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A B S T R A C T   

Offshore platforms and windmills are constructed by assembling huge mechanical structures transported by 
heavy lift vessels. The construction process comprises two interconnected operations, the dynamic positioning 
(DP) of the vessel and the lifting of heavy loads. The DP system is commonly designed and tuned for the case that 
there is no load or for the case that the heavy load is free-hanging (mode 1). During the transition from the free- 
hanging to the case that the vessel is connected to a heavy load which is mounted to the platform (mode 2), the 
DP system may not be able to preserve the position stability of the vessel, jeopardizing human and system safety. 
The goal of this work is to design an intelligent monitoring system for the early detection of the transition 
between the two construction modes by adopting a nonlinear state estimation approach. Simulation results are 
used for illustrating the effectiveness of the proposed construction mode detection system.   

1. Introduction 

The vision of waterborne transport includes autonomous shipping 
operations aiming at enhancing their sustainability, efficiency and 
safety. Significant number of research and industrial activity has been 
witnessed towards the autonomy of cargo vessels, which is classified in 
several levels (Lloyd’s Register et al., 2017). The key factors for in-
creasing the levels of vessels’ autonomy are digitilization and auto-
matization. For offshore heavy lift operations however, the level of 
autonomy is still low. The need for higher levels of autonomy in this 
kind of operations has been intensified due to the increasing demand of 
energy to assist the growing economy. In these operations, offshore oil 
platforms are constructed and installed for exploring and exploiting 
offshore energy (Sun et al., 2012). Such offshore structures are gen-
erally transferred and installed by heavy lift vessels with huge cranes 
(Ye, 2016; Li et al., 2016). At the same time, the removal of these 
construction installations has become of paramount importance due to 
the aging of the oil platforms that can harm the environment 
(Hendrapati et al., 2017), and due to the decreasing profitability. 

During a complete offshore removal of an offshore structure, e.g., a 
topside of a fixed platform, the load is first lifted from the jacket, and 
then transferred to the shore or to the barge by a heavy lift vessel. Such 
assignment mainly comprises two interconnected operations, the dy-
namic positioning (DP) of the crane vessel and the lifting of the heavy 
load. The lifting of the load is time-consuming and can take up to half 

an hour (Flint and Stephens, 2008). When the crane is lifting up the 
load from the shore or the platform, the vessel should remain in the 
desired position. The interconnection between the vessel dynamics and 
the crane-load interaction stems from the fact that the lifting of the load 
can affect the stability of the vessel position and vice versa. Thus, a 
series of safety–critical tasks during these operations should be carried 
out meticulously. Among the safety–critical tasks is the transition be-
tween two modes of construction: During construction mode 1, the load 
is lifted by the wires, and is suspended in the air. During construction 
mode 2, a hydraulic winch on the crane is used to lift the load up using 
wires. In both modes, the vessel’s position is under DP control. In 
current practice, the DP of the crane vessel is realized using a software- 
based controller. Studies have shown that instability can be caused 
during the switching of construction mode if the gains of the DP system 
are not properly modified on time (Ye, 2016; Flint and Stephens, 2008; 
Fonteyn, 2015; Bakker, 2015; Harmsen et al., 2018). Particularly, the 
gains of the DP controller are tuned for the vessel without load, and 
cannot guarantee stability when there is a sudden change in the vessel- 
load dynamics (de Jong, 2018; Ye et al., 2017; Waals, 2010; Jenssen, 
2008; Sun et al., 2015; Qian et al., 2017; Messineo and Serrani, 2009; 
Skaare and Egeland, 2006; McKenna and Leithead, 2007). Thus it is 
essential to switch between these two controllers fast. Note that the 
switching can be from mode 1 to mode 2 or vice versa depending on the 
type of construction. 

The detection of the switching between the construction modes is 
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not trivial and nowadays is carried out by crane operators on board who 
transmit this information via oral communication to DP operators who 
are responsible to switch manually the DP controllers. This detection 
method relies on the human observation and human decision, which 
may involve human errors or may be delayed since it is made in ha-
zardous working environment. According to previous studies, human 
errors play an important role in such offshore accidents (Khan et al., 
2006). During the period of 2001–2011, more than 23 collisions have 
been reported between vessels and offshore facilities on the Norwegian 
continental shelf, and most of these accidents happened due to wrong 
decisions (Sandhåland et al., 2015). For underwater constructions, 
where the load is placed in the sea, unmanned underwater vehicles are 
used to support the detection of the construction mode, increasing the 
construction cost. The use of a digital monitoring system to detect the 
construction mode would assist the operators with decision making, 
and increase reliability during construction under hazardous environ-
ment. Such system can improve safety of offshore heavy lifting, de-
crease the risk level of such operations during hazardous environment, 
and paves the way for higher level of autonomy with less manned op-
eration on board. 

The detection of the switching between the two construction modes 
is a binary decision-making problem. Similar decision-making problems 
can be met in the field of sensor fault detection of nonlinear systems 
(Reppa et al., 2017; Reppa et al., 2018), onshore transportation to de-
tect the stop or driving mode of automobiles (Lari and Golroo, 2015; 
Ghorpade et al., 2015; Wu et al., 2016; Shafique and Hato, 2016), or in 
the field of structural dynamics to detect if a structure is damaged or 
not (Hou et al., 2018). The detection problem is also the first step for 
diagnosing faults in a system (De Angelo et al., 2009; Li et al., 2017). 
There are two main approaches for designing a detection system: (i) 
using measured input and output signals in combination with a math-
ematical model, describing the behavior of the system (model-based), 
(ii) using the measured output signals only (model-free or signal-based 
or data-driven) (Gao et al., 2015; Blanke et al., 2016; Isermann, 2006). 
While the design of model-based methods may be more complex com-
pared to the design of model-free methods, they do not necessitate a 
considerable amount of data to perform detection. 

