the 

Earth’s magnetic poles, were used for navigation since 

11th century. The solar elevation at local noon, measured 

with a sextant was converted to latitudes, but longitudes 

presented a big problem until an English carpenter-

turned-clockmaker, John Harrison, in 1770s, developed 

a seagoing, accurate chronometer to determine the 

difference between local time and Greenwich Mean Time 

(GMT) to calculate the longitude. Greenwich became 

longitude zero, which is another artefact.

Since then, technological advancements continued, 

specifically the commercialisation of the Global Navigation 

Satellite System (GNSS) in 1978 revolutionised terrestrial 

Abstract

Effective manoeuvrability, precise navigation and 

position determination are the key requirements for 

effective operations of deep-water and long-endurance 

autonomous under water vehicles (AUV). The article is 

published in three parts. This part presents the kinetics 

and kinematics involved in AUV attitude control when 

operated in hydrodynamic environments, principles 

of underwater real-time position determination based 

on dead-reckoning technique and the technological 

maturity of the state-of-the-art Inertial Navigation 

System. Subsequent parts describe the maturity of 

acoustic sensors/systems, importance of aiding sensor 

performances and best field application practices in 

achieving the desired position accuracies. Modelling and 

simulation case studies presented for seven important 

scenarios shall help in understanding the intricacies 

in subsea guidance and navigation system design, 

identification of mission-specific sensor suite for achieving 

the desired performance and reliability. 

INDEX TERMS: AUV, CONTROL, GUIDANCE, NAVIGATION.

V B N Jyothi, R Ramesh, N. Vedachalam

The Pole Star provided a 

celestial point of reference 

and became North, opposite 

end became South, and 

exactly in-between we placed 

an artefact called equator 
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navigation with unprecedented position accuracies. 

However, underwater position determination was a 

challenge as GNSS electromagnetic signals are attenuated 

by the saline sea water. Overcoming this challenge, the 

first use of subsea Acoustic Positioning System (APoS) 

dates back to 1963 in which a short baseline system was 

installed on USNS Mizar to guide the bathyscaphe Trieste 

to the wreckage of American nuclear submarine USS 

Thresher, and subsequently in 1966 to aid in the search 

and recovery of a nuclear bomb lost bomber off-Spain. 

Subsequent demands from the offshore hydrocarbon 

industry during 1990s matured APoS technologies. During 

the same period, developments in the Doppler Velocity 

Log (DVL), depth sensors, inertial measurement sensors 

and position estimation algorithms led to the realisation 

of the underwater Aided-INS (A-INS). 

A-INS is one of the important subsystems which helps 

in precise navigation and positioning of AUVs involved 

in intelligent, truly-autonomous, long-range and long-

endurance subsea missions. The world economic forum 

has highlighted the development of intelligent AUVs as 

a priority technological requirement for exploring the 

vast ocean resources and studying climate change. The 

increased spatio-temporal capabilities for strategic AUVs 

is evident from the Polar challenge announced by the 

World Ocean Council involving 2000 km continuous 

under-ice Polar mission, challenging deep-ocean mineral 

mining needs that requires precise 

high resolution mapping of the vast 

poly-metallic nodule and cobalt crust 

fields, and the ongoing Seabed 2030 

project aimed to create a full global 

sea floor map by 2030 with a 100m 

resolution. In order to cope up with 

the demand, AUVs such as UK NOC’s 

AUTOSUB6000 (with endurance of 

70h, operating range of 1000km and 

capable of undertaking under-ice polar 

operations) and Kongsberg HUGIN 

ENDURANCE (with mission ranges up 

to 2200km and capable of carrying out 

unsupervised shore-shore operations) 

with high precision navigation and 

positioning systems were developed 

and demonstrated [1][2].

Long-range AUV Guidance, Navigation and Control 

The key design considerations for AUV include mission 

objective, environmental conditions such as currents and 

density in the operating depth, payloads, communications, 

navigation, positioning, control, power source and 

buoyancy mechanisms. The Guidance, Navigation & 

Control (GNC) system with 3-level architecture used in 

long-range AUV operating mission objective-based path 

and trajectory planning algorithms is shown in Figure. 1. 

Figure. 1. GNC systems of long-range AUV 

With the mission objective as inputs, Level 3Mission 

Planning Controller (MPC) executes the Trajectory 

Planning Algorithm (TPA) that determines the way points 

that serve as inputs for Level-2 Path Planning Controller 

(PPC). 

Path planning is the process of finding the course of 

the points across which the AUV has to travel from the 

starting location to the target location, represented as 

North-East-Depth (NED) coordinates. The Path Planning 

Algorithm (PPA) provides set points to the AUVLevel-1 

controller that takes input from the vehicle navigation 

systems and other sensor measurements (Level 3 sensors). 

The underwater path and trajectory planning require due 

consideration of the dynamic (time-varying) nature of the 

ocean currents, presence of unknown obstacles and the 

morphology of the seabed. The objective anisotropic 

cost function (executed by the MPC and PPC) is to 

minimise the travel time/lower energy 

consumption under the constraints 

such as on-board energy availability, 

positioning accuracy, presence of 

obstacles, utilising/avoiding the 

prevailing water currents and vehicle 

manoeuvrability limitations/agility. 

The performance of the Level-3 

navigation and positioning sensors are 

the key for precise long range/longer 

endurance AUV operations [3][4]. 

Hydrodynamic Environment & AUV 

Attitude Control 

Precise vehicle attitude measurement 

and control is essential for long-range 

navigation, carrying out effective 

seabed mapping and physical robotic 

Path planning is the 

process of finding the 
course of the points 

across which the AUV 

has to travel from the 

starting location to 

the target location, 

represented as North-
East-Depth (NED) 

coordinates

A-INS is one of the important 
subsystems which helps 

in precise navigation and 
positioning of AUVs involved in 
intelligent, truly-autonomous, 

long-range and long-endurance 
subsea missions

Mission

Mission planning

Way points

Navigation 
system

Control Vehicle

Sensors

Set points

Position 
Velocity 
attitude

Path planning

Level 3

Level 2

Level 1

https://en.wikipedia.org/wiki/USS_Thresher_(SSN-593)
https://en.wikipedia.org/wiki/USS_Thresher_(SSN-593)
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interventions. The vehicle when operated in the ocean 

environment experiences hydrodynamic forces (kinetics) 

which results in the changes in the AUV attitude 

(kinematics). The AUV attitude is represented in 6 degrees 

of freedom (DoF) include surge, sway and heave in linear 

orientation, and pitch, roll and heading/yaw (also called 

Euler angles) in the angular orientation (Figure. 2).

Figure. 2. AUV with six degrees of freedom [3]

The linear forces X, Y and Z, and the angular moments, 

K M and N, acting on the AUV in 6 DoF is described 

by below equations of motion (cybernetics notations 

described in Table.1). The term Cybernetics that dates 

back to 1948, refers to systems and processes involved 

in automatic control, artificial intelligence, perception 

and robotics. 

m[u̇− vr + wq − xG(q2 + r2) + yG(pq − ṙ) + zG(pr + q̇)] = X 

m[v̇− wp + ur − yG(r2 + p2) + zG(qr − ṗ) + xG(qp + ṙ)] = Y 

m[ẇ − uq + vp− zG(p2 + q2) + xG(rp − q̇) + yG(rq + ṗ)] = Z 

 

Ixṗ + �Iz − Iy�qr − (ṙ + pq)Ixz + (r2 − q2)Iyz + (pr − q̇)Ixy 

+m[yG(ẇ− uq + vp) − zG(v̇ −wp + ur)]     = K 

 

Iyq̇ + (Ix − Iz)rp − (ṗ + qr)Ixy + (p2 − r2)Izx + (qṗ− ṙ)Iyz 

+m[zG(u̇− vr + wq) − xG(ẇ − uq + vp)]    = M  

 

Izṙ + �Iy − Ix�pq− (q̇ + rp)Iyz + (q2 − p2)Ixy + (rq − ṗ)Izx 

+m[xG(v̇−wp + ur) − yG(u̇ − vr + wq)]    = N 

 

 & 

Table. 1. Notations used for AUV Cybernetics

 Degree of freedom Forces & 
moments

Linear & 
angular 
velocities

Translational 
motion

Surge X U

Sway Y V

Heave Z W

Rotational 
motion

Roll K P

Pitch M Q

Yaw N R

In order maintain the AUV attitude amidst the action 

of external forces and moments in the hydrodynamic 

environment, equivalent counter forces and moments 

have to be generated using a combination of propulsion 

thruster and control surfaces. For characterising the 

hydrodynamic behaviour, hydrodynamic analysis is 

carried out (based on scaled-down model tests and 

by numerical models based on the Navier-Stokes and 

continuity equations) for determining the propulsion 

thruster capacity and control surface area required for 

achieving the desired AUV velocity and manoeuvrability in 

multiple DoF under various sea states and water currents.

The total force experienced by the AUV is the sum of 

the drag force and added masses is represented as:

Ti(t) =  mi vı̇(t) + dQi|vi(t)|vi(t) + dLiv(t) + bi 

dρ 2
, ρ is the density of 

Where i correspond to each DoF, Ti (t) is the net control 

force, mi is the effective mass which includes vehicle 

mass and added mass, dQ and dL terms are quadratic 

and linear components of hydrodynamic drags, bi is the 

buoyancy. Ti (t), velocity and acceleration are measured 

with respect to the body frame.

The axial drag force acting on the AUV moving at a 

constant velocity in the hydrodynamic medium is defined 

as

i i ı̇ Qi i i Li i

Drag force =
1

2
(CdρAV2) 

, ρ is the density of 
where C

d
 is the drag coefficient based on the frontal 

geometry of the AUV, ρ is the density of sea water 

medium, A is the exposed frontal area and V is the fluid 

velocity or advance speed of AUV.

The vehicle when 
operated in the ocean 

environment experiences 
hydrodynamic forces 

(kinetics) which results in 
the changes in the AUV 

attitude (kinematics)

The term Cybernetics that 
dates back to 1948, refers 
to systems and processes 

involved in automatic 
control, artificial intelligence, 

perception and robotics
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For AUVs, the drag force is the product of the coefficient 

of the friction drag and the form factor, which is a function 

of the hull shape. For AUV moving with higher velocities, 

the thrust requirements increase with square of the 

velocity. In the case of open frame vehicles (such as ROV 

and HOV), the added mass is an important component 

which is due to the effect of forces and moments arising 

out of the acceleration of the fluid around the vehicle. 

In case of AUV characterised by slow velocities and 

modest attitude changes, simplified approaches are 

followed by neglecting off-diagonal entries, coupled 

terms, tether dynamics when solving the kinematics in 

6 DoF. The automated on-board AUV attitude control 

(Level-3) systems executes the Proportional (P) or 

Proportional-Derivative (PD) algorithm with the identified 

hydrodynamic parameters, counteracts the disturbance 

by dispatching the desired speed control command to 

the respective thruster power electronic variable speed 

controller, adjusting the rudder and fin control surface 

area [5].

Position Determination in Dead-reckon Mode 

In typical deep-ocean AUVs, the Level-3 Navigation 

and Positioning sensor suite (Figure. 3) includes a Global 

Positioning System (GPS), high-precision Fibre Optic Gyro 

(FOG) or Ring Laser Gyro (RLG)-based Inertial Navigation 

Systems (INS) aided by a Doppler Velocity Log (DVL), 

depth sensor and Acoustic base-line Positioning Systems 

(APoS).

The AUV navigation system initialised with the position 

input from the GPS receiver (when at the ocean surface) 

works in dead- reckoning (DR) mode during underwater 

mission. In DR mode, based on last known or computed 

position, the navigational algorithm (operating in L3 real-

time controller) estimates the current position based on 

the inputs from navigation sensor suite. The position is 

updated from the inputs from the APoS (normally USBL) 

continuously in real-time [6].

Figure. 3. Architecture of A-INS

The DR algorithm uses the tuned Kalman Filter to 

estimate the current position along with their uncertainties 

during aiding sensor outages and measurement delays. 

The DVL and the accelerometers strapped on the 

AUV body frame (BF) measures the AUV velocity and 

accelerations, respectively, in the BF coordinates. In order 

to compute the position of the AUV with respect to the 

earth-fixed navigation frame, the measured BF velocity 

is transformed to Earth Frame (EF) velocity resolved in 

the North and East directions (Figure. 4). 

Figure. 4. Body and earth frame representation 

The conversion of BF to EF velocity is done using Direct 

Cosine Matrix (DCM) when the AUV pitch and roll is < 

90°, as AUVs are equipped with stabiliser fins to ensure 

stability in roll axis [3] [6].

