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ABSTRACT

The Assessment and Control of Risk of Collision

Waddah A.F. Abou El-atta

This thesis, as its title implies, is a unique step in the management of
risk of collision, which may arise in a two-ship encounter. This work
advances the development established in the authﬁ?'s M . Phil thesis.
It is suggested that the contemporary technique of collision avoidance
based solely on CPA criteria is inadequate for risk analysis. The
proposed strategy for handling risk of collision revolves around the
introduced hypothesis for dealing with risks having various probabilities
of occurrence resulting in various degrees of severity. The risk values

are obtained by computing the geometrical probability of collision based
on the following definition :-

" The risk of collision can be measured by the ratio of the
ways available for a collision to occur to all the possible

ways that could be considered by the observing vessel.”

Based on this hypothesis several approaches to the presentation of the
risk of collision are described separately in the thesis's units
together with their application, merits and demerits.

It is found that the introduction of the assessment and control of the
risk of collision by means of the proposed risk criteria has converted
the vague awareness given by the traditional methods, to a definite risk
criteria which could provide altermative ways of assessing any
situation. The restructuring of the information clearly provided to
the mariner gives him a much greater insight into the 1level of the risk
which he is accepting in any situation.

A strong risk éontrollability can be achieved if it is characterised
by a relatively high degree of constraints in the form of regulation.
These regulation should acquire features that will permit them to
discriminate, act upon, and respond to aspects of the situation
variety. Due to the fact that certain statements within the
Intemational - Rules are not clearly defined and are thus open to
individual interpretation, some mathematical definitions of risk of
collision and close range situations are established. The analysis
and testing of specific examples has proved that these methods
work and are able to provide the mariners with a common language
in resolving collision avoidance problem,

R 253222 80

4



Backgrowmdl

The usual question asked regarding the impact of the Automatic
Radar Plotting Aid (ARPA) upon the collosion avoidance problem
is:
» Will the Application of ARPA to marine use provide a
lasting answer to the collision avoidance problem ?"

Although existing APRA'S are an improvement orthe reliance on radar for
colligion avoidance, they also have limitations. All existing systems
incorporate a static vector analysis methodology for assessing risk.
The concept is based on the calculation of risk via measurement of the
closest paint of approach (CPA), and time to CPA (TCPA). These methods
are useful guides in some circumstances, but they may lead to large,
persistent biases with serious implications for decision making. There
jg still a need for a comprehensive risk model in order to clarify the
objectivities of this study. It is valuable to characterize the (C/A)
problem and to give a brief review of the current method used to assess

the risk of collision.

One way of characterizing the collision avoidance problem is illustrated
in. fig. (i-a). In this figure a real situation and a conceptual situat-

ion have been identified.The external world of the problem is the reali ty,
wherein another ship proceeds towards the observing vessel and enters

the range of observation. The navigator of the observing vessel takes

note of the compound event of the two ship encounter involved in a

"

possible collision.



The conceptual world is the world of the intellect. This is the world
which is within the navigator's mind and which he uses when trying to
understand what goes on in the other real world. This conceptual world
has been divided into three stages, observations (tracking), processing
(data transformation) and risk predictions. The first stage deals with
observations, in which radar equipment, gyro compass and speed log are
used. This sgtage of the problem handling is devoted to the gathering
of raw data, which is a chronological set of target's relative positions;

(27 B, R, T; )

Where

= Range of other ship.
Bearing of other ship.
Time of observation.

H — @
"

1 , 2 4 3 ....'......n

The information retrieval process can be done most sensibly, and most
efficiently if the navigator has some idea of what he is looking for,
that is if he has some mathematical model that can be used as a guide
to tell him what to expect from the existing situation.

The second major stage in the development of the conceptual part of the
problem is the development of the collision risk model to analyize /
situations. The risk model is of central importance for advancing the
observations as well as making predictions. Regarding the existing V
collision-avoidance systems, the risk model is based on prediction of
CPA and TCPA. Given a chronological set of other ship relative
positions together with course and speed of the observing vessel (Co,Vo)
the computer then uses these data to provide a graphicAdisplay of 'risk'

information.
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To provide these functions requires the processor to compute periodical
(cPA) and (TCPA) values for the other ship, and warn the navigator

if these values fall below a selected safety criteria. At the same
time, the position of the tracked targets, their true or relative speed
vectors are presented on the screen attached to each target position.

The end of the vector indicates where the target will be in a few minutes
as set by a vector length cormand. The vector length can be varied to
extend its displacement to pass the display origin, and thereby indicate
CPA and TCPA, as shown in (FIG. ii-a).

The final stage is that of prediction, and as it has been already seen,
prediction is intricately tied into the observation and modeling !
processes. Risk models can also be used to provide information about
situations that have not been observed in more concrete terms. The
model allows the observer to analyze the effect of proposed course and/
or speed change on the situation before it is executed. The navigator
proposes a certain evasive manoeuvre (course and/or speed change) and
the system indicates, either by means of relative vectors or in a
speeded-up motion on a radar screen,if the consequences of the manoeuvre
are safe, that is to say whether it keeps the target at or beyond a
certain minimum distance. If it does not, he has to search for a better
solution by trial and error. This can be done with great confidence if
the navigator is careful to remember the assumptions inherent in the
model. Thus in the assessment process, a risk model plays a crucial
role, not only in the search for an optimum solution, but also in the
kind of modified predictions which allow the navigator to assess the

consequences of his action in advance.

In the absence of comprehensive risk assessment, the'navigator may
increase or decrease the perceived risk of collision.

A consideration of each navigator's capabilities and limitations
thus becomes critical to a successful collision - avoidance system

operation.




"DETERMINATION OF (CPA), (TCPA)
AND TARGET TRUE MOTION VECTOR
BY MEANS OF PLOTTING ON RELA-

TIVE MOTION.

Target ship's position at zero
time is marked at (A), and time starts
counting in minutes.

A relative marker remains at (A),
while target moves to (B) in (6)
minutes, and the true motion vector
of own ship in (6) minutes
interval is plotted at (A) from (C),
forming the velocity triangle.

AB =Relative motion vector 24 Kt
CA =True motion vector of own
ship 17 Kt.
CB =True motionvéctor of target
ship 17 Ket.
CPA =Closest point of approach
read~out of 0.5 n.mile.
TCPA=Time to CPA is measured to be
14 minutes.
RCo =Relative tourse.

DETERMINATION OF EVASIVE COURSE OR
SPEED TO CLEAR THE TARGET AT SAFE
CPA.

For course change, rotate own ship
vector around point (C) till the
resulting relative motion line bacomes
tangent to the safe CPA cxtcle in
this case vector CA' (40° /17 Ke).
New relative motion vector A'B=

30 kt.

New CPA choser = 1.5 n.m

New TCPA indicated by 6 minutes

time segments is = 12 minutes.
A speed reduced to 12 Kt,(position
A" on the original vector of own
ship), gives the same safe CPA as
that of the 40° alteration to. starboard

5-—i ~ A 00
4- v .17
3. B
3 /
2’06 C
2J /,’ vt-17
CPA 1 M2
14
/
//
o 4
“ /18
fgg

Figurc (ii-a) Conventional method of assessment and control

risk of collision.
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In this field there are obviously many subleties and philosophical

points that can be the subject of endless debate. It is not the intention of
this background to compress into a few paragraphs the eatire subject
matter of the collision avoidance problem. However, this background is
important because it sets the stage for what this thesis specifies.

The main concern in this work is with the proper risk modeling process,
and in particular with the introduction of a new set of criteria for

risk assessment and control and how they can be used as predictors in

the collision avoidance context.

At the present time there is a considerable interest in the mariner's
role as a decision maker. That the navigator must be an analyst,
evaluator and a user of navigation aids in any given situation is
gelf-evident. Prior to acting in any situation the navigator must
engage in an intellectual process for which risk assessment is an
important input. The contemporary collision avoidance problem is
tackled by reducing it to the simpler one of increasing CPA. This
thesis suggests that such simplicity is inadequate for risk analysis,
the danger being that in relying solely on these elementary criteria
the navigator may not realise how little he knows, and how much
additional information is needed to successfully resolve the encounter.

10



Blypothesis

Decision-making under certainty, that is, when all the outcomes are
known,is difficult when each alternative choice is characterised by
several attributes which are not directly comparable. Considering

the development within the closing phase of a two-ship encounter, there
is a necessity for risk criteria which related threats to each other by
degree of importance or "priority". The integer scale can serve as

the simplest example, for with any two distinct integers, it is feasible
to determine which of them is greater than the other. This is the

case where the value dynamics of developing risk within an encounter are

arranged in order of magnitude.

Probability is an important varisble in the discussion of risk. . The
measurement of probability has many forms which range from the classical
notion to the subjective or judgemental view. Regarding the case of a
binary encounter, the estimates of the risk of collision might be formal
and objective. Hence, the classical notion of the collision probability
which was previously established in the author’s M.Phil thesis is
probably most appropriate for evaluating the risk of collision. To
satisfy this need and explain this point of view, the following general
relationship is stated to define the risk of collision as:

" The risk of collision can be measured by the ratio of the
ways available for a colligion to ocour to all the possible
. | waya that .could be considered by the observing vessel.” .

1



Then the hypothesis. of the risk of collision is

P 74 O € 8

where
P = The risk of collision in a given time and space

M = The ways available for a collision to occur
N = All the possible ways that could be considered
by the observing ship.

The definition of (P) is inappropriate if (M) is greater than the '

valueof (N)sthis condition must always be fulfilled in practice. Thus

risk function is always a number between (0) and (1) .or 0 € P €1 ;

for the purpose of this thesis it would be better if it is expressed
as percentage, 0 € P <« 100%.

Based on relation (1) a maximum risk matrix can be constructed. It
is simply a measurement of the maximum risk as a cross tabulation of
the alternatives (C) and (V), i.e. all the courses and speeds

possible to the observing ship.

) G ¢ c j ¢,
Course alternatives
1 e Py Pp e Py e Py
S
2 P p P
Vo @ 21 Pz oo Py e 2n
8
4
o
g P
vm [77] Pml sz PrY ij P mn

Risk matrix
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The cells in the maximum risk matrix represent the maximum value of
the collision probability outcome that results from the choice of a
particular course and speed as defined by risk tiansition distribution

derived in the M. Phil Ithesis.

Having defined the maximum risk matrix, which represents all the
possible outcomes of maximum risk for each alternative,then this matrix
will be the. criterion for selection. . Hence the object of risk

control is to minimize the maximum risk, and the hypothesis of risk
control will be :

Minlﬁlze Pij = (Mij / N)

13



1.1

UNIT_1

Poundations

INTRODUCTION

This unit is devoted to detailing tools of mathematical expressiaﬁs
that will be useful in developing and checking mathematical abstractions
of the physical or otherwise "real" world of the Collision Avoidance
(CA) problem. Questions concerning the nafure of the basic concept of
CA problem or their relation to the real werld do not belong to the
mathematical expressions concerned. The following foundations only
lay down certain relationships between the fundamental concepts of
the problem. The material will be used'as the basis of risk modeling
and analysis. A number of derived equations describing the two-ship
encounter and the related parameters are summarized in the fallowing
table and explained in detail later:- |

- Navigation Coordinate System (NCS).

- Equations of Relative Motion.

- Equations of True Mation.

- Equations of Closest Point of Approach (CPA).
Equations of a Buffer Circle.

- Equations of Range and Bearing Rates

- Equations of Changing Position on a Moving Ship.
- Equations of Exact Collision. |

Equations of Collision Probability.
Equations. of the turning circle.

OV 0O NNV P WN
i

—
v
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1.2

NAVIGATIONAL COORDINATE SYSTEM (NCS)

The main idea of the (NCS) is that geometric investigations of collision
avoidance problem can be carried out by means of algebraic calculations.
This method provides a direct application of navigational observations.

The connection between the plane motion of ships as sets of points and

(NCS) may be established in accordance with the following:

A line in the plane, extending indefinitely upward and downward

is chosen, and is defined to be the North-South direction; called
the X-axis. A line at right angle to this axis extending |
indefinitely to the left and to the right is termed the Y-axis.

A point of origin (0) on the intersection of these axes represents,

~ the position of the observing ship. The two axes divide the plane

into four quadrants, called the first quadrant, second etc.,
following the direction of azimuth measurement, as in fig.(1.1).The

position of other ship (A) may be defined in the plane either by
rectangular coordinates (X, Y) or by polar coordinates are given as
follows:-

X R. COS (B)

Ya

R. SIN (B)

The angle (B) is called the true bearing or azimuth; it can take values
from 0° up to 3600_ through which the axis N-S must be rotated in a
clockwise direction so as to pass through (A). The length OA = R is
called the range, as in Fig. 1.2. It can be seen from the unit circle,
in particular, that all possible combination of signs of X and Y can be
obtained in the variocus quadrants by meking B take all values from zero

- to 360% (Fig. 1.2).

Frequently it is desirable to change from one coordinate system to
another, as the parallel displacement of the NCS and a rotation through
an éngleﬂequal.td the ship's true course. Hence a true position can be
related to ship's horizontal axes and conversely.

15



+X or North

1\
+y = | +y+
West or -Y \\\IE// ' +Y or'East
g - 4
<X or South

Figure(1-1)
Navigational Coordinate System.

+X or North
Y

a
R.SIN(B)

+Y or East

Figure(1-2)
Relation between cartesian and
polar Nav.coordinate system.
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Two navigational coordinate systems NCS, with coordinates X and Y
and NCS with coordinates ¥ and n_ére related in such a way that
the corresponding axes are paraliel to one another and the origin
A of NCS has coordinates (a,b) in NCSy, (see Figure (1.3) ). The
same point P then has coordinates (X , Y), in NCSg and (&, 7 )
in NCS ,where:-

X = a + ¢
Y = b + " 1.2
f = X - a

Suppose that the NCS is rotated (keeping the origin fixed) in the
navigational positive sense through an angle (B) into a (& M)
in the new system, (See figure (1.4)). Hence the NCS satisfies the
following transformation equations:

X = £.C0SB - n.SIN B
Y = £.SINB + n.0S B 1.4
£t = X.COSB+Y.SINB

n = -~ X.SINB+Y.COSB | 1.5

The formula of X and Y are~obtainedbby rotating the ( &4 7 )
system through an angle (-B).

17



N or +X N or +£

A A
n P(X,Y)
""""""" ®r(t.n)
:
A "
h s __Eor +n
1 : *
S
: E +Y
ar ‘ or

Figure(1-3)
Parallel transformationof Navigational
Coordinate System.

Figure(1-4)
Ratation of the Navigational Coordinate System.
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EQUATIONS OF RELATIVE MOTION

In nearly every problem that involves moving ships, it is
essential to find the course and speed of one ship relative to another.
To an observer on board ship 0 the apparent track of (A) is the

segment connecting the two positions of (A). This apparent movement as
seen in Fig. (1.5),is called the relative movement. Provided that

(X1 , Yl) and (X, , Y, ) are the coordinates of the two positions (Al)
and (A,), then they have changed by the increments (DX and (DY),

then:

DX X, - X

2 1

2 = Y1 1.6

DY Y

Using the pythagorean theorem the distance travelled (Sr) can be
found as seen in Fig. 1.5:—

2 2
Sr = (DX~ + DY )% ) 1.7

If Dt is the interval of time, the position has undergone a displacement
(S_), then the relative speed is given by:-

Vr = Sr / Dt 1.8

The direction of the relative motion line is determined by the direction
from initial position (Al) to terminal position (Az). The angle made by
this line and the north direction measured in clockwise direction is
defined as the relative course (Cr); This angle may have any value from
0° to 360°. It is related to the slope of the line as follows:-

C, = ATAN (DY/OX) if for + DX, + DY
= 360 + ATAN (DY/DX) "+ DX, - DY
= 180 + ATAN (DY/DX) - DX, ¥ov
= 90° | 0, + DY
= 180° - DX, O

19



+Y or East

Figure(1-5) ,
Graphical representation of relative motion.

