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ABSTRACT

Line trénsect methods used to estimate population density assume
sﬁationarity of targets. Violation of this assumption leads to
overestimation of the true density. A simulation study based on a
hazard-rate model is used to assess the resulting bias. The model
is calibrated to generate sighting data resembling real data from
minke whale sighting surveys. The procedure currently used to
calculate a corrected neyative exponential density estimate from
sighting data is duplicated using simulated data. The resulting
estimates are compared to the true population density determined

by the simulation.

Results ‘reveal that 1in the case considered, the method of
calculating the g(0) factor (which corrects for the fact that all
animals on the trackline are not sighted) leads £o a greater
degree of overestimation than the effect of targyet motion at 3
knots. Shortcomings of the model are pointed out and possible
improvements suggested. It is also suggested that further research
be focused initially on the calculation of the g(0) correction

factor rather than on effects of target motion.
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1. INTRODUCTION

~ ¥

In ecological studies it is often necessary to determine the
abundance of a biological population. The most direct way to do
this is to count all individuals in a given Xnown area. An
éstimate of population density can then be obtained simply by
dividing the number counted by the size of the area sampled. This
approach can obviously be very time consuming and is often
impractical if not impossible. An alternative approach, considered

here, 1is that of line transect methods.

Assume that the density of some populatiqn has to 5e estimated in
" an area of known boundaries and size A. An oObserver vmoves along
the transect, which 1is a straight line placed within the study
area, and records all sightings of individuals of the population.
Apart from recording the number of observed individuals, certain
quantitative measurements must also be taken at the moment of
.detection. Usually one or more of the following three

measurements are recorded (figyure 3-9, section 3.6):

y = the perpendicular distance from transect line to object

the radial or direct distance from observer to object

I
il

© = the sighting angle, i.e. the angle between the line of

travel and the radial r

Initially, line transects were often thought of as very long
narrow quadrats (Forbes and Gross 1921). The proceduré of
estimating animal abundance based on the recorded distances seems
to go back only to the 1930s. Gates (1979) credited R.T. King as

being the first to recognise that not all animals are seen in the
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sampled strip. King's idea was to try and estimate the effective
half width of the transect, in order to adjust for missed animals.

Instead of the original density:

D = n/A
where n = the number of individuals counted
+A = the total (known) area,

the estimated density would be:

ED = n/EA

where ED the estimated density

EA = the estimated area effectively sampled.

Since the length, say L, of the transect line is known, one can

write the effective area EA as:
EA = 2L.EW
where EW = the estimated half width or strip width.

(Note that E is used here to indicate estimators, instead of the

, . ~
conventional ).

King wused the averaye sighting or radial

distance as the estimate of W.

The effective strip width W can be interpreted or defined in many
ways. Gates (1979) defines it as follows: W is that distance from
the trackline such that the number of unseen individuals located
closer to the iine'than W, equals the number of individuals seen

at distances greater than W.

Another Dbasic approach to the estimation of density from line
transects was introduced by Kelker (1945). He suggested

determining a strip width s about the transect line of length L,
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as the

within which all animals are seen. One then defines n'

number of animals seen in the area 2Ls and an estimator of density

is then:
ED = n'/2Ls

'Hayne (1949)'was probably the first to c¢reate a mathematical
'foundation for 1line transects. He also provided the first
estimator that has avrigqrous justification in statistical theory.
Until 1968 almost no significant theoretical advances appeared in
the literature although some evaluations of the 1line transect
method were presented (for example Robinette et al. 1956) and the
" method was used frequently on a variety of species (for example

déad deer- Robinette et al. 1954; seals- Eklund and Atwood 1962).

The first truly rigorous statistical development of a 1line
transect estimator was presented by Gates et al. (1968). The
estimator is applicable only to untruncated, ungrouped

perpendicular distance data.

At this stage it is necessary to define the detection curve g(y)
aé thé probability of an animal being seen, given that it is a
perpendicuiar distance y from the line transect path. The function
g{y) is such that g(0)=l1, i.e. all animals on the trackline are
seen. Gates et al.( (1968) assumed g(y) to have a negative
exponential form, g(y)=exp(-by), where b is an unknown parameter
to be estimated. They developed the optimal estimator of b (based
-on the perpendicular distaﬁces) and constructed the estimator of

\

population size.

A second important paper that appeared in 1968 was that of
Eberhardt. He suggested the less restrictive and more appropriate

approach of adopting a family of curves to model g(y). The two
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families he suggested were a power series and a modified logistic
family. However, no estimators based on the 1logistic model were

developed.

Between 1968 and 1976 rigorous models and estimators were
developed mainly for untruncated ungrouped perpendicular data and
the approach was predominantly parametric. Anderson and Pospahala
'(1970) introduced some basié ideas that underlie a nonparametric
épproach to the analysis of line transect data. Seber (1973:pp
28-30) presented a general model structure based on perpendicular

distances, but eyuations were left at a conceptual stage.

Burnham and Anderson (1976) attempted the general formulation of
line transect sampling and showed a basis for the general
construction of estimators. Their formulation is suitable for

developiny parametric or nonparametric estimators.

Work on parametric .and nonparametric procedures has also been done
by, amongst others, Pollock (1978), Crain et al. (1978), and Quinn

and Galucci (1980).

An alternative model proposed independently by Schweder (1977) and
Hayes and Buckland (in press) is the so-called hazard-rate model.
If a function k(r,y) is specified, the corresponding expression
for g(y) can be found. The meaning of the function-k(r,y) is the
following: if an animal at right angle distance y and radial
distance r has not yet been sighted, then k(r,y)dx represents the
incfemental probability of sighting the animal as the observer
advances a distance dx along the transect line. Burnham and
Anderson (1976) recognised the main problem of analysis as the
modeling of f£(y), the \probability density function of the

perpendicular distance data, and the subsequent estimation of
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£(0). Note that f(y) is simply g(y) normalised. In the light of
this, it is clear how estimators can be derived for the hazard
rate model. Hayes and Buckland conclude that a nonparametric
perpendicular distance model will generally provide more reliable

estimation than any radial distance model.