Such detection systems have been developed and applied to guar-
antee the safety of operation in constructions of offshore wind farms 
(Badihi et al., 2017; Echavarria et al., 2008; Cho et al., 2018), in oil and 
gas production (Mishra and Saraf, 2019; Natarajan and Srinivasan, 
2010), as well as in dredging, pipe laying and crane operations (Tang 
and Wang, 2008; Fu et al., 2010; Shuguang et al., 2014). No monitoring 
system has been developed for the automatic detection of the switching 
between the offshore heavy lift construction modes yet. 

The goal and the main contribution of this work is to improve safety 
and to lift the autonomy level during offshore heavy lifting by designing 
a model-based monitoring system for detecting the switching of the 
construction mode during the removal of the facilities. This monitoring 
system is an essential part of the digitilization and automatization of the 
offshore heavy lift operations, where online input and sensor data is 
used in combination with analytical redundancy (i.e., models) to obtain 
decisions without the need of human intervention. The main compo-
nents of the detection system are: (i) an observer-based residual gen-
erator, (ii) an adaptive threshold generator, and (iii) detection decision 
logic (Chen and Patton, 1999; Reppa et al., 2015; Reppa et al., 2016). 
These components have been designed based on a 6 degrees-of-freedom 
(DoF) dynamics model of a crane vessel and assuming that the load is in 
construction mode 2 (i.e., the global position of the load is constant and 
known), and that the environmental disturbances and the measurement 
noise are bounded. The inputs of the detection system are the measured 
position and velocity of crane vessel and the measured tension force 
acting on the crane wires (as shown in Fig. 1). The output of the de-
tection system is binary, viz. 0 when construction mode 2 is active and 

1 otherwise. 
The main contributions of this work are:  

• The modelling of the 6 DoF dynamics of the crane vessel and the 3 
DoF dynamics of the load lifted by the crane wires as two inter-
connected systems in the state space framework.  

• The design of a nonlinear observer based on the dynamics of the 
crane vessel taking into account only the dynamics of the load in 
mode 1 that affect the crane vessel due to the interconnection. 

• The rigorous and systematic design of adaptive thresholds for de-
cision making. 

The added value of the proposed monitoring system is that it can be 
implemented in the computer used for the DP controller and does not 
depend on the characteristics of the load or the wires. The proposed 
scheme is a general solution for mode detection of heavy lift operations, 
and can be easily adapted to other heavy lift vessels by changing the 
design parameters. Furthermore, the proposed system provides a fast 
and reliable way to detect the mode change during the operation. 

The impact of using the proposed monitoring system in offshore 
heavy lift operations is twofold. First, it can increase the level of au-
tonomy by replacing human decision about the switching of the con-
struction mode with the automatic decision of a digital system. Thus 
less human operators are exposed to hazardous offshore environment. 
Second, the proposed method can assist the DP system and crane con-
troller on board, and can improve the performance of the DP system 
with fast detection of mode switch, leading to a safer and more stable 
vessel position during offshore heavy lift. 

The paper is organized as follows: In Section 2, the modelling of the 
heavy lift construction modes is described, along with the mathematical 
models of the crane vessel and the lifted load by the wires. Section 3 
provides the design of the monitoring system, including the state-space 
modelling of the physical systems, the residual generation, the adaptive 
threshold and the decision logic. Simulation results are provided in 
Section 4, followed by concluding remarks and directions for future 
research. 

2. Offshore heavy lift construction modelling 

In this section, the mode detection problem is defined. The physical 
model of the interconnected system (i.e., crane vessel with the load) is 
given at the end. 

During an offshore removal construction work, there are commonly 
two steps. During the first step, the vessel lifts the load from the plat-
form (Mode 2 in Fig. 2), which takes about 10–30 min. During the 
second step (i.e., Mode 1 in Fig. 2), the load is lifted from the platform 
and suspended in the air. In the first step, the load is assumed to be 
fixed on the platform with limitation of movements. While during the 
second step, the load is assumed to be able to move in 3 DoFs (i.e., in 
the directions of north, east, and down). The dynamics of the vessel- 
load system are different within first and second step. 

Following notations are used throughout the paper: |·| and ||·|| re-
present the element-wise absolute value and the Euclidean norm re-
spectively; I denotes identity matrix with appropriate dimension; 0j and 
Ij denote the zero and identity matrix of dimension j respectively; 
diag {·, , ·} denotes a diagonal matrix with diagonal elements {·, , ·}; 
bold letters represent vectors and matrices. 

Under the assumption that the vessel’s offset and rotation angles are 
kept small with low velocity and acceleration by the DP system, the 
motion of a crane vessel assuming 6 DoFs can be expressed as (Fossen, 
2011): 

+ + + + = + +t t t t t t t tM D C G g( ) ( ) ( ( )) ( ) ( ( )) ( ) ( ) ( ),th e l

(1)  
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=t tR( ) ( , , ) ( ), (2) 

where = u v w p q r[ , , , , , ]T is the vessel’s velocity in the body-fixed 
coordinate system; = x y z[ , , , , , ]T is the vessel position in North- 
East-Down coordinate system (NED); the signal th

6 is the force and 
moment given by the propulsion system; e

6 denotes the environ-
mental forces and moments which are induced due to current, wind and 
wave; = F T[ , ]T

l l l is the force and moment resulting from the crane 
load, with = ×F T r F, ctl

3
l l, where rct

3 is the vector from ves-
sel’s Center of Rotation to the crane tip; and the term ×R 6 6 is the 
transfer matrix from vessel’s body-fixed to NED coordinate system; 

×M 6 6 is the mass matrix of the crane vessel; ×D 6 6 is the 
damping matrix; ×C 6 6 is the Coriolis matrix; 

= M gg [0, 0, , 0, 0, 0]v
T is the mass gravity of the vessel, in which Mv

is the vessel mass and g is the gravity acceleration; G( ) refers to the 
hydrostatic force on the vessel. The details of e can be found in Fossen 
(2011). The crane wire is modeled as a spring-damper system, and the 
winch is modeled as a hydraulic system as in Ye et al. (2019). 