Using DCM, the velocity of the AUV in EF is computed 

using,

Ve = Cbe Vb 

Cb 
ebe� ψ θ − ψ θ ψ θ ϕ ψ ϕ ψ ϕ θψ θ ψ ϕ ϕ θ ψ − ψ ϕ θ ψ ϕ− θ θ ϕ θ ϕ �

𝜑𝜑𝜑𝜑 𝜃𝜃𝜃𝜃𝜓𝜓𝜓𝜓

θ

∆t

� N ∗ ∆N �
λ λ � E ∗ ∆ ∗E �

N � E − 2− 2 2 32�
E � E− 2 2 12�

ωe −5

where, 

e be b
Cbe

Cbe
= �cψ θ − ψ θ ψ θ ϕ ψ ϕ ψ ϕ θ

sψ θ ψ ϕ ϕ θ ψ − ψ ϕ θ ψ ϕ− θ θ ϕ θ ϕ �
𝜑𝜑𝜑𝜑 𝜃𝜃𝜃𝜃𝜓𝜓𝜓𝜓

θ

∆t

� N ∗ ∆N �
λ λ � E ∗ ∆ ∗E �

N � E − 2− 2 2 32�
E � E− 2 2 12�

ωe −5

 is the DCM transformation matrix.

Ve = Cbe Vb
where,Cb 

e is the DCM transformation matrix. 

Cbe
= �cψcθ −sψcθ + cψsθsϕ sψsϕ+ cψcϕsθ

sψcθ cψcϕ + sϕsθsψ −cψsϕ+ sθsψcϕ−sθ cθsϕ cθcϕ � 
       𝜑𝜑𝜑𝜑 𝜃𝜃𝜃𝜃𝜓𝜓𝜓𝜓

θ

∆t

� N ∗ ∆N �
λ λ � E ∗ ∆ ∗E �

N � E − 2− 2 2 32�
E � E− 2 2 12�

ωe −5

where,s. = sin (.), c. = cos (.) and t. = tan (.), roll (φ), 

pitch (θ) and Yaw (ѱ)or attitude/Euler angles of the AUV 

and V
b
 is the BF velocity matrix [V

x
, V

y
, V

z
] and V

e
 is the 

EF velocity [V
n
, V

e
, V

d
] matrix. 

Typically, quaternion attitude representation is used 

for underwater vehicles with roll and pitch >90°, as DCM 

leads to singularity. The below quaternion transformation 

equation reveals an additional singularity associated with 

Euler angles, for Cos θ =0,in which w1, w2, w3 are angular 

measurements in three axis. 

e be b
bebe� ψ θ − ψ θ ψ θ ϕ ψ ϕ ψ ϕ θψ θ ψ ϕ ϕ θ ψ − ψ ϕ θ ψ ϕ− θ θ ϕ θ ϕ �

𝜑𝜑𝜑𝜑 𝜃𝜃𝜃𝜃𝜓𝜓𝜓𝜓

θ

∆t

� N ∗ ∆N �
λ λ � E ∗ ∆ ∗E �

N � E − 2− 2 2 32�
E � E− 2 2 12�

ωe −5

The Euler angle matrix C
b
 measured from the quaterion 

is

e be b
bebe� ψ θ − ψ θ ψ θ ϕ ψ ϕ ψ ϕ θψ θ ψ ϕ ϕ θ ψ − ψ ϕ θ ψ ϕ− θ θ ϕ θ ϕ �

𝜑𝜑𝜑𝜑 𝜃𝜃𝜃𝜃𝜓𝜓𝜓𝜓

θ

 

∆t

� N ∗ ∆N �
λ λ � E ∗ ∆ ∗E �

N � E − 2− 2 2 32�
E � E− 2 2 12�

ωe −5
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where q4 is scalar and q0, q1, q2, and q3 are vectors 

and are 3-axis rotatonal measurements in yaw, roll and 

pitch axis. 

In case of AUV, with the computed DCM values, 

the measured BF velocity in the 3 axis Vx, Vy and Vz 

will be converted to EF velocity V
N
, V

E
 and V

D
. The 

EF-referenced velocity thus obtained is integrated over 

a sampling duration ∆t to get the updated position in 

geo-coordinates, represented in Latitude and Longitude 

using equations:

e be b
bebe� ψ θ − ψ θ ψ θ ϕ ψ ϕ ψ ϕ θψ θ ψ ϕ ϕ θ ψ − ψ ϕ θ ψ ϕ− θ θ ϕ θ ϕ �

𝜑𝜑𝜑𝜑 𝜃𝜃𝜃𝜃𝜓𝜓𝜓𝜓

θ

∆t

Latitude L = L + �vN ∗ ∆t

RN � 

Longitude λ = λ + �vE ∗ ∆t ∗ secLE �

N � E − 2− 2 2 32�
E � E− 2 2 12�

 a Ea

  Ea

Eωe −5 Ear

e be b
bebe� ψ θ − ψ θ ψ θ ϕ ψ ϕ ψ ϕ θψ θ ψ ϕ ϕ θ ψ − ψ ϕ θ ψ ϕ− θ θ ϕ θ ϕ �

𝜑𝜑𝜑𝜑 𝜃𝜃𝜃𝜃𝜓𝜓𝜓𝜓

θ

∆t

Latitude L = L + � N ∗ ∆
RN �

Longitude λ = λ + �vE ∗ ∆t ∗ secL

RE � 

N � E − 2− 2 2 32�
E � E− 2 2 12�

De

 a rth e

  rth e

arth ωe −5 arth r

where, V
N 

is the Northing velocity of the AUV in m/s; 

V
E 

is the Easting velocity in m/s; R
N 

is the meridian 

radius curvature of the Earth, R
E
 is the transverse radius 

curvature of the Earth. 

e be b
bebe� ψ θ − ψ θ ψ θ ϕ ψ ϕ ψ ϕ θψ θ ψ ϕ ϕ θ ψ − ψ ϕ θ ψ ϕ− θ θ ϕ θ ϕ �

𝜑𝜑𝜑𝜑 𝜃𝜃𝜃𝜃𝜓𝜓𝜓𝜓

θ

∆t

� N ∗ ∆N �
λ λ � E ∗ ∆ ∗E �

RN = � RE(1 − e2)

(1 − e2sin2L)
32� 

E � E− 2 2 12�

 a Ea

  Ea

Eωe −5 E

e be b
bebe� ψ θ − ψ θ ψ θ ϕ ψ ϕ ψ ϕ θψ θ ψ ϕ ϕ θ ψ − ψ ϕ θ ψ ϕ− θ θ ϕ θ ϕ �

𝜑𝜑𝜑𝜑 𝜃𝜃𝜃𝜃𝜓𝜓𝜓𝜓

θ

∆t

� N ∗ ∆N �
λ λ � E ∗ ∆ ∗E �

N � E − 2
(1 − e2sin2L)

32�
RE = � RE

(1 − e2sin2L)
12� 

 a Ea

  Ea

Eωe −5 E

For eccentricity, e, the earth surface is not smooth and 

cannot be accurately represented by a simple geometrical 

surface. Nevertheless, it can be approximated by an 

ellipsoid, a rather simple mathematical surface which is 

smooth, regular and that fits quite well the geoid since the 

maximum difference between the geoid and the ellipsoid 

is <200m. 

The most commonly used reference ellipsoid is the 

World Geodetic System (WGS84) datum featuring 

coordinates with date and time, is defined and maintained 

by US National geospatial intelligence agency (Table. 2 

and Figure. 5) [7]. With this datum, the position of the 

AUV is computed with respect to this ellipsoid, by which 

Latitude, longitude, and elevation are defined. 

Table. 2. Earth parameters as per WGS84 standard (ref Figure. 5) [7]

Parameter 

(Figure.5)
Value Description 

Semi- Major 
axis, a (R

M
)

6378137.0m Earth ellipsoid 
semi-major axis

Semi-minor 
axis, b (R

N
)

63563124.2m Earth ellipsoid 
semi-minor axis

e 0.0818 Earth eccentricity 

7.292115 x rad/

sec

Earth rotation rate 

Figure. 5. Geoid of the Earth as WGS 84 standard

The position accuracy of the DVL-aided INS is improved 

using the APoS aid. The position update interval from 

APoS to INS (Figure. 3) depends on the water depth 

in which the AUV is operating. With the sound velocity 

of 1500m/s in water, when the AUV is at 6000m water 

depth, the frequency of position update rate from APoS is 

every 4s. Further delays are possible if an acoustic pulse is 

not received by the AUV transponder due to ocean state 

and other properties. 

Due to the AUV dynamics, there are possibilities that 

could result in data outages from the DVL to INS that 

could lead to erroneous position computation. During the 

period of position unavailability from APoS or inaccurate 

position inputs computed based on DR principles, the INS 

rejects the erroneous input (based on the measured and 

process covariance of the aiding sensor measurement 

parameters like standard deviation computed with inertial 

measurements) and estimates the position based on 

Kalman Predictor Algorithm (KPA) till the residual error 

is within the acceptable limits. 

The KPA is a recursive filter that estimates the internal 

state of a dynamic system from a time-series of noisy 

measurements. It uses the current state of the system 

and the uncertainties involved to predict the next state, 

without the history of past observations. The most 

famous use of KPA was in the Apollo-11 lunar module 

for the moon mission in 1969. Subsequent to this, 

advanced KPA are being used for various applications, 

such as Extended Kalman filter (EKF) for non-linearity 

problems, Unscented Kalman Filter (UKF) for dealing 

with bias issues, Iterated EKF, Invariant EKF, Particle 

filter, Ensemble Kalman filter etc., as well as in ML/AI 

applications [8][9].

The KPA uses the current state (Prior x ̂_(k-1)) of the 

system and the measurement uncertainties z_k involved 

to predict the next state (Posterior x ̂_k) by calculating 

the error covariance P_k from the prior error covariance 

matrix P_k^- which is explained below. The time and 

measurement update equations are iteratively updated 

with process, continuously in real-time (Figure. 6).
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Time Update (Prediction)

Initialisation of the state vector A, B and, H equals to 1. 

Using the below equations, is the measured value, is 

assumed to be the Gaussian noise with zero mean and 

variance.

 ̂

 ̂

k k
𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘− = 𝐴𝐴𝐴𝐴𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘−1 +  𝐵𝐵𝐵𝐵𝑢𝑢𝑢𝑢𝑘𝑘𝑘𝑘      ;  𝑧𝑧𝑧𝑧𝑘𝑘𝑘𝑘 = 𝐻𝐻𝐻𝐻𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘− + 𝑣𝑣𝑣𝑣𝑘𝑘𝑘𝑘 

𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘− 𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘−1𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇 𝑄𝑄𝑄𝑄
𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘 𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘−𝐻𝐻𝐻𝐻𝑇𝑇𝑇𝑇 𝐻𝐻𝐻𝐻𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘−𝐻𝐻𝐻𝐻𝑇𝑇𝑇𝑇 𝑅𝑅𝑅𝑅 −1𝐻𝐻𝐻𝐻𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘−

𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘 𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘− 𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘 𝑧𝑧𝑧𝑧𝑘𝑘𝑘𝑘 −𝐻𝐻𝐻𝐻𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘−
𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘 𝐼𝐼𝐼𝐼 − 𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘 𝐻𝐻𝐻𝐻 𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘−

Error covariance initialisation is 

 ̂

 ̂

k k
𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘− 𝐴𝐴𝐴𝐴𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘−1 𝐵𝐵𝐵𝐵𝑢𝑢𝑢𝑢𝑘𝑘𝑘𝑘 𝑧𝑧𝑧𝑧𝑘𝑘𝑘𝑘 𝐻𝐻𝐻𝐻𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘− 𝑣𝑣𝑣𝑣𝑘𝑘𝑘𝑘

𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘− = 𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘−1𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇 + 𝑄𝑄𝑄𝑄 

𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘 𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘−𝐻𝐻𝐻𝐻𝑇𝑇𝑇𝑇 𝐻𝐻𝐻𝐻𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘−𝐻𝐻𝐻𝐻𝑇𝑇𝑇𝑇 𝑅𝑅𝑅𝑅 −1𝐻𝐻𝐻𝐻𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘−

𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘 𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘− 𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘 𝑧𝑧𝑧𝑧𝑘𝑘𝑘𝑘 −𝐻𝐻𝐻𝐻𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘−
𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘 𝐼𝐼𝐼𝐼 − 𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘 𝐻𝐻𝐻𝐻 𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘−

Estimate covariance using the equations 

Computation of Kalman Gain K
k

 ̂

 ̂

k k
𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘− 𝐴𝐴𝐴𝐴𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘−1 𝐵𝐵𝐵𝐵𝑢𝑢𝑢𝑢𝑘𝑘𝑘𝑘 𝑧𝑧𝑧𝑧𝑘𝑘𝑘𝑘 𝐻𝐻𝐻𝐻𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘− 𝑣𝑣𝑣𝑣𝑘𝑘𝑘𝑘

𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘− 𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘−1𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇 𝑄𝑄𝑄𝑄
 𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘 = 𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘−𝐻𝐻𝐻𝐻𝑇𝑇𝑇𝑇(𝐻𝐻𝐻𝐻𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘−𝐻𝐻𝐻𝐻𝑇𝑇𝑇𝑇 +  𝑅𝑅𝑅𝑅)−1 

 𝐻𝐻𝐻𝐻𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘−

𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘 𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘− 𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘 𝑧𝑧𝑧𝑧𝑘𝑘𝑘𝑘 −𝐻𝐻𝐻𝐻𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘−
𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘 𝐼𝐼𝐼𝐼 − 𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘 𝐻𝐻𝐻𝐻 𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘−

Update of estimate via Zk (Zk- )is the residual error 

which is the difference between the measured value 

and the prior estimated value, and the error should be 

minimum which has to be in the acceptable threshold 

limits. This value determines whether to accept or 

reject the measured sensor values for posterior position 

estimate.