X0

b v e opmracdoow
-

East or +Y

Figure(1-6)
Graphical representation of the elements
of relative motion.
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cC, = 270° for 0, - DY 1.9

Apart from the above relations, the relative velocity (Cr' Vr)

can be found from the knowledge of the true motion of both observing
and other vessel, (Co , Vo) and (Ca , Va) respectively. ‘It is
obvious as seen in Fig. 1.6 that the relative velocity is the vector
subtract of the two true motiors (V= Vo - Va). An analytic
solution can be done by resolving of the velocities (Va) and (Vo).
Hence if the relative velocity of other ship (A) with respect to

observing ship (0) is considered :-

VX, o= W= VX
VY, = VY - VY

VX, = V,.C0S (C)) -V .cCOs (C)

VY, = V_.SIN(C) -V .SIN (C))

V. = (vxr-+-w,:)’s

C. = ATAN (v / VX)) 1.10

similar constraint to that mentioned in equation 1.9 applies to the
calculation of the relative course (C.).

21



.4

"EQUATIONS OF TRUE MOTION

The elements of motion of another ship can be found from its relative
motion together with observing ship velocity. Following a similar
procedure to that of equation 1.6 the following equatiqns of other

ship's true motion can be derived, as seen in Fig. l.6:-

VX, = vxr + VX

VY, o= VY o+ VY

VX, = V_.COS (cr) +V,.COS (co)

vy, = V_. SIN (cr) +V_.SIN (co)

va = (W 2+ VYZ)%“C=ATAN(VY/VX) 1.11
- a a’’? = a’ a *

Similar constraints tothose mentioned in equation 1.9 apply to the
calculation of the other ship's true course.

Having decided on an arbitrary relative motion, and provided a pre-
knowledge of other ship's true velocity, the observing vessel's true
velocity which satisfies this condition can be found, as above:-

vX X, - VXr

o a
VYo VYa - VYr

VX, = va.cos (ca) - vr.cos (cr)

vy

o = VgeSIN (ca) - V_.SIN (cr)

= 1.
C, = ATAN (VY / VX)) | iz

Similar constraints to that of equation 1.9 apply to the calculation -
of the observing ship's true course.

- 22



EQUATIONS OF CLOSEST POINT OF APPROACH
'AND A BUFFER CIRCLE

Regarding the élosing phase of a rapidly changing situation, a periodic
determination of the (CPA) from a set of raw data is essential. The
following expressions which define the (CPA) in terms of -bearing and
range observations are given for this purpose. Now if (A,) and (AZ)
are two successive positions of other ship defined in the (NCS) of the
observing vessel from their bearings and ranges (Bl, Ry» By Rz) as
shown. in Fig. (1.5), and the two positions are joined by a line which
is extended in the direction of the relative movement, the point (M)

at which the line passes closest to the center point (0) will be the
(CPA) (See Fig. 1.7). :

If the perpendicular (d) is laid from point (A2) to the first line of
bearing and intersecting at point (C); then two triangles are formed
(Al. M. 0) and Ay. C. Az). From the similarity of the two triangles
the following equation is formed:

&“/d = Rl/ Sp
= Ry. R,. SIN (B,- B,)/®% R% -2. R,.R,.COS (B,- B )% 1.13
RS Sl A 2 1Y%y T2 * 12t 2 "1 *
Provided that:
RZ # Rl and B2 # Bl

Having defined the relative motion by any method as described in
(Section 1.2) which passes through a given position, (Xi y Yi) ,
then the following relation can be derived, (see Fig.(1.5)):-

Tan (Cp) = ( Y, - Y )/ (Xi - X)
Y = Tg(Cp). X+VY; - Tg (Cr). X;
Y = mX <+ Yi - m.Xi 1.14



Where (xi R Yi) is the known initial position in the (NCS) of

ship (0).

(m)is the irclination of the relative track of the true
north direction, it equals tan (relative course (Cr)'
(X .Y) are the coordinates of a position on the relative

motion line.

Now suppose that a circle of radius (Ra). representing a buffer circle,
is centred at the origin of the (NCS), then its equation is given

Then the coordimates (X , Y) of a point of intersection (A3) must
satisfy the equation of the circle and the equation of the R.M. line,
and a system of equations is formed. By substituting for (Y),
squaring and collecting terms together the following quadratic

equation is given:-

2 2 2 2

(m“+1) X° + 2.m. (Yi- m.Xi).X + (Yi- m.Xi) - Ra“ =0

Let
2 .
2 2
c= (Yi - m.Xi) - Ra
- 2 !5

Then x = (“b + (b - 403.C) /z.a 1.15

As the value of (X) is determined from equation (1.15), then equation
(1.14) can be used to calculate value of (Y).

According to the sign of the discriminent (b? - 4.a.c.), it has two

real roots, one real root, or two conjugate complex roots. Geometrically
this means that the R.M. line has two, one, or no points in common

with the assigned buffer circle. Henceforth, the discriminant can be used
to predict a safe pass or unsafe pass with regard to a given buffer circle.



Apart from the equation (1.13), which is based on raw data, sometimes
it may be necessary to determine the (CPA) in advance as a consequence
of a given relative motion (Cp , Vp'), “together with a known position
(Xi , Yi)' This canzbe formed by considering the equality condition of
the discriminent "b~ = 4.a.c", then the tangent circle to the given
R.M. line can be defined, and hence the (CPA). .

Let Xp=X , b’ =4.a.c., and substituting in Equ.l.15:-

Then Xp =-b/2.a

Xm = 2 (MX; = ¥.)/ 2.4 + 1)
= M. (MX = Y,) / M2 + 1) | 1.16
Y'm = M.X'm+ Yi - M.Xi

The distance to the (CPA) can be given by the relation

2 2 \k
R = (K + Vg | 117

The bearing of the (CPA) can be given by the relation
Bp= ATAN (Y /X))

Having a similar constraint as in relation (1.9).
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Figure(1-8) ,
Changing of range and bearing.
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1.6

EQUATIONS OF RANGE AND BEARING RATES

Range rate is an.important factor in characterising the closing phase
of a two ship encounter. Range rate together with bearing rate can
be used as an index for a rapidly deteriorating situation.
Henceforth the following derivation of range and beafzng rate

equations are given:-
Let other ship's position (A) Being described relative to the observing

ship (0) by the (NCS) as illustrated in Fig. (1.8), and being also
defined by the equation of the position vector as follows:-

RE = x% + v? 1.18

On differentiating with respect to time (T), then:-

dR/dT = - (X.dX/dT + Y.dv/dT) / (X% + ¥2 )¥
But | GK/AT = VpuCOS (C), and dV/dT = Vp.SIN (Cp)
then R = Ve (X.COS (Cp) + Y. SIN (Cx))/(2 + YD)% 1.19
Lt F = X.COS(C)) + Y.SIN (Cr) 1.20

The expreésibn "F" may be used to determine if the range is constant,
decreasing, or increasing depending on its sign; zero, negative, or

positive respectively.

Considering Fig. (1.8 ), the bearing of ship (A) can be given in terms
of its coordinates (X , Y) in the following form:-

B=ATAN (Y/ X)) 1.21

Similar constraints fo those mentioned in equation (1.9) apply to the
calculation of the true bearing (B).
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On differentiating equation (1,21) with respect to time (T),

then
dB/dT = COS? (B).  (X.dv/dT - Y.dx/dT) / X
: _ 2
= (X. Vp. SIN (Cp) = Y. Vp. COS (Cp))/ R
= (vp/R).[ (cOS.(B). SIN (Cr)-(SIN (B).cOS (Cp) )]
= (Vp/R). (SIN (Cp - 8B) )
or .
B> = 0.958 - (Vy/R). SIN (Qr) 1.22
Where
B* = rate of change of bearing in degrees
per min.
Qr = the relative aspect which equals
(Cr -8)
Vp = the relative speed in knots.
R = other ship's range in miles.
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1.7 - EQUATIONS OF CHANGING POSITION ON A
" 'MOVING SHIP ’

Refer to Fig. (1.9), showing a geometrical figure of a possible two
ship encounter. It is assumed that ship (0) has a constant speed
(Vo) and a ship (A) has a forward constant velocity (CasVa).

Ship (0) is required to set her course (Cq) to take a new position
on the other ship (A). .

The ships' paths and their relative positions are referred to (NCS) ,
the navigational right - hand orthogonal system (0, X, Y). Now
let (C) be an arbitrary point of a fixed position relative to Ship
(A). The arguments of which are given in terms of aspect and range
(Q,D). Hence its coordinates in accordance with the (NCS) centred
at (0) are in the form:-

Xc Xa + D.C0S (Ca + Q)

- Ye Ya + D.Sin (Ca + Q) 1.23

Consider that the coordinate is translated to poin(C) and rotsted [
in the navigational positive sense of direction through an angle (Ca)
intc @ (& » M ) system. The coordinates (§,M) of observing ship
(0) satisfy the inverse transformation equations:-

3 Yc. SIN (Ca) - Xc. C0S (Ca)

n

Yc. €0S (Ca) + Xc. SIN (Ca) , 1.24

With the course of ship (0) being set to intercept the moving (C) at .
a future position point (P), which will be on the positive axis of
the (& ,» M) - system, then the following ratioc holds constant:-

So/Sc = Vo/Va = E
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Changing position of observing ship relative to a moving target.



Where So = is the distance run of ship (0) to the future

point (P) N

Sc¢ = is the distance run of point (C) to the future
point (P)

Vo = is the speed of observing ship (0) ~

Va = is the speed of ship (A)
E = is the speed ratio between ship (0) and Ship (A).

Squaring Sz. Ez = Si

Sz. g2 - n2+(-£+ se)?
= nz-Z.E.Sc-i-Scz-c-Ez

then 1-€).s?-2. 8 e+ NP+ E2 =0 1.25
Let a = 1 - g2

b = -2.2

C = ﬂ2+E2

. % ' .

then . Sc= (-b% (% -~4.a8.c.)” )22 1.26

Having defined displacement (Sc), then the future point (P) can be
found in the (NCS) of ship (0) by the following relations:-

Xc + Sc.C0Ss (Ca)

Xp
Yp

Yo + Sc.SIN (Ca) ' 1.27

The system of equations from (1.23) to (1.27) can be used to determine
the coordinates of the future point of possible collision. If, however,
point (C) is initially taken at the point (A), sc that distance (D) is
nil, then (Xc = Xa), and (Yc = Ya), and equations (1.24) become:-

3 -Ya. SIN (Ca) - Xa.COS (Ca)
7 = -Ya. COS (Ca) + Xa.COS (Ca) ’ 1.28
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1.8 EQUATION OF COLLISION

Consider the dynamic situation of a two-ship encounter involved in
exact collision. Such a situation appears in Fig. (1.10) which
illustrates the geometry of a collision situation between two ships

on converging courses. At an instante (Tl) the two ships - (0) and

(A) at a distance (R;) and are moving according to the speed vectors
(Vo) and (Va). For the sake of simplification the geometric figure

is regarded as a set of points and the two true velocities are assumed
to be uniform. The relative bearing of ship (A) in relation to ship
(0) is the angle (Q) or the aspect.

If both ships maintain their veloéity they will collide at point (Pc).
The intersection‘angle at this point is the relative heading (H), and
the following relation holds constant:

Vo/Va = So/Sa = E

Where E = the speed ratic

So = distance run of ship (0) to the collision point.

g

distance run of ship (A) to the collision point.

From the two triangles (0.P.F) and (A.P.F.)

Sa = b.CSC. (Q) and So = b.CSC (Q + H)

b. SIN (@ + H)/b. SIN (Q)

then (1/e) =
= (SIN (Q). cos (H)Y + cos (Q) SIN (H)/SIN (Q)
= COS (HY + COT (@). SIN (H) '
and hence  TAN (Q) = E.SIN (H) / (I-E. €OS (H) ) 1.29

Equation (1.29), gives a simple definition of a collision situation in-
a two-ship encounter in terms of two independent variables (E) and (H).
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The following are two alternative expressions defining the same

function:~
cos (q) = (1-E. coS (H) /.(1-2.e.C0S (H) + 2 )’5 1.30
SIN (Q) = (E. SIN (H) / (1 - 2.E. COS (H) + E9)¥ 1.31

~

The simple expression (1.29) was investigated in the M.Phil . thesis.
However, as it constitutes a basis for the collision probability, it
is worthwhile to give a brief review of the collision function through

a graphical presentation.

The equation (1.29) may be interpreted as defining a surface in the
EHQ-Space. In particular the equation might be imagined to present the
elevation points on a three dimentional space, above the plane Q=0, as
in figure (1.11). If the surface is cut with a plane Q=Qo, a constant,
a contour line is generated on the surface, and if this contour line is
projected straight down onto EH-plane, an isoaspect curve is obtained in
~ the domain of Q. The contour curve consists of the paints in the domain
where @ has the value Qo. An equation for the contour curve is cbtained
by setting f( E,H ) = Qo. By giving other values to Q, other contours
are obtained. The generated figure is called the EH - diagram of the
collision function, see fig (1.12).

The investigation of the collision equation and the related behaviour
can be achieved through the study of the derivatives and the related
incremental relations. It is not difficult to derive the following

relations by differentiation of the collision equation:-

AQ/,AH = E. (COS (H) - E)/(1-2.E.COS (H) + E%) 1.32
AQ/ AE = SIN (H) / (1-2.E.COS(H) + E%) L3
AB = - (AH | + AQ) 1.34
AH = AB. (1-2.E. CO (H) + E2)/ (1-E.COS (H) 1.35

(See Appendix A2)
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Figure(1-10) ,
Geometric definition of an exact collision situation.

Figure(1-11)
Collision Surface.
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1.9

EQUATIONS OF COLLISION PROBABILITY

If the encounter dimension should occupy a sea area of a finite
radius (Ra) not a point, = it would be geometrically defined in

the (E-H) diagram by a set of aspects confined between two limit-

ing aspects (Ql) and (02) , Fig. (1.13). The intersection of
the speed ratio line (E = Emax) with the two curves of the limit-

ing aspects will describe an area. This area (M) defines a

subset of particular combination of heading and speed ratioscontained
in a discrete set which consists of all possible combinations of

the heading and speed ratio. Such a concept can be seen in Fig.(1.14)

and can be interpreted as:-

" Thepe mxy exist a set (M) of different ways for a collision to
occur out of a total number of (N) possible courses and speeds
that can be considered by the observing vessel. "

The set of all possible ways open to the observing vessel is defined
by the area of the given (E-H) diagram, which is equal to the value

of:-

2. It Emax

4
"

Where n

3.1415927

Then it is reasonable to suppose that the collision probability (Pc)

is proportional to the sreas (M) and ( N ),and is expressed
in the following Pelationship :-

Pc=M/N

=M/2. 1 Emax 1.36

~

Area ( M) is determined in accordance with the maximum speed ratio:
Emax < 1, Emax = 1 or Emax >1. The following .equations are given
and can be traced (see the appendix (A.4) ):-
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- 0 sein]

Qi' Q #sin (Ra/R)
i= 1,2

Figure 1.13 Definition of the Timiting aspects

(Qi)'and (2,) by tangents of the

critical circle of radius (Ra)

M = £(R_,R ,Q,E)

P = M/N

H | 0 H

Figure 1.14 Definition of collision probability in (E/H)-plane.
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In case of (Emax = 1),
M ={H, . Emax - SIN (G;). Ln (TAN§ (Hy+ G;) / TAN ()}

{(H,. Emax - SIN (Q). Ln (TAME (H+ 0)/TANGR, )}~ 1.37

In case of (Emax < 1),
M={H,. Emax - SIN (Q))<Ln (TAN§ (Hy,+ Q;) / TANY (H),+ Q,))} =

{(H,. Emax - SIN (Q,).Ln (TANY (H,,+ G,)/TANk (Hy+ Q,))} 1.37

Where
ql
Q2

Qo + SINl (Ra / Ra)

G - SIN* (Ra / Ro)

Ra = accepted CPA
Ro = initial range

Qo = initial aspect angle.
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.10 EQUATIONS OF THE TURNING TRAJECTORY
"'OF A 'SHIP '

Ship manoeuvrability has been, and still is, an important practical
consideration when ships are manoeuvring for collision avaidance. The
parameters of a ship's turning trajectory are useful for characteriz-
ing the collision avoidance manoeuvres at close range in the open
sea. A simplified description of ship's circular motion is as follow.