During the removal procedure, the dynamics of the vessel-load 
system are different in the second construction mode compared to the 
first mode. During the second mode, the vessel can be considered as 
moored to the platform with the force controlled by a hydraulic winch 
system. During the first construction mode, the vessel and the load can 
be considered as two objects connected by the crane wires, which could 
be modeled as a spring-damper system. Modelling of these two modes 
are given below. 

2.1. Construction mode 1 

When the load is suspended, the vessel and the load could be seen as 
connected by the hoist wire. As the load’s rotation has less impact on 
vessel’s position stability compared to the impact from its position 
control, the load dynamics can be simplified to 3 DoFs: 

+ + =t t t tM D g F R F¨ ( ) ( ) ( ) ( , , ) ( ),l l l l l env 3 l (3) 

where l is the position of the load in NED; ×Ml
3 3 is the mass matrix 

of the load; ×Dl
3 3 is the damping matrix of the load; 

= M gg [0, 0, ]T
l l is the mass gravity of the load, in which Ml is the 

mass of the load; and ×R3
3 3 is the rotation matrix from Body-fixed 

coordinate system (BODY) to NED in 3 DoFs. 
The force induced by the load can be expressed as: 

=t F t
t

tF ( ) ( )
|| ( )||

( ),l
hoist

l
l (4) 

where 

= + >F t K t D t t
t

( ) ( ( ) ( )), if ( ) 0;
0, if ( ) 0.

hoist
wires wires

(5) 

In Eq. (5), 

=t t( ) || ( )|| || (0)||l l (6) 

is the elastic elongation of the crane wires; 

=t tp p( ) ( ) ,l l ct (7) 

with = x y zp [ , , ]ct ct ct
T

ct being the constant vector that denotes the po-
sition of crane-tip and = x y zp [ , , ]T

l l l l is the load position in vessel’s 
body-fixed coordinate system, which satisfies 

=p R ( , , )( ),T
l 3 l 3 (8) 

where = x y z[ , , ]T
3 is the vector of the first three elements of . 

2.2. Construction mode 2 

During mode 2, the position of the load in NED is assumed to be 
constant, i.e., = 0l . The lifting and dropping of the crane load is 
controlled by a hydraulic winch, i.e., Fhoist in (4) is controlled by a 
hydraulic winch (Zhang, 2008). 

Remark 1. Current DP systems for crane vessels are widely designed 
and tuned assuming no load. Particularly, they are designed based on 
(1) and (2) assuming that l is zero. Thus the position stability of the 
crane vessel may be jeopardized when activating the hydraulic winch to 
lift up the load. To address the position stability issue by switching to 
another controller for DP, we need to determine the time of the 
switching between the two modes as soon as possible. Currently, the 
switching is detected by a human operator or a robot, if the load is 
under water by visually observing whether the structure is lifted up or 
not. The fact that in this approach there should be visual contact and 
communication between human operators may impose time delays that 
depend on the experience of human operators (or robots in case of loads 
under water) and their performance under various environmental 
conditions (Ye, 2016). 

Fig. 1. Mode Detection System for Offshore Heavy Lift Operation.  

Fig. 2. Two Modes for Offshore Assignment.  
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3. Construction mode detection 

This section provides the design of a decision-support monitoring 
system responsible for detecting the changes between both modes, as-
suming that there are available sensors to provide measurements of the 
position and velocity of the crane vessel, and the measurements of the 
tension force of the lifting wires. The detection system can support the 
decision making process of the human operators. An overview of the 
monitoring system is shown in Fig. 3. The inputs to this system are the 
sensor measurements and the controlled thrust force of the crane vessel. 
The output of this system is the decision about the construction mode, 
i.e., binary decision with 0 and 1 corresponding to ”mode 2” (load-on- 
platform) and ”mode 1” (load-suspended) respectively. 

For designing this system, we follow a model-based approach, 
where we express the equations of motion of the crane vessel and the 
heavy load in a state-space content. The dependence of signals on time 
is dropped for simplicity, and only when new variables are introduced, 
it will be highlighted. The state space representation is derived by 
considering the DP of the crane vessel and the lifting of the heavy load 
by the wires as two interconnected operations; i.e., based on (1) and 
(2), we obtain the following state-space system: 

= + + +h uA u u: ( , ) ( , , , ) ,(1) (1) (1) (1) (1) (1) (1) (1) (1) (1) (1) (1)
1
(1)

(9)  

= + + +hA u u u: ( , ) ( , , , ) ,(2) (2) (2) (2) (2) (2) (2) (2) (2) (2) (2) (2)
1
(2)

(10) 

where (1) denotes the first system (i.e., the vessel dynamics), and (2)

denotes the second system (i.e., the load dynamics). with 

= = = = Fu I 0 0 u, , [ ] , ,th
(1) (1) (1) 3 3 (2) (1)

hoist (11)  

= = = =Fu I 0 u, , [ 0 ] , 0.(2)
l
l (2)

hoist
(2) 3 3 6 (1) (2)

(12) 

The first two terms of (9) and (10) describe the local known dynamics 
while the third term h represents the interconnection dynamics, and 1
is the disturbance signal which induced by the environmental dis-
turbances. For (1), 

=A 0 0
M G M D ,(1)

1 1 (13)  

=
+

u
R

M C u g
( , )

( )
( ( ) )

,(1) (1) (1)
1 (1) (14)  

= 0
M .

e
1
(1)

1 (15) 

The interconnection term in (1) can be expressed as: 

h uu( , , , )(1) (1) (1) (1) (1)
(16)  

= =0
M

0

M F
T

1
l

1 l

l (17)  

=
×

0

M
R p

r R p

( ( )( ) )

( ( )( ) )
,

F T

F
ct

T

R p

R p

1 || ( )( ) || 3 l 3 ct

|| ( )( ) || 3 l 3 ct

T

T

hoist

3 l 3 ct

hoist

3 l 3 ct (18) 

where Fhoist is controlled by the winch during mode 2, or is an un-
controlled force created by the connection through the wires in mode 1 
described by (5). 