 ̂

 ̂

k k
𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘− 𝐴𝐴𝐴𝐴𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘−1 𝐵𝐵𝐵𝐵𝑢𝑢𝑢𝑢𝑘𝑘𝑘𝑘 𝑧𝑧𝑧𝑧𝑘𝑘𝑘𝑘 𝐻𝐻𝐻𝐻𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘− 𝑣𝑣𝑣𝑣𝑘𝑘𝑘𝑘

𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘− 𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘−1𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇 𝑄𝑄𝑄𝑄
𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘 𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘−𝐻𝐻𝐻𝐻𝑇𝑇𝑇𝑇 𝐻𝐻𝐻𝐻𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘−𝐻𝐻𝐻𝐻𝑇𝑇𝑇𝑇 𝑅𝑅𝑅𝑅 −1𝐻𝐻𝐻𝐻𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘−

𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘 =  𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘− + 𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘(𝑧𝑧𝑧𝑧𝑘𝑘𝑘𝑘 −𝐻𝐻𝐻𝐻𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘−) 

𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘 𝐼𝐼𝐼𝐼 − 𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘 𝐻𝐻𝐻𝐻 𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘−Update of error covariance

 ̂

 ̂

k k
𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘− 𝐴𝐴𝐴𝐴𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘−1 𝐵𝐵𝐵𝐵𝑢𝑢𝑢𝑢𝑘𝑘𝑘𝑘 𝑧𝑧𝑧𝑧𝑘𝑘𝑘𝑘 𝐻𝐻𝐻𝐻𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘− 𝑣𝑣𝑣𝑣𝑘𝑘𝑘𝑘

𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘− 𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘−1𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇 𝑄𝑄𝑄𝑄
𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘 𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘−𝐻𝐻𝐻𝐻𝑇𝑇𝑇𝑇 𝐻𝐻𝐻𝐻𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘−𝐻𝐻𝐻𝐻𝑇𝑇𝑇𝑇 𝑅𝑅𝑅𝑅 −1𝐻𝐻𝐻𝐻𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘−

𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘 𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘− 𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘 𝑧𝑧𝑧𝑧𝑘𝑘𝑘𝑘 −𝐻𝐻𝐻𝐻𝑥𝑥𝑥𝑥�𝑘𝑘𝑘𝑘−
iance 𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘 = (𝐼𝐼𝐼𝐼 −  𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘 𝐻𝐻𝐻𝐻) 𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘− 

Once the correct position input is available from the 

APoS or DR computations, INS accepts the input. A tuned 

KPA shall be able to predict the position with better 

accuracy during the position outage and accept position 

inputs from reliable sources once available. The position 

computed from the INS is provided as input to the AUV 

control system (Figure. 1) for further process.

Figure. 6. Principle of Kalman Predictor Algorithm [9]

Technological maturity of A-INS

Understanding inertial sensors performance

The performance of the sensors used in A-INS depends 

on multiple drift sources including bias instability, random 

walk behaviour, scale-factor errors and quantisation noise. 

Sensor noise is described as the short-term variation in the 

sensor output, such as the peak-to-peak output variation 

or the standard deviation of the output while the sensor 

is at rest/static state. It is also defined as a function of 

frequency using a power spectral density or Fast Fourier 

Transform (FFT). In these cases, the noise specification 

will be a noise density that describes the output noise 

as a function of the bandwidth of the sensors. Such drift 

parameters are identified and modelled by averaging 

the measurements for different periods and plotting in a 

logarithmic graph, called Allan Variance Plot (AVP) with 

time series data. 

The AVP, displayed in a log-log plot (that will give more 

weight to smaller numbers than larger numbers and 

accentuate changes) aids to view the noise within a signal 

over time, segregated into four parts. The parts include 

the single point noise, improvement from averaging, 

best case bias and low frequency noise (Figure. 7). The 

sensors inherent drifts and errors are detailed in IEEE-

952 standard. The sensor error modelling using AVP is 

widely carried out for inertial sensors like gyroscope, 

accelerometers and also for modelling time-series data 

to identify sensor drifts and noise errors when data is not 

available from sensor manufacturers [10].

Figure. 7. Log Allan Variance Plot based on IEEE-STD-952[10]

The Angular Random Walk (ARW) describes the 

average deviation or error that could occur as a result 

of this noise element, and can be obtained from the AVP 

(Figure. 7) at the 1-sec crossing time. At short averaging 

times (horizontal axis of the AVP), sensor noise dominates 

and is given as the -½ slope. The major contributors to 

random noise are the active elements of the gyro such as 

the laser diode and photo diode in a FOG, and the silicon 

or quartz vibrating beam and detection electronics in 

MEMS gyros. Bias is any non-zero sensor input when the 

input is zero. A mathematical model is used to calibrate 

and compensate for the fixed errors such as bias (offset) 

and input/output scale factor variations.

Thus AVP is intended to estimate stability due to 

inherent drift and noise processes, and not that of 

systematic errors such as temperature, shock, or 

vibration effects. While a gyro’s constant bias offset could 

potentially be calibrated out, bias instability introduces 

an error that may not be easy to calibrate. Due to bias 

instability, the longer a gyro/accelerometer operates, the 

greater it’s accumulated rate or position error and hence 
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there is an accumulated drift that needs to be corrected 

by periodic initialisation in INS software algorithms.

With the modelled AVP, the key parameters for inertial 

sensor selection can be done. Hence bias instability is 

therefore very critical in the I-ANS sensors/subsystems 

selection criteria. Low bias instability sensors are the 

key for long-range AUV navigation. The technological 

trends in the A-INS systems could be understood from the 

improving trends in sensor performances (Figure. 8) [11]. 

Figure. 8. Performance trends in A-INS sensors/subsystems [11]

Global Navigation Satellite System (GNSS)

As described in Figure. 3, the initial position of the 

AUV is fed from the GNSS receiver in geo-coordinates. 

Using satellites for navigation began with the US Navy 

Navigation Satellite System (NNSS)or NAVSAT in 1964 

using the TRANSIT satellite system. Subsequently, 

Global Positioning System (GPS) and GLONASS became 

operational in 1978 and 1993, respectively. The details of 

GNSS operated by various countries with a constellation 

of satellites are summarised in Table. 3. 

All the positioning application and broadcasting 

satellites use two carrier frequencies L1 at 1575.42 MHz 

and L2 at 1227.6 MHz Newer satellites like IRNSS broadcast 

in L band at 1176 MHz. India’s NavIC (Navigation with 

Indian Constellation) launched in 2013 works in the L5 

(1176.45 MHz) and S bands (2492.028MHz) are placed 

in geo-stationary orbit (GEO) and geosynchronous orbit 

(GSO). These satellites provide a positioning accuracy 

of better than 20m over the Indian Ocean region, 

1m accuracy over India for public use, and 10cm for 

authorised users.

Table. 3. GNSS operated by various countries 

Name of 

GNSS

Country No of 

satellites

Altitude Coverage

GPS USA 24 20400 Global

GLONASS Russia 24 19100 Global

Galileo EU 24 23222 Global

BeiDou China 49 21150 Global

Navic India 8 36000 Regional

QZSS Japan 4 42164 Regional

Position of an object on Earth is determined by its 

Latitude, Longitude on the spheroid and height above the 

mean sea level (MSL). Navigation satellites work on the 

principle of trilateration. If at the time of measurement, 

the instantaneous position of three satellites and the 

distance of the point of measurement from each of 

these three satellites are known, then latitude, longitude 

and height of the location can be determined based on 

trigonometric relationship. The fourth satellite is required 

to adjust timing biases.

Figure. 9 Position computation of GPS receiver from satellite 
distance measured using ToF

Since the GPS receiver clock is not perfectly 

synchronised with the satellite clock, the measured ranges 

could have errors, and hence called pseudo-ranges. The 

time offset between the clocks is to be determined to 

accurately measure the distances. With reference to 

Figure. 9, assuming the distances from the four satellites 

1,2 3 and 4 are the exact positions of the satellites, solving 

the below four equations shall help to eliminate these 

errors.�(𝑥𝑥𝑥𝑥 − 𝑥𝑥𝑥𝑥1)2 + (𝑦𝑦𝑦𝑦 − 𝑦𝑦𝑦𝑦1)2 + (𝑧𝑧𝑧𝑧 − 𝑧𝑧𝑧𝑧1)2 + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐵𝐵𝐵𝐵 = 𝑑𝑑𝑑𝑑1 �(𝑥𝑥𝑥𝑥 − 𝑥𝑥𝑥𝑥2)2 + (𝑦𝑦𝑦𝑦 − 𝑦𝑦𝑦𝑦2)2 + (𝑧𝑧𝑧𝑧 − 𝑧𝑧𝑧𝑧2)2 + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐵𝐵𝐵𝐵 = 𝑑𝑑𝑑𝑑2 �(𝑥𝑥𝑥𝑥 − 𝑥𝑥𝑥𝑥3)2 + (𝑦𝑦𝑦𝑦 − 𝑦𝑦𝑦𝑦3)2 + (𝑧𝑧𝑧𝑧 − 𝑧𝑧𝑧𝑧3)2 + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐵𝐵𝐵𝐵 = 𝑑𝑑𝑑𝑑3 �(𝑥𝑥𝑥𝑥 − 𝑥𝑥𝑥𝑥4)2 + (𝑦𝑦𝑦𝑦 − 𝑦𝑦𝑦𝑦4)2 + (𝑧𝑧𝑧𝑧 − 𝑧𝑧𝑧𝑧4)2 + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐵𝐵𝐵𝐵 = 𝑑𝑑𝑑𝑑4 

where c is the speed of light and t
B
 is the receiver clock 

offset time. The receiver clock offset is the difference 

between GPS time and internal receiver time. The 

 These satellites 
provide a positioning 

accuracy of better than 
20m over the Indian 

Ocean region, 1m 
accuracy over India for 

public use, and 10cm 
for authorised users
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unknowns above are x, y, z and t
B
. 

That means if the clocks of the GPS 

receiver and the satellite were perfectly 

synchronised, the time offset would be 

zero.

In pace with the technological 

developments, differential and relative 

reference techniques evolved for 

achieving better position accuracies. 

With these techniques, differential 

GPS (DGPS) receivers achieved 

position accuracies of better than 5m 

in terrestrial applications, where-in two 

GPS receiver antennas are placed at a 

distance of min 2m and the position 

and heading with true north was 

computed. Thus using a network of fixed ground-based 

reference stations to broadcast the difference between 

the positions indicated by the GPS satellite system and 

known fixed positions, DGPS provides improved location 

accuracy in the order of few cm. The DGPS is widely 

used for terrestrial application where the receivers can 

get the satellite visualisation periodically. But for the 

moving vehicles like ships, the visibility of the low earth 

and middle earth orbits will be poor. Real-time kinematic 

(RTK) GPS receiver is a type of differential GPS receiver 

that receives normal signals from GNSS along with 

position from a fixed station and sends correctional data 

wirelessly to the moving vehicle. This helps to achieve 1cm 

positional accuracy. 