Suppose that a ship is advancing on a straight path,when her
rudder is deflected and held at a fixed angle. The trajectory of the
ship after this even may be divided into three phases as shown in
figure (1.13). Based on starboard turn the first phase starts at the
instant that the rudder is beqgun to be laid over and may be extended
after the time the rudder reaches its full deflection angle. During
this period the speed and the path are considered constant and
straight respectively. When the rotation commences the ship enters
the second phase of turning. The important event that takes place in
this phase is the coexistence of deceleration and hence the -speed of
ship is reduced exponentially. Finally, after ‘a- new equilibrium of
forces is reached, the ship settles down to the steady turn of the
third phase. - |

Assuming a perfect circle of turn the following relations can be
established provided that theship's tactical radius (R.) and her rate of
turn ( ¢f) are known from ship's trial maneuvres.

If (P;) and ( P,,1) are two successive positions of the ship on
the turning circle then the position (Xi+1’ Y;,1) can be related to
the previous one in the (NCS) by the following equations which can be
deduced from the figure(1-16)

X

X; + 2.R.. SIN (¥ @ ).C0S (Covk ¢)

i+ i

w1 = Y+ 2R SIN (5 @).SIN (Cork @) 1.38



OINITIAL POSITION OF OBSERVING SHIP

!

Figure(1-16)Definition of the coordinates of a point on the
turning circle of a ship relative tothe initial position.
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Where;

R, = Turning radius

Co

True course of the ship at position (Pi) -~
y
d) = Amount of course alteration in the time

interval (Ti+1 - Ti)’

Value of (¢) can be determined from ship's tangential velocity
and her tactical radius: :

¢= 573 (T, -T.)Va/Ry 1,39

In considering the ship's tangential velocity (Vo), the empirical
exponential formula advised by the (D.0.T) specification for a Marine
Navigational Equipment Simulator (1980) can be used;

Vo = (Vmax - Vmin). e” Tn/K + Vmin : ‘ 1.40

Where;

Vo Speed at Tn minutes after alteration has been made.

K = A constant which simulates the chosen type of ship
. R and is either a fixed value between (2) and (25) or is

continuously variable over this range.
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A Risk Prediction Model Sor
@@ﬂﬂﬁ@ﬁ@m Avoidlamnce

INTRODUCTION

Increasing attention has been paid to ship collision avoidance systems
during the past ten years. Inspite of (ARPA) introduction ints marine
use, which is considered a vital contribution, the navigator is not,
however, and will probably never be capable of predicting accurately

. the risk of collision only from closest point of approach, the basic

criteria in all collision avoidance systems in use.

This unit surveys a new approach for risk prediction, assessment and
control. A mathematical model of terminal risk assessment was designed
to performe risk simulation on the computer. A set of equations which
was derived in Unit 1,"Fhe Foundation™ ,Jis  used in building these
models. Risk information is presented in a special pattern which is
considered to be practical. In order to clarify the etfectof time on risk
assessment, the transition distribution of risk values was plotted
whenever necessary. For' the sake of completeness a more appropriate
model based on maximum risk valuesis also introduced in the study.

41



In order to obtain these models, the assumption was made that the
speed of the observing ship and the velocity of other ship ‘are
taken as constant values during the encounter. The results that
were obtained are considered to be realistic, although, it was

recognised that more than one pattern would be necessary for full

assessment of the relevant parameters.
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2,2

'GRAPHICAL DESCRIPTION OF RISK FUNCTION

To help iilustrgtMche basic steps in understanding the risk function
the equation (1.36) is used to describe the averall features of the
risk of collision which may arise in a binary encounter.

For such an encounter at a given space and‘time,. the value of risk

is given by the risk function. This ri<k depends on the ship's
dimension (Ra), speed ratio (E), initial range (Ro) and initial
aspect (Qo). The value of risk may vary significantly from stage to
stage of the encounter. For an encounter of constant parameters (Ra)
and (E), the influence of the variables (R) and (Q) can be solely
invegtigated by means of graphical representation of the risk function.

Figures (2.1 a, b, c) show the risk graphs based on fixed values of
(Ra = 0.5 miles) and (E = 2, 1, 0.5). The horizontal scale of each
graph is in nautical miles and covers an interval of (6) miles. The
vertical scale shows. the risk percent, covering values from zero to
100%. The risk-range curves are computed for five values of éspect
taken as a constant parameter of (0%, 45°, 90°, 135° and 180°). The
resulting set of curves is an indication of the way the range-risk
relation varies.

Figures (2.2, a, b, c) show another three risk graphs based on the
same fixed values of (Ra) and (E) as abave. The range variable (R)
is taken as a constant parameter of the values (R=1, 2, 3,4, 5, 6)
n.miles.. The horizontal scale of each graph is in degrees and covers
the: full range of aspect angle from (09) to (1300). The resulting set
of curves illustrate the overall influence of aspect change on the
value of risk of collision. '
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UARIATION OF RISK WITH ASPECT.
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2.3 FLOW CHART AND PROGRAM FOR TERMINAL RISK

The computer program was written in BASIC as shown in appendix (B-1)
listing (Risk/Course). A simplified flow chart of this program is
shown in Fig. (2.3). It can be seen that it requires as“inputs a
chronological set cf relative positions (Bi, Ri, Ti), the velocity

of observing ship (Co, Vo), encounter dimension (Ra), and an arbitrary
time delay (T). |

Program routines require three subroutines giving in listing (Comvector)
(ASPECT), and (C.RISK). The first step concerns the computation of
information on the initial geometry of the situation. The inpufs to
subroutine (COMVECTOR) are the components of relative motion computed
by equations (1.1, 1.2). The returned results of relative vector

(Cp, Vp) together with the true motion vectorof the observing ship (Ca,Va)
are used to compute the vector (Ca, Va) of the other shipis true mption,
using equations (1.7, 1.8).

To allow for the expected time of computer solution, a second step is

to predict the initial risk of collision after an arbitrary interval of
time. This routine is sefAup to first compute the relative position of
ship (A) at the end of the time interval by applying equations (1.2,
1.3, 1.4) in an inverse sense.The computed argument (Bi) and other

ship true course (Ca) are entered to subroutine (ASPECT) which returns
the value of the aspect at the time specified. Now all the parameters
necessary for computing the risk at the specified time (P) are available
These data (Vo, Va, Ra, Ri, Qi) are the inputs of subroutine (C2- Risk)
which returns the value of collision probability and hence the value of

risk of collision.

The third step is to generate a matrix of terminal risk which covers all
the courses available to the observing ship. This routine is set up to
first compute the (CPA) and its associated aspect (Qm), that is for all
converging courses using equations (1.12, 1.13, 1.14).Following asimilar
procedure to that of the second Step the value of risk when the ship
reaches the (CPA) is computed.To recognise when a divergence in relative
motion may occur, use is made of equation (1.20). Risk of Collision is
considered diminishing in case of diverging courses.
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Input:
Chronological set of relative
positions Bi R Ri , Ti
Observing ship's velocity (V° R Co)
. Time delay (T)

Encounter dimension (Ra)

.Compute sinformation on initial situation
Relative velocity (Vr R Cr)
Ship (A) true velocity (Va , Ca)

Inverse relative position (Qi . Ri)

Compute: Risk level (Pi) at initial stage

——

Risk level tends

to minimum

Decreases Increases

Compute: Information on terminal situatio
for a given heading of ship (0) c, - 360

(Cr,Vt) . (Qm,Rm) , (Eﬁex)

Compute: Risk level (Ph) terminal stage

for a given heading of ship (0)

STOP

| = SRR SRR .

Figure(2-3). A sﬁnplifi ed program flowchart of risk prediction model.
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All of the things which have been done so far are numerical
computationsof the initial and.terminal risk matrix for a given
situation, but for better digestion of this information and
quick interpretation a visual presentation is needed, which is
the subject of the next paragraph. '
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2.4

RISK PRESENTATION PATTERN

A clear picture of the shape of the graphs of the developed risk
function can be obtained by introducing a cartesian coordinate system
in which the true course of the observing ship (Co) is .taken as
abscissa and the values of respective risk function are taken as
ordinates. Fig. (2.4) illustrates this presentation. A Computer
program is set up to perform the plotting routine. It is included

in the main computer program listing (RISK / COURSE), in appendix
(B-1). The pointwise construction of the terminal risk graph for the
courses at intervals of 5° can be seen in the diagram. The range of
risk values in a given situation thought of as being characterised by
four levels:

- Zero tolerance rigk in range of 00 - 25

%
- Accepted risk in range of 25 -50 %
- Potential risk in range of 50 -75 %
- Extreme risk in range of 75 -100 %

The levels of risk are shown in the diagram as four bands so that the
user can quickly figure out the difficulty in the situation. In order
to perceive the future change in the value of risk the initisl risk

is plotted. The initials risk curve (X) appears as a horizontal
gtraight line as a result 6f course - independance of the initial risk.

Having the values of relstive velocity (Vp) and distance to CPA, (Rm)
already computed two other graphs (Y) and (Z) are made possible on the
same diagram. Graph of (Y) represents the variation of the relative

velacity normalised by its maximum value (Vp/ Vr-max) with course
changes. This curve can be used to visualise how quickly or slowly the

risk level is changing. The third graph (Z) represents the variation

.af distance to CPA normalised by the initial range (Ra) with course

changes. The idea behind plotting of curve (Z) is to establish a
comparative index between the assessment based on CPA criteria and the
risk function developed.

A numerical printout of input data and results on initial situation are
provided as a record. These data can also be used to ‘view the
conventional side ' of the problem.
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. OBSERVED DATA :--

First range =7

Second range =5

First bearing =160

second bearing =160
Time of obs.(l) =00
Time of obs.(2) =06

Observer course =120

Observer speed =10

present risk
the relation of (Vr/Vr.max) with course

the relation of (Rf/Ri) with course

ARBITRARY DATA :-

Accepted CPA =0.5
Present range = 5.0
present time = 06

COMPUTED INFORMATION :-

Initial risk =08.1%"
Target speed =13.9
Target course =07.5
Target aspect =332.4
Vr.max =23.9

Figure (2-4). A typical risk presentation pattern for the assessment
_and control of the risk of collision. |

»
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2,5

GENERAL CHARACTERISTICS

It is now possible to take this risk hypothesis about the encounter

of two shipsto appreciate the consequences. However, it would be necessary
before discussing the following applications to notify the parameters
and variables used to define risk of collision,andseehmntaey contribute
to the behaviour of the values of risk. These factors are; the range
(R) the aspect of (Q), the speed ratio ( Vo/Va ), and the encounter

dimension (Ra).

The following general findings are revealed by investigation of the -
risk function (1.29) and the relevant graphs shown in Figures (2.1)
and (2.2).

" (a) - With a given speed ratio and aspect, it is seen that risk level

increases as range decreases.

(b) - With a given speed ratio and range it is seen that the risk level
decreases as aspect decreases.

(c) - With a given aspect and range the risk increases as speed ratio
decreases. This is true for small angles of aspect. However
for large aspectsthe risk value may diminish as speed ratic
decreases.

(d) - Risk value exhibits exponential behaviour over different ranges.

(e) - Initial value of risk is independent of the heading of the
observing ship.

(f) - With a given speed ratio it is evident that future values ofrisk
depend on the future position resulting from a certain course. .
In other words the future risk of collision depends on range and
bearing rates. '

(g) - In a dynamically changing situation it is not practicalto consider
separately the effect of range or aspect changes on the problem.
Since their rates are mutually dependent, as can be seen from
equation (1.22), the overall response has to be considered.
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2,6 TESTING THE TERMINAL RISK MODEL
Let the pair of ships (0) and (A) be positioned as indicated by the
four examples and shown in the Figures (2.5), (2.6), (2.7) and (2.8).
These situations are defined geometrically by a set of observations of

bearings and ranges together with computed data. This infdrmation is
presented by a numerical print-out attached to each diagram. The
diagram comprises four graphs: terminal risk, initial risk, normalised
CPA, and normalised relative speed. Given this information, problems
of collision can be identified if they rise above the acceptable level
of risk.

It is . of interest, however, to see by inspection of risk profiles

that equal risksonly exist: for both ships in cases of equal speeds.
There is the basic dilemma of the slowes ship where double peak together
with higher risk courses may arise. It is sometimes striking that the
faster ship dominates the situation controlwise.

The location of 100% pesk value are cases where, on following the
corresponding courses,, .the. two .. critical circles representing the

two ships overlap. However the range of risk values sbout 75% is
considered to be indication of extreme danger and hence the correspond-
ing courses must be avoided. When range is available to allow manceuvr-
ing to achieve a fixed low level of risk (50%), the mafeuvre can be
selected which minimises the off-course penalty. When insufficient
range is available to achieve the desired low level of risk with minimum
of f-course deviation, the manoeuvre is chosen which minimises risk of
collision.

A terminal risk profile diagram gives an erroneous impression that the
weighting of objectives is static. The weighting must be dynamic so

that the contribution of variocus parameters and variables to risk
prediction can be evaluated over the time span of the encounter. In
order to disclose this valuable information, which is hidden in the
presentation of risk rate, a criteria is needed to weight the indication
of terminal risk. In other words, it is necessary to investigate the
behaviour of risk transition from initial state to terminal situation.
‘This is the subject of the following paragraph.
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Figure (2-5). Two-risk presentation diagramsof two crossing

ships involved in a possible collision.
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Two risk presentation diagrams of two ships
meeting end-on involved in a possible collision.
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Figure (2-7). Two risk presentation diagrams of two ships,crossing
‘ at right anglesinvolved in a possible collision.

55



N

hip(0)| CQurse (090°T) 24 Knots -

/7Knots

27 Ro :
5 To :06
:1058 OUTPUT
:105 Po :01.6
:00 Ca 1042
:06 Va. :7
090 Qa 1242
24 Vr.max:31

CPA :0.5

Ro :5

To :06

OUTPUT

Po :10.1 -

Ca :0%0

Va :24 :

Qa :015.8:
e - - . Vr.max:31 '
. "“}wggvariation.ef the*ternpnal sk ¢! |

with course change.’