For (2), during mode 2, the load position is fixed, thus = 0(2) , and 
=l l , where l is constant. 
The behavior of (2) in mode 1 can be expressed by (10) with 

=A

0 I 0
0 M D 0
0 0

,
K
D

(2) l
( 1)

l
wires
wires (19)  

=u

0
M g( , ) .

u
D

(2) (2) (2)
( 1)

l
(2)

wires (20)  

=
0

M F
0

.1
(2)

l
( 1)

env

(21) 

The interconnection term in (2) can be expressed as: 

=h
0

M R p( ( ) )

0
.F

R p
(2)

|| ( ) ||
( 1)

3 ct l
hoist

3 ct l

(22) 

Fig. 3. Overall Detection System.  
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In order to detect the switching of the construction mode, we select to 
monitor a feature that is expected to change during the switching. This 
feature is a residual vector that corresponds to the difference between 
the observed behavior (measured internal state) of system (1) denoted 
by m

12 and its expected behavior denoted by t( ) 12 that is the 
estimation of its state by a nonlinear observer (a software-based system 
that provides an estimation of the internal state of a real system using 
its input and output signals). A model-based nonlinear observer is de-
signed for the vessel’s position and velocity estimation during mode 2, 
i.e., =l , based on (9), (11), and (13)-(18). The residual m is 
then compared to the adaptive threshold denoted by t¯̄ ( ) 12. If the 
magnitude of one or more residual is larger than the adaptive boundary, 
then it is inferred that the construction mode is 1, meaning that the load 
is lifted up. The designed nonlinear observer, adaptive threshold, and 
decision logic are described separately in this section. 

3.1. Residual generation 

For simplicity of the notation, we drop the superscript (1) in the 
following equations. The nonlinear observer is designed as: 

= + + +hA u u u K( , ) ( , , , ) ( )m m m (23)  

= =l l (24) 

where t( ) 12 is the estimated states, =t( ) [ , ]m m m
T 12 is the 

measurement of the vessel position and vessel velocity, the measure-
ment 

= + ,m 2 (25) 

where =t( ) [ , ]T
2

12 is the measurement noise, and 
×K 12 12 is the observer gain. 

By using (9), (13)-(18) and (23), the state estimation error dynamics 
can be expressed as 

= +
+ +h h

A K u u
u u u u K

( ) ( ( , ) ( , ))
( ( , , , ) ( , , , )) ,

m

m 1 2 (26) 

where 

=t t t( ) ( ) ( ). (27) 

For the stability of the observer, the gain K should be chosen such that 
matrix A K is Hurwitz Matrix as we analyze next. 

By using (25), (27), the residual vector m can be described 
with respect to the state estimation error as 

= +t t t t( ) ( ) ( ) ( )m 2 (28) 

Remark 2. Considering the dynamic positioning system and the lifting 
of the load as two interconnected operations enabled us to design a 
state-space observer given in (23) for the crane-vessel dynamics, i.e., for 

(1) including only the dynamics of the system (2) that affect (1) due to 
interconnection modeled by h. In this way, we have an observer of 
order 12 instead of an observer of order 19, which could be designed if 
we follow a centralized approach to estimate the state [ ; ](1) (2) of the 
crane-vessel-load system. This leads to smaller number of residuals and 
corresponding adaptive thresholds that should be checked online 
according to the decision logic presented in Section 3.3. 

3.2. Adaptive threshold 

Due to the presence of disturbances and measurement noise (i.e., 1
and 2), the observed behavior always deviates from the expected one, 
which means that the residual will never be zero. To detect the change 
of the construction mode through the residual vector t t( ) ( )m , we 
compare at every time instant the residual vector to an adaptive 

threshold vector t¯̄ ( ). This adaptive threshold vector is obtained as-
suming:  

• the crane vessel and the heavy load are operating in mode 2;  
• the disturbances and the measurement noise are unknown but 

bounded, i.e., t| ( )| ¯1 1 and t| ( )| ¯2 2 for all >t 0 with ¯ 1 and 
¯ 2 being positive constants;  

• the position of the crane load during the mode 2 and the tension in 
the crane wires are exactly known. 

The adaptive threshold is computed such that: 

t t t| ( ) ( )| ¯̄ ( ),m (29) 

where t¯̄ ( ) 12 is the adaptive threshold of the detection system. 
Using (26) and applying the triangular inequality results in: 

+t t t t| ( ) ( )| | ( )| ¯ ( ),m 2

where 
= =t t t¯ ( ) [ ¯ ( ), ¯ ( )] [ ¯ , ¯ , ¯ , ¯ , ¯ , ¯ , ¯ , ¯ , ¯ , ¯ , ¯ , ¯ ]x y z u v w p q r2

is the measurement noise bound. Define the adaptive threshold as 

+t t t¯ ( ) ¯ ( ) ¯̄ ( )2 (30) 

where t¯ ( ) 12 is the adaptive bound on the state estimation error, 
i.e., 

| | ¯ , (31) 

The bound ¯ can be calculated by solving the differential equation and 
applying the triangular inequality as described in Appendix A. The 
adaptive bound ¯

= + + + +t e e s t h tI K H¯ ( ) ¯ (0) [ ( )( ¯ | | ¯ )] ( )( ¯ ( ) ¯ ( )),t t1
1 2

(32) 

where ¯ (0) is the upper bound for the initial estimation error, ¯ 1
12

is bound for the environmental load, = diag { , , , }1 2 12 is the di-
agonal matrix with the real negative eigen values of sA K H, ( ) is a 
stable first-order filter defined by elements in (see Isermann, 2006), 
i.e., 

=s diag H s H sH( ) { ( ), , ( )},1 12 (33) 

where 

= <H s
s

( ) 1 , 0;i
i

i (34) 

and t¯ ( ) 12 is the adaptive bound on h tu u| ( , ) ( , )|, ¯ ( )m
12

is the adaptive bound on h hu u u u| ( , , , ) ( , , , )|m defined as: 

=
+

tR
M C

¯ ( ¯ , )
[||[ ¯ , ¯ , ¯ ]||[1, 1, 1], ||[ ¯ , ¯ , ¯ ]||[1, 1, 1]]

| ¯ ( ¯ ) ( )|
¯

,m

T

m2

1 2 3 4 5 6

1

(35)  