In the past five years, subsea GPS receivers with 

antennas are embedded inside hydrostatic pressure-

rated and electromagnetically transparent enclosures 

with pressure-rated cable interfaces (with LED flasher for 

visibility after surfacing) are available commercially-off-

the-shelf (COTS) for use in AUV so that they determine 

the position when at the ocean surface (Figure. 10). The 

position input could be used by the AUV for correcting the 

DR position estimates or tracking purposes in conjunction 

with satellite telemetry. The subsea GPS receivers with 

high sensitivity of -167dBm(<1pW) can obtain the 

electromagnetic signal only during surface operations.

Figure. 10. AUV equipped with a subsea GPS receiver

Gyroscope

Gyroscope is an inertial sensor and an important 

subsystem of INS used for determining the changes in 

angular DoF (including pitch, heading 

and roll) computed from rotational 

rate measurements of the AUV in 

real-time. Precise INS requires 3-axis 

gyroscopes with low bias and ARW 

errors to integrate the measured 

angular changes over time for 

obtaining accurate position estimates. 

Historically, spinning mass gyroscopes 

that were in operation since 1852 used 

the properties of the conservation 

of the kinematic moment of a wheel 

spinning at high speed. They had the 

disadvantage of experiencing drift 

over time due to the inherent friction 

in the moving parts. Subsequent 

developments (Figure. 11) include the mechanical 

vibrating gyros based on Coriolis Effect. Hemispherical 

Resonating Gyros/HRG in 1965, Micro-Electro-Mechanical 

System/MEMS gyros in 1980s, nuclear magnetic resonance 

and the dynamically-tuned gyros. Subsequently optical 

gyroscopes based on Sagnac effect were invented. 

The Ring Laser Gyroscope (RLG) was demonstrated in 

1963 and the Fiber Optic Gyro (FOG) in 1980s. These 

gyroscopes measure their rotation rate with respect to 

inertial frame, that includes angular rate of earth rotation 

around its spinning axis, earth rotation rate around the 

sun and the angular rate induced by the earth’s curvature 

when the AUV moves over the earth surface [7].

Figure. 11. Classification of gyroscopes

Presently, RLGs had attained full technological maturity, 

with the latest challenge of “lock-in effect” at very low 

rotation rates being overcome by mechanical dithering 

technique, and with this ultimate performance, RLG has 

taken a very dominant position with 65% and 30% market 

share in the inertial and tactical grade segments. In order 

to attain extremely high measurement accuracy (bias 

stability of 0.0035º/h), RLG needs a larger volume to 

increase the length of the optical cavity, which makes 

it expensive. Navigation and strategic grade RLG are 

manufactured by companies such as Honeywell.

Taking into advantage the rapid technological 

developments in the low attenuation optical fibre, solid-

state light sources and detectors in the telecommunication 

sector, interference type fibre optic gyroscopes (I-FOG) 

has emerged as a cost-effective solution for medium 

Gyroscope is an  
inertial sensor 

and an important 
subsystem of INS used 

for determining the 
changes in angular DoF 

(including pitch, heading 
and roll) computed 

from rotational rate 
measurements of the 

AUV in real-time

https://en.wikipedia.org/wiki/GPS_satellite
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grade applications. Since the demonstration of I-FOG 

in 1976, > 0.5 million I-FOG axes have been produced in 

taking an estimated 40% share in tactical grade segment. 

Developments in polarisation maintaining fibres, super 

luminescent diodes, optical isolators, fusion splicers and 

multi-function integrated-optic circuit encourages the use 

of I-FOG in strategic grade applications where excellent 

bias stability is required. Further, I-FOG’s smaller footprint, 

light weight, wide dynamic range and faster response 

have attracted lot of interest. Navigation and strategic 

grade I-FOG are manufactured by companies such as Ix 

BLUE [13]. Time transience-related non-reciprocal effect 

due to ambient temperature variations has significant 

influence in the bias stability performance of I-FOG. 

Thermal Finite Element Analysis (FEA) carried out by 

the Deep Sea Technologies Group in National Institute 

of Ocean Technology (NIOT) on a 10km long I-FOG 

sensing coil (Figure. 12) of 140μm diameter indicate 

that even an ambient temperature variation of 0.5º/min 

could degrade the bias stability performance to tactical 

grade level (cover picture), while maintaining ambient 

temperature variations within 0.01º/min is required to 

attain bias stabilities > 0.001º/h, the performance required 

for strategic grade applications. Modern I-FOG systems 

achieve this through quadrupolar winding configuration 

and precise thermal stabilisation of the sensing coils. 

Figure.12. Performance mapping of gyroscopes

The HRG is based on the precession of a standing wave 

around a vibrating hemispherical form. It uses a thin solid-

state hemispherical shell, anchored by a thick stem. The 

shell is driven to a flexural resonance by electrostatic 

forces generated by electrodes which are deposited 

directly onto separate fused-quartz structures that 

surround the shell. The gyroscopic effect is obtained from 

the inertial property of the flexural standing waves. It has 

no moving parts, and can be very compact. The control 

electronics required to sense and drive the standing 

waves are sophisticated. HRG with bias stabilities of 

0.035º/h are manufactured by Northrop Grumman, Safran 

and Raytheon Anschütz, etc.

All MEMS gyroscopes (bias stability of ~1º/h) with 

vibrating element are based on the transfer of energy 

between two vibration modes caused by the acceleration 

of Coriolis. The Coriolis acceleration, proportional to 

the angular velocity, is an apparent acceleration that 

is observed in a rotating frame of reference. MEMS 

gyroscopes are manufactured by Northrop Grumman, 

Silicon sensing, Vectonav etc.

Recently developed magnetic compass-based AHRS 

have a heading accuracy of 0.25º rms and a resolution 

of 0.01º. By performing a calibration, the recent TP-TCM 

identifies the local sources of magnetic distortion 

and negates their effects from the overall reading to 

provide an accurate heading. Based on the operating 

location, they need location-specific calibration [14]. The 

performance requirements for various grades of gyros are 

shown in Table. 4 and Figure. 13

Figure. 13. Performance mapping of gyroscopes

Table. 4. Classification of gyro grades based on performance [15]

Grade Angular 

random walk

Bias drift Scale 

factor 

accuracy

Rate >0.5° 10 - 

1000°/h

0.1-1%

Tactical 0.5 - 0.05 °/ 1-10°/h 100-1,000 

ppm

Intermediate 0.05 - 0.005°/ 0.01- 1°/h 10-100 

ppm

Inertial <0.005°/ <0.01°/h 5 ppm

Strategic <0.003°/ <0.001°/h 1ppm

North-seeing and north-preserving feature are 
important for navigation-grade gyroscopes that is done 
using gyro-compassing through sensing the Earth’s 
rotation and gravity vector (Figure. 13). The horizontal 
angle between the observer and north direction is defined 
as azimuth, α, and measured from north in a clockwise 
direction, e.g. north is 0° and east is 90°. To determine 
the azimuth angle without performing physical rotation 
of a setup, two stationary gyroscopes with the orthogonal 
sensitive axes are used. Taking into account that cos (α 
+ 90°) = − sin α, the output of these gyroscopes aligned 
with respect to the gravity [16] [17]. 

https://en.wikipedia.org/wiki/Northrop_Grumman
https://en.wikipedia.org/wiki/Raytheon_Ansch%C3%BCtz
https://en.wikipedia.org/wiki/Northrop_Grumman
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Figure. 14. Gyro-compassing procedure for north-seeking

North-seeking is done using may-tagging and 

carouseling methods. May-tagging is an azimuth 

detection method accomplished by the ±180° turning of 

the gyroscope sensitive axis. It is also commonly referred 

to as a two-point gyro-compassing, since it mitigates 

additive bias errors through the differential, two-position 

azimuth measurement. In carouseling method, continuous 

rotation of the platform allows identification of the 

azimuth angle independently of the bias and scale-factor 

errors (as long as the rate of rotation is faster than the 

low frequency drift of bias). Specifically, the platform 

rotation causes a variation of angle between the Earth’s 

rotation axis. The output is maximum when the gyroscope 

is pointing north and minimum when it is pointing south 

(Figure. 14). The sinusoidal fit to the gyroscope output 

is performed to extract the phase, which is a measure 

of heading. Gyro-compassing procedure for 0.15°/h bias 

gyro, has the capability to seek north with 0.5º accuracy. 

It has the capability to maintain 0.5º true north accuracy 

for 3h. A 1°/h bias gyro does not have the capability to 

seek true north, but can maintain an 0.5º accuracy on 

true north for 30min (provided that true north has been 

determined with non-inertial sensors previously).

The typical sensor error model of gyroscope is 

explained in equation follows considers bias error, bias 

drift and ARW errors.√ √
te  √  √√  

north direction is defined as azimuth, α, and measured from 

(α + 90°) = − sin α, the output of these gyroscopes aligned with 

ωo = ωi + ∂ωbias 

∂ω ∂ωbiasdrift+∂ω +∂ωωi ωo
∂ωconstant ∂ω ∂ω

deg/√hour).ddt ∂ω

Where,

 

√ √
te  √  √√  

north direction is defined as azimuth, α, and measured from 

(α + 90°) = − sin α, the output of these gyroscopes aligned with 

ωo ωi ∂ω

∂ωbias =  ∂ωbiasdrift+∂ωturn-on+∂ωrandom walk(8

 ωi ωo
∂ωconstant ∂ω ∂ω

deg/√hour).ddt ∂ω

 (8)

ω
i
 is input angular rotation rate, ω

o
 is output angular 

rotation rate, ∂ω
constant

 is bias error, ∂ω
turn-on

 is the bias 

drift, ∂ω
random walk

 is random walk error which is expressed 

in ARW (Angular Random Walk in deg/√hour).

√ √√√√

north direction is defined as azimuth, α, and measured from 

(α + 90°) = − sin α, the output of these gyroscopes aligned with 

ωo ωi ∂ω

∂ω ∂ωbiasdrift+∂ω +∂ωωi ωo
∂ωconstant ∂ω ∂ω

deg/√hour).
 ddt ∂ωrandom walk = w(t) 

where, w(t) is a zero-m
where, w(t) is a zero-mean white noise process with 

known variance 

Accelerometers

Accelerometers are an important subsystem of the INS 

used for determining the displacement of the AUV in 

3 linear DoF (surge, sway and heave axis) in real-time. 

Precision INS requires accelerometers with low bias 

errors, as they integrate the measured linear changes for 

obtaining accurate position estimates. Accelerometers 

measure acceleration as well as the gravitational field. The 

strategic grade accelerometers have a resolution of 1µg, 

stability of <160 µg/year and a scale factor of 300ppm. 

The performance requirements for various grades of 

accelerometers are shown in Table. 5 and Figure. 15. 

Navigation grade accelerometers are manufactured by 

companies such as Honeywell, Innalabs, etc. [18] [19].

Figure. 15. Performance of accelerometers

Table. 5. Classification of accelerometers based on performance 
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Rate  ±100 10 2000 500 2000

Tactical  ±60 1 1000 200 500

Intermediate  ±50 0.1 500 30 300

Inertial  ±30 0.05 100 15 100

Strategic  ±10 0.005 75 10 50

Accelerometer error model includes bias instability, 

scale factor and random walk. The common stochastic 

error model is,

f
o
 = (1 + S).f

i
 + b + η

where, S-Scale factor of accelerometer, b- Bias, f
i
-input 

acceleration, f
o
-output acceleration, η-Random bias or 

random noise.

These sensors data will be provided as inputs to the 

INS for estimating the velocity and position accurately. 

The 3-D position data from the A-INS will be fed to the 

Guidance and Control of AUV for precise attitude control 

using thrusters and control surfaces.

The next part of the series…

Shall include modelling and simulation cases using 

Bellhop software and MATLAB to understand the 

importance of sensor characteristics in achieving the 

desired Aided-Inertial Navigation System performances 
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and best field application practices in achieving desired 

position accuracies. 

Modelling and simulation case studies shall be 

presented for the following practical scenarios described 

in below Table. The next part also features a hardware 

reliability analysis on the A-INS subsystems carried out 

using probabilistic reliability modelling and simulations 

software TOTAL-GRIF by which the Mean Time to Fail 

(MTTF) period for various configurations are identified. 