This review is by no means exhaustive and various proposed models
and estimators have not been ﬁentioned. The most comprehensive
reference on line transect sampling is probably the monograph by
Burnham et al. (1980) and the reader is referred to this and the
other references for further detail concerning 1line transect

methods and its applications.
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2. THE PROBLEM

The basic assumptions underlying line transect methods as listed

by Seber (1973) are given below:

1. The animals are randomly and independently distributed over
the population area.

2. The sighting of one animal is independent of the sighting of
another.

3. No animal is counted more than once.

‘4. When animals are seen throhgh being flushed into the open,
each animal is seen at the exact position it occupied when
startled.

5. The response behaviour of the population as a whole does not
substantially chaﬁge in the course of running the ﬁransect.

6. The individuals are homogeneous with regard to their response
behaviour, regardlesé of sex, age etc.

7. The probability of an animal being seen, given that it is a
right angle distance y from the line transect path (irrespec-
tive of which side of the path it is on), is a simple func-
tion g(y), say, such that g(0)=1 (i.e. all animals on the

trackline are seen).

Any of these assumptions can be violated in-a variety of ways 1in
practical 1line transect sampling. Since the line transect methods
were originally developed for application to terrestrial animals
and plants, a number of special problems arise in the case of

. whale sighting surveys.

' For the minke whale (Balaenoptera acutorostrata) population, for
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example, assumptions 1 and 2 are believed not to hold true (Best
and Butterworth 1980). This can be remedied by stratifying the
searching effort and calculating density for schools rather than
for individuals. The violation of assumption 4, however, causes
more serious problems. Note that this assumption implies that

animals are stationary, at least until detection.

Assumption 4 may be relaxed slightly to allow movement that is
independent of and slow relative to the observer before detection
(Burnham et al. 1980). An analysis by Skellam (1958) deals with
circumstances where motion of the animals can be assumed to be

relatively uninfluenced by the observer.

In the case of whaie sighting surveys, the above 1is not
applicable. Although more data on the average swimming speed of
undisturbed whales are needed, indications are that the average
swimming speed 1is less than 5 knots (Butterworth and Best 1982).
Compared to the normal searching speed of 12 knots, it 1is clear
that whale movement cannot be considered as being slow relative to
the observer. The possibility of whale reaction to the vessel has
~been investigated (Butterworﬁh and | Best 1982). Although
inconclusive, results show that there is no direct indication of

ship-seeking, which could lead to abundance overestimation.

In his study of search theory, Koopman (1956) investigates the
problem of moving targets. He considers an observer moving with
constant velocity _v.and with a fixed detection radius R. Targets
. move with constant speed u, but random direction. An expression
for the number of targets detected per unit time is derived. This
shows that, under the said circumstances, an overestimate of
population density results when targets are non-stationary.

Unfortunately this model is very unrealistic for application to
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whale sighting data, because of the particular sighting criterion
used. The fixed detection range sighting criterion implies that
all targets within a radius R of the observer are sighted with
certainty. This 1s unrealistic for two main reasons. Firstly,
sightability decreases with distance from the observer. Secondly,
a whale is only visible when it surfaces or blows i.e. a whale can

be within the detection area without being visible.

A preliminary study using a simulation model to estimate the
degree of overestimation under more realistic conditions was

attempted by Hiby (1982).

It 1is <clear from the above that target movement influences the
estimates of population density. The main aim of this study 1is
therefore +to attempt to assess the bias in abundance estimates

resulting from random whale movement.

Three approaéhes to the problem of assessing this bias exist. The
first approach is to develop a theoretical model and attempt to
find an analytical expression for the bias. For a simple caée,
such as considered by Koopman, this approach is possible, but for
more realistic (and therefore more complex) cases it is not always
easy or possible to obtain an analytical expression, even if it is
" possible to develop a model. A second possibility is to make use
of expérimental methods. These methods are often (as in this case)
. expensive and impractical. The third approach 1is to develop a
domputer simulation - model. This 1is considered to be the most

suitable approach in this specific case.

"There are a number of advantages in using a simulation model
rather than a theoretical model. A simulation model is usually

more tangible than a complicated mathematical model. Once the
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relevant variables and elements of the system to be simulated have
been identified, it 1is relatively easy to ensure that all
necessary assumptions are gatisfied. It is then easy to violate
one assumption (e.g. in this case the stationarity assumption, 4)
~and analyse the effect it has on the system. It is also possible
to investigate the system's sensitivity to changes in given
parameters, something that might not be easy in a mathematical

. model.

A simulation model can hardly duplicate a physical system and one
usually has to be satisfied with a simplification of such a
system. The following additional assumptions (i.e. simplifications

of reality) were made:

1. Whale paths are straight lines.

2. Whales are always potentially sightable.

3. Whales do not aggregate.

For a first estimate of bias due to random movement, straight line
paths were considered to be acceptable. A sophistication of the
model would Dbe to consider random walk paths. However, since not
~much is known about the swimming patterns of minke whales, this
might not 'necessarily mean a more accurate representation of.

reality,.

In real sighting experiments, whales are sightable when they break
or disturb the surface of the sea or blow. Clearly, a blow would
be visible much further ~away from the vessel than would
disturbance of the surface of the sea.'Data on dive times and bloQ

rates would be needed to develop a more realistic model.

If density is calculated for schools rather than for individuals,

in the case of real sighting data, simplification 3 poses no
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problems and an individual whale in the simulation model can

effectively represent a pod.

The simulation model is discussed in more detail in Chapter 4.
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3. MATHEMATICAL ANALYSIS

In this section the mathematical basis of the simulation model is

developed and discussed.

It 1is important to note that there are two frames of reference
when considering the sea, vessel or platform and target (in this
‘case a whale). In the sea frame, absolute or trué speeds and
directions are considered. In the platform frame however, speeds
~and directions relative té the platform (i.e. as if the platform

were at rest) are considered.

I shall subsequently refer to the sea-frame as the s—-frame and the

platform-frame as the p-frame.

3.1. The choice of axes.

In the s-frame a set of perpendicular x-y axes is chosen. The
éighting platform moves in the minus x direction in this frame. A
set of x-y axes is also chosen in the p-frame. The platform is
fixed at the position with x-y coordinates (R,0.0) and this set of

axes moves along with the platform. See figure 3-1. below.