Figure (248). Two risk presentation diagrams of two crossing ships.
of different speeds and involved in a possible collision.
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Regarding a dynamically changing situation, when the parameters of
ship's size and speed are considered unchangable, the variation of
risk value depends on the changes in range and aspect angle. Since
these changes are a function of time, the: risk-time relationship

" can be established for a specific course. A program that performs
the calculation of risk as function of time is shown in li;ting

(RISK / TIME), appendix (B-2). The associated flowchart is given

in Fig. (2.9). Although the flowchart is self-explanatory, the

basic idea is to find the relative position in terms of aspect and
range after short intervals of time, following the same procedure
described in para (2.2). ,

Thus by, stepping time interval in a do-loop till (TCPA), or for any
interval of time, the corresponding values of risk are computed. For
the sake of illustration Fig. (2.10) is an enlarged graph of the
computed relations (Risk/Time), (Range/Time) and (Aspect/Time).
Figure (2.11) plots typical results from a computed calculation.
Four graphs (a), (b), (c) and (d) are computed for courses 120°,100°
45% and 135°.  The initial situation is based upon the example illust-
rated in figure (2.5). Since range and aspect can contribute differently
to the variation of risk values, it was necessary to add separately on
the same diagram the variation of range and aspect with respect to
time.

The investigation of these graphs shows, as expected, greatly varying
shapes depending on the interrelated rates of change of range and
aspect. The behaviour of the transition distribution of risk values in
a typical collision course is presented in Figure (2.1la). The risk
profile shows a regular transition in risk values, where the range is
steadily decreasing with constant aspect. The effect is gradual
incresse of risk value at large range and then more rapidly at close
range, which is a typical characteristic behaviour of an exponential
function. In this case of constant aspect the range is the only
parameter which contributes to the increase of risk values. However,
the aspect puts influences on risk values at the initial stage of the
gituation. As a consequence of these factors the maximum value of
risk occurs at CPA.
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Input :(Ro , Bo) Target present position

(Ca, Va) Target velocity
(Co , Vo) Obs. ship velocity
(Ra ) Accepted CPA
Canpute : (Vr , Cr ) Relative ve'iocity
(Q©).... Subroutine Present aspert
(Po).... Subroutine Present level of risk
(dr/aT) ) Present range rate
Decreasing dR/dTe g \INCreasing
; Pridictions of terminal
. ' position
Campute : ( Tm , Sm ) . { Time and distance at CPA
T = o J
>
' T =T +AT
 Campute : £ ( Xor¥w ) Subsequent relative - -
' : : positions
Z(R(i) lB(i) ) - -Sub. -
Z(Q(i)) ..... Sub. subsequent aspects:
TPy --..swbe ] Subsequent levelsof risk
{RISK TENDS TO MINIMUM
Display :
(Risk/Time) , (Range/Time) and
(aspect/Time) J

Figure (2-9). A simplified flowchart of risk tran$ition distribution.
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Figure 2.11(b) shows the change of risk value if 100° course is to
be steered. In this case both range and aspect contribute positively
to the increase of value of risk. The effect is a gradual increase
of the value at large range and more rapidly at closer range due
largely to the sudden decrease in aspect with faster rate. It is
noticed in this case that the maximum value of risk is more than
twice the value of risk which occurs at CPA, and occurs about 2.5
minutes before TCPA.

A third course of 045° is taken for investigation, the result of which
is illustrated in Fig. 2.11(c). The computed risk profile shows a
gimilar behaviour to that of course 1000, but with a lower‘value of
maximum risk. On proceeding along this track ship (0) crosses ahead
of ship (A) with a later CPA of 1.6 n.m., the value of which is three
times bigger than that of the encounter dimension. However this peak
value has to be considered as long as it is in the potential risk
interval. This occurs at or nearly at zero aspect, the time when ship
(0) crosses shead of ship (A).

- Having passed ahead then the effect of increasing aspect overcomes the
effect of the slowly decreasingwrange. As a consequence of these effects
the risk value is reduced rapidly in eight minutes from a peak of about
60% down to a value of 8% at CPA. Such a behaviour, which has been also
shown in Figure 2.1p (b), is due to the greater influence of aspect ?
change at this stage of the encounter. It is perhaps surprising that
reaching CPA position is in itself an indication of diminished risk, and
does not represent. the extremis.

Bagsed on a fourth course of 1350, another set of risk values is obtained.
The corresponding shape af risk profile is shown in Fig. 2.14(d). A
unique case of balancing effeéts between a deceasing range and increas-
ing aspect is apparent in the graph. The result is a condition where a
low value on the initial'risk is nearly maintained constant throughout ‘
the interval of the closing range. This important fact may prove to be
80, in as much as the CPAs of these particular courses are always

greater than the encounter dimension. The computed data of this course
shows, as expected, that the interval of the encounter is relatively
smaller than that of croséing ahead courses.

60



,gol T vy 1 Ry e
9“8, ... ...
g
T S
Egg L] l s x‘-ﬂ“*
Veristion of risk with time =~ 2% 0 minutes
. "0,"(' E SSR YO YOURNY WUUET SUNTT JNNE PYSUNE T RN PR o
é@n. A
4
A
2 . \\;‘/“"r\ f,'#::t
HN=— A |
Time in mirnutes
. Variatiom of risk with time
" l T Y z‘s v 1031813831 ﬁ.“_rk,_'a
g 7 X )
) \.\ \
{ ~
wb *® _ //ﬁ\.\
12k el LA 1
Variation of risk with tine

-

QSQQﬂEG

eﬁeaﬂgg
8

e

FR5688
DEEBEYE

'8
:
()]

0.7

i)

:1C0

"EFRFEP
585

0.7

:160

:Q07.5
Va :13.9
APA :0.5
0.7

o)

5
1B
:10
:Q07.5
Va :13.9
APA :0.5
E 0.7

:@05 -

Figure (2-11); Different features of risk transitiqn distribution.

61



2.7 IMPROVED RISK MODEL

In view of a possible migiptegpretation'of terminal risk due to peak
values not occuring at C.P.A., "the improvement of the risk diagram

is essential to include the effect of transition. Therefore the
risk profile has to present the variation of maximum risk with

respect to course changes. Determination of the value of maximum risk
for each course is obtained from a set of risk transition distributions,
this performed simply by numerical sorting techniques; as long as the
distribution of risk value for constant course does not show a local
minimum. This technique is tedious and practically restricted due to
the large computational requirements. However the efficiency may be
improved by using more refined numerical methods. The existence of such
measures even when not practical or easy to apply provides an objective °
gtandard for which an index can be sought.

Graphs shown in Figures (2.12) and (2.13) are risk profiles of the
maximum values. For the sake of comparative investigation the
computations are based upon the same initial situations previously
discussed and illustrated in Figures (2.5). (2.6). (2.7), and (2.8).

Fig. (2.12a) presents the maximum risk being looked at by ship (0). It
is seen that risk level when steering course (120°) increases up to
(100%) risk. This value can be reduced to zero level by a small alter-
ation of course to starboard on to a course of (135%). This new course
is also associated with higher relative velocity, the merit of which
is 8 fast diminishing risk. Now consider the effect of trying to pass
ahead and maximising the CPA by changing the heading to steer (0459).
This means a large alteration of course. Selecting such a course is in
contrast to the one just discussed, where the future maximum risk will
be reduced below the range of potential risk (75% to 50%), with a
longer interval of encounter time. As a consequence of selecting this
course, the risk value will increase up to potential level and the
difficulty of the situation lasts longer. Regarding the risk assessment
viewed by the other ship (A) in the same encounter, Figure 2.12 (b)
shows that the exact collision course is (007.5%), On steering course

(355%) by altering the course about (13°) to port the risk of collision_"'

is reduced to minimum of (8%) risk. : .
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different binary encounters.
63



Meanwhile, in order to reduce the risk of collision below (25%)
risk level with starboard course alteration, necessitates (60°) -
alteration of heading. A final observation on this case is that
the slower ship (0) exhibits a larger sector of risky courses than
that of ship (A).

The discussion on the effect of aspect value on the risk value as
given in paragraph 2.5, has proven to be significant in risk
control. Furthermore the maximum risk values in case of zero aspect,
show a symmetrical configuration with respect of course changes.
Should an extreme risk of collision exist in such a case, there is
no preference, as would be expected, to which side the risk control
is best performed, see Fig. 2.12(c) and 2.12(d).

In order to show the effect of speed ratio (Vo / Va) parameter on

the value of maximum risk in a binary encounter, the comparison

of maximum risk values are carried out between each pair of ships by
analysing their associated risk graphs. Concerning the case of equal
speeds, shown in the Fig. 2.13(a) and 2.13(b), the maximum risk
diagrams show similar risk profiles, which are computed at the range
of (5) miles. This similarity holds good no matter what courses

are steered by either ship in the encounter atthe initial stage.Ilt is
~ only upset once the speed differs.

Regarding the case of different speeds, as shown in Figures (2-13,c)
and (2-13,d). It is clearly illustrated how the speed ratio
significantly affects the maximum risk profile. On comparison of
risk control action,. ship(0) will bring her risk down to zero level -

by altering her caurse (5°) to starboard or (10°) to port. Meanwhile,
the slower ship (A) has to alter her course (20°) to starboard or
(90°) to port to achieve the same control effect as ship (0).

In Qeneral, if extreme risk values are expected in any situation, the
gslower ship is often burdened with a wider sector of risky courses
and hence has less room to perform risk control.
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Figure (2-13). Maximum risk presentation patterns of two

different binary encounters.
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2.8

SUMMARY AND CONCLUSION

In this unit a risk assessment and control model has been presented
taling into account all the relevant parameters and variables which
affect risk of collision.Given the definition and interpretation of
risk assessment and control, which is based upon the classical
geometrical probability, then the general formulation was found to

be st}aightforward within the assumption that the observing ship
maintains regular speed and the other ship maintains regular velocity.

Risk assessment of an encounter between a pair of ships at sea is a
very complex characteristic to define by a single rule. The value of
risk is not even the same for two ships approaching each other, with
the exception of the symmetrical situation when ships steam with equal
speeds. It is worth noting that the slower ship is often burdened

with higher risk and less room to mangeuvre. '

The use of terminal risk patterns together with risk transition distri-
bution along a selected track will enable estimates to be made of,

first the number of options being considered scceptable to risk control
and second, the amount and complexity of information defining the problem.
On varying the amount and type of situations, insight can be gained into
the overall decision making process.

Risk control is an integral part of the pattern being presented, and not
an aftersight, as often happens in most C/A systems. The risk pattern
focusses attention on the wider questions of where the control needs to
be exercised. This model, suitably modified to account for maximum risk,
has been used successfully to qualify the outcomes of alternative actions.

The theoretical approach of risk assessment is a new technique for
quantitive evaluation of risk of collision and gives a fair understanding

‘of C/A problems. This technique can also be used to form the basis for

evaluating the training in C/A simulation. On setting aside the question
as to which method is the correct one, the opinion that the risk |
assessment as a control function is a superior mean of tackling the
collision avoidance problems becomes evident..
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" 3.1

UNIT_3

Use of Speed Maneeuvee im
Comtrol of Risk of Collfisfiomn

INTRODUCTION

So far a unique method of risk assessment and control to deal with the
collision avoidance problem has been introduced in a form of a maximum
risk matrix. The generated pattern enables the user to assess and
control risk of collision by means of course variability. The computation

. of the maximum risk associated with each course has been found to be a

useful method for generating alternative ways of looking at the resulting
fisk outcomes in a given situation.

In this unit the use of speed variation ag a control variable in the
assessment and control of risk will be investigated. It does not seem
difficult to extend the previous work so that risk of collision along a
given course in the same situation can be checked with speed variability.
However, speed variation is not a popular manoeuvre amongst mariners due
to the time penalty incurred in speed reduction and the reluctance of
the inexperienced mariner to use a reduction of speed as a means of

avoiding action.

It has been made clear that coursecontrollability is highly effective in
risk reduction, but this has certain limitations which have been shown
in the previous work of unit (2). The inspection of the (E/H) diagram -
and the risk function show that the solution in the range of (Vo/Va £ 1)
is always constrained ,especially in case of small angles of aspect.
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Furthermore the introduction.of the.separa.tion schemes together with
 geographical constraints in restricted waters impose more limitations.
Hence it is essential to investigate speed controllability in the
assessment and control of risk.

68



3.2 FEASIBLE REGIONS

In the selection of a method for the assessment and control of the risk
of collision, the controller must concern himself with the question of
the range of abplicability of the method, i.e, how effective is a
variation of speed in reducing the risk of collision ? Seme insight
into the problem can be obtained by studying the behaviour of the risk
function with respect to the variation of the speed ratio in the '
graphical form. Figure (3-1) illustrates the behaviour of the risk
function at the terminal stage of a binary encounter throughout the
range values of (Emax), the available meximum speed ratio. In order
to investigate the speed parameter as well, a family of curves are
plotted for (7) values of aspects in the range under consideration.

In the given example (shown in figure (3-1) ), the values of risk can
be seen to be less than (50%) in the range of (E= 1.7). 1In case of
aspect angles which are greater than (25°) the values of risk levels

are found to be less than (50%) over the full range of the speed ratios
for these same aspect angles. It is also seen that the curves exhibit
flatness in the range of ( E 31 ) with a sharp fall in the values of
risk in the range of ( E < 1 ) where they tend towards zero. This
sharp decrease of risk is an indication of the effectiveness of speed

reduction in this region.

On considering the smaller values of aspect, the levels of risk are
higher than the case of the larger aspects and increase to the (100%)
level of risk. The flat parts of the curves shown in the range of the
higher speed ratios indicate the ineffectiveness of speed variation in
this range. However in the case of the smaller aspects the level

of risk is much reduced by increasing the speed ratio.

In the foregoing it has been shown how the aspect parameter in any
gituation can change the effect of the speed ratic variability on the
risk of collision. The next step is to determine the range of applicab-
ility.. In doing 80 it 1is necessary to know both the range of the
speeds and courses at WhiCh the risk of collision cannot be avoided -
by speed . variation alone.
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RANGE AT CPA
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Figure (3-1). Graphical characteristics of collision
- function with respect to speed variation.
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Figure (3-2). Graphical representation of the infeasible
region of speed variation on the (H/E)-plane.
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Figure (3-3)-Graphical representation of the infeasible -

region of speed variation on the (H/E)-plane
using an approximation formula.
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This infeasible range is genmerally found in situations that have small
- angles of aspect, It can be best visualised by its presentation on the
(E/H) diagram as can be seen in Figure (3-2). Such an infeasible
domain is recognised in the interior of the shaded area defining the
possible ways for collision to occur. Assuming the limiying aspects
(Ql) and (Qz) are determined from the following known ekbression;

Q, =0, * ain "} (Ra/Ro)ji= 1,2

Then the local minimum of the iso-aspect curve can be determined from
the following relation which is derived from the collision function.

m
n

| sin @)

| (sin (Qo + sin-l(Ra / Ro)) ' 3.1

Considering the condition of (Qo = zero ) then

E

Ra / Ro

Va. Ra/Ro 3.2

or - Vo

Now if the maximum available speed of the observing ship does not
exceed the value taken by the expression (3-2), then the risk of
collision cannot be reduced only by speed variation regardless of ship's
heading. However, if the maximum availsble speed exceeds the value taken
by the expression (3-2), then another region to be considered exists in
a narrow sector of courses bisected by the sight line. This sector of
headings can be traced in the Figure (3-2) as the two rectangular areas
(abcd) and (a'b'c'd'). The determination of the boundaries of these
sectors is obtainable by solving the collision function for a given
speed ratio and aspect. However, a good approximation is achievable

by using the collision derivative (See Appendix (A-2) ).
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AH = AQ (laz;E.CosH + EZ)/E;(cos H - E)

Setting -
( H = 180 ) which is the case under consideration
then,
AH= - AQ.(1 +E)/E

- sin™ (Ra / Ro). (1 + E) /E 3.3

Provided that Q < 20° then

AH =T 57.3 Ra (1 +E) / (Ro.E) | 3.4
Where

Ra = accepted CPA

Ro = present range

E = Va/Vva = speed ratio

AH the sector of courses bisected by the sight line.