Case Description

A Performance assessment of APoS in various 

water depths and sea states based on 

Bellhop modelling and simulations

B Importance of aiding sensor performance 

(with INS and DVL) and without APoS in 

AUV Nav & Pos

C Position error when descend/ascend of AUV 

without APoS from 6000m water depth in 

spiralling mode in the presence of ambient 

water currents

D Influence of AUV mounted gyroscope-DVL 

misalignment

E Positioning error without sound velocity 

profile inputs to APoS

F Relative position error of the AUV without 

ship attitude real-time correction 

G Position error with APoS aid with varying 

transceiver beam angle coverage 

ABBREVIATIONS

AHRS Attitude Heading Reference system

AI Artificial Intelligence

A-INS Aided Inertial Navigation System

APoS Acoustic Positioning System

ARW Angular Random Walk

AUV Autonomous Underwater Vehicle

AVP Allan Variance Plot

BF Body Frame

BDS BeiDou Navigation Satellite System

COTS Commercial Off The Shelf

DCM Direction Cosine Matrix

DOA Direction of Arrival

DoF Degree of Freedom

DGPS Differential Global Positioning System

DSP Digital Signal processing

DR Dead Reckoning

DVL Doppler Velocity Log

EF Earth Frame

EKF Extended Kalman Filter

FFT Fast Fourier Transform

FOG Fiber Optic Gyroscope

GC Gyro Compass

GEO Geostationary Earth Orbit

GPS Global Positioning System

GMT Greenwich Mean Time

GNC Guidance Navigation Control
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GNSS Global Navigation Satellite System

GSO Geo Synchronous Earth Orbit

HOV Human Occupied Vehicle

HRG Hemispherical Resonant Gyroscope

IEEE Institute of Electrical and Electronics 

Engineers

IMU Inertial Measurement Unit

I-FOG Interference Fiber Optic Gyroscope

INS Inertial Navigation System

IRNSS ISRO Regional Navigation Satellite System

ISRO Indian Space Research Organisation

KPA Kalman Predicator Algorithm

LBL Long Baseline Line

LED Light Emitting Diode

LEO Low Earth Orbit

LEOS Laboratory for Electro Optics System

MEO Middle Earth Orbit

MEMS Micro Electro Mechanical Systems

ML Machine Learning 

MHz Mega Hertz

MPC Mission Planning Control

NAVIC Navigation with Indian Constellation

NavSat Navigation 

NED North East Depth

NOC National Oceanographic Centre

NNSS Navy Navigation Satellite System

PD Proportional Derivative

PPA Path Planning Algorithm

PPC Path Planning Controller

pW Pico Watts

QZSS Quasi Zenith Satellite System

RLG Ring Laser Gyroscope

ROV Remotely Operable Vehicle

RTK Real-Time Kinetic

SVP Sound Velocity Profile

TDOA Time difference of arrival

TOF Time of Flight

UK United Kingdom

USBL Ultrashort baseline

US United States

VRW Velocity Random Walk

WGS World Geodetic Standard

ACKNOWLEDGEMENTS

We thank the Ministry of Earth Sciences, Govt. of India 

for motivating this study.

MASSA Maritime Academy, Chennai
83 & 84, 1st Main Road, Nehru Nagar, Kottivakkam (OMR), Chennai - 600 041.

Phone: 044 – 8807025336, 7200055336 | E-Mail: mmachennai@massa.in.net
Website: https://massa-academy-chennai.com/

Grade A1 (Outstanding)

Competency Courses

•  MEO Class I – Preparatory Course
•  MEO Class II – Preparatory Course
•  Second Mates (FG) Function Course
•  Chief Mate (FG) – Phase I Course
•  Chief Mate (FG) – Phase II Course
•  Advanced Shipboard Management

Modular Courses
•  High Voltage Mgmt. & Ops. Level
•  Medical First Aid & Medical Care
•  MEO Revalidation & Upgradation
•  AECS Course  |  •  TSTA Course
•  Ship Security Officer Course

Simulator Courses
•   Diesel Engine Combustion Gas Monitor Simulator, 

ERS (Mgmt) & ERS (Ops) level
•   Radar Observer, ARPA, & RANSCO Courses
•   Ship Maneuvering Simulator and Bridge Teamwork
•   Liquid Cargo Handling Simulator Course (Oil)

DG Approved Courses Value-Added Courses
Course Duration DNV Certificated Courses Duration

ME Engines Advanced /
Familiarization– (online)

5/3 days
Internal Auditor for  
QMS/EMS/OHSMS/EnMS

3 days

ME-GI Dual Fuel Engines 
Operations – (online)

5 days
Internal Auditor for  
ISM/ISPS/MLC

2 days

BTM/BRM/ERRM physical or 
online

3 days
Incident Investigation & 
Root Cause Analysis

2 days

Marine Electrical Workshop
6 days

Maritime Risk 
Assessment

2 days

Soft Skills for induction into 
Merchant Marine

2 days
Emergency  
reparedness

1 day

Demystifying Human Factors & 
integration in Mgmt. Systems  

2 days
SIRE 2.0 

2 days 

Be-spoke training  As desired Navigational Audits 1 day



22 www.imare.in

MARINE ENGINEERS REVIEW (INDIA)
March 2023

REFERENCES

1. Wynn, Russell B., Veerle AI Huvenne, Timothy P. Le Bas, Bramley 

J. Murton, Douglas P. Connelly, Brian J. Bett, Henry A. Ruhl et al. 

“Autonomous Underwater Vehicles (AUVs): Their past, present and 

future contributions to the advancement of marine geoscience.” Marine 

geology 352 (2014): 451-468.

2. N. Vedachalam, R Ramesh, V Bala Naga Jyothi, V Doss Prakash, G A 

Ramadass, 2018, Autonomous Underwater Vehicles - Challenging 

developments and technological maturity towards strategic swarm 

robotics systems, Taylor & Francis Journal of Marine Georesources & 

Geotechnology, https://doi.org/10.1080/1064119X.2018.1453567.

3. Fossen, Thor I. “Marine control systems–guidance. navigation, and 

control of ships, rigs and underwater vehicles.” Marine Cybernetics, 

Trondheim, Norway, Org. Number NO 985 195 005 MVA, www. marine 

cybernetics. com, ISBN: 82 92356 00 2 (2002).

4. Jalving, Bjorn, Kenneth Gade, Ove Kent Hagen, and KarsteinVestgard. 

“A toolbox of aiding techniques for the HUGIN AUV integrated inertial 

navigation system.” In Oceans 2003. Celebrating the Past... Teaming 

Toward the Future (IEEE Cat. No. 03CH37492), vol. 2, pp. 1146-1153. 

IEEE, 2003.

5. N. Vedachalam, Technologies for next generation autonomous 

underwater vehicles, Marine Engineers Review (India), Volume 15, Issue 

8, July 2021.

6. Fanelli, Francesco. “Development and testing of navigation algorithms 

for autonomous underwater vehicles.” (2020): 1-xix.

7. Word Geodetic System WGS84, https://gisgeography.com/wgs84-

world-geodetic-system/.

8. Narayanswamy, Vedachalam, Bala Naga Jyothi Vandavasi, Doss Prakash 

Vittal, Ramesh Raju, and Vadivelan Arumugam. “Overload Protection of 

Marine Power Generators Using Supervised Machine Learning-Based 

Kalman Predictor Algorithm.” Marine Technology Society Journal 55, no. 5 

(2021): 109-115.

9. R. Ramesh, V. Bala Naga Jyothi, N. Vedachalam, G.A. Ramadass and 

M.A. Atmanand, 2016, Development and performance validation of a 

navigation system for an underwater vehicle, The Journal of Navigation, 

Vol.69, pp:1097-1113.

10. Allan Variance Plot, IEEE-STD-952, IEEE Standard Specification Format 

Guide and Test Procedure for Single-Axis Interferometric Fiber Optic 

Gyros

11. VBN Jyothi, R Ramesh, N. Vedachalam, G A Ramadass, Assessment 

of the Technological Maturity of Manned Submersible Navigation 

Positioning Systems, Marine, Volume 55, Number 5, September/

October 2021, pp. 129-137(9).

12. GPS Maral, Gerard, Michel Bousquet, and Zhili Sun. Satellite 

communications systems: systems, techniques and technology. John 

Wiley & Sons, 2020.

13. Gidugu Ananda Ramadass, Narayananswamy Vedachalam, 

Arunachalam Umapathy, Raju Ramesh, Vandavasi Balanagajyothi, 

2017, Finite element analysis of the influence of ambient temperature 

variations on the performance of fibre optic gyroscope sensing coils, 

Marine Technology Society Journal, Vol.51, Number 1, January/February 

2017, pp. 16-22(7).

14. Digital Compass and Attitude & Heading Reference System (AHRS), 

www.pnicorp.com

15. Lefevre, Herve C. The fibre-optic gyroscope. Artech house, 2022.

16. Hua Sun, Fang Zhang and Haojun Li, Design and implementation 

of fibre optic gyroscope north seeker, IEEE proceedings, 2010, 

International Conference on Mechatronics and Automation.

17. Zhu Zhou et al. Modified dynamic north finding scheme with a fibre 

optic gyroscope, IEEE Photonics Journal, Vol.10, Number 2, April 2018.

18. Titterton, David, John L. Weston, and John Weston. Strap down inertial 

navigation technology. Vol. 17. IET, 2004.

19. Beitia, J. “Miniature high-performance Quartz accelerometer for High-

Dynamic, precision guided systems.” In 2017 DGON Inertial Sensors and 

Systems (ISS), pp. 1-13. IEEE, 2017.

About the authors

Mrs. V. Bala Naga Jyoti is Scientist-E at National Institute of Ocean 

Technology, India. She is a lead electronics engineer for the development of 

navigation and positioning systems for India’s indigenously-developed deep-

water manned scientific submarine Matsya6000 and unmanned remotely 

operated vehicles. Prior to NIOT, she was working as a Scientist/ Senior 

Engineer in Indian Space Research Organization (ISRO) involved in the control 

and automation of Cryogenic Propellant Systems of Geo-Stationary Launch 

Vehicles (GSLV) and Attitude On-Orbit Control Systems of geo-stationary 

satellites. Presently she is pursuing doctoral degree in the development of 

machine-learning/artificial intelligence-based homing guidance systems for 

autonomous underwater vehicles using electromagnetic, optical and hybrid 

techniques aided by sensor fusion. She has published more than 30 papers in 

indexed journals, international and national conferences. She is a member 

of Ocean Society of India (OSI), Marine Technology Society (MTS) and IEEE.

 Email: nagajyothi@niot.res.in

Mr. Ramesh Raju is Scientist- E at National Institute of Ocean Technology, 

Chennai, India. He is a lead electronics engineer for India’s first indigenously-

developed deep-water scientific manned submersible Matsya6000. He had 

designed, developed, and tested control hardware and software for shallow 

water and deep water Remotely Operated Vehicles (ROV)rated up to depth 

of 6000m. He is an ROV pilot for NIOT-developed ROVs and operated up to 

5289m. He has participated in 34thIndian Scientific Expedition to Antarctica 

for shallow water cum polar ROV operation and piloted the ROV at Lake 

and New Indian barrier in East Antarctica. His experience includes data 

telemetry and control systems for unmanned and manned underwater 

vehicles, instrumentation and automation for the compact disc industry, and 

calibration and testing of test and measuring instruments. He is a recipient 

of the National Geoscience award 2010 and National societal innovation 

award 2018for the development and usage of underwater robotic vehicles. 

He has published more than 40 papers in indexed journals, international 

and national conferences. 

 Email: rramesh@niot.res.in

Dr. N. Vedachalam is currently Scientist G in Deep Sea Technologies 

division of National Institute of Ocean Technology (NIOT), Ministry of 

Earth Sciences, India. He is the technical lead for India’s first indigenously-

developed deep-water manned scientific submarine MATSYA 6000. He holds 

a Bachelor’s degree in Electrical and Electronics engineering from Coimbatore 

Institute of Technology (1995) and PhD in Techno-economics of marine 

gas hydrates from College of Engineering - Anna University, India. His 27 

years of experience include industrial power, process, offshore and subsea 

domains at Aditya Birla group, General Electric & Alstom Power Conversion 

in France. Technical exposure includes development of multi-megawatt 

subsea power and control systems for Ormen Lange subsea compression 

pilot; Ocean Thermal Energy Conversion and wave energy systems; subsea 

renewable power grids; unmanned and manned underwater vehicles; ocean 

observation technologies and industrial systems. His research interests 

include energy, subsea robotics and reliability. He has more than 100 

publications in indexed journals, holds an international and two national 

patents in subsea robotics and subsea processing. He is a recipient of the 

national meritorious invention award in 2019 for the development and usage 

of underwater robotic vehicles. He is a member of Indian Naval Research 

Board, member of Bureau of Indian Standards and was the Secretary of IEEE 

OES - India Chapter. He is a regular contributor to MER.