The detection area kthe area within which a whale can possibly be
sighted, but outside of which no sighting can occur) also moves
Qith the platform and is positioned in such a way that the p-frame
y-axis 1is tangent to it. 1In the simplest case considered, thé
detection area is a circle with radius R and the platform situated

at its centre. See figure 3-2. below.
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Figure 3-1. Frames of reference
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3.2. The Limiting Angle.

Let the platform move (in the -x direction) at true spegd‘v knots
"and a whale in any direction at true speed u knots. Note that u
and v are positive values. The following possibilities exist:

(a) u < v (of which u=0 is a special case)

(b) u=v

(c) u> v

Let u and v be the vectors of the respective whale and platfbrm
speeds and let w Dbe the vector of whale speed relative to the

platform. From the theory of relative motion, it is known that
w=u-yv (3-1)

It is convenient to draw the circular diagrams A,B and C of figure

3-3. corresponding to the cases a,b,c above .

Figure 3-3. Limiting Angle

®

A B ’ C
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In each case the distance from O (the origin of w) to the centre

of the circle is v and the radius of the circle is u. The
resultant vector w has its origin at O and extremity on the
circle. 1In cases (a) and (b), the angle formed between the
vectors -v and w reaches its maximum to either side when w is
tangent to the circle. Let this maximum angle be: o, the

so-called limiting angle.

Figure 3-4. Limiting angle, case A

Since w is tangent to the circle, sin( & )=u/v and therefore
K = asin (u/v) (3-2)

Note that when u=0, w=-v and the 1limiting angle is 0.
Furthermore, when u=v (i.e. case b), asin(u/v)=asin(l) and o is

90 degrees to either side of -v.

In case (c) where u>v, the origin of w, naﬁely O, lies within the
circle and the limiting angle is clearly 180 deg. to either side
of -v. Note the implication in this case that the target can
overtake the platform or enter the detection area from behind the

platform.
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3.3. 'Determining Wmax.

The sighting platform usually maintains a cruising speed of 12.0
knots and it has been estimated that minke whales swim at an
average speed of less than 5.0 knots when undisturbed (Butterworth
and Best 1982). It is therefore realistic to assume that u<v and
only this case, 1i.e. case (a), will be considered in this
'simulation model. Under this assumption whales cannot enter the
detection area from behind the piatform and it is sufficient to
"generate the whales along the y-axis perpéndicular to- the
trackline, ahead of the platform (see figure 3-2.). This implies

that all whale paths start at some point on the y-axis.

An expression for the length of y along which whales have to be
generated so as not to miss any possible sightings, has to be

found.

,Let umax be the maximum whale speed that will be considered, 1i.e.
u < umax < v. Let omax Dbe the corresponding limiting angle and

therefore, from eq. (3-2):
HAmox = asin (umax/v)

Since asin is monotonically increasing for the relevant values of
"u and v, ot will Dbe 1less than or equal to ®*ma« and *ea can be

considered as the limiting case.

A whale starting at any point P (fig.3-5.) along the y-axis can
have at 'its maximum, a direction of movement at an angle ox toO
either side of the x direction. The whale path can only intgrsect
‘the detection area if it starts at a point P', below point P,
where P' is positioned such that P'Q' is tangent to the detection

area and at an angle 0Owwsax to the x direction.
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Figure 3-5. Generating line

Figure 3-6. Determining Wmax

Wmax

) 4
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Let the distance from O to P' be Wmax. Note that because of the
symmetry of the detection area, there will be an equal distance to
the other side of the track.

From figure 3-6. it is clear that:
Wnax /R =‘"b0¥'\X

and ¥ = (v + dmu)/z

therefore

Weax = Ripan (T2 %) (3-3)

In the simulation itself umax=10.5 knots was usually used.

3.4. The distribution of the angle

Let the vectors u,v and w be as before. Let ¢ be the angle

between -v and w (figure 3-7.). Let \b be the angle between -v and

u and 2 the angle between the extended -v and u. This angle

- indicates the direction of movement of a whale in the s~frame.

Figure 3-7. Notation
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It is known that: WwW=u-yV

Splitting  each vector into its x- and y-components, the following

is obtained:

u=u.cos d.i + u.sind.j

Vv = —-v.1i ‘and -v = v.i
now w = (u.cos & + v)i + u.sin®.j (3-4)
“Clearly w=v.i= Fx when u = 0,

Since ¢ plays no role in the case where u=0, ® can take on any
value. In terms of the simulation it is therefore sensible to draw
a value for @ using a random number generator, irrespective of

the value of u.

‘The case where u>0 is now considered. Assuming that the directions
. of movement of the whales are randomly distributed, one -would
expect a stationary sighting platform to encounter equal
proportions bf whales moving aQay from it and whales moving
towards it. As soon as the platform starts moving in a fixed
direction, it tends to encounter a larger proportion of whales
moving in directions towards it than the proportion moving away
from it. This shift in proportions is related to the platform and

whale speeds and relative directions.

The relative shift in proportions moving towards and away from the
.plafform can be given by the ratio of the x coﬁponent of w to the
X rcomponent of ~v, i.e. simply v, as the rate at which whales may
be encountered is proportional to the component of the wﬁale

velocity relative to the vessel, in the platform- or vessel-frame.
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Figure 3-8. Directions of movement

direction towdrds platform away from platform

- Let x (as in fig. 3-8) denote the x component of w. The desired

ratio is then:

x/v
Since x/w=cos ¢ the ratio can also be written as:
(w/v)cos &

The probability density function of &, fké) , how becomes:

jc(§)— o Y cos ¢

or _-f(@) = 5_%[1 - -cosé] (3-5)

The 1/2t factor is simply a normalising factor so that ff@) is a

probability density function.
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In order to simulate this distribution of & , the following

procedure has to be followed:

(a) find F(g) , the distribution function of &
(b) set F(®) = g where g is a random number

(c) solve for @ =F"(q) where F_' is the inverse of F

[}

(2 F (&) —-—-/f@)d@

= Vo | (1-Yeosg) o

Fe)= Yor (& - %sin3)

(b) A random number g between 0.0 and 1.0 is drawn. Note that

max F(&)= F(am) =1.0 and minF(&) = F(o) = 0.0

(c) The solution i.e. the desired angle & is given by the inverse
function of F (&), namely Fﬂ(‘l)- Since F_l cannot be found ana-
lytically, a numerical method mustvbe employed to solve for ¢
in g = V(& - Ysing)

The Newton Raphson method is employed in the followiny way:

Let &; indicate the value of & at the i-th iteration.

set &, = 94w and solve recursively, using equatioh (3-6).
- 9(3:)
@,«'_44 = éi, - 3'(§i) (3-6)

where \9(@;) = &, - ¥sind; - 2Tg

9E)= 1 - %o,

!