This expression can be investigated by plotting speed ratio against
Relative Heading, and thus obtaining a more complete picture of the
infeasible range of headings throughout the range values of (E). Fig.
(3-3) indicates this behaviour. Values of (R= .5) and (Ro= 1.5) are
taken as arbitrary input parameters similar to those which have been
used to plot the collision function of the (E/H) diagram shown in
figure (3-2). Comparing the two curves indicates that expression (3-4)
is a good approximation of the collision function. The applications
of the constraint formulas (3-1) and (3-4) are straight forward as
long as the condition of small angles of aspect are considered. These
two formulas can be used to define the regions of the infeasibility and
hence the area of the speed control application can be subsequently
defined. '
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- 3,3,

FLOW CHART AND PROGRAM FOR

RISK/SPEED PRESENTATION

The computer program was written in BASIC ' as shown in appendix
(B-3) 1listing (RISK / SPEED). A simplified flowchart of this
program is shown in figure (3-4). The program provides a set
of risk resuits for any course considered by the observing
ship. Each value represents the predicted maximum risk level
being recognised along a fixed track for each gspeed under
consideration. The main program is sequentially executed and
is controlled by a step increase with speed of ship (0) by one
knot at a time, passing through the speed range (Vo) from
zero to (Vmax). The program algorithm and the associated
subroutines are identical ta that given in unit (2). Once the
total number of the subsets (X Pis Y4 ) of the given
encounter have been generated, then a graphical risk presentation
is possible. |

Next the plot of the dimensionless values of (Vr. max/ Vr) and

( Rf / Ro) are added to the diagram, which shows the relationships
between the relative speed, distance to CPA and ship's speed.
Both plots are intended to illustrate how these values are related
to the maximum risk values. The results of the generated risk
pattern will be described in the following case studies.
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INPUT :
¢ "B.,R.,T.),Vo,Vo___,Co,Ra 7
1 1 1 max

COMPUTE : INFORMATION ON TARGET
Cr,Vr,Ca,Va,E,Qo,Po

|

E = E+0.1
| -
COMPUTE INFORMATION AT CPA -
Tm, Rm, Bm, Qm, Pm

COMPUTE SEQUENTIAL INFORMATION
TILL TIME OF CPA (Tm)

z "5"‘5"’1'1'1"3

SORTING OF MAXIMUM RISK VALUE
ALGOR ITHM

PLOT THE RELATIONS:

Pm/E

Rmax/ E

vr/E

STOP
Figure (3-4). A simplified flowchart of a risk prediction mode‘l‘
based on speed variation control. -
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3.4 CASE  STUDY

A number of examples are now provided' which describe
the risk assessment as a function of ship's speed and
illustrate the effectiveness of risk control by meé;s of speed
variation. Figure (3-5) demonstrates a c;isk pattern being
recognised by an observing ship in a binary encounter. This ship
is sailing on course (090°) with a speed of (12) knots. The
preliminary processing of the chronological observations
indicates that target ship is steering due north with speed of
(12) knots.  The legend is a typical crossing situatiun. The risk
profile shows how the maximum risk varies with speed variation
along the (090°) course of ship (0). The inspection of the risk
graph indicates that the risk of collision can be eliminated by
reducing ship's speed to below (10) knots. It is also seen that
the risk of collision can be reduced fo almost the (50%) 1level
by means of an increase in the speed of the ship to (18) knots.

Figure (3-6) shows a similar pattern describing the risk behaviour

in a crossing situation but for a slower target ship which is found
steering (346°) with speed of (5.3) knots. It is seen that the

risk of collision can be avoided by reducing ship's speed from (18)
to (12) knots. Figure (3-7) represents the risk pattern as computed
for an observing ship sailing due north with a speed of (12) knots.
The processed observations indicate that the target ship is sailing
on course (332°) with a speed of (24.5) knots. The legend is - a
binary encounter involving an oveftaking gituation where the initial
risk is expected to increase from (9.1%) to (100%). It is shown from
the presentation that the risk of collision can be avoided by reducing
the ship's speed to below (10) knots. It is quite apparent that the
reduction of risk below the (50%) level is another possibility which
can be achieved by increasing the speed to (18) knots.

Figure (3-8) demonstrates an example of what might be called a
complex situation consisting of three binary encounters as observed
from one ship.

o=
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A 1N Time of Obsl= 8 Maximum Risk = 180%:
@ PO FRUIR SR SR O S ~-4 Time of Obs2= 6 Initial Risk =4
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Figure (3-5). Risk presentation diagram of two ships crossing at right angle.
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Figure (3-6). Risk presentation diagram of two ships crossing at large angle,
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T SR W | it »OBSERVED DATA: ° ARBITRARY DATA:
Lo R I {1111 S B T et b T ——
T SO S First Range = ?  Accepted CPA = 0.5
B R S S Second Range= 5 Initial Range= 5
N A First Bg. = 130 Initial Time = 8
ik K el R S s Sy Second Bg = 130 COMPUTED DATA : -
4 A Time of Obsl= 8 Maximum Risk =100%
2% }oeees T:.Tlr oled Time of Obs2= 8 Initial Risk =9.1%
WHM P ix  Uo. max = 18 Target Speed, = 24.5
< -  Own Course = B  Target Course= 332
i:.:e.ﬂ.!.z-.-.!.::.g Oun cpaed-~3 Ur.max = 42 Taraqet Aspect= 337.9
12 kno

4,5 knots

Course (332°)

Figure (3-7). Risk representation diagram of two ships in an overtaking situation.
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OBSERVED DAaTA:A  ARBITRARY DAJA:
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P . First Range = B Accepted CPA = B.5
78 LI N Second Range= 6 Initial Rgnge= 6
v b First Bo. = 90 Initial Time = 6
- < ] Second Bg = 98 COMPUTED DATA : -
. : Time of Obsl= @ Maximum Risk =100%
, Time of Obs2= 6 Initial Risk = 1.6%
™ C o e 1 Vo. max = 18 Target Speed = 23.3
M : v Own Course = 0 Target Course= 300.9
" O ROUDTOUCUOUPIOPIIOVORIOPTOOO ... _ Ur . max = 41 Tarqet Aspect= 329
VARIATION OF MANIIRIY RIAK W1TH SPEED Oy gpeed-~) 3
. : : )
) OBSERVED DATA!C  ARBITRARY DATA: -

First Range = 6 ficcepted CPA = 8.5
Second Range= 5 Initial Range= S

. ' First Bgoe = 198 Initial Time = 6
. ) . Second Bg = 185 COMPUTED DATA : - ,
Time of Obsi= B8 Maximum Risk = 20.3%
Time of Obs2= 6 Initial Risk = 20.3%
Vo.max = 18 Tdrget Speed = 22,1.
Own Course =0 Target Course= 15.8
“Ur.max =z 48 Taraqet Aspect= 349.1

DBSERVED DATA:B  ARBITRARY DATA:

First Rangse = 6 Accepted CPA = 8.5
Second Range= S Initial Range= S

First Bg. = 200 Initial Time =.2
Second Bg = 196 COMPUTED DATA : -~
Time of Obsi= B Maximum Risk = 36.8%
Time of Obs2= 2 Initial Risk = 36.8 %
Vo.max = 18 Target Speed = 19.9
Own Course =8 Target Course= 16.8
Un.max = 3

7?7 Tarqet Aspect= 359.1

Figure muuwv Risk representation pattern of a complex situation of 3-binary encounters.
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. The abserving ship (0) is sailing on course -(000°) with speed of
(12) knots. The figure illustrates that ship (0) is crossing
another ship (A) which is (6) miles away on th2 starboard beam
and is steering a course of (301%) with a speed of (23.3) knots.
Another two ships (B) and (C) are located nearly asterr*at a
distance of 5 miles.

It is quite clear from the risk presentation displayed to ship (0)
that target ship (A) is the main threat where the maximum risk will
increase from an initial value of (1 %) to the (100 %) level.
Regarding the other two binary encounters, the risk levels are
diminishing for the given course and speed. However the risk will
increase if the speed of observing ship is reduced with respect to
target ship (), while target ship (C) is considered nonhazardous
irrespective of any speed steamed by ship (0). In order to control
the risk of collision in such a situation the following control
actions are examined:-

.(a)  On reducing ship's speed from (12) knots to (10)
knots the risk of collision with target (A) will
be avoided while retaining some risk with target
ship (B). However, it is still maintained below
the (50 %) level.

(b) On increasing ship's speed from (12) knots to
(18) knots the risk of collision with target ship
~ (A) will be reduced to nearly (50%).
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3.5 SUMMARY

In this unit the introduced risk speed pattern is straight forward
and follows directly from the work completed in unit (3). It is
considered a complementary work, as it covers the demerits of

using the course alteration as the only control action. In this

unit the levels of the maximum risk are computed and plotted as

a function of the observing ship's speed. The merit of such a
structure is that it offers the possibility of checking at a glance
the effectiveness of the risk control by means of the speed variation.

The risk/speed pattern introduced has been developed to deal witd
more than one binary encounter. The study of the introduced risk
profiles as applied to the given examples show,as expected that,the
control of the risk of collision by the speed variation is effective,
especially in crossing situations. It is also clear from an inspect-
ion of the cases studied that the control is much higher with speed
reduction, while increasing ship's speed implies the retaining of

a considerable level of risk as the observing ship is attempting to
cross ahead of target ship. However, a higher level of control is
always available ta the faster ship in the feasible region. A
better understanding of independent control variables has been added
by introducing .. the second independant variable i.e. speed. This
has been done without resorting to new techniques not already used in
unit (2). It has now been seen how useful it can be to work with
speed as well as course in the presentation of risk analysis. This
additional and complementary work has producedagreater insight into
the C/A problem.
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4.1,

UNIT_4

Equipotential Aren of Risk

INTRODUCTION

Having examined the properties of the collosion probability function

and its mphcatmn for the risk model introduced in unit (2)7a. § -
further study . will .look at other .finer Aimplications to generate
a more comprehensive risk mndel Indeed it follows directlv from the
definition of the risk function that a given risk can result by several
different combinations of the parameters (Q), the aspect, (R),the range
and (E) the speed ratio. Each of these combinations may produce

risk across a wide spectrum level. Conversely, for a fixed level of
risk all the constituent elements may be classified by wide bands.

: Emmding the.ao;gtion to control a risk effieéem.‘:y-arn reach a staeedv '

goal, requn:ea & search to be made of many solutions . resultrng

from varymg the three constituent elements 1nd1v1dua11y This prov1des
the motivation for asearch through many a_lternative designs, even after
a possible solution is found, such as that being introduced in unit(2)

This unit presents both a developed conceptual model-'and an analysis

method for assessment and control of collision risk as applied to ships.
It is a statement of what methods can reasonably be applied in this
problem. Although such a work is mathematically tedious.much effort has
been applied in reducing it to a relatively simple and practically
applicable procedure. In addition, considerable work has been presented
to provide guidance for interpretation of the results.

4
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4.2

" EQUI-RISK CONTOURS

On way of giving a geometrical interpretation of risk of collision
is by means of plane figures with equi-risk contours. Tﬁé;risk levels
are defined for each point relative to the target ship in a two -
dimensional plane with reference to the (E/H) diagram and by previous
work « "It was shown that the probability of risk at a given point
is own course independent and solely controlled by ‘R,Q and E. If

all the points Z(Qi , Ri) at which the risk has the same value  (P)
are joined, the equi-risk contour U (Q, R) = P is obtained. By varying
(P) the given figure represents a l~paraméter family of curves.(See
figures (4-2) and (4-3) for illustration).

It has proved possible to determine directly the values of risk being
looked at by an observing ship for any position relative to target

ship with a given speed ratio (E). The calculations are based on the
collision probability function. The problem of finding the relative
position for a given risk level with a given speed ratic is cbviously
the inverse. Unfortunately it has been found that the inverse
application of the function is not feasible, and hence an interpolation
technique had to be applied. There are many iterative methods which can
be used to facilitate the computation of the required function. However
the polynomial LAGRANIAN method is used because it is quite easy to
evaluate, particularly by the process of nested multiplications, and does
not necessitate the use of equal intervals for interpolating arguments.

When considering values of speed ratio greater than one, the risk
function is continuous. It neither exhibits a local maxima nor shows

a local minima. Regarding this case, LAGRANIAN interpolation method

can be applied on any interval of risk levels. However, when values of
speed ratio are equal to or less than one, the risk function exhibits
some peculiarities. Based on head-on or nearly head-on situations, the
risk curves show a flat portion in the region of (Qs = cos'l(E) (See
figure (2-1)). In this case the collision is unavoidable and(100 %)

values of risk are given in the interval of range defined by the

expression: -1
R = Ra/sin (Qs + sin™ E )
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D(Z)=RA —% | | cosus LAGRAN
: D(Z) =R
, T
RQ=RA ) -—
L-25
RQ=RA/SIN(QS+ASN EI)
L=1.3%L
FOR i=1 TO M | [
RI=RQ+L*(i-1) L=0.7*%L
Rm-1+1)"RI +
_ GOSUB 1500 Z=z+1
P(m-1+1) “CP o
NEXT i D(Z)=OUT OF RANGE

Figure (4-1) A simplified flowchart program to camoute the equirisk
contours which surround target ship.
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Figure (4-2) Generated iso-risk contours of (50%) risk level which
surround target ship.
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Accordingly, the 'interpglation process has to be initiated at a range

. greater than the value specified by the ahove expression. There is
also a second problem in the case of. E £ 1, when the risk curve switches
abruptly from high risk to zero level, and hence the risk curve exhibits
a steep slope. This condition occurs in the region of Qs = 90 + sinflE.
In this respect, all levels of risk defined in these specified regions
which are greater than zero level, are assumed to exist on the same
circle which represets the encounter dimension; i.e. at a range of (Ra)
from target ship. The filtering of these situations can be traced by the

algorithm shown in Figure (4-1).

Thus the program begins by classifying the solution in accordance with
above mentioned constraints. Once a valid interval of range is determined
the program continues computation by dividing the given range into
smaller distances. Afterwards the corresponding values of risk of these
distances are computed for an initial aspect with a given speed ratio.
This is performed by "C - Risk Subroutine" illustrated in Appendix (C-2).
If the value of risk to be interpolated is not found as near as pdssible to
the centre of the range (P,) to (Pn), the computed values (Rj, P;) are
rejected and new values of R; are calculated by increasing or decreasing
the range interval, depending on which end of the interval is the nearest
point.

The same procedure is repeated till the condition is satisfied, then these
values are used to interpolate inversely the non-tabular distance for
which risk value has a prescribed magnitude using the Lagranian formula.

A simplied flowchart of this program is shown in figure (4-1) and for more
details one is teferred tu. appendix (B-4) listing (ISO - Risk contour). The
procedure is then repeated for different values of aspect with the same
speed ratio. It is found that 36 values of equally spaced aspects are
reasonably sufficient to produce a smooth equirisk contour of a specified
risk value and a given speed ratio.

In order to provide insights into equi-risk functions and to compare the
effects of parameter values on the size and shape eof equirisk graphs,
contours of the equirisk function, for levels of risk of 25% and 50% are _
computed and provided in figures (4-2) and (4-3). For each level of

risk values of speed ratio (0.5), (1.5), (2) and (4) are investigated. In
general the various equi-risk contours were found to bear a close relation-
ship to an oval shape, with slight sidewise concavity.

L e
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4.3

SIMPLIFIED EQUI-RISK MODEL

While there is no fundamental objection to the development of the
equirisk contour, the objective of this work involves not only the

" analysis of C/A problem but also the practical implementation of

the risk control model, and it was accordingly a worthwhile
simplification to consider the applicability of the solutiBn, where
computation time is a crucial factor. Jt is obvious that the need
to derive the exact shape of equi-risk is the only concern in risk
control. This will be seen in the following application illustrated
in the next section (4-4). It is sufficient to keep the error below
reasonable values in this respect.