 Email: veda1973@gmail.com

mailto:nagajyothi@niot.res.in
mailto:rramesh@niot.res.in
mailto:veda1973@gmail.com


23www.imare.in

MARINE ENGINEERS REVIEW (INDIA)
March 2023

TECHNOLOGICAL ADVANCEMENT FOR THE 

USE OF MARINE MATERIALS IN THE FIELDS OF 

SUPER AUSTENITICS 

mechanical properties. These steels achieve high strength 

and hardness following heat treatment. This Grade is also 

commonly referred to as Grade 17-4PH. One of the key 

benefits of this Grade is that it is available in solution 

treated conditions, at which they can be easily machined 

and age-hardened to attain high strength.

This paper looks at the study of technological 

advancement for the use of Marine materials in the fields 

of Superaustenitics, Duplex, Super Duplex and 17-4PH 

Martensitic precipitation hardened Stainless steel.

KEY WORDS: Super Austenitic stainless steel; Duplex 

and Super Duplex Stainless Steel, 17-4PH Martensitic 

precipitation hardened Stainless steel; Stress corrosion 

cracking, Pitting Corrosion cracking; Crevice corrosion 

cracking and Pitting Resistance Equivalent Number 

(PREN).

1. INTRODUCTION

STAINLESS STEELS are iron-base alloys which contain 

about 12% of Chromium, the amount needed to prevent 

the formation of rust in unpolluted atmospheres. This 

is the reason for the name ‘stainless.’ Few stainless 

steels contain more than 30% Cr or less than 50% iron. 

They achieve their stainless characteristics through 

the formation of an invisible and adherent chromium-

rich oxide film. This oxide forms and heals itself in the 

presence of oxygen. Other elements added to improve 

characteristics include nickel, manganese, molybdenum, 

copper, titanium, silicon, niobium, aluminum, sulphur, and 

A super austenitic stainless steel is considered to be one 

with a Pitting Resistance Equivalent Number (PREN) 

greater than 40. This is usually attributed to alloys with 

high additions of molybdenum, typically 6% or greater. 

Austenitic stainless steels are the most used family of 

stainless steels in general engineering applications. Most 

of the popular grades of Superaustenitics are UNS S31254 

(W. Nr 1.4547); UNS S32654 (W. Nr 1.4652); UNS N08028 

(W. Nr 1.4563).

Duplex stainless steels belong to the stainless steels 

family and are characterised by high chromium (Cr, 19 

% to 30 %) and molybdenum (Mo, up to 5 %) and lower 

Nickel (Ni) contents than Austenitic stainless steels and 

identified by a dual phase microstructure. They have a 

well-balanced two-phase structure. Duplex grades account 

for less than 3 % of global stainless-steel production, 

however with a strong growth rate. They are most used 

when a combination of high mechanical strength and high 

corrosion resistance is required. Main Specification for 

Duplex stainless steel is UNS S31803 ASTM, UNS S32205 

(W. Nr 1.4462). Most popular Duplex stainless steel is UNS 

S31803 and super duplex is UNS S32750 (W. Nr 1.4410). 

Grade 630 stainless steels are martensitic stainless 

steels that are precipitation hardened to achieve excellent 
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selenium. Carbon is normally present in amounts ranging 

from less than 0.03% to over 1.0% in certain grades. 

With specific restrictions in certain types, the stainless 

steels can be shaped and fabricated in conventional 

ways. They are produced in cast, powder metallurgy, and 

wrought forms.

Available wrought product forms include plate, forgings, 

sheet, strip, foil, bar, wire, semi-finished products (blooms, 

billets, and slabs), and pipe and tubing. Cold rolled flat 

products (sheet, strip, and plate) account for more than 

60% of stainless-steel product forms.

Stainless steels are used in a wide variety of applications. 

Most of the structural applications occur in the chemical 

and power engineering industries, which account for more 

than a third of the market for stainless steel products 

(see the following table). These applications include an 

extremely diversified range of uses, including nuclear 

reactor vessels, heat exchangers, oil industry tubulars, 

components for chemical processing and pressure vessels, 

furnace parts, and boilers used in fossil fuel electric power 

plants.

Historically, stainless steels have been classified 

by microstructure and are described as austenitic, 

martensitic, ferritic, duplex (Austenitic plus ferritic). 

In addition, a fifth family, the precipitation-harden 

able (PH) stainless steels, is based on the type of heat 

treatment used rather than the microstructure.

This paper looks at the study of technological 

advancement for the use of Marine materials in the fields 

of Superaustenitics, Duplex, Super Duplex and 17-4PH 

Martensitic precipitation hardened Stainless steel. 

2. SUPER AUSTENITIC STAINLESS STEEL

A super austenitic stainless steel is considered to be 

one with a Pitting Resistance Equivalent Number (PREN) 

greater than 40. This is usually attributed to alloys with 

high additions of molybdenum, typically 6% or greater. 

Austenitic stainless steels are the most used family of 

stainless steels in general engineering applications. The 

3xx series are relatively straightforward to fabricate and 

weld, possess excellent toughness across a wide range 

of temperatures, and reasonable levels of corrosion 

resistance. By increasing the amount of chromium and 

molybdenum present in Superaustenitics, it is possible to 

significantly increase the resistance to pitting corrosion. 

However, to retain the favourable mechanical and physical 

properties of Superaustenitics stainless steel, the nickel 

content must also be increased. 

PREN shall be calculated by the following formula:

PREN=%Cr+3.3x(%Mo) + 16x(%N). 

This formula is applicable with Superaustenitics and 

also for duplex and super duplex stainless steels. 

PREN for Superaustenitics shall be greater than 40, 

for duplex stainless steel it is greater than 35 and super 

duplex stainless steel it is greater than 40.

Most popular grades of Superaustenitics are UNS 

S31254 (W. Nr 1.4547); UNS S32654 (W. Nr 1.4652) and 

UNS N08028 (W. Nr 1.4563).

For UNS S31254 (W. Nr 1.4547) is the most common so 

called Super Austenitic Stainless steel, the Molybdenum 

content helps to achieve a PREN of 43 compared with just 

25 of Austenitic Stainless steel with grade 316L.

Historically, stainless steels have been classified by 
microstructure and are described as austenitic, martensitic, 

ferritic, duplex (Austenitic plus ferritic). 
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For UNS S32654 (W. Nr 1.4652) contents nearly 8% 

Molybdenum which pushes its PREN to 54 which will have 

best pitting corrosion resistance.

A typical Chemical composition of grade UNS S31254 

(W. Nr 1.4547) is given below.

C-0.02%max., Cr-19.5 to 20.5%, Mn-1%max, Mo-6 to 

6.5%, Ni-17.5 to 18.5%, N-0.18 to 0.25%, P-0.03%max., 

S-0.01%max. and Si-0.8%max.

UNS N08354, ASME Code 2585-1 is a Superaustenitics 

stainless steel with PREN greater than 54 and excellent 

corrosion resistant in various environments. The 

high chromium, molybdenum and nitrogen contents 

provide high resistance to crevice and pitting corrosion 

in oxidising chloride environments while the high 

nickel content enhances resistance to stress corrosion 

cracking. The corrosion resistance of N08354 exceeds 

the conventional 6 Mo super austenitic stainless steels 

because of containing 7.5% Mo.

UNS N08028 (W. Nr 1.4563) (Alloy 28) is a Nickel – 

Iron – Chromium alloy with additions of Mo and Cu. It has 

excellent resistance to both reducing and oxidising acids 

to stress corrosion cracking and to localise attack such 

as pitting and crevice corrosion (PREN of 39). The alloy is 

especially resistant to sulphuric acid and phosphoric acid. 

This alloy is used for Chemical processing, oil and gas 

well piping, Cargo piping systems of Oil and Chemical 

tankers, pollution control equipment in marine industry 

and nuclear fuel reprocessing. Alloy 28 is available in 

instrument tube, precision tube and hydraulic tube. 

(Ref. 3). 

Some of the other marine applications of above 

Superaustenitics are submerged items like pipelines and 

grills for oil, sewage and water, risers for oil platforms, 

heat exchangers for Ships and coastal power plants, 

equipment attached to hulls of boats and Ships, pumps, 

winches and Transverse and longitudinal bulkheads for 

Cargo tanks in Oil and Chemical Tankers.

3. DUPLEX STAINLESS STEEL

Duplex stainless steels belong to the stainless steels 

family and are characterised by high chromium (Cr, 19% 

to 30%) and molybdenum (Mo, up to 5 %) and lower 

Nickel (Ni) contents than Austenitic stainless steels and 

identified by a dual phase microstructure. They have 

a well-balanced two-phase structure. The two phases 

in their microstructure consist of grains of ferrite and 

austenite. The microstructure contains roughly 50% 

austenite and 50% ferrite. In practicality we get around 

42 to 45% Ferrite and the remaining is Austenite. 

Besides the phase balance, there is a second 

major concern with Duplex stainless steel and their 

chemical composition i.e., the formation of detrimental 

intermetallic phases at elevated temperatures. Sigma and 

Chi phases form in duplex stainless steel and precipitate 

preferentially at the grain boundaries in the ferrite in 

the temperature range of 450C to 1000C. The addition 

of Nitrogen significantly avoids the formation of these 

phases. Therefore, it is necessary that significant Nitrogen 

is present in Duplex stainless steel specifications. Care 

must be taken during solution annealing heat treatment 

to avoid sigma and Chi phases significantly. High content 

of Chromium and Molybdenum improves intergranular 

and pitting corrosion resistance, respectively. 

The two-phase microstructure guarantees higher 

resistance to pitting and stress corrosion cracking in 

comparison with conventional 300 series stainless steel.

Duplex grades account for less than 3% of global 

stainless-steel production, however with a strong growth 

rate. They are most used when a combination of high 

mechanical strength and high corrosion resistance is 

required.

Main Specification for Duplex stainless steel is UNS 

S31803, UNS S32205 (W. Nr 1.4462) and the use of these 

grades accounting for more than 80% of Duplex use.

Most popular Super duplex stainless steel grades with 

25-26% Chromium and increased Molybdenum and 

Nitrogen such as UNS S32750, UNS S32760 and UNS 

S32550 where PREN is greater than 40. 

UNS S31803 and UNS S32750 grades are used as Marine 

grades.

Hyper duplex refers to duplex grades with a PREN 

greater than 48 and examples are UNS S32707 and UNS 

S33207. (Ref. 6 & 7)

Ferrite/austenite phase balance in the microstructure 

can be predicted by the following equations.

 THE HIGH CHROMIUM,   

 MOLYBDENUM AND NITROGEN  

 CONTENTS PROVIDE HIGH  

 RESISTANCE TO CREVICE 

 AND PITTING CORROSION 

 IN OXIDISING CHLORIDE 

 ENVIRONMENTS WHILE  

 THE HIGH NICKEL CONTENT  

 ENHANCES RESISTANCE TO  

 STRESS CORROSION CRACKING
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Cr(eq) = %Cr+1.73 %Si + 0.88 %Mo

Ni(eq) = %Ni + 24.55 %C + 21.75 %N + 0.4 %Cu

% Ferrite = -20.93 + 4.01 Cr(eq) – 5.6 Ni(eq) + 0.016 T

where T (in deg. C) is the Solution annealing 

temperature ranging from 1050C to 1150C and the 

elemental compositions are in weight %.

The attractive combination of high strength, wide range 

of corrosion resistance, moderate weldability would seem 

to offer great potential for duplex stainless steels.

Some of the marine applications of above Duplex 

& super duplex stainless steels are pressure vessels 

and storage tanks, hot water tanks, hot water boilers, 

Asphalt hauling tanker, Flue gas desulphurisation plants, 

Desalination plants (Fresh water generators), processing 

plants and Oil and gas applications.

4.  (17-4PH) MARTENSITIC PRECIPITATION 

HARDENED STAINLESS STEEL

Grade 630 stainless steels are martensitic stainless 

steels that are precipitation hardened to achieve excellent 

mechanical properties. These steels achieve high strength 

and hardness following heat treatment. This Grade is also 

commonly referred to as Grade 17-4PH. 

17-4 PH, or simply 17-4; also known as UNS S17400 is 

a Grade of martensitic precipitation hardened stainless 

steel. It contains approximately 15–17.5% chromium 

and 3–5% nickel, as well as 3–5% copper. This Grade is 

called UNS S17400 Type 630/ASTM A564/W. Nr 1.4542. 

The name comes from the chemical makeup which is 

approximately 17% chromium (Avg. of 15 to 17.5%) and 

4% Nickel (Avg. of 3 to 5%). 