=h 0
M

¯ ( ¯ , ) ¯ ,m2 1
l (36) 

where 

= + tC C C¯ ¯ ( ¯ ) | ¯ ( ¯ ) ( )|,m1 2 (37)  

=
×
F

Fr
¯

¯
¯ .

ct
l

hoist

hoist (38) 

In (35), 
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=

+ + + + +
+ + + + +

+ + + +
+ +

+ +

R̄( ¯ )
¯ ¯ ¯ 2 ¯ 2 ¯ ¯ 2 ¯ 2 ¯ 0 0 0
¯ ¯ ¯ 2 ¯ 2 ¯ ¯ 2 ¯ 2 ¯ 0 0 0

¯ ¯ 2 ¯ 2 ¯ ¯ 2 ¯ 2 ¯ 0 0 0

0 0 0 0

0 0 0 0 ¯ ¯

0 0 0 0

.¯ 2 ¯
1 2 ¯

¯ 2 ¯
1 2 ¯

¯ ¯
1 2 ¯

¯ ¯
1 2 ¯

(39) 

In (37), 

=

+ +
+ +

+ +
+ + +

+ +
+

m z
m z
m z

I I mz
I I mz

I I

C̄ ( ¯ )

( ¯ ¯ ¯ ¯ ¯ ¯ )
( ¯ ¯ ¯ ¯ ¯ ¯ )
( ¯ ¯ ¯ ¯ 2 ¯ ¯ )

( ) ¯ ¯ ( ¯ ¯ ¯ ¯ )
( ) ¯ ¯ ¯ ¯

( ) ¯ ¯

,

w q v r g q r

w p u r g p r

v p u q g p q

z y r q g u r w p

z x p r g r v

x y p q

1

(40)  

=

+
+

+
+

m m
m m m z
m m m z

mz mz mz
mz I I

I I

C̄ ( ¯ )

0 ¯ ¯ 0
¯ 0 ¯ ( ¯ ¯ )
¯ ¯ 0 ( ¯ ¯ )
¯ 0 ¯ ¯

0 ¯ 0 ( ) ¯
0 0 0 ( ) ¯

r q

r p w g r

q p v g q

g r g p g w

g r x z r

x y q

2

(41)  

+ +
+

+
+ + +

+ +
+

m z m z
m z

m z
I I I I mz

I I mz
I I

( ¯ ¯ ) ( ¯ ¯ )
0 ( ¯ ¯ )

( ¯ ¯ ) 0
( ) ¯ ( ) ¯ ¯

0 ( ) ¯ ¯
( ) ¯ 0

.

w g r v g q

u g p

u g p

y z r y z q g u

x z p g v

x y p (42) 

In (38), 

= + + +¯

.

R p R R
R p R p

R p
R p

| ( )( ) | | ¯ | || ¯ || [1, 1, 1] | ¯ |
||| ( ) ( ) || || ¯ || || ¯ |||

( )( )
|| ( )( ) ||

T m m T T T m

m m
T m m
T m m

3 l 3 ct 3 l 3 3
l 3 3 ct 3 3 ct

3 l 3 ct

3 l 3 ct (43) 

where =¯ [ ¯ , ¯ ¯ ]x y z
T

3 , and 

=
+ + + + +
+ + + + +

+ + + +
R̄ ( ¯ )

¯ ¯ ¯ 2 ¯ 2 ¯ ¯ 2 ¯ 2 ¯
¯ ¯ ¯ 2 ¯ 2 ¯ ¯ 2 ¯ 2 ¯

¯ ¯ 2 ¯ 2 ¯ ¯ 2 ¯ 2 ¯
.3

(44) 

Details of (30), (33)-(44) can be found in Appendix A, Appendix B, and 
Appendix C. 

Remark 3. The implemented adaptive threshold is described by (30), 
(32)-(44). Note that in the upper half of (35) the first term is constant 
and R̄ in the second term is constant, both are functions of the noise 
bound. Similar for (37), the first term and C̄2 in the second term are also 
constant. If the noise is zero, then the adaptive threshold becomes: 

= +t e eI¯̄ ( ) ¯ (0) [ ( ) ¯ ].t t1
1

3.3. Detection decision logic 

The transition from mode 2 to mode 1 is detected at the first time 
instant that, 

>t t t| ( ) ( )| ¯̄ ( )m (45) 

that is if one or more elements of the vector t t| ( ) ( )|m , and we infer 
that the construction mode has changed to free-hanging. By the design 
of the residual and the adaptive threshold, if 

t t t| ( ) ( )| ¯̄ ( )m (46) 

is satisfied for all elements in t t| ( ) ( )|m , the interconnected system 
is inferred to operate in mode 2. The detected switching time is defined 
as: 

= …t min t j{ : 1, 2, 3, , 12},D Dj (47)  

= >t min t t t t{ : | ( ) ( )| ¯̄ ( )}.Dj m

The detection time delay is defined as: 

=t t t ,D s (48) 

where ts is the actual mode switching time. Note that the validity of (47) 
and (48) is checked at every time instant. 

Remark 4. The proposed mode detection scheme does not depend on 
the characteristics of the load or the wires. The mode detection scheme 
shown in Fig. 3 can be embedded as a software-based module 
implemented in the digital computer used for the DP of the vessel, 
and there is no need to change its parameters every time that the crane 
vessel should lift a new load. If we have followed a centralized 
approach treating (1) and (2) as one system and design an observer 
for the augmented system, then it would be necessary to change the 
design parameters of the detection system with respect to the 
characteristics of the load. 

Remark 5. The use of adaptive threshold instead of a fixed threshold 
reduces the conservativeness in the decision-making process. A fixed 
threshold could be simpler in its real implementation but its 
determination would require a large amount of historical data during 
mode 2 before using the threshold in the detection scheme. 