Iteration is terminated when a desired level of accuracy is
obtained i.e. when léiu - é;l < e

where e is the desired level of accuracy, e=0.00001
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3.5. Moving a whale

Let the vectors u,v and w be as before. Equation (3-4) gives the x
and y éomponents of w. Let wx and wy 1indicate the respective

components, then

WX = Wese + V

Wﬁ = W.sn P

Assume the whale is at a point (x,y) in the p-frame. During a time
dt it will move a distance wx.dt in the x di;ection and a distance
wy .dt in the Yy direction, thus being at a new point
(x+wx.dt,y+wy.dt). Thié can however be written as (x+dx,y+dy)

where:

Aolx= (u.cos 3 + v)dt

3-7
dy ( w.sin & )dt ( )

I

The process described above ‘is an attempt to approximate the

differential

9B _ B - (3-8)

b&,the difference equation:

Bix.y) = B(x+8x, y)[1-Fax] (3-9)

where B(x,y) is the probability that the whale has not been séen
- by the time it reaches the point (x,y) and F&x is the prob-
ability of a whale (moving at a right-angle distance . y from the

vessel) being seen between the points (x+dx,y) and (x,y).

Let us assume F to be constant for the moment. Now the solution to.

,%(3—8) is:

¥ -Fx

4



MINKE SIMULATION 3-12

and by series expansion of the exponential:
B = B, (1-Fax + (Foc)/2! = e )

B can be approximated by B°(\,— Fx_) only if Fx<<l1 and terms of

2
. the order of (Fx) can be neglected.

Similarly, for the case where F=F(X,y) where the solution to eq.

(3-8) is:

) __/ F(x,y)dx
B= B,e ™

the approximation (eq.3-9) is reasonable only if Féx << 1 and

terms of the order of A(Féx)z can be neglected.

In the case of the negative exponential sighting rate (section

3.6.), the maximum value F(X,y) can take on can be obtained as

follows:

Flx,y) =fwr).hee)lly

max f(r) =f(o) =/LL

max k(e) = _}1(0) =1
ie. max Flxy) = 4N

Therefore we reguire (M) 6 << 1
and since 5’%, = &t the choice of & must be such that /MJb << 1

~In the simulation & was usually set to 0.0l. Note that & could
preferably be smaller still, but CPU-time increased to such an

extent that it was considered acceptable to proceed with &t =0.01.
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3.6. Sighting Criteria

Let (r, 8 ) indicate a whale's position, r being the radial
distance between animal and observer and 6 the angle between the
trackline and the radial (figure 3-9). Assume that the
. probability per unit time, p, of sighting a whale at a position

(r;e ) is given by:
p = £(r).h(e) _ (3-10)

"The h(6 ) factor describes the relative concentration of sighting
effort at different directions from the track and the f(r) factor
describes the relative sightability at different radial distances

from the vessel.

Figure 3-9. Notation: sighting data

whale

vesse!
‘——-———-—-—-
direction of
vessel movement
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3.6.1. The fixed detection range sighting criterion.

The simplest case considered in this study is the fixed detection
range sighting criterion (FDR). This criterion assumes that within-
the given detection area, all whales are detected. The detection

area is in this case a circle with radius R (figure 3-2).

Clearly this sighting criterion is not very realistic. It implies
equal sighting effort in all directions. It also implies that
'sightability> remains constant with increasing distance from the
vessel up to a distance R. At distances greater than R there is
however no chance of any sighting; A more realistic f(r) would for

example be of a negative exponential form.

The advantage of this sighting criterion is however, that it can

be handled analytically because of its simplicity.

Koopman (1956) condsiders an observer moving with fixed velocity v
and targets moving in 'randoﬁ .directions with fixed speed u.
Assuming the number of targets per unit area to be N and
conditions as described above i.e. the FDR sighting criﬁerion and
detection circle of radius R. He then shows (Appendix I) that the

number of targets detected per unit time Nt is given by:

N = 4—1}"5 (u+v) Eto)

where

™2
E(o) =/Jl — sin*c.sinty oy
slino = 2Juv /(u.+V)

When targets are stationary, i.e. u=0, the expression simplifies
to:

Nt (U-=0) = 2RNv
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The ratio Nt/Nt(u=0), referred to as the Koopman ratio in this

study, is thus given by:

. Ne — 2. {u+v) -
KR = m T y E (o) ' (3-11)

This ratio is an increasing function of target speed u and
reflects the fact that taryet motion will increase the contact
rate on random targets.: Skellam (1958) also derives this ;esult.
The Koopman fatio can be used in the wvalidation process of the

. simulation model as discussed in section 5.1.

Implementing the FDR sighting criterion simply means determining,
at every position along a whale's path, whether r is less than or
equal to R 1i.e. whether the whale is in the detection area. If
so, the whale is sighted and the relevant information recorded.
Note that this implies that a whale will be sighted at the first

position it occupies within the detection area.

3.6:2. The negative exponential sighting‘criterion.

'The second case to be éonsidered has the advantage that a
functional form of g(y), the probability distribution of the right

‘angle distances, exists for the case where whale velocity is zero.

Two forms of the negative exponential are considered for the

- sighting rate f(r) (figure 3-10):

(i) _)LCV') =/Uv.e-kr ) (3-12)
(4e) f(r) =/%:e,—hr

where//L and A are positive parameters. The exp(- A r) factor
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would account for decreasing sightability with distance. At larger
distances, the 1/r factor (in case (ii)) would allow for
decreasing apparent size of the object. It is clear, however, that
this factor diverges as r tends to zero and a realististic and
less problematic approach might be to combine cases (i) and (ii).