One of the key benefits of this Grade is that it is 

available in solution treated conditions, at which they 

can be easily machined and age-hardened to attain high 

strength. The age hardening treatment of Grade 630 

is carried out at low temperatures, to avoid significant 

distortion. Therefore, this Grade is used for applications 

such as the manufacture of long shafts that do not require 

re-straightening after heat treatment. 

This grade can be solution treated by heating material 

to 1040C minimum, soaking for 0.5hrs air cooled to room 

temperature. After this solution treatment age hardening 

table is to be followed.

Table 1: Typical mechanical properties of grade 630 steels 
achieved after solution treating. 
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- 36 1100

H900 482 1 44 Above 1320

H925 496 4 42 1170-1320

H1025 552 4 38 1070-1220

H1075 580 4 36 1000-1150

H1100 593 4 35 970-1120

H1150 621 4 33 930-1080

Table 1 shows the typical mechanical properties of 

grade 630 steels after solution treatment and age 

hardening. 

H stands for age hardening. 900 is the temperature 

in Fahrenheit. Hardness is in Rockwell which decreases 

when the soaking temperature is increases and tensile 

strength also has been decreased, respectively. 

Therefore, Grade 630 stainless steels are age-hardened 

at low temperatures to achieve the intended mechanical 

properties. (Ref. 13 &14).

Some of the marine applications 
of above Duplex & super duplex 
stainless steels are pressure vessels 
and storage tanks, hot water tanks, 
hot water boilers, Asphalt hauling 
tanker, Flue gas desulphurisation 
plants, Desalination plants (Fresh 
water generators), processing plants 
and Oil and gas applications
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Some of the Marine applications of above 17-4 PH is 

deck components for boats and Ships like deck eyes, 

brackets for Anchor ropes, housings for equipment’s, 

shackles, handrails, Engine components, High strength 

boat propeller shafts, valves, and gears. 

5. CONCLUSIONS

To conclude we have discussed about the use of marine 

materials in the fields of Superaustenitics, Duplex, Super 

Duplex and 17-4PH Martensitic precipitation hardened 

Stainless steel.

Superaustenitics has PREN more than 40% and Mo is 

minimum 6% and these materials are used in predominant 

pitting corrosion and crevice corrosion environments. 

Duplex and super duplex stainless steels contains 

roughly 50% Ferrite and 50% Austenite, PREN greater 

than 40 with two-phase microstructure which guarantees 

higher resistance to pitting and stress corrosion cracking. 

This grade can be used where there is a chance of pitting 

corrosion like Sour gas, desalination plants, etc.

It is quite evident that 17-4PH stainless steel is the 

most used type of PH stainless steels. It has an ideal 

combination of corrosion resistance, good mechanical 

properties at high temperature and high yield strength. 

This combination makes it a suitable alloy for cost 

effectiveness and for many applications. 
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PREDICTION MODEL FOR THE BALLAST 

MARINE WATER QUALITY

dissolved solids (TSS), dissolved oxygen (DO) and total 

suspended solids (TSS), are the prime components to 

regulate the quality of freshwater or marine water. The 

aquatic temperature controls certain toxins with the 

help of atmospheric oxygen. The pH alters the water 

to acidic, neutral, or alkaline based on the amount of 

hydrogen ions present in water. Living organisms survive 

on the dissolved oxygen in water. Turbidity indicates the 

suspended particles in water such as plankton, microbes 

or sediments. Specific conductance associated with 

electrical conductivity fluctuates as to cope up with water 

temperature and salinity. Salinity has resulted from the 

dissolved salts present in the water in the form of calcium, 

sodium, potassium, magnesium, chloride, sulphate. Water 

bodies such as rivers and streams carry more silts and 

sediments than calm water. 

Water quality keeps falling as a result of industry 
automation, dumping of oil and other urban development 
activities. As a result, the ocean and river ecosystems 
become unsafe for aquatic living organisms due to 
various polluting resources. In the recent time, human 
health is continually challenged by the waterborne 
infections, contaminated seafood, and chemical toxins. 
Towards monitoring the quality of the treated of ocean/
sea water from the ballast water tank, this paper has 
attempted to build a generic quality reference model where 
physiochemical factors are considered from various kinds 
of waterbodies whereas an inference model analyses the 
ocean data based on the spatial and temporal features 
of the new recipient ocean/sea to infer the suitability of 
the ballast water to let the water into a new water region. 
Regression is one of the machine learning techniques 
applied to predict the physiochemical properties, which is 
derived from the history of data, before the ballast water 
is let out based on the recipient water region. This paper 
has explained the reference model developed based on the 
dataset and as well the validating the model using Atlantic 
Ocean. Similar to the regression analysis followed for the 
Atlantic Ocean, other sea/ocean could also be validated.

Abstract

Ballast water tank carries water from various seas 

and oceans and this, in fact, may lead to bio-invasion. 

Monitoring ballast water quality has thus become more 

vital so as to plan and implement an optimal treatment 

process before it exits to sea/ocean. The aim of this study 

is to assess the physiochemical characteristics of ballast 

marine water and to determine whether the water complies 

with standard norms stipulated by International Maritime 

Organization (IMO) so that the marine ecosystems are alive 

and healthy. A prediction model is proposed in this paper 

using the machine learning technique called regression 

for the dataset covering the physiochemical values of 

eighteen seas and oceans. The paper also presented the 

outcome of the validated model for its goodness-of-fit 

against the Atlantic Ocean ecosystems and found to fit 

the dataset.

Key Words: Physiochemical properties of marine 

water, regression analysis, goodness-of-fit of the model, 

multivariate regression, residual analysis.

INTRODUCTION

Ballast water tank in a ship is a fundamental aspect 

for maintaining the stability of the ship while loading 

and unloading goods, oil or passengers. Water extracted 

from one ocean or sea is flushed into another, which 

impacts the environment of the recipient ocean or sea 

by letting in harmful organisms such as bacteria and virus. 

To control and manage the water exchange activity of 

the ballasting and de-ballasting, International Maritime 

Organization (IMO, 2017) has devised a set of guidelines. 

Water quality indicators namely temperature, pH, total 

Komathy K.
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REVIEW OF RESEARCH WORKS ON WATER 

QUALITY MONITORING

Marine water quality monitoring and management 

system (Yang 2019) was modelled on data mining 

technique, which was developed with the aim of 

preserving marine life and resources. It was a web-based 

remote system designed to monitor specifically rivers, 

lakes, and coastal sea. It monitored the parameters such 

as water temperature, dissolved oxygen and pH in the 

chosen time interval. Madeswaran et al. (2018), in their 

technical report, laid down the methods to observe 

the water quality parameters under spatial or temporal 

changes. They introduced the concept on water quality 

index (WQI) to reduce the complexity of the dataset so 

that it can be assessable by the policy makers. The aim of 

WQI was to examine the impact of sewage and domestic 

discharges on the coastal water quality. The study further 

recommended the use of WQI maps by the decision 

makers for realising immediate changes in the existing 

legislations to protect the coastal water quality of India.

The research study (Demetillo et al. 2019) developed 

a low-cost water quality monitoring system that was 

attributed for its long-term operation, adaptability, and 

reproducibility. Wireless sensor network was employed 

to precisely monitor water quality parameters and 

distributed the real-time results on the web, providing 

sufficient information on the current state of water quality 

in the covered areas. Chennai, one of the industrial hubs 

in India, spans to a larger coastal belt of Bay of Bengal, 

but poses often challenges caused by untreated sewage 

brought in by the Adyar and Cooum rivers. Prediction-

based water quality model (Mishra et al. 2015) helped to 

find the movement of pollutants. High piling of biological 

oxygen demand, total suspended matter, PO4, and SiO4 

during both wet and dry seasons were due to the influence 

of sewages on coastal waters, but reduction in salinity 

and dissolved oxygen were indicated at mixing zones. In 

addition to sewage, rise in air and water temperatures and 

reduction in pH were identified due to the influence of the 

physical elements. High stacking of nitrogen components 

in both seasons indicated the input from land inflow.

Kumar et al. (2020) proposed a real-time prediction 

model based on the dynamics of water quality. It was 

designed on a web-based service with built-in query 

processing to respond to queries promptly. The coastal 

authorities and stakeholders were alerted by the system 

instantly to mitigate the time lag or human errors.

The prediction water quality model for Chennai coastal 

waters developed by Panda et al. (2020) was to determine 

the flow pattern of pollutants using dynamics of water 

and deterministic hydrology from the hydrological 

data captured from the coast. The model predicted 

the parameters such as temperature, salinity, dissolved 

oxygen, biological oxygen and coliform. 

The coastal storm water drainage in Taylor’s Creek, 

North Carolina (Fisher 2019) became a matter of concern 

when it was identified the increasing concentrations of 

faecal indicator bacteria in recreational waters following 

the inflow from heavy rainfall mixed with polluting 

sewage and wastes of the land, which are the reason for 

gastrointestinal diseases and other illnesses. In storm and 

ambient circumstances, this research study discovered 

patterns of pollutants and pathogen piling. The study 

also identified that the impact of high percentage 

of faecal indicator bacteria, which inhabited into the 

storm water drainage system of Taylor’s Creek, even 

during dry weather. Salvi et al. (2014) have analysed the 

physiochemical properties of sea water, which are very 

critical for the health of the biodiversity in the Gulf of 

Kutch, Gujarat State, India. The results highlighted the 

changes in season and locality influenced the most of 

water quality parameters. The temperature and pH from 

the sampled sites were found to be complementing the 

marine biodiversity whereas the dissolved oxygen, total 

hardness, conductivity, turbidity, phosphate and nitrite 

showed a maximum in the samples from Okha and 

minimum in the samples of Sikka.

Pondicherry mangrove situated on the southeast 

coast of India provides the best breeding places for the 

most of marine fishes and shell fish. The study on these 

mangroves (Satheeshkumar and Khan 2009) showed a 

strong correlation between physiochemical and sludge 

residues. Salinity showed variation by the landscape, 

characteristics of the tide and inflow of the freshwater. 

The study inferred that pH had a significant role in 

determining the mangrove water quality. Further, the pH 

value was influenced by the concentrations of salinity and 

dissolved oxygen whereas the salinity and temperature 

were inclined towards one another. Dissolved oxygen 

was found to be low during summer and was biased 

by the sulphide concentration as well. Raju et al (2017) 

studied the impact of meteorological and physiochemical 

parameters of Arasalar estuary, Bay of Bengal, India. Water 

temperature rises gradually from monsoon to summer as 

a result of atmospheric conduction and radiation. The 

values of pH had touched the maximum during summer 

and reduction in pH during monsoon was seen due to 

the entry of fresh water from river and rainfall and the 

decay of biological matter. The amount of dissolved 

oxygen got altered by photosynthetic activity, floods, 

and wind turbulence. Dissolved oxygen was lower during 

the summer compared to monsoon. The visible change in 

the salinity was observed due to the high-raised tide in 

High piling of biological oxygen 
demand, total suspended matter, 

PO4, and SiO4 during both wet 
and dry seasons were due to the 
influence of sewages on coastal 
waters, but reduction in salinity 

and dissolved oxygen were 
indicated at mixing zones
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the Arasalar estuary. The study concluded that though the 

seasonal changes in physiochemical parameters have not 

influenced the biological diversity of Arasalar estuary, it 

is predicted that the percentage of heavy metals in water 

would gradually increase. 

The presence of physiochemical components, 

decomposition of aquatic life and the incidence of organic 

toxins cause the discrepancy in the pollution elements 

accumulated in sea water. Physiochemical pollution 

dynamics depend on temperature, conductivity and 

total suspended solids whereas pH and DO are related 

to chemical oils and fats affect the organic pollutants. 

The study by Hamzah et al. (2016), over the sea-passage 

between Johor Bahru and Singapore, found that more 

pollutants were generated due to organic disturbance 

created to the DO levels of aquatic life. High values of 

total suspended solids and pH were recorded for the 

western and eastern parts of the Johor Strait, which 

pointed towards chemical pollution. 

Bhadja and Kundu (2012) studied the open sea coastline 

of Arabian Sea, India and found that temperature 

influenced the physiochemical properties of coastal water. 