4. Simulation results 

In this section, we present simulation results that are performed 
with a payload of 2400 tonnes under sea state 2. Sea state is an ocea-
nographic way to describe the condition of the water surface on a large 
scale with respect to wind and waves at certain location and time. Sea 
state 2 describes a slight sea condition, with wavelets on the ocean 
water surface. The simulations in this section are made with a sig-
nificant wave height of 0.5 m, current speed of 0.6 m/s, and wind ve-
locity of 2.5 m/s. Details of the controller and the simulated vessel (e.g., 
mass matrix, damping matrix, data and modelling details for hydraulic 
winch and the crane wires etc.) can be found in Ye et al. (2019),Ye et al. 
(2020). The environmental disturbances come from 30 east of south. As 
described in the beginning of Section 3.2, the simulated bounds on the 
system disturbance and measurement noise are: 

=¯ 0.01[0 0 0 0 0 0 2 6 0.1 0.1 0.01 0.1] ,T
1 (49)  

=¯ 0.1 1 1 1 1 1 1 .
T

2 180 180 180 180 180 180 (50) 

The observer gain K in (23) has been selected such that the eigenvalues 
of the matrix are: 

= × diag0.1 {1 1 1 1 1 1 0.5 4 10 10 5 3}. (51) 

The simulation consists of three steps with switching time at =t 600s s, 
and a total simulation time of 800 s:  

• During the first 50 s, there’s no crane load on the vessel;  
• Mode 2: From 50 s up to 600 s, the vessel is lifting the load, and 
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could be seen as moored to the platform via crane wires with in-
creasing crane load;  

• Mode 1: From 600 s to 800 s, the load is fully lifted and is free- 
hanging. 

The tension in the crane wires during the simulation is shown in Fig. 4. 
From 50 s to 600 s (i.e., during Mode 2), Fhoist is controlled by a hy-
draulic winch with a linearly increasing input. The position of the vessel 
is controlled by a DP system with a maximum position error less than 
0.2 m, limiting significantly the oscillations in the tension force. 

The mode detection scheme is designed as shown in Section 3, 
where the nonlinear observer in (23)-(24) is structured using (51) and 

= [ 115, 0, 9.19]T
l . The adaptive thresholds are designed using (49) 

and (50) as the bounds on the disturbances and measurement noise 
respectively. The bound on the initial condition is set to 

=¯ (0) 0.1[1 1 1 1 1 1 1 1 1 1 1 1]T (52)  

Figs. 5–8 show the magnitude of the residual t t| ( ) ( )|mi i and the 
adaptive threshold t¯̄ ( )i during the simulation. Fig. 9 shows the actual 

switching time and the detected switching time. A detection time delay 
=t 9 s is observed in this case. 

Based on Fig. 5 and Fig. 6, we observe that the first six residuals are 
insensitive to the construction mode switching. These residuals could 
be used for detecting sensor faults. 

The behavior of the residual and the adaptive threshold highly de-
pend on the disturbances 1, and the measurement noise 2 (related to 
the accuracy of the sensor) and the selection of the eigenvalues . The 
proposed decision logic guarantees that there will be no false alarms, 
i.e., there will be no case that the detection system infers the transition 
to mode 1 although mode 2 is active. However, the delay between the 

Fig. 4. Tension in the Crane Wires during the Simulation.  

Fig. 5. Residual (| |i mi ) and adaptive threshold ( ī) for =i 1, 2, and 3.  

Fig. 6. Residual (| |i mi ) and adaptive threshold ( ī) for =i 4, 5, and 6.  

Fig. 7. Residual (| |i mi ) and adaptive threshold ( ī) for =i 7, 8, and 9.  
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time of detection and the time of the actual transition may be large, or 
we may miss the detection if the bounds on the disturbances are 
overestimated or the design parameters of the observer are not opti-
mized. 

The adaptive threshold mainly depends on the measurement noise 
bound (see (33)-(44)). The sensitivity of the proposed detection system 

with respect to the bound of the measurement noise can be evaluated 
through the detection delay time. For the sensitivity analysis, we have 
simulated the adaptive thresholds given in (30), (32)-(45), using an 
overestimated bound ¯ 2. The detection delay with respect to the ratio 

j, {1, , 12}¯
¯

j
j

2
2

, where ¯ 2 denotes the overestimated upper bound 
for the measurement noise, and ¯ 2 denotes the actual bound in (50). 
With a more conservative setting for the measurement noise, the de-
tection time increases. 

As observed from Fig. 10, the detection speed of the designed 
system decreases as the upper bound of the measurement noise used in 
the adaptive threshold calculation increases. The selection of the ei-
genvalues can be realized by applying optimization techniques, which 
are out of the scope of this work. 

5. Concluding remarks 

In this paper, a novel monitoring system to detect the construction 
modes during offshore heavy lift constructions is designed to enhance 
autonomy level and safety during such operations. The proposed de-
tection method is designed following a model based approach, where 
the magnitude of observer-based residuals are compared to adaptive 
thresholds. When at least one residual exceeds the corresponding 
adaptive threshold, the switching of the construction mode is inferred. 
The adaptive threshold is calculated at every time step based on the 
observer gains using the measurements of the vessel position, vessel 
velocity, the tension in the crane wires, and the bounds on the en-
vironmental disturbances and measurement noise. 

Taking into account the interconnection dynamics, the proposed 
mode detection system is designed independent of the characteristics of 
the load and wires, and provides a limited number of residuals and 
adaptive thresholds to be calculated online. The adaptive thresholds 
guarantee a more accurate decision making comparing to a fixed 
threshold. One can easily adapt the proposed monitoring system on 
vessels with one setting, and needs not to tune the parameters for each 
offshore heavy lift assignment with a different heavy load. 

The proposed monitoring system can be used for the heavy lift 
vessels to assist the decision making of the human operators, or to 
obtain decisions without the need of human operators. The fast and 
reliable decision making plays a key role during the switching of con-
struction mode, where the DP system has to be reconfigured on time to 
ensure the position stability of the vessel in order to avoid the collision 
with the platform. 

Future work will involve the integration of the construction mode 

Fig. 8. Residual (| |i mi ) and adaptive threshold ( ī) for =i 10, 11, and 12.  