In view of the fact that the resulting Equi-risk patterns as seen in
Figures (4-2) and (4-3), are closed curves of nealy oval shapes around which
an. ellipse appears to fit. To determine the parameters of the
corresponding ellipse, the following expressions for the ellipse
parameters are proposed: '

L

a_ =% (Ro + R].-BO)

e = (a - b _)!E /a | 4.2

Where,

a_= the major axis of the ellipse

be = the minor axis of the ellipse
K, = coefficient of proportionality
e = the eccentricity of the ellipse
Ro = the argument of distancg at zero aspect of
equirisk contour.
Rygg = the argument of distance of 180° sspect of

equirisk contour. .
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Having determined the parameters (a,) , (b_ ) and (e), then the
~ carresponding ellipse can be defined in the target ship coordinate

system as follows:

Fora central ellipse with Y-axis oriented upward as shown in Figure
(4-4) the polar form will be; _

Rf = a2, b% / (al.sin + b2.cos2@)
= 1%/ (1- cos?8 +(b%/ &2).cos? & )
= b2/ 1- cos? 8- (1 - b%/ &2)
= 6%/ (1 - e*.cos? 8 )
then R = b/ (l-e?. cos’ 8 )" | (4-3)

Transformation from polar coordinates related to ellipse centre point
to cartesian coordinates related to target NCS can be deduced from
fiqure (4-4). The associated transformation equations are:-

X = (ae - R180)°C05 (ca) + Re' cos (Ca + 8 )
Y = (ae - RIBO)’CDS (Ca) + Ry COS (Ca+8) | (4-4)

The computed values of Ro and R180> incorporated with equations (4-2),
(4-3) and (4-4) are used for the calculation of the equivalent ellipse of
equi-risk of collision. Detailed algebraic expressions for computational
purposes are appended in the computer program. The resulting ellipses
superimposed on the corresponding equi-risk contour, with the same set

of parameter values as specified in section (4.3) and numerically
indicated on Figures (4.2), are provided in Figure (4-5),
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4,4 DEVELOPMENT OF EQUIPOTENTIAL AREA OF RISK

In the preceding sections the problem is outlined by choosing a simple
closed curve which has the property to enclose an area of collision
risk greater than a specified level. On choosing (50%) risk level

the curve is an equirisk contour of (50%). Such a curve is the
envelope of the equi-potential area of risk (EPAR), and in represent-
ing it om the sea Surface it defines an equi-potential area of risk
to be avoided by the observing ship. A complete solution can be found
to define the envelope of the (EPAR) by mapping the pre-set ellipse
into the co-domain of the collision situation.

It follows from the above definition of the (EPAR), that the concept

of equirisk contour criterion is quite logical to define the (EPAR).
However, the particular interpretation of risk level in consideration

is of no consequence to the following results and analysis, which can

be carried out for any numerical value of risk. If the abserving ship

is at the origin of the (NCS) and target ship is considered as an
ellipse of a specified dimension corresponding to a specific level of
risk, then the relative positions of all points on the ellipse are given
by a set of coordinates ( Z (X, , Yi) ), as illustrated in figure (4-4).

Thus X; = R.COS B + (a,-Ry5).C0S Ca + R .COS (Ca +8,)

Y. R.SIN B + (a_- Ry5 ) .SIN Ca + R_.SIN (Ca + 84)

i 180
Where B8 = is the vectorial angle of a point on the equirisk
ellipse measured from target heading direction in a
clockwise direction to this point.
R,B = are the range and bearing of target ship.

(Re) ’ (ae), (RIBO) and (Ca) are defined in the
preceding sections.
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Having defined the ellipse of the equi-risk contour by a set of
coordinates, ‘related to the observing ship, the envelope of the
‘(EPAR) can be calculated by a similar expression derived in section
(1.6) of unit (1.) These equations (1,23, 1.24 and 1.26 ) are

used to determine the interceptable future point or points for each
specific point on the ellipse in consideration. Generation of a

set or sets of the interceptable future points based on at least

(36) points on the ellipse can shape, when connnected, a smooth curve.
This curve pictorially represents the envelope of the equi-potential
area of risk (EPAR) (See Figure (4-6) ).
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4,5

INFLUENCE OF SPEED VARIATION ON EPAR

This section outlines the general aspects of risk control by means of
changing the locations of the EPARs on the sea surface. Although risk
control via speed variation could be reached by speed trials and
subsequently observing the resulting motion of EPARs relative to the
observing ship track, an insight into the general behaviour of the
EPAR would be desirable. Present understanding of this behaviour has
resulted from analytical studies and examining the effect of the E
parameter and associated boundary conditions. The basis is the
mathematical formulation developed in the preceding unit (1), section
(1.6), which, however, was made without any regard to the question of
this specific solution.

EPARs prediction involves some peculiarities which depend on speed
ratio. In case of slower target there always exists one and only
one EPAR , but in.case of a faster target three possibilities arise:-

(a) - Existence of two EPARs
(b) - Existence of one EPAR

(c) - Existence of no EPAR.

Regarding case (a), some of the future interceptable points may not
always be genrated, as can be seen in figures (4-6.c), (4-7.a), (4-7.c)
and (4-9.h). However the resulting curve has to be closed as far as the
risk control is concerned, because . finding the observing ship's
track orientated in the sector determined by the broken part of this curve
will involve -the interception of the higher risk area.

Should an EPAR exist, it will always be located ahead or around the
target’s present position. It is noticed that when the target ship is
faster: than the}observing ship, double EPARs exist. They will be found
on either side of the normal line to the line of sight at observing

. ship centre point.
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This can be seen by the dual EPARs in figures (4~6,d), Meanwhile, the
particular condition of one EPAR in case aof the equal speeds is

" characterised by the positioning of the EPAR around the intersection
of target track and the normal line to the sight line at observing ship
centre point (see figure (4-6,a)). ~

When considering the condition of the head-on situation with a slower
target the EPAR is located between target initial position and the
bisector normal to the sight line (see figure 4-7b). When observing
ship decreases her speed the EPAR will move away from the target
position until it reaches a midway position when both speeds are equal,
then a slight decrease of the speed will cause a second EPAR to be
g;nerated at a great distance away on the other side of the sight line.
With further decrease of speed ratio the two EPARs will move toward
each other till they merge enclosing own ship point inside. At this
stage risk reduction below the specified risk level is not feasible in
spite of any manoceuvre by observing ship involving course alteration
and/or speed reduction (see figure 4-7,b). In considering an initial
gituation, for small values of aspect a similar sequence will occur in
~the range of (1 > E >0 ). The dual EPARs will move toward esch
other due to speed reduction until they merge around a point positioned
on the normal line to the sight line at observing ship centre point.

A further decrease of the speed will contract the EPAR until it dis-
appears. At this stage risk increase will be impossible in spite of
any manoeuvre by observing ship involving course alteration and/or

speed reduction (see figure 4-7,a).
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4.6 INFLUENCE OF ASPECT CHANGE ON EPAR

The motion of EPAR due to target aspect change is controlled by the
dynamics of the situation. Similarly the observing ship may

influence the behaviour by changes in her motion, the target ship can
also abruptly introduce greater effect by altering her heading.
Irrespective of the causes of aspect changes, the following discussion
is basic to the general behaviour of EPAR's motion due to the aspect
changes. This behaviour is best described in accordance with the class
of the problem. These classes are (E<1), (E=z1) and ( E >1).

When ( E = 1), EPAR will move along the bisector normel to the line
of sight until it disappears at infinity when the aspect becomes
greater than (90°) (See figure 4-8,b). When ( E< 1 ), the dual
EPAR will move from the symmetrical position of zerd aspect until it
reaches a merging position,after which the EPAR will disappear. At
this stage the stated level of such an encounter is declared non-
existent (see figure(4-8,c) for {llustration). If the target is the
slower ship the EPAR will move around target's position. Although a
possible EPAR always exists for every course taken by the target, such
EPARs are always confined in a sector round the line of sight. If the
observing ship takes up headings outside this sector, risk level is
kept below the stated value inspite of any manoeuvre by target ship
involving course alteration and/ or speed reduction. (see figure
(4.7,a) for illustration).
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4,7

INFLUENCE OF SITUATION DYNAMICS

In the preceding sections the influence of each individual parameter
is considered wherein no dynamical effects were considered. Here the
consequences of the combined effects in a dynamically chianging situat-
ion will be examined. The interest is confind to the prediction of
the response due to the instantaneous manceuvres.

Regarding a dynamically changing situation, when the parameters of
ships size, speed, and stated risk level are considered unchangable,
the variation of resulting EPAR depends on the changes in range and
aspect angle. Since these changes are functions of time, the EPAR-
time relationship can be established for a specific velocity of
observing ship. A program that performs these calculations is obtained
by inclusiomofthe equations of relative motion derived in unit (1),into
the main program used to generate EPARs. Although the program can
be used to examine the EPAR-time relationship in a fast varying
situation, the following examples are chosen to illustrate the general
features of the associated behaviour.

If the heading of observing ship is intersecting the EPAR, then the
EPAR will be directed towanthecbserving ship position, and the effect
is solely due to decrease of range, (see figure (4-%,c) ). In the
case of dual EPARs, each one will follow a straight line path towards
theobserving:ship till they merge around observing ships centre point.

Lt the oberving ships heading is directed ahead of the EPAR then: the
relative motion of the EPAR will follow a curved line which is
orientated between the relative motion direction and the observing ship
true motion direction, as can be seen in figure (4-9,a). Regarding
the dual EPAR case, where observing ship heading is directed between
the two EPARs , the dual ‘EPAR. "~ will follow a curved path, and
there is an'apparent approach of both EPARs on either side - fo the observ-
ing ship. By the time the target has reached a very close situation,
the two EPARs w:'lllv_ merge, and then disappear (see figure(4-9,b)).
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If observing ship heading is directed outside the dual EPAR,
so the observing ship will clear the target by pansing
astern. The two EPARs will again follow a curved patch down
one side of observing ship until they have merged and dis-

appeared.

If the two ships are steering along parallel courses and (VO)

is greater than (Va) then EPAR will follow a straight line

path parallel to observing ship course and continue to move abaft
the beam (see figure (4-9.d)). However, in case of (V°<' Va),
the dual EPAR will merge and disappear near the beam position.
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4.8

SUMMARY AND CONCLUSION

This unit has been devoted to one of the more important aspects’ of risk
of collision by means of plane figure with equirisk contours, where

the control variable "Co" is found independent of the solution. It is
theoretically and technically possible to obtain an accurate assessment
of the situation and hence a cpmplete control of risk oF collision is
a;so achieyable. The equirigk contours are used to generate equi-
potential areasof risk displayed on the horizontal plane of ship's motion.
The prediction of such EPARs assumes that velocities are regular. The
solution necessitates a pre-knowledge of e stated level of risk,encounter

size, relative position of target ship, elements of target motion and
observing ships speed.

The EPAR is defined as the interior of a computed envelope of inf:er-
ceptable points. It should be understood that the generated envelope
is a general method of traversing a set of points specified by a
collection of equivalent parametric representations of relative
positions around target centre,which bear equal probability ofcollision

However, the far side of the envelope cannot be reached while avoiding
higher: risk levels inside the envelope.

The solution, introduced by displaying the EPAR on a graphic surface,
has the advantage of applying equally, to a multiple-ship situation

as well as the two-ship encounter. On keeping the track of the observ-
ing ship away from the EPARs the risk of collision is maintained below
a stated level for every ship in the encounter. The study of the
influence of trial speed variation on the shapes, sizes and locations
taken by the generated envelopes not only shows the application of
risk control via speed variation, but also providesa measure of the
degree of the invalvementof theobserving ship in the encounter, For example
overlapping EPARs indicate that the two targets are involved ina risky
situation. It is therefore to be expected that one or both will imitiate
a risk control manoeuvre. However, the inverse, the non-averlapping or
non-existence of EPARs does not necessarily imply the existence of a
lower level of risk between targets.If the overlapping of EPARs occurs
due to a speed increase, the probable. collision will occur before the

time of the maximum risk with these targets, but if they overlap due to

speed decrease, the probable collision will occur after the time of the

maximum risk.
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5.1

UNIT_3

Three Dimemsional
Bauipotential Risk Matrix

INTRODUCT ION

What has been discussed so far includes the general principle aof dealing with
the collision avoidance problem by the concept of risk assessment and
control. Special rigid techniques for practising these principles and
applying them have been developed in units (1), (2), (3) and (8). The
various techniques described so far have all been concerned vu.th develop-
ing and improving new concepts which convert. coﬂlswn-avmdance sensein 2 twg— A
ship encounter: into a definite statement. Unless the relevant data
applying to the situation can be converted ‘intd a definite pattern ,

it is extremely difficult to determine rational weightings between the

outcomes of the available options so that an effettive decision can be
made. The need for s more comprehensive way to look at the situation
arises from some limitations of the developed techniques. It is,tharefore
the aim of this unit toc meve to a new arrangement of information which
will bring together a more definite pattern of risk assessment & control.
In this unit it is intended to include and enhance the effectiveness of
the previously developed concepts in this work. The new criteria is now

. termed the 'Equipatentisl Risk Matrix' or (EPRM).
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5,2 DEFINITION OF THE 3-D EPR MATRIX

To complete: the discussion of risk assessment and control, it is
intended to extend the discrete risk models which have been introduced
to the stage where all control variables are presented. There is no
basic reason why the alternatives of course and speed variations cannot
be considered simultaneously. A rigid model will be presented that
-is based on the same factors as previously used. . These factors are
‘target velocity (va, Ca), initial position (Bd’Ro ') and a specified
level of risk below which risk is accepted, (P).

On investigating these factors the observing ship elements of motion
(Ca, Va) and therelevant run (So) are taken as the control variables.
Meanwhile the other factors are taken as constant parameters. Hence a
varsatile risk model can be formulated.

- An EPR Matrix can be sensibly defined as a discrete set of coordinates
representing ship's course, sbeed and run mapped in the three dimensional
space. Each combination of the represented variables indicates a specific
level of risk of collision. When the risk sets of coordinates are plotted
an iso-risk locus is determined and consequently a weighted surface area
is enveloped by all points where the rectangular coordinates satisfy the
equation of the form: ' |

f (Co , Vo, So ) = P const.

It should be understood that the &Ferated envelope is a general method  /
of -traversing a set of points - (Z C;, V,, S; ) specified by a collection of
equivalent para-metric representations of‘relative positions around the
target centre, which bear a constant prescribed level of risk. On keeping

- Ship (0) velocity outside the surface area, risk of collision will be

" maintained below the prescribed value, provided that ship (A) maintains

~ its velocity.
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5,3 FORMULATION

"In the previous unitj(&)',‘. "it is found that the. solution of the
. equipotential area of risk could be simplified by fitting an
- equivalent ellipse. This ellipse will also be used in taking

the solution one step forward. Should the positions of* the

‘limiting aspects (Q1 , Q2) of the generated ellipse which

surrounds target ship (A) be determined, then the calculation

of both the initial risk of collision and sectors of stated
level of risk are possible..

These two positions are the tangent points P (x , y) and D (x y Y)
of the tangents (t ) and (t,) drawn from the position of the
observing ship (0? (see fig. (5.1) ). To determine the tangent
'points the central equation of the ellipse together with its
associated polar equation, these two equations must be solved. The
real solutions give the coordinates of these points.