This can be done as follows for example:

~Ar
f(r) _ me o<svr <R ; R»o (3-13)

e r>R
4

For simplicity h( &) is taken as:

0<0 < V2

her = { (3-14)
0 Te<o<T

i.e. only the forward directions are searched.

Butterworth (1982) derives the corresponding functional form of
g(y) for (i) and (ii), using the above form of h(8).

e YKy (=)

For case (i) 3(3)== 1 - (3-15)

— K, (Ay)
and case (ii) ‘\9(9)= 1 - e Ko (2 (x=-2) (3-16)

where K,is a zero order and K; a first order modified Bessel

function.

Implementing both cases (i) and (ii), implies the following in
vterms of the simulation model. Assuming that the whale is at point
(r, @ ), f(r)h(e)dt is calculated, where dt is the time increment.
A random number g between 0.0 and 1.0 is drawn. If f(r)h( @)dt is
less than g, the whale is NOT sighted. However, if f(r)h(@)dt is
greater than g, the animal is sighted and the relevant information

. recorded.
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The problem that arises 1in case (ii) as r tends to zero, is

" overcome by setting r = e, where e=0.0000001, whenever r=0 in the

simulation.

Figure 3-10. Two functional forms of £f(r)

v

(W) fuquuefn.
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4. THE SIMULATION MODEL

The mathematical basis for the simulation model has been discussed
in chapter 3 (mathematical analysis). The following is a simple

description of the model.

A sighting platform is placed at a fixed point relati§e to the
chosen x-y axes. A detection area is placed around the platform.
Note that the detection area .can take on different shapes
depending on the sighting criteria used. It need-not be circular

or symmetrical, but is assumed convex. See figure 3-2.

Aﬁtrue speed u and a réndomly chosen direction determined in the
sea-frame, 1i.e. irrespective of the platform, are associated‘with
‘a whale in the system. The path of the whale starts outside the
detection area, at a randomly determined position along the y-axis
ﬂsee‘figure 3-5.). 1In order to simulate the platform moving at
fixed speed in a given direction; each animal is given an
additional velocity similar in magnitude to that of the platform,
Abut in the opposite direction. The relative speed and direction
(animal relative to platform) are calculated and used to determine
the straight 1line path of the animal. An animal is moved through
the system by updating its position every dt seconds, dt being a
small time increment. In other words a whale is moved from a point
(x,y) to a new position (x+dx,y+dy). Expressions for dx and dy are

given in section 3.5.

As a whale 1is moved- through the system, one of three mutually

exclusive events occur:

(a) its path does not intersect the detection area, i.e there
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is no chance of its being sighted

(b) its path intersects the detection area and it is sighted

(c) its path intersects the detection area, but it is not

sighted.

" Note that the above is the general case. When the fixed detection

range sighting criterion 1is used for example, event (c) cannot

occur.

It is important to note that since the animal paths are straight
‘lines, an animal can only enter and leave the detection area once,

given that the detection area is convex.

.As a whale is entered into the system, it 1is determined whether
‘event (a) will occur. If it does, the animal is immediately
'forgotten' (only recorded as having passed thrbugh the systenm,
contributiﬁg one to the number of unseen animals) and a next
animal is entered. If (a) will not occur, ‘the animal is moved
thfough the system. At every position (x+dx,y+dy), a probability
of having been sighted in the interval from (x,y) to (x+dx,y+dy)
is calculated and random number generatioh is used to simulate the
event of the whale being sighted or not. When the animal is

-sighted, the following relevant values are recorded (Fig 3-9.):

(i) the y-coordinate of position (i.e perpendicular distance from
trackline to animal)
(ii) the direct or radial distance r from platform to animal and

(iii) the angle & between the trackline and the radial.

The animal is only forgotten when it has been sighted and the

relevant information recorded (Case (b)) or when it leaves the
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detection area without having been sighted (case (c)).

It is important to bear in mind that this procedure excludes the
possibility of multiple sightings i.e. counting the same animal
more than once, thus satisfying one of the neccessary conditions

for applying line transect theory.

Tﬁe way in which whales are entered is based on the assumption
that whale speed never exceeds platform speed (both relative to
the sea-frame). This is an acceptable assumption, since the
sighting platform usually maintains a cruising speed of 12 knots
when 1in the sighting mode, i.e. when gathering sighting data. It
has been estimated that minke whales swim at an average speed of
less than 5 knots wheh undisturbed. (Butterworth and Best 1982).
Under this assumption it is impossible for an animal to enter the
detection area from behind the platform or to overtake the
platform. Therefore new whales are entered along a line (in this
case the y-axis) perpendicular to the trackline, ahead of the
platform (fig 3-2.). A position on the generating line is chosen
rahdomly. If the whales are assumed to be stétionary, they have no
direction of movement relative to the s~frame. However, if the.
animals are assumed to be non-stationary their direction of
movement relative to the sea—frame is chosen from the appropriate
angular distribution which is not uniform. The angular

distribution is discussed in section 3.4 .
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5. VALIDATION

5.1. Fixed Detection Range Sigyhting Criterion.

It 1is known that target (in +this case whale) motion leads to
density overestimation when line transect theory is applied to
sighting data (chapter 2). The bias for this effect can be given
by the ratio of the number of targets detected per unit time at

target velocity u to the number of targets detected per unit time

when targets are stationary.

For the special case where the fixed detection range siéhting
criterion is used, Koopman (1956) and Skellam (1958) derived an
expression for this ratio. (See section 3.5, eq. 3-11). I shall
subsequently refer to this special case ratio as the Koopman ratio

or KR.

Table-S—l shows theoreticai values of the KR calculated using eq.
(3-11) and three values éf u. From the table it is clear that in
the case of target velocity u=0, the theoretical value of the KR
is unity, as one would expect. The table also shows the fact that

the KR is an increasing function of target velocity.
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Table 5-1. KOOPMAN RATIOS

Koopman ratios for fixed platform velocity v=12 knots
whale velocity theoretical
(in knots) | Koopman ratio

0.0 ' 1.0000

5.0 1.0438

10.0 . 1.1831

In the first stage of validation the simulation results are tested
against the Koopman ratios. The simulation model can be considered
to Dbehave favourably if the observed Koopman ratios are

significantly close to the theoretically expected values.