Fig. 9. Mode switch and detected mode switch.  

Fig. 10. Detection time delay under different measurement setting of ¯ 2.  
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monitoring system and the DP system. The performance of the in-
tegrated system will be analyzed with respect to high environmental 
disturbances and measurement noise. 

Acknowledgments 

This work is financially supported by the program of China 
Scholarships Council (CSC) with project No. 201607720003.   

Appendix A. Calculation of adaptive threshold 

Let’s consider the following denationalization of the matrix A K, we can assume 

=A K , (A.1) 

where ×12 12 is the diagonal matrix = dia { , , }1 12 with elements of eigenvalues of the Hurwitz matrix AK. 
Based on (A.1), (26) can then be expressed as: 

= + + +h A( ) .1 2 (A.2) 

Solution of the equation above is: 

= + + +e e h dA(0) [ ( ) ]t t t
0

( )
1 2 (A.3)  

= + + +e e d e h dA(0) [ ( ) ] ( )t t t t t
0

( )
1 2 0

( )
(A.4) 

where =t u u( ) ( , ) ( , )m , and =h t h hu u u u( ) ( , , , ) ( , , , )m . 
Based on (A.4), satisfies 

+ + + +e e e d d e h dK| | | (0)| ( ¯ | | ¯ ) ( ¯ ¯)t t t t t
0 1 2 0

( )
(A.5) 

The last term of (A.5) is the output of a stable first order filter sH( ) with input + h¯ ¯, with 

=s diag H s H s H sH( ) { ( ) ( ) ( )},1 2 12 (A.6) 

where =H s( )j s
1

j
, for = …j 1, 2, ,12. 

Appendix B. Calculation of ¯

From (14), we can get 

=u u
R R

M C C
( , ) ( , )

( ) ( )
[ ( ) ( ( ) )]

.m
m m

m m
1 (B.1) 

In(B.1), 

= +
= +

R R
R R R R

R R R

( ) ( )
( ) ( ) ( ) ( )

( ) ( ( ) ( )) ,

m m

m m m m

m m (B.2) 

where 

R| ( ) | [|| ¯ ||[1, 1, 1], || ¯ ||[1, 1, 1]] ,T1 3 4 6 (B.3) 

where ¯ is the upper bound of the measurement noise . 
Assume = a a a a a aR R( ( ) ( )) [ , , , , , ]m m n n n n n n

T
1 2 3 4 5 6 , then we have, 

= + +
+ +

a c c c c u c s s s c c s s s c v
s s c c s s s c c s w

( ) ( )
( ) ,

n m m

m

1 m m m m m m m

m m m m m (B.4)  

= + +
+ +

a s c s c u c c s s s c c s s s v
s s c c s s s c c s w

( ) ( )
( ) ,

n m m

m

2 m m m m m m m

m m m m m (B.5)  

= + +a s s u c s c s v c c c c w( ) ( ) ( ) ,n m m m3 m m m m m (B.6)  

= +a s t s t q c t c t r( ) ( ) ,n m m4 m m m m (B.7)  

= +a c c q s s r( ) ( ) ,n m m5 m m (B.8)  

= +a s c s c q c c c c r( / / ) ( / / ) ,n m m6 m m m m (B.9) 

where s c,• • denote sin (•) and respectively. 
An example for calculation procedure of the boundary of c c c cm m is given below: 

c c c cm m (B.10)  

= + ++ +c c c c1
2

( ) 1
2

( )m m m m (B.11)  
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= + + +c c c c1
2

( ) 1
2

( )( ) ( ) ( ) ( )m m m m m m m m (B.12)  

= + +s s s s1
2 (2 2 ) 1

2 ( ) 1
2 (2 2 ) 1

2 ( )m m m m (B.13)  

+¯ ¯ . (B.14) 

By assuming that the roll, pitch, and yaw angle of the vessel is small under DP controller, the boundary of a a a a a, , , ,n n n n n1 2 3 4 5, and an6 could be 
calculated. For i {1, ,6}, denote āni to be the upper bound of ani, and assume R R R|( ( ) ( )) | | ¯ |m m m , then, 

= + + + + + + +a u v w¯ ( ¯ ¯ ) ( ¯ 2 ¯ 2 ¯ ) ( ¯ 2 ¯ 2 ¯ ) ,n m m m1 (B.15)  

= + + + + + + +a u v w¯ ( ¯ ¯ ) ( ¯ 2 ¯ 2 ¯ ) ( ¯ 2 ¯ 2 ¯ ) ,n m m m2 (B.16)  

= + + + + + +a u v w¯ ¯ ( ¯ 2 ¯ 2 ¯ ) ( ¯ 2 ¯ 2 ¯ ) ,n m m m3 (B.17)  

=
+

+
+

a q r¯
¯ 2 ¯
1 2 ¯

¯ 2 ¯
1 2 ¯

,n m m4 (B.18)  

= +a q r¯ ¯ ¯ ,n m m5 (B.19)  

=
+

+
+

a q r¯
¯ ¯
1 2 ¯

¯ ¯
1 2 ¯

.n m m6 (B.20) 

Thus, 

=

+ + + + +
+ + + + +

+ + + +
+ +

+ +

R̄( ¯ )

¯ ¯ ¯ 2 ¯ 2 ¯ ¯ 2 ¯ 2 ¯ 0 0 0
¯ ¯ ¯ 2 ¯ 2 ¯ ¯ 2 ¯ 2 ¯ 0 0 0

¯ ¯ 2 ¯ 2 ¯ ¯ 2 ¯ 2 ¯ 0 0 0

0 0 0 0

0 0 0 0 ¯ ¯

0 0 0 0

.¯ 2 ¯
1 2 ¯

¯ 2 ¯
1 2 ¯

¯ ¯
1 2 ¯

¯ ¯
1 2 ¯ (B.21) 

The Coriolis term for the vessel which is symmetric around x-z plane is expressed as: 

=
+

+

mz r mw mv
mw mz r mu

m z p v m z q u
mz r mw m z p v I r I q
mw mz r m z q u I r I p

mv mu I q I p

C( )