Given the central ecjuation of the ellipse with:

and the polar equation of the ellipse at the tangent points is |
given as:
b2 X . X+a’ ¥ ¥ - @’ b% =0 5.2

With suitable manipulation of the two equations one of the
varisbles X or Y can be eliminated as follows:-

From relation (5.2)

Y= (aZ.b? -bZ. X X) / &2, ¥, 5.3

Substituting in relation (5.1)

2 2 .2

2 2 2,4 .0 ) -
.xoovx)'/a.vz-a.b -0'.

b2, X%+ a® (a®. b% - b

2 2 2,02 &4 & . 9 - )
(8. b". Y ) X* +a". b -»(Z.G.ba.xo) X+ a?, b“-aa.bz.Y:)zﬂ

-
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(@, B2 Y2 +b%, k% ) X%e (20l B X)) X +
o 0 ' e
(aa: b“;-aal*bz_fvﬁ)z = 'O
Let ' .
2,2 2 2 2 2.4 -
A =b" (a” . Y, + b7 . X ), B= -2.a°b", X g
c =a* bt (b2 - Yg)
then:
xp = (B +(B2 - a.A.c.)*/z.A,
_ 2 .2 2 2
Yp - (a L] b hd b . Xo. Xp) a 3 Yo
Xd - (a- (Bz - 4A.C-)% ZQA, B
_ (2 2 .2 2
Yd - (8 . b - b - xo. xd)/ a . Yo

Provided that Yo s£ 0

It is clear that the parameters (a) and (b) always exist. However,
one of the ordinates (Xo) or (Y_), and only one, may be zero, and
hence two cases are possible as follow:

Case of (YO' = 0)

Substituting in relation (5.4)

4 .2
A= bt xE
2 4 -
B = -2.a% bh X,
c = a'. bt
Hence B = 4.A.C. = &.a>. na.'xg

2
Then Xp = Xd = B/2.A = »-2- /Xo

108

. 5.“‘

5.5

5.6



Substituting in relation - .(5.1)

e a2 bl - X /a)%)E
Vo= = ¥y= b.(1 (Xp/a) )

Case of (Xo.:.U)

Substituting in relation (5.4)

A

(a. b. Ym).2
B=0

c= o* bk 2 - ¥2)

Substituting in relation (5.5)

% =8 (- /v )R

d= p:

Y

g= Y, =62 /o | | 5.8
Having defined the tangent points (xp, vp) and (X, Yd) on the
EPR-ellipse relative to ship (0) centre point, then determination

of the possible intercept...:« positions with these points are
obtainable by using the equations (1-27) (developed in (art.1-7)).

The headings (C;, ,) and runs (51’2) to the interceptable points
are found by spplying Equations (1-7) and (1-9) and hence the unsafe
sector of courses is defined. On following the gsame procedure other
interceptable points mapped from the EPR-ellipse, if necessary, can
also be found and hence the corresponding headings and runs to bring
the observing ship to the boundary of the equiirisk ellipse will be
cbvious. : -
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FLOWCHART AND PROGRAM:FOR EQUIPOTENTIAL
~ RISK MATRIX

The computer program was written in BASIC as shown in appendix (B-6)
listing (3D -(EPR-MATRIX)). A simplified flowchart of this program
is shown in  (Fig. (5.2)). The program provides an equipotential
risk matrix which is simply a cross-tabulation of the alternatives
(Co;) and (Vo,) and the dependant run (S.). The cell in the matrix
which represent the value of the prescribed risk outcomes are deter-
mined and then used to construct an iso-risk contour in the

(Vo » Co » So ) space.

It can be seen that it requires as input, the initial position

(Ra , Bo), target velocity (Ca, Va), encounter dimension (Ra)’

and the prescribed level of risk (P). Program routines require four
subroutines given in the listing, (RISK FUNCTION), (LAGRAN INT),
(COMB-VECTOR) and (QUADRANT). The program is sequentially
executed and is controlled by a step increase in the speed of Ship
(0) by one knat at a time, passing through the speed range (Va) from
(1) to (18) knots. The first step after setting the speed parameter
concerns the computation of the two distance'(D(O)) and (0(180)) at
which risk values have prescribed magnitude. Based on these two
distances the parameters of the equivalent equipotential risk ellipse
are then computed following a similar procedure as previously described
(in art. 4-2). o

A conditional branching causés a.jump if the position of ship(0) is
found inside the EPR ellipse of Ship (A). In this case the situation

is declared hazardous for the given speed which is then stepped one knot
and the sequence is repeated again. If this condition is not met,then the
next instruction to be executed will be the determination of the tangent
points on the ellipse from Ship (0) centre point, using the expression
(5-6)., From the directions of these. tangent points together with the
ship (A) heading the limiting aspects are determined. ’
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INPUT: (Ro,Bo)
(Va,Ca)
(vmax )
(Ra)

()

" Vo=20

——

Vo =Vo+l

COMPUTE:

-~ -
Iy ReiyeP(q) -+ C-RISK. SUB

D(o) ’ D(180)" LAGRANG SUB

' COMPUTE: $

(a,b,e)
(Xe,Ye)
m
] X(i)-¥(j)-- QADRAT SUB
[Rc,Re)

COMPUTE:

(C(i)) COMB-VECTOR SUB

1 iy T

z‘i‘ (X(i),Y(i)) QUADRAT SUB |

i

Initial relative position

Target true velocity _
Maximum speed of ship (0)

Encounter dimension

Accepted CPA

Cross tabulation of ranges and
corresponding risk levels for

a given aspect and speed ratio.
Determination of ranges directed
ahead and astern of target ship
which bear the same prescribed
level of risk

Parameters of EPR Ellipse.
Coordinates of EPR Ellipse.

Points on the EPR-Ellipse

‘Ellipse radius on given direction

Distance to Ellipse centre

Projected points matrix

Associated courses matrix

associated runs and times matrix

DISPLAY: .
quipotential area of risk o\

PRINT: Risk of collision exist

on all courses for given speed

"y | STOP

the (Co/Vo)-plane. . )

Figure (5-2). A simplified flowchart program for computing the
equipotential area of risk on the (Co/Vo)-plane.



‘At this point a second conditional branching is instructed to declare
~ that the encounter is not hazardous when steaming at the speed under

' consideration;

This condition is recognized in case of (V/ V., < 1) and the limit-
ing aspects (Q;) and (Q,) are greater than the value taken by the
expression Siff! (V/ V). If this condition is not met a set of an
arbitrary (say 36) computable points defined all around the circum-
ference of the EPR ellipse are executed in accardance with the
expressions (4-3).

Using values of point coordinates previously determined the relevant
interceptable points can be computed with the aid of the relations
that have been established (in art. 1-7). Due to the quadratic
feature of these relations then the (QUADRANT) subroutine is called to
solve the roots of the equation. The returned values are the positions
of the feasible interceptable points. Having defined the set of the
interceptable points then the corresponding courses and distances
directed from the observing Shlp centre point to these points are

C, » Ry ) constitute the two dimensional
1 Through a repetitive process, new cells

computed. These values ( 2
cells in the risk matrix.
are determined for new values of the observing ship speed (V ). The speed
variable (V ) is increasingly stepped until the value of the maximum

. available speed is reached. Once the total number of cells ( Z? Ci’si)
of the given binary encounter have been generated a graphical r1sk
presentation is possible.
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- 5,5

GRAPHING EPR- MATRIX DISTRIBUTION

Figures' (5-3a)- ~ (5~3b) and (5~3c) illustrate three discrete binary
encounters. Each EPR-locus is projected on the (Co/Vo) plane where
(Co) is the abscissa and (Vo) is the ordinate, The generated graphs

- of the various EPR distributions: look like the figures of the (E/H)

diagram. In assessing the findings the domiﬁating aspect (Qo) is varied
while the other parameters are maintained unchanged for the three cases.
Values of (Ra = 1),(Ro = 10) ,(Va = lO),(Vomax = ;B) and (P= 75%)

are taken as the common parameters. Figure (5.3.a) displays the risk
distribution for the case of an exact possible meeting-end-on situation
where (Qo = zero). The distribution shows a bimodal with respect to
speed variability. One mode is found at(Vg/Va = 1) and the other at

(Vma x/ Vg, = 1.8). The second important feature is the extending of risk
all around the 360° courses for a range of speed ratiosless than 0.35;
in other words risk of collision cannot be avoided by any course alteration
of ship (0), if the speed (V ) is maintained in a range of less than 3.5
knots. It is also worth noticing that a relatively large range of unsafe
courses and speeds are found comprising of nearly one third of all the
possible ways that can be considered by the observing ship.

A look at Fig. (5-3.b) input data shows that the binary encounter is
characterised as a possible crossing situation, featuring a small angle of.
aspect (Qo =159 . The generated graph shows a similar bimodal feature
ta that of Fig. (5-3.a). However, there is a distinct difference in the
lower range of speed (Vo / Vo & 0.2). In this region there is no risk
of collision and safe courses are extended all around the horizon circle.
A second additional feature is worthy of attention. The area shown
defining the corresponding courses and speeds of the risk of collision has
been substantially reduced relative to case (a). In figure (5-3.c) the
binary encounter is also a crossing situation but featuring a wide angle
of aspect (Qo = 90%). The generated risk region is clearly different
and greatly reduced. Safe courses now extend nearly all around the horizon
circlg and have been obtained in a large speed range (Vo / V5 < 1).

Compsred -to the range of (Vg / Vg >1) of the other two cases, the

ungafe courses and speeds are squeezed into a smaller sector.
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INPUT OF EPR MATRIX
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Target Bearing
Target Range

Encounter Size -

Risk Level -~
Polynomial Deg
Polynomial Coe
No. of points
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INPUT OF EPR MARTRIX

Target Speed
Target Course
Target Bearing
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Encounter Size
Risk Level
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No. of points
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EPR MATRIX
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Generation of equipotential r1sk areas on the
Co/Vo-plane for three different s1tuat1ons.

114

Target Bearing

Bhuwwhnnnuan

10

255
90
6

1

7S
2
8
36

WON N -
o] wn

W AN —
o
0o



348
66

RANGE SCALE (Mi

INPUT OF EPR MATRIX

» Target Speed
s Target Course

1« Target Bearing
12 Target Range
s Encounter Size
o Risk Level
e Polynomial
« Polynomial Coe
2 No. of points
eObs.Ship speed

Deg

= 18
235
S0

W DN \J
o)} 9] o

LI 1S (S T O (I T T 1

b
a©

A) Presentation at a level of ship's speed of 18 knots,

COURSE-=->,

- w w =

.2 33383232 238%

L] Q.z
38333

RANGE SCALE (Mi)

-

B) Presentation at a level of ship's speed of 7 knots.

COURSE--3),

P

'UAEREEEEE

b

INPUT OF EPR MATRIX

s Target Speed
18 Target Course
1w Target Bearing
1 Target Range

s Encounter Size
s Risk Level
e Poluynomial
« Palunomial Coe
2 No. of points
e Obs.Ship speed

Deg

19 .
233
90
6

1
75
2

8

36
7

How i it naton

INPUT OF EPR MATRIX

i Target Speed

s Target Course

1« Target Bearing

12 Target Range

s Encounter Size
Risk Level

Polynomial Deg

No. of points

L |

[
[
« Polunomial Coe
2
[ 4

RANGE SCALE (Mi

Obs.Ship speed

19
253
S8
6

1
75
2

8
36
S

it onopi

iwonoi

i n

C) presentation at a level of ship's speed of 5 knots.

Figure(5-4)

Generation of equipotential area of risk on. the Co/To-plane
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In arder to illustrate the time factor in the assessment of the risk

the computed runs (Z gé(i)‘ ) ‘a.:lfqng unsafe courses are shown in'

Figs. (5-4a), (5-4b) and .(5<4c), The graphs are based on the initial
data of the example shown in Fig. (53b). The conditions are presented
corresponding to three different speed ratios,‘(Vd / Va =1.8, 0.7 and
0.5). Graphing of the runs (X ';S (i) ) for a specific speed (v,) is
actually an indication of the corresponding time :'Lnt:er:vals(z;_1 AT(i))
from the present time (To) to the interception of the prescribed risk
domain of target ship. Each time interval means how much time allowance
a mariner has on the given track. Moreover, the usefulness of illustrating
or plotting these data lies in the comparative importance attached to
the assessment of risk in multiple binary encounters.

The investigation of the generated graphs shows a close resemblance
with graphs presented by the (E/H) diagram. However, there is still
an observable distinction between the two figures. Obviously for a given
initial situation the area of risk on the (V5 / Cg) - plane is
relatively larger than that of the (E/H) diagram, espeéially in the
region of (Vg/Vg < 1). The difference lies in the function used to
generate the envelope of the area. The boundary envelope of (Vo/Cg)
graphs is an equirisk contour based on the resulting aspects of the
tangent points of the EPR ellipse. The boundary envelope of the (E/H)
graph is an iso-aspect contour based on the limiting aspects resulting
from the tangent points of the critical circle - (R;). It has been shown
in unit (4) that the size of the ellipse is speed ratio dependant.

The difference between the two aspects increases as the speed
ratio decreases resulting in a wider risk area on the (V,/C,) diagram.

. However, as speed ratio increases, the ellipse will be squeezed to
nearly the size of the critical circle. The resulting effect on both
areas in this range of speed ratios is to cause them to coincide.

In general, presentation of tie EPR marrix on the (Vo / Co) and (Tg / Cp)
planes at any moment enables the user to: immediately obtain the
answers to the following important questions:
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1)

2)

3)

4)

5)
6)

7)
8)

9)
10)

Will any proposed course and/or speed changes increase

- risk of collision with any ship in the vicinity ?

Will the present elements of ship's motion risk collision
with any ship in the vicinity ?

Is it impossible to avoid risk : with- course“alteration
only ?

Will risk be best dealt with the early coordination
of both course and speed changes ?

Is it too time consuming to avoid risk of collision ?

Will the chosen action prolong the engagement period
with other targets ?

Can the individual risks be separately ranked ?

Will the risk with other ship be reduced by taking
this action ?

Is it necessary to retain a certain level of risk ?

Will the proposed control satisfy legal requirements?
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. 5,6

RESULTS OF CASE _STUDY

Here is an example of what might be expected of a complex situation
consisting of three binary encounters as observed from one ship. The
observing ship (0) is sailing on course (100°T) with a speed of (12)
knots. Figure (5-5) illustrates that ship (0) is overtaking a ship
(C) which is about 5 miles distant, bearing (045°), steering on a
parallel course with a speed of (9) knots. A second target ship (A)
is located at (10) miles distant and (17°) on the starboard bow. It
is steering on a course of (297°) with a speed of (18) knots.

A third target ship (B) is crossing on a course of (030°T) from the
starboard beam and is located (10°) abaft the beam at a distance of
(8) miles. For greater safety, it is obviously to the advantage of
ship (0) to have prescribed a level of risk of (50%). However, to
demand a lower risk may result in a large off-course deviation, which
may not be feasible when navigating in confined waters and / or
congested areas. It is assumed that this is the situation under
consideration and consequently za“higﬁef~”fféhuﬁ«level of (75%) is
taken as the upper limit boundary.

On board the observing ship (0), the situations, primary information
are processed and the resulting EPR patterns on the (C, / V,) plane
and (C,/T) plane are generated in the form shown in Fig. (5-5).
Looking at the risk areas gives 'the impression that the situation is
gomewhat difficult! However, it is neither that hopeless nor that
simple. Examination of the risk patterns confirms at a glance that
there is a risk of collision with ship (A) which will start to build
up above the (75%) level after (5) minutes. In order to reduce the
risk of collision with target ship (A) the following control actions
are examined:

(a) On turning to port, the safe sector of courses are limited
due to the presénce of target ship (C) together with the
second unsafe sector of target ship (B). A mid course
of (80°T) * will reduce the maximum risk below the
prescribed level.
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Figure (5-5). Equipotential risk presentation of tfree binary
encounters on the (Co/Vo) and (Co/To) planes.
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(b)

(e)

- However, this centrol action may not be favoured due to a
' corresponding long time of engagement and the requirements

to cross shead aof both targets (A) and (B)

A reduction of speed is a second control action ta.be
considered. However, on doing so the risk of collision with
other target ship (B) will be increased above the prescribed
level, unless ship (0) is nearly stopped, which will also
extend the time of engagement.