Because the simulation model handles one whale at a time, the
number encountered per unit time can not be used as a measure.
Instead, the. total number of animals sighted, corrected for area
difference, is used. The measure ié in other words:

kr = (n/N)x(A/a) (5-1)

the number of whales sighted

where n
N = the total no. of whales that passed through the system
a = the area over which sighting occurred

A = the total area covered

and a = tracklength x 2r, where r=radius of detection circle

A = tracklength x 2Wmax, where Wmax=half the length along
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which whales are ygenerated

This expression 1is applicable since the fixed detection range

sighting criterion is used and an exact value for a exists.

The simulation model is first tested with whale velocity u=0 to
confirm that the observed ratio is siygnificantly close_to 1.0.
Results for u=0 are presented in section 5.1.1. Whale - velocities
of 5.0 and 10.0 knots are subsequently used and results are
presented in sections 5.1.2 and 5.1.3 respectively. Throughout,
the platform velocity is fixed at 12.0 knots. Also note that the
fixed detection range sighting criterion is used in each of the

three above mentioned cases.

5.1.1. Results : u=0 Knots

The results of the first stage of the validation process, for the

case where whale velocity u=0 are presented in table 5-2 below.

Three sets of results are given. Each set was obtained by using a
different value for the total number of whales N, that passed
- through the system, in each run. Note that this reflects the
length of time that the simulation was run. The' s-value in the
table indicates the number of completed runs (each done with
different random number génerating seeds) for the specific case.
s therefore also indicates the number of observations (observed

KOopman ratios) used in obtaining the mean, standard deviation and

" confidence interval.
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Table 5-2. VALIDATION, u=0.0

Expected Koopman rétio =.1.00
Whale velocity u=0.0 Platform vélocity v=12.0 knots
case 1 2 3
N =total number of whales 1 000 10 000 100 000
s =number of runs 26 12 11
Mean Koopman ratio 0.99588 1.00693 1.00050
Standard deviation 0.04487 0.01329 0.00531
t statistic -0.4082 1.8063 0.3123
d.o.f 25 11 10
p value 0.6437 0.0983 0.7612
95% Confidence interval
lower bound 0.97775 0.29849 0.99693
upper bound 1.01401 1.01537 1.00407
Minimum observed KR 0.89549 0.98769 0.99094
Maximum observed KR 1.07459 1.03081 1.00905

.The values of the mean Koopman ratio are all close to the expected
value 1.00. A t-test is used to test the null hypothesis (Ho) that
the observed mean KR is equal to the theoretical value (1.00),
against a two-sided alternative. Results show that in all three
cases Ho is accepted.iThis is\also reflected in the 95% confidence
table 5-2 above, since the theoretical value

intervals given in

lies within the given intervals.

As one would expect, the standard deviation decreases as the total
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number of whales (N) increases (see Appendix II). The standard
deviation in case 3 is at an acceptable level as are the minimum
and maximum observed values. Within this section of validation,
most attention will therefore be attached to case 3 results (i.e

N=100 000).

One may therefore conclude that in the case of u=0 the observed
mean Koopman ratio is significantly c¢lose to the expected or

“theoretical value. The case where whale velocity is non-zero, can

now be considered.
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5.1.2. Results : u=5 knots

The results for whale velocity u=5.0 knots are presented in table

5-~3 below.

The notation is as in table 5-2.

VALIDATION, u=5 KNOTS

Table 5-3.

Expected Koopman ratio = 1.0438

Whale velocity u=5.0 Platform velocity v=12.0 knots

Case 1 2 3

N =total number of whales 1 000 10 000 100 000

s =number of runs 26 10 10

Mean Koopman ratio 1.04155 1.04378 1.04352

Standard deviation 0.04947 0.01433 0.00362

t statistic -0.2319 -0.0044 -0.2446

d.o.f 25 9 9

p value 0.8185 0.9966 0.8123

95% Confidence interval

lower bound 1.02156 1.03353 1.04119

upper bound '1.06154 1.05403 1.04611

Minimum observed KR 0.92531 1.02451 1.03820

Maximum observed KR 1.14424 1.06132 1.04971
In this case the null hypothesis (Ho) tests whether the observed

mean Koopman ratio is equal to the theoretical value, 1.0438. Ho

is accepted in all three cases and once again this is also shown

in the 95% confidence intervals, since +the value 1.0438 lies
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within the intervals.

As in the previous case,the standard deviation decreases as the
total number of whales (N) increases as does the interval between

the minimum and maximum observed Koopman ratios.



MINKYE SIMULATION

5.1.3.

Results :

u=10 Knots

The results for whale velocity u=10.0 knots are presented in table

5-4. below.

The notation is as in tables 5-2 and 5-3.

Table 5-4.

VALIDATION,

u=10,0

Expected Koopman ratio

Whale velocity u=10.0

1.1831

Platform velocity v=12.0 knots

Case 1 2 3

N =total number of whales 1 000 10 000 100 000
s =number of runs 26 10 10
Mean Koopman ratio 1.17370 1.18596 1.18185
Standard deviation 0.04596 0.01567 0.00437
t statistic -1.0429 0.5852 -0.9045
d.o.f 25 9 9
p value 0.3070 0.5728 0.3893
95% Confidence interval

lower bound 1.15513 1.17475 1.17872
upper bound 1.19227 1.19717 1.18498
Minimum observed KR 1.07459 1.1541¢9 1.17511
Maximum observed KR 1.28353 1.21057 1.18742

Similar to

the previous case, the appropriate null hypothesis is

accepted in all three cases. Here the theoretical value of the

is 1.1831.

value 1.1831.

Once

again

the 95%

KR

confidence intervals contain the
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It is also clear from table 5-4. that the standard deviation and
interval between minimum and maximum observed KR's decrease as the

total number of whales (N) increase.

5.1.4. Conclusion

‘Under the fixed detection range sighting criterion, for zero and
non-zero whale velocities, the simulation model behaves favourably
and as theoretically expected. The first step of validation has

now been completed successfully.