0 0 0
0 0 0
0 0 0 ( ) ( ) 0

( ) 0
( ) 0

0 0

.

g

g

g g

g g z y

g g z x

y x (B.22) 

Assume that = = c c c c c cC C C( ) ( ) [ , , , , , ]m m
T

1 2 3 4 5 6 , and = c c c c c cC C| | ¯ [¯ , ¯ , ¯ , ¯ , ¯ , ¯ ]T
1 2 3 4 5 6 , an example of the calculation of c̄1 is given below: 

= +c mz r p rp m w q wq m v r vr( ) ( ) ( )g m m m m m m1 (B.23)  

=

+

mz r p r p
m w q w q

m v r v r

(( )( ) )
(( )( ) )

(( )( ) ).

g m r m p m m

m w m q m m

m v m r m m (B.24) 

Thus 

+ + + + +
+ + +

c mz p r m q w
m r v

| | ( ¯ ¯ ¯ | | ¯ | |) ( ¯ ¯ ¯ | | ¯ | |)
( ¯ ¯ ¯ | | ¯ | |)

g r p r m p m w q w m q m

v r v m r m

1

(B.25)  

= c̄ .1 (B.26) 

For the full Coriolis force term, 

=C C C| | | ( ) ( ) |m m (B.27)  

tC̄( ¯ , ( ))m (B.28)  

= + tC C¯ ( ¯ ) ¯ ( ¯ ) ( )m1 2 (B.29)  

=

+ +
+ +

+ +
+ + +

+ +
+

m z
m z
m z

I I mz
I I mz

I I

( ¯ ¯ ¯ ¯ ¯ ¯ )
( ¯ ¯ ¯ ¯ ¯ ¯ )
( ¯ ¯ ¯ ¯ 2 ¯ ¯ )

( ) ¯ ¯ ( ¯ ¯ ¯ ¯ )
( ) ¯ ¯ ¯ ¯

( ) ¯ ¯

w q v r g q r

w p u r g p r

v p u q g p q

z y r q g u r w p

z x p r g r v

x y p q (B.30)  
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+

+
+

+
+

m m
m m m z
m m m z

mz mz mz
mz I I

I I

0 ¯ ¯ 0
¯ 0 ¯ ( ¯ ¯ )
¯ ¯ 0 ( ¯ ¯ )
¯ 0 ¯ ¯

0 ¯ 0 ( ) ¯
0 0 0 ( ) ¯

r q

r p w g r

q p v g q

g r g p g w

g r x z r

x y q (B.31)  

+ +
+

+
+ + +

+ +
+

m z m z
m z

m z
I I I I mz

I I mz
I I

u
v
w
p
q
r

( ¯ ¯ ) ( ¯ ¯ )
0 ( ¯ ¯ )

( ¯ ¯ ) 0
( ) ¯ ( ) ¯ ¯

0 ( ) ¯ ¯
( ) ¯ 0

| |
| |
| |
| |
| |
| |

.

w g r v g q

u g p

u g p

y z r y z q g u

x z p g v

x y p

m

m

m

m

m

m (B.32) 

Thus the threshold for the nonlinear term can be expressed as: 

= + R
M C

¯ ( ¯ , ) ¯ | ¯ |
¯ .m

m
2 1 (B.33)  

Appendix C. Calculation of h̄

For the interconnected term, 

=

=

h h

h

u u u u 0
M

0
M

0
M

| ( , , , ) ( , , , )| | |

| |
¯ ( ¯ , ).

m

m

1
l

1
l

1
l

2

To calculate the threshold h̄, the threshold of is analyzed. 

=l l l (C.1)  

=
×

×

R p

r R p

R p

r R p

( ( )( ) )

( ( )( ) )

( ( )( ) )

( ( )( ) )
.

F T

F T

F T
m m

F T
m m

R p

R p

R p

R p

|| ( )( ) || 3 l 3 ct

|| ( )( ) || ct 3 l 3 ct

|| ( )( ) || 3 l 3 ct

|| ( )( ) || ct 3 l 3 ct

T

T

T m m

T m m

hoist

3 l 3 ct

hoist

3 l 3 ct

hoist

3 l 3 ct

hoist

3 l 3 ct (C.2) 

We have 

=
R p
R p

R p
R p

( )( )
|| ( )( ) ||

( )( )
||( ) ( ) ||

.
T

T

T
3 l 3 ct

3 l 3 ct

3 l 3 ct

l 3 3 ct (C.3) 

The denominator in (C.4) satisfies 

R p||( ) ( ) ||l 3 3 ct (C.4)  

= + +R p R R p
R p R p

||( ) ( ) ( ) ( ( ) ( )) ||,
|||( ) ( ) || || ¯ || || ¯ |||,

m m m m

m m

l 3 3 ct 3 3 3 3 ct

l 3 3 ct 3 3 ct (C.5) 

where =¯ [ ¯ , ¯ , ¯ ]x y z
T

3 . 
The numerator in (C.4) satisfies 

= +
+

R p
R p R R

R R

| ( )( ) |
| ( )( ) ( ( ) ( ) )

( ( ) ( )) |,

T

T
m m

T
m m

T

T T
m

3 l 3 ct

3 l 3 ct 3 3 3 3

3 3 l (C.6)  

+ + +R p R R| ( )( ) | | ¯ | || ¯ ||[1, 1, 1] | ¯ |.T
m m

T T T
m3 l 3 ct 3 l 3 3 (C.7) 

Thus, assume 
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=
×

h F
F

0

M
r

¯ ¯
¯

,
ct

1 hoist

hoist (C.8) 

with 

= + + +¯

.

R p R R
R p R p

R p
R p

| ( )( ) | | ¯ | || ¯ || [1, 1, 1] | ¯ |
||| ( ) ( ) || || ¯ || || ¯ |||

( )( )
|| ( )( ) ||

T m m T T T m

m m
T m m
T m m

3 l 3 ct 3 l 3 3
l 3 3 ct 3 3 ct

3 l 3 ct

3 l 3 ct (C.9)   
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