A third option is a starboard turn to steer either (140°7)

or (220°T). On following the course (140°T) the main
threat will be cleared‘by passing astern of'target ship (A),
yet on doing so the risk with target ship (B) will be
increased in trying to cross shead of it at a smaller distance.
On altering the course to steer (220°7), all pjgks will be
greatly reduced by passing astern of targets (A) and (B)
while increasing the distance with target (C). '

Having steered the chosen course and/or speed the situation
is monitored through the risk diagram which is continuously
updated. As the shaded risk areas are altered, due to the
changing in the relative positions between the ships, then
when the original course and/or speéd is clear of the risk
area, the course and/or speed resuming manceuvre can be
initiated.
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. 8,7 ¢

‘SUMMARY

In this unit a.unique approach for handling C/A problem has been

‘advocated. Obviously to do risk evaluation properly a resort to

the application of a suitable risk criteria is essential. Handling
risk of collision must feature three basic objectives;j\ identificat-
ion, assessment and contrul. Identification of risk is achieved by
defining a risk domain around target ship with various levels.

Each level is represented by a closed curve of equal collision
probability which embraces all the contributing factors relevant

to situation geometry. These curves are found to be nearly elliptical,
and hence for practical purposes the equivalent ellipses are determined |
and used.

The assessment end control of risk are effectively made possible by
transforming the EPR ellipse inta interceptable equivalent areas of
risk mapped on (C, / Vo) and (C, / Ty) planes, and hence the coordin-
ation of the two control variables (Cg) and (Vp) are presented on the
same risk pattern. The risk model presented in this unit has been
developed to deal with compound encounters. However, the user must be
involved throughout the risk analysis and to arrive at an action for
risk control he has to set down priorities for acting on. individual
risks if he cannot reduce the risks from all other ships by one
manceuvre. In general all alternatives should be evaluated for their
susceptibility to reduction or avoidance of risk and appropriate
action taken, leaving only the residual risk which must be retained.

One question which has not been answered is - will the proposed
control strictlysatisfy legal requirements ? The answer to the

basic requirement by law will be the subject of the following discussion
included in unit (6).
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Legall @@@@@@@ﬁm@@ om the
Contrel of Risk of Colllision

INTRODUCTION

This unit is concerned with the analysis of control of collision risk
in a two-ship encounter which is subject to legal constraints imposed
by the International Rules for Preventing Collision at Sea. Since the
level of risk is influenced by the control variables, R the range, Q
the aspect and E and speed ratio, the controlled motion of both

ships in an encounter will change the levels of risk associated with
each ship separately. Thus, if the risk controls of both ships are so
loosely related that there is equal probability of any control action
negating the effect of the other shipsaction, it would lead to a state
of "chaos" or complete randomness, and hence, lack of "constfaints".

A strong risk controllability can be achieved if it is characterised

by a relatively high degree of constraints in the form of regqulations.
These regulations should acquire features that will permit them to-
discriminate, act upon, and respond to aspects of the situation variety.
The regulations will have mepped parts of the situation variety into

. their structure and/ or‘infprmation. Thus, the existence of such

regulations and the compliance with them by all parties in the encounter
should increase the risk controllability ; through avoiding conflicting

control actions.
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In these terms, then, existing Regulations for Preventing Collision

at sea arebased on the situation geametry and the prevailing visibility
condition., The point of distinguishing between the two parties is so
that they may be assigned different but complementary roles in taking
avoiding actions. These rules specify, for any binary encounter
involving risk of collision, a single action for each shib to be

carried out in ample time.

Regarding the condition of unrestricted visibility the following
constraints are imposed in accordance with the geometry for the

encounter:

1 - One ship is constrained by cne upﬁion to"STAND ON" allowing
the other the choice of risk control. This is the case
of crossing and overtaking encounters.

2 - Both ships are constrained by a single control action;
This is the case of head-on situations.

3 - One ship is constrained by one option to "STAND ON" until
a certain range, after which she is allowed to take control
action provided that the other ship is seen not to be taking
sufficient action.

If the condition” of visibility is restricted, then both ships are free
to take control action but constrained by the following as far as
possible:~- '

1 - An alteration of course to port for a vessel forward of the
beam is to be avoided.

2 - An alteration of course towards a vessel abeam or abaft thé
beam is to be avoided.

The analyses of the constrained options subject to the International
Regulations for Prevention of Collision at Sea is summarized in the
logic flowchart as illustrated in figures (6.1a) and (6.1b).
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SQ= Sigrum (sin(Q))
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max
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R _. = Close quarter range
mns greater than
< less than

Figure.(6-1a) Analyses of risk control action subj;ct to legal
constraints in case of ristricted visibility. :
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Figure. (6-1b) Analyses of risk control action gubject to legal
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2 “SIGNIFICANT “‘COURT* \DECISION

The application of the International Regulation for Prevention of
Collision at sea over a long period of time by the mariners has

resulted in the development and refinement of the Regulations to

their present wording. However, their application depend; upon the
ability to assess when risk of collisicn exists and accurate definit-
ion of the geometry of the situation. In this section,two particularly
significant cases of collision will be examined in order to appreciate:

(a) That the Regulations should be understood and applied equally
by all mariners.

(b) How the Regulations are interpreted by the courts.

(c) How court decisions can change when a case is taken from a lower
| to a higher court.

(d) The importance of the role of the expert assessor, who has to
rely on his long marine experience and has at present no
mathematical means of defining risk criteria which take into
account the relevant parameters contributing to the risk of
collision.

The "“Auriga'" case

This compound event of a binary encqunﬁer=€h}0$§’;;'between the Spanish
ship " Manuel Compos" , owned by the plaintiffs, and the Italian ship
"Agriga" owned by the defendants, which took place in the Atlantic Ocean
off the west coast of Spain on the evening of January 11, 1973.

The collision occured after dark in fine weather and with good visibility.
At 1908 "Manuel Compos" altered course from 239° to 205°. Being steady
on the new course, with a speed of 11.5 knots the master noticed the
existénce of "Auriga" bearing about 2 pointé abaft the beam ard 3 miles
distant; It was assumed that "Auriga" was overtaking.
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Figure. (6~2 )The geametry of the binary encounter of "AURIGA" case
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"Auriga" was proceeding at.ber full speed of 14 knots on a course of
'.212° and the courses of the two ships were diverging at a.relative
‘heading of'(7°) while “Auriga" was coming up with “Manuel Compos"

at a relative speed of ( 2 —_2.$‘knots. At sbout 1922 "Auriga"

manoeuvred to steer an average course of 191° until 1937, when she
steadied on to a new course of 181°, The courses of the éﬁips were

now converginrg at relative heading of (24°) with a risk of collision

if the courses were maintained. Neither of the ships took any effect-
ive avoiding action nor did'they keep a continual and careful
observation of each other. At about 1952 the collision occurred.Based
on the information given in the Lloyd's report (1977 Vol.l) the
situation geometry is re-constructed as shown in figure'(6-2 ).

One of the principal matters in dispute Between the parties is whether
the "Auriga" was overtaking the "Manuel Campos™ so that the over-
taking rules applied, as the plaintiffs claimed, or whether the two
ships were on crossing courses involving risk of collision, so that
the crossing rules applied as the defendants claimed.

Held, by @.B. (Adm.Ct) Brandon); that-

(1) The overtaking rules only spplied when the relationship between
the two vessels concerned was such that risk of collision between
them existed. '

(2) There never was an overtaking situation to which r. 24 applied in
that during the period when "Auriga” was bearing maore than two
points abaft the beam of "Manuel Campos", there never was at any
time a risk of collision between them since the courses of the two
vessels were diverging and the distance between them was too great
for risk of collision to exist.

(3) r; 19 applied to the crossing situation which‘occuﬂgd when the
courses of the two vessels were converging at an angle of 24°%, with
"Manuel Campos" as the give-way ship and "Auriga" as the stand-
on ship.

(4) Both vessels were at fault in several respect. "Manuel Campos"
was at fault in respect of keeping a bad look out and was in
breach of r.19 in failing, as the give-way ship in a crossing
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situation, to keep out of the way. "Auriga" Qas fault in

respect of keeping a bad lookoyt, altering her course to 181°at an
improper time in relation to "Manuel Campos" and was in breach
of r. 21 in failing, as the stand-on vessel in a crossing
situation, to take sufficient avoiding action in sufficient time.
All of these faults contributed to the collision.

(5) Although the fault of "Manuel Campos" in failing to give way
was greater than the fault of "Auriga" in failing to act
sufficiently early, the fact that a crossing situation involving
risk of collision came into being was entirely the fault of
"Auriga", and lisbility would be apportioned 60 percent to
"Auriga" and 40 percent to "Manuel Campos".

The "Nowy Sacz" case:

This collision arose out of a binary encounter of the Cypriot ship
"Olympian" and the Polish ship " Nowy Sacz " which took place in the
Atlantic Ocean to the south of Cape. St.Vincent just few minutes
before (0400) on February 14, 1972. The event occured at night in fine
weather and with good visibility. Using the best reconstruction of
the event, it is concluded that the relative heading was of order of
10°, giving a course for the "Olympian" of about 331° T and for the
"Nowy Sacz" of about 341°T. It is believed that both ships must have
been on these courses since at least as early as (0245). It was
further found that the headings of both ships were altered to starboard
by sbout the same amount before the collision, that of the "Olympian"
as a result of putting her wheel hard to starboard and that of the
"Nowy Sacz" either due to interaction or as a result of working her
engines astern.It wss alsc found that the "Nowzy Sacz", as a result
of her engine actiﬁn, took off some of her speed before the collision,
as a result of which the "Olympian" drew ahead of her more quickly at
the last minute than she wou}d othe:wise have done, Based on the
information given in the Lloyds report (1976) Vol.2, the situation
 geometry is reconstructed as shown in Figure (6-3)°
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Figure (6-3). The geometry of the binary encounter
of the " NOWY SACZ " case.
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The plaintiffs brought an action for damages contending that the Cross-
ing Rules, specifically part D,bf'the.Stee:ing and Sailing Rules of

the Collision Regulations, 1760 applied, gnﬁ;that under them the

"Nowy Sacz" was under duty, as one of two crossing ships having the
other on her own starboard side, to keep out of the way of. the "Olympian'"
The defendants argued that the overtaking rules applied, in that it was
the duty of the "Olympian", as the overtaking ship to keep out of the
way of the "Nowy Sacz", the ship being overtaken.

Held, by Q.B. (Adm. Ct) (Brandon, j). that -

(1) The overtaking rules were only applicable if before 0300 when the
"Olympian" was still veering more than two points abaft the beam
of the "Nowy Sacz", two conditions were fulfilled:

First, that the two ships were in sight of each other, and second,
that the risk of collision between them had by then already arisen.

(2) It was not possible to say with certainty that the stern light of
the "Nowy Sacz" became visible to those on board the "Olympian”
at some time after 0245 and before 0300, but as her green light was
visible by about 0300, it was likely that the two ships were in
sight of each other before 0300,thus fulfilling the first condition;
but not the second condition.

(3) The situation, if the Steering and Sailing Rules applied at all,
was a crossing situation and not an overtaking situation; and
"Nowy Sacz" was fault in failing to take early and positive action
to keep out of the way of the "Olympian" and in failing to reduce
her speed in ample time so as to allow the "Olympian" to pass ahead
of her; or failing to make an early and substantial alteration of
course to port.

(4) With regard to the "Olympian", the proper action for her to take
would have been to alter course more slowly to starboard at an
appreciably earlier stage, thereby avoiding the danger of swing-
ing the stern of the "Olympian" into the "Nowy Sacz". The
Master of the "Olympian" was in fault in that he waited too long
before taking ~starboard wheel action, and therefore, found
himself obliged to take the more drastic wheel action by going
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(5)

(6)

hard ta.starboard than would othexrwise haye been desirahle.

Both ships were to b;amg-fo:'thé'cplligion: thg‘“NowQ Sacz"
for breach of r.19 is not 'keeping out of the way, and- the
"Olympian" for breach of the proviso to r.2l in leaving it
too late to take avoiding action.

As to apportionment of blame, the "Nowy Sacz" was more to hlame
than the "Olympian", in that it was her fault which allowed a
dangerous- close-quarters situation to arise at all, whereas
the fault of the "Olympian" lay only in her failure to take the
right emergency action at the right time in the situation so
created and the division of blame should be divided, as to
three-quarters to the "Nowy Sacz" and as to one quarter to the
"Olympian".

On appeal by the defendants the issue for determination being;'Does r.24

operate only when the positions, courses and speeds of the ships are

such as to involve risk of collision, and if so was a risk of collision
involved when the "Olympian" was more than two points abaft the beam of
"Nowy Sacz" ?* -

(1)

(2)

(3)
(4)

Held by C.A (STEPHENSON & SHAW and Sir DAVID CAIRNS), that -

Rule 24 was applicable when vessels were proceeding so as to
involve risk of collision.

The words "Coming up with another vessel" in r. 24 imported
the concept of proximity in space and time which might be before
the time when there was risk of collision.

Rule 24 was applicable.before there was risk of collision.

The learned Judge's conclusion that the risk of collision arose
at about 0330 was clearly correct and by the time the vessels
were in sight of each other and less than 3 miles apart, the
"0lympian" was coming up with the “Nowy Sacz" as the stand-on
ship and the "Olympian" was the give-way vessel. |
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(5) . The apportionment of blame.would.be yaried to.the effect.that
- the “Olympian" should..be held threewquarters to:blame and
the “Nowy Sacz" one quarter,

' 'Reassessment

.~

In order to investigate the risk of collision involved in these cases
the risk function introduced in the previous work is used to construct
four risk patterns as illustrated in the figures (6-4a) , (6-4b),(6-5a)
and (6-5b). These four risk transition profiles are based on the
informafion given in the LLOYDS reports. Profiles of the corresponding
‘range and aspect changes are also included. Each diagram shows the risk
transition involved by one ship as indicated by the figures.

On comparing the four risk profiles, they show nearly a similar behaviour
in the transition distribution. However, the encounters differ in the

time interval of the approaching phase. = At the initial stége the
trend exhibits a regular transition of a very low level of risk with very
low rate of increase, where the range is steadily decreasing with nearly
constant aspect. The effect of the aspect at the initial stage of the
norrowly converging situationsréhaws-very low risk values due to the large
angle of aspect, while the range is the only parameter which contributes
to the increase of risk, especially at the final.stage of the encounter

at which the risk increases more rapidly from a very low level of risk upto
" 100% risk.

Although the two ships in each encounter were in such a dangerous situation,
those on board either ship were not aware of it. This was, as concluded,
because the lookout on board both ships was seriously defective.

However, on inspecting the risk profiles,it is proved that such a situation
would lead to a deceptive perception of risk involved due to the very low
level of risk, which lasts for a long period of time before the sudden
increase; It is clear that the current knowledge of risk assessment used
by both ships in esch binary encounter had proven insufficient for
formulating the details of causal chains and hence effective risk control
strategies. Further, this situation may not change in the foreseable
future for many of the encounters,unless a detailed and correct risk
criteria has been introduced to the mariners and is fully understood by

them.
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