5.2. Negative Exponential Sighting Rate

The second étage of the validation process consists of analysing
results obtained by using two forms of the negative exponential
sighting rate for .the case where whale velocity is zero.

Expressions for the two forms are given in section 3.6.2, eq.

(3~12).

Butterworth (1982) derives the corresponding functional forms of
g(y), the distribution of the right angle distance y at sighting.

(Section 3.6.2, egs. 3-15 and 3-16)

The object of this section is to compare the distribution (in
histogram form) of the y-distances obtained from the simulation
runs to the theoretically expected distribution i.e. y(y) given in

equations (3-15) and (3-16).

The frequencies of observed y-distances are plotted in histogram
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form with class intervals of 0.2 Nm and with a cut-off at R=15.0
Nm. Outside the «circle of radius 15.0 Nm, the probability of
being sighted is so small that it can be taken as zero for all
practical purposes. The relevant g(y) is then fitted to the data

and a Chi-square goodness of fit test completed for each run.

The procedure for fitting g(y) to the observed frequencies 1is as
follows. Using a numerical intedgration method (NAGLIB. computer
package, routines DOlAHE, S18ACE, S18ADE), integrals of gly) are

calculated over:

(a) each of the class intervals i, i=1,2,....,1I

(b) the whole range, y=0 to y=R the cut-off

The expected number of observations within interval i, 1is then

calculated as:
(Total no. of observations) x (integral over i) / (total integral)

The total number of observations refer to the number of sightings
counted in the simulation and the total integral refers to the

value obtained in (b) above.

5.2.1. Results: case (i), negative exponential

Results were obtained using the sighting rate f(r) =mexp(~Ar)
and settiny M4 =2.5 and A=1.0. The constant u 1is chosen so that
a sufficient number of sightings is obtained when the simulation
is run for a reasonable time, e.g. N=100 000. It is important to
note that because the simulation approximates a continuous process
by a discrete one, results will be valid as long as the factor u.

dt is not too large (see section 3.5).
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Results of the Chi-square goodness of fit tests on 5 runs
presented in table 5-5 below. N refers to tﬁe - total number
whaies that passed through the system. D-square refers to
calculatéd or observed Chi-square value ,d.o.f. to the degrees

freedom and the p value to the observed significance level.

Table 5-5. Goodness of fit tests for case i

are
of
the

of

Run no. N d.o.f D-square p value
1 100 000 25 23.13 - 0.5700°
2 " 100 000 25 14.67 0.9488
3 100 000 25 - 19.39 - 0.7780
4 100 000 24 - 11.89 0.9811
5 100 000 24 22.21 0.5667

From table 5-5 it is clear that since the p value is in each case

much greater than 0.05, the null hypothesis cannot be rejected.

that given in equation (3-15).

- Here ‘the null hypothesis is that the underlying distribution is

'Figure 5-1 show the histograms of the observed y-values and the

theoretical curves for runs 1 and 2 and clearly support the

outcome of the chi-square tests.
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5.2.2. Results: case (ii), negative exponential

In this case f(r)=9¢4/r).exp(—)\r) and/AA was set to 50.0 and A\
=0.0. As already mentioned, r was set to 0.000001 whenever r=0.0.
Note that in this case the 1/r factor overrides the dt factor
for small r, so that a somewhat larger /A&dt is acceptable.
Résults of the Chi-square goodness of fit tests on 4 runs are

presented in table 5-6 below. The notation 1is as in table 5-5

above.
Table 5-6. Goodness of fit tests for case ii
Run no. N \ d.o.f D-square p value
1 100 000 30 ~31.82 o 0.3759
2 100 000 30 35.86 0.2127
3 100 000 29 27.62 0.5383
4 100 000 29 31.34 0.3496

Table 5-6 indicates that the null hypothesis (that the underlying
y distribution is as that given in equation 3-16) can be accepted

for each of the 4 runs.

Figure 5-2 showing the theoretical g(y) curves and the observed
y-values of runs 1 and 2 in histogram form also reflect the good

' fit of the data.
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5.2.3. Conclusion

One can conclude from the above that the expected results are
obtained for both forms of the negative exponential sighting rate
under zero whale velocity. A more realistic parametrisation for

h( 8) can now be developed.

Figure 5 -3.
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6. FURTHER ANALYSIS

The object of the next stage is to produce simulation data that
resemble the real data more closely than has been the case so far.
This 1is done by introducing a more realistic form of h(@) and by
finding appropriate values for the parameteri/x and A in form (i)

of the negative exponential sighting rate (eqg. 3-12(i)). (See fig. 5-3)

6.1. Fitting h(@)

The h(@) used till now implies that all forward directions are
- searched with equal intensity (sections 3.6.1 and 3.6.2). The new
form of h(@) implies that directions straight ahead are searched

with greater intensity than directions to the sides of the vessel.

6.1.1. Analysing the real data

"The new form of h(O’ is based on the real data presented in Doi et
al. (1982). Frequencies of search effort by angle in the case of
two topmen were recorded and the data are presented in figure 6-1
below.-Although the histogram shows a slight assymmetry about the
trackline, h(©®) is still assumed to be symmetrical. This
assumption is made since the réal data are merely used to suggest
a general form for h(®) and in the absence of more reliable data
it is logical to assume symmetry. | \

The histogram of the data (after averaging over the frequencies of

aﬁgles to the 1left and right of the trackline to render the

distribution symmetrical, (figure 6-2) shows that the normal
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distribution is probably a good candidate.
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Figure 6-1.

Frequencies of search effort by angle
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6.1.2. Results

An estimaté of the standard deviation to be used in the normal
distribution cannot be calculated'from the frequency data and an
intuitive value of about 30 was chosen. Goodness of fit tests
between the real data and the normal distribution with mean 0 for

various values of g were completed. Results are presented in

" table 6-1. Dbelow.