High pH levels were found in two places namely Veraval 

and Diu due to high human intervention in these two 

localities. The inflow of freshwater and decomposition 

of organic matter have made the pH to reach low during 

monsoon. The rough tidal activity has raised the solid 

levels, thereby varying the conductivity. Due to the rough 

sea condition of the Arabian Sea and the monsoon wind, 

the conductivity was substantially higher during the 

monsoon season. Variation in total dissolved solids and 

salinity has made the electric conductivity to oscillate 

accordingly. However, it was noted that not much variation 

in total dissolved solids and suspended soil particles 

in these seawaters. Pitchaikani et al. (2016) evaluated 

the seawater quality in Digha, on the Bay of Bengal, 

north-western shore of India. The dissolved oxygen for 

biological organisms to break down organic material 

present in the water, dissolved solids, and nourishments 

for the growth of lives in the region were found to be 

within the permissible limits. Despite the fact that sewage 

was discharged into coastal seas, the water quality was 

unaffected. It could be because of the enormous amount 

of estuary water entering the system from the Hooghly 

estuarine system. The authors have observed that the 

presence of coastal tide and the undercurrent in coastal 

area have reduced the sewage effect on coastline water.

REGRESSION MODEL FOR PREDICTING  

THE BALLAST MARINE WATER QUALITY 

Statistical properties of the dataset considered for 

the study 

This paper has studied and analysed the dataset 

extracted from the Ocean Archive System (OAS) 

with accession no.0171017 (Boyer et al., 2018; NCEI, 

2018a; NCEI, 2018b), which is an open public database 

maintained by National Centres for Environmental 

Information (NCEI) for historical data on Earth such as 

atmospheric, coastal, oceanic, and geophysical data 

collected from institutions, government agencies and 

individual researchers. Different ecosystems namely 

coastal, coastal upwelling, coral reef, deep hydrothermal 

vent, estuary, glacier, mangrove, mudflats, open ocean/

sea, open ocean upwelling are covered in the dataset. 

The dataset was utilised for training and validation of 

the regression model developed for ballast water. The 

dataset is an open public database hosted by NCEI, who 

supported the research groups to investigate (Boyer et al. 

2018). Arabian Sea, Arctic Ocean, Atlantic Ocean, Baltic 

Sea, China Sea, IAPSO, Indian Ocean, Mediterranean, 

Pacific Ocean, Red Sea and Southern Sea were some of 

the seas and oceans, for which the data were extracted 

from the NCEI dataset. The data pre-processing process, 

as a first step, was applied on the dataset to remove 

the missing values and outliers. Descriptive statistical 

measures were applied on the quality parameters from 

the dataset for all the ecosystems namely coastal, coastal 

upwelling, coral reef, deep hydrothermal vent, estuary, 

glacier, mangrove, mudflats, open ocean/sea and open 

ocean upwelling. The statistic descriptions presented in 

Figure 1 represents the minimum, maximum, mean and 

standard deviation for marine water quality parameters 

namely total alkalinity (TA), dissolved inorganic carbon 

(DIC), salinity, temperature, dissolved oxygen (DO), 

pH and CO
2
 for each of the ecosystems. Referring the 

optimum values listed in (Bhuyan et al., 2020; Stephanie, 

2008; Twomey et al., 2009), the quality parameters mined 

from the dataset were found to be residing within the 

optimum range.

Figure 1. Descriptive statistics of physiochemical properties 
for various ecosystems of oceans and seas extracted from NCEI 

dataset

Figure 2 displays the scatter diagrams representing 

the characteristics of physiochemical for the ecosystems 

of Atlantic Ocean. For each of the quality characteristics 

such as DIC, DO, pH, CO2, TA and salinity, the relationship 

against the temperature of the water, depth of the sea and 

distance from the nearest land area were examined. It is 
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observed from Figure 2 that the data were able to settle 

around the mean values of the parameters.

To validate the regression model for predicting the 

water quality of ballast water, the Atlantic Ocean water 

data samples from the dataset were extracted and 

tested the fitness of the model. This section focused on 

the design and validation of the regression model for 

the goodness-of-fit. R-square statistic helps to measure 

the goodness-of-fit for a linear regression model 

(Montgomery et al. 2012) and it represents the data 

variability against its mean. It is represented on a scale 

of 0 to 1 or in percentage 0 to 100. While correlating 

the relationship between an independent and dependent 

variable, R-square denotes the amount of variance the 

independent variable is associated with the dependent 

variable. This study has applied Microsoft Analysis Toolpak 

and Anaconda with Python and Pycaret programming 

tools for creating and assessing the prediction using the 

regression model.

Figure 2. Scatter diagrams representing physiochemical 
properties for various ecosystems of Atlantic Ocean

Linear regression analysis of Atlantic  

Ocean water

Visual graphs play a significant role to interpret the 

outcome of the regression analysis rightly than the 

calculated numbers alone. First, the linear regression 

models were generated for the observations of six 

independent indicators namely DIC, DO, pH, CO2, TA 

and salinity. Those observed values were mapped against 

their predicted values and the consolidated outcomes 

are presented in Figure 3. Presence of negative slopes 

of the graphs suggested that the dependent variable 

tends to decrease as the independent variable increases. 

Negative slopes of the linear regression lines for some 

of the parameters were highlighted in the Table 1. DIC 

has correlated negatively with temperature, distance and 

depth; DO with distance and depth; pH with temperature, 

distance and depth; TA with depth; salinity with distance 

and depth and CO
2 
with distance and depth. 

Further, the results of analysis of variance (ANOVA) 

were significant in the regression analysis with values of 

f-statistic and p-value. The p-value of each dependent 

parameter validated the null hypothesis, which stated 

that the parameter is not correlated with the independent. 

Most of the estimated p-values were less than the 

significance level (usually 0.05) and hence, the prediction 

model for the water quality parameters fitted the data 

well. Table 1 displays the p-values as well.

Figure 3. Linear regression analysis of physiochemical properties 
of Atlantic Ocean

Table 1 also included the R-squared and standard error 

for each of the regression line analysed. It is principally 

true if the dependent variable does not respond to the 

variation of the independent variable, it will yield lower 

R-squared value. Though the independent variables were 
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correlated well with the dependent variables, it is observed 

from the Table 1 that the variability of certain dependent 

variables around the mean were very high. However, it is 

observed that the residuals were randomly spread around 

the zero-regression line, which inferred that the model 

fitted the dataset. Table 2 lists the prediction equations 

for the quality parameters considered for Atlantic Ocean. 

The estimated values of regression coefficients say, the 

y-intercept and the coefficient of the quality parameter 

have helped to arrive at the prediction equations as given 

in Table 2. 

Table 1. Linear Regression analysis of physiochemical 
properties of Atlantic Ocean
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DIC

(µmol/kg)

Temp(°C) 0.1893 46.17 0.0

Distance(NM) 0.0012 58.75 0.37

Depth (m) 0.5099 43.35 0.0

DO

(µmol/kg)

Temp(°C) 0.1640 53.75 0.0

Distance(NM) 0.0172 63.62 0.0007

Depth (m) 0.0003 64.16 0.65

TA

(µmol/kg)

Temp(°C) 0.4144 35.19 0.0

Distance(NM) 0.0084 45.8 0.018

Depth (m) 0.0001 45.99 0.76

Salinity

(ppt)

Temp(°C) 0.0004 4.348 0.613

Distance(NM) 0.0222 4.30 0.0001

Depth (m) 0.0114 4.323 0.0059

pH

Temp(°C) 0.0485 0.1541 0.0

Distance(NM) 0.0059 0.1576 0.048

Depth (m) 0.0721 0.1522 0.0

CO
2

(µmol/kg)

Temp(°C) 0.1490 231.64 0.0

Distance(NM) 0.0018 250.87 0.276

Depth (m) 0.0042 250.57 0.096

Table 2. Linear regression equations representing the 
prediction of physiochemical parameters

Dependent

variable 

Independent

variable

L i n e a r  re g re ss i o n 

equation

DIC

(µmol/kg)

Temp(°C) -1.919 x Temp +2149.6

Distance(NM) -0.006 x Dist + 2133.72

Depth (m) 0.025x Dep + 2118.6

DO

(µmol/kg)

Temp(°C) -4.35x Temp + 295.42

Distance(NM) -0.0245 x Dist + 262.11

Depth (m) -0.0012 x Dep + 256.62

TA

(µmol/kg)

Temp(°C) 3.310 x Temp + 2292.4

Distance(NM) 0.0123 x Dist + 2319.07

Depth (m) -0.0006 x Dep + 2322.44

Salinity

(ppt)

Temp(°C) 0.0095 x Temp + 34.06

Distance(NM) 0.0019 x Dist + 33.68

Depth (m) 0.0005 x Dep + 33.89

pH

Temp(°C) -0.0039 x Temp + 8.08

Distance(NM) -3.53E-05 x Dist + 8.05

Depth (m) -4.54E-05 x Dep + 8.07

CO
2

(µmol/kg)

Temp(°C) 10.84 x Temp + 304.99

Distance(NM) -0.031x Dist + 410.96

Depth (m) -0.0174x Dep + 412.49

Figure 4. Multivariate regression lines-of-fit for Atlantic Ocean

Multivariate linear regression (MVLR) analysis for the 

ballast water 

Multiple regression statistics helps to predict 

the dependent variable if it depends on more than 

one independent variable. In the investigation, the 

temperature, distance and depth were considered as 

the contributors whereas DIC, DO, TA, salinity and CO
2
 

were taken as the dependent parameters individually. The 

multivariate equation with three independent variables to 

suit our model is given in Equation (1). 
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where, i varies from 1 to n observations; y
i
 is the 

expected or predicted outcome; x
i1
, x

i2
 and x

i3
 are the 

observed variables; b
0
 represents the y-intercept; 

b
1
, b

2
 and b

3
 are the slope coefficients for each of the 

independent variables; and e is the residual. Table 3 

lists the expected outcomes of salinity, total alkalinity, 

DIC, DO, pH and CO
2 
using the multiple linear regression 

coefficients as given in Equation (1). The plotted graphs 

portrayed in Figure 4 for the complete Atlantic Ocean 

ecosystems illustrating the characteristics of observed 

verses the predicted data.

Table 3 shows the regression coefficients for salinity, 

total alkalinity, DIC, DO and CO
2
 when multiple 

parameters namely temperature, distance and depth were 

correlated. The multivariate regression equations given in 

Table 3 represented the independent variables namely 

temperature (Temp), distance (Dist) and depth (Dep). 

Table 4 lists the regression statistics under multivariate 

analysis. Standard error is the average distance of the 

observed values away from the regression line. Multiple 

R represents the square root of the R-square. Adjusted 

R-squared is used if more than one dependent variable. 

Referring to Table 1 and Table 4, the R-squared values 

were found to be below 50% for both linear and multi 

variate regression models. In such cases, the residual 

graphs would help us to assess whether the points are 

randomly spread around zero residual line. If so, it is 

unbiased and this residual pattern indicates a good fit 

despite the low R-squared.

Residual helps to measure the how far the estimated 

predicted value of the parameter is nearer to its 

corresponding observed value and is represented as a 

vertical distance between the observed data point and 

the line-of-best fit. The estimated residual is positive if 

the point is above the regression line; negative if it is 

Table 3. Coefficients of multiple regression equation for water quality parameters of Atlantic Ocean

Coefficients Salinity

(ppt)

TA

(µmol/kg)

DIC

(µmol/kg)

DO

(µmol/kg)

CO
2

(µmol/kg)

pH

y-intercept (b0) 33.209 2280.027 2132.538 314.809 293.404 8.143

Temperature coefficient(b1) 0.0267 3.799 -1.0338 -5.052 12.003 -0.00653

Distance coefficient (b2) 0.0017 0.0034 -0.0114 -0.012 -0.055 -6.23E-06

Depth coefficient (b3) 0.0005 0.0128 0.0223 -0.018 0.0275 -6.83E-05

Table 4. Regression statistics for Atlantic Ocean

Regression Statistics Salinity

(ppt)

TA

(µmol/kg)

DIC

(µmol/kg)

DO

(µmol/kg)

CO
2

(µmol/kg)

pH

Multiple R 0.1816 0.689 0.438 0.664 0.4019 0.1816

R Squared 0.0330 0.475 0.192 0.440 0.161 0.033

Adjusted R-squared 0.0286 0.472 0.188 0.438 0.158 0.0286

Standard Error 4.283 33.375 52.937 48.071 230.27 4.283

Figure 5. Multivariate residual plots for physiochemical indicators 
to illustrate the model is unbiased

below the regression line; and zero if the point lies on 

the regression line. To illustrate the linear regression 

model is unbiased, residuals were mapped for the quality 

parameters and then the ensuing eighteen scatter plots 

were consolidated in Figure 5. From Figure 5, the 

residuals are found to be scattered randomly around 

the zero residual line. This concluded that a multivariate 

linear model fits very well for modelling the marine 

water quality dataset.
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