Table 6-1. Goodness of fit tests

oy 25 30 35 40
D 61.00 3.66 11.70 35.70
d.o.f 12 14 14 16
2 .
Aoos 21.03 23.69 23.69 26.30
p 0.0000 0.9972 0.6304 0.0032

/ Table 6-1. clearly indicates that the normal distribution with

mean O and standard deviation 30 gives the best fit (figure 6-3).
A standard deviation of 35 is also acceptable, but since 30 offers
a better fit, this was chosen. Note that it is possiBle to
continue the search for a better ¢, but at this stage a standard
deviation to the nearest 5 is.satisfactory. In all subsequent
runs, h(@) takes on the férm‘of the normal distribution with mean
"0 and standard deviation 30. However, since p=f(r)h(6) the
constant in h(@) is incorporated with that of f(r) and therefore:
— AY

f(r) = e
/ﬂ— 12 (e/a)* (6-1)
h(e) =le < ~

0
O <O <
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no. of observations

no. of observations

Figure 6-3.

Normal distribution fitted to figure 6-2 data
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6.2. Finding values fop/u and A

The next step 1is to find suitable values foE/u and A\, . Only one
case of real sighting data will be considered, that obtained by
the Kyo Maru 27 (K27) on the 1980/81 cruise. These data are
typical of whale sighting data, whereas somé of the data from the

other vessels for this particular cruise are somewhat atypical.

Since the aim is to create simulation data that resemble the real
data, varioué values of m and A are used in simulation runs and
the r and © distributions of these runs are compared to the
distributions of the real data. (Note that r and 6 are the radial
distance and sighting angle respectively (see fig. 3-9).) For
this purpose a simple analysis of the real sighting data is

necessary.

6.2.1. Analysing the real sighting data

Only sightings by topmen while the vessel was.in-sighting mode are
considered and the observed r and @ values are extracted from the

sighting records.

About 99% of the @ values were recorded as multiples of 10
degrees. Figure 6-5 below, therefore presents the data in a bar
~graph rather than a histogram. It was-also decided to round the
simulated values to the nearest 10 degrees and rather compare
’the grouped rounded data to the real data. Almost 9% of the
observed © ‘s were recordeg as 90 degrees. This caused a peak in
the distribution that is incompatible with the normal distribution
form of h(8). As already mentioned, this form of h(@) implies very

little or no search effort in the 90 deg. direction and therefore
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4

very little or no observations in that direction. The observations
of © > 85 deg. are therefore ignored for the purpose of this
study. The frequencies of the r values_are presented in figure 6-4
and the percentage sightings within given intervals for r and for

© at at given direction are listed in Appendix 1V.
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6.2.2. Results

For each chosen value Of/ﬂ( and A an éverage of three runs, each
with an N value (total number of whales) of 100 000 were done. It
is important to note that whale velocity u=0 was used. Phe real
data actually corresponds to the case where u 1is not zero.
Aécording to Butterworth and Best (1982) u can be estimated at
about 3 knots. Strictly speaking one should therefore compare
simulation data for u=3 knots to the real data. For the sake of
simplicity (and economy) it was decided to use u=0 to obtain an
initial fit. It is also reasonable to expect thét the r and &
distributions and therefore the/Ak andl).values will not change

drastically with the small change of u from O to 3 knots.

A Chi~-square measure of error is calculated for each run as well
as for the data of the three or more runs combined. The Chi-square

measure of error is calculated as follows:

2 (0. - e;)l
D= > e

where o - % observations in i'th cell: simulation data
€, - % observations in i'th cell: real data

The above measure of error ié calculated for grouped r data and
grouped © rounded to the nearest 10 degrees. Note thatA the €4
values are in each case ﬁhe values given in the second column of
tables in Appendix 1IV. Also note that the measure of error cannot
be considered a true Chi-square test vélue, since in that case the
last cells of the éxpected distribution would have to be combined

‘to give an ¢; value greater than 5.

Results of the Chi-square measure of error for the combined data

(from three or more runs) of r and © are given 1in - table 6-2
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below.
Table 6-2. 'Measdres of error
D° measures of error for r and B
A
0.50 1.00 1.25 1.50 1.75 2.00
s _
2.5 12.8606 12.80 14.84 11.806 12.18 18.55
546.60 92.13 27.04 17.10 24.21 ' 37.76
5.0 13.15 12.85 12.62 11.40
29.40 16.25 17.87 33.46
20.0 ' 11.81 16.30 9.80
39.38 17.81 20.79
23.0 :D‘e 13.77
EacH cELL :
2
:Dr 22.07
30.0 14.51 13.69 15.00
58.70 23.30 20.24
40.0 12.04 l11.62 11.96
65.26 24.33 26.33

Initially i was fixed at 2.5 and various values of A from 0.25 to
2.00 weré used. The measure of error for 6 1is relatively
‘insensitive to change in A . However, great fluctuation was
observed in this measure. For the same values of &4 and A for
example, under identical conditions but only varying the random

number seeds, Dz values for & of from 2.0 to 21.0 were observed.
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Much 1longer runs or variance reduction techniques would be
regquired to obtain a better fit and therefore more accurate values

of/u, and A .

The D* values for r, however, are clearly a minimum in the area of
A. =1.5. Subsequently runs using values of A from 1.25 to 1.75
were considered sufficient for a giveg/u,. For most values o§/4the
minimum Di value is situated at A =1.5. Only in the case wher%/u
=30.0 is it at 1.75. The values of Di (for r) for A =1.5 and 1.75
.are soO close however (16.25 and l7.87)‘that A probably lies in the
region of 1.50 and 1.75. As/AL is increased, the minimum D* for r

"also increases and the fit deteriorates.

The combination /AA¢=5.0, A =1.5 was considered to give a

reasonable fit and was therefore chosen for further analysis.

Let g(y) be the detection curve as defined in Chapter 1, then g(0)
indicates the probability of seeing a whale on the trackline in.
the case where u=0. Although one of the basig assumptions of 1line
transect thedry is that g(0)=1, this is not the case when the
function f(rﬁiﬁLe~zr (Butterworth 1982). In real sighting
surveys g(0) is also not unity, partly because whales are not
sightable (visible) at all times and also Dbecause they are not
stationary and therefore not on the trackline all the time.
Considering the analytical expression for g(0),
A

v3(o) =1 - (6-3)

(see appendix V) and setting A =5.0 and A =1.5 with vessel speed

v the normal 12 knots, a value of ¢g(0)=0.24 is obtained.

Butterworth et al. (1982) develop a method of determining g(0)

experimentally. Using this method, an experimental value for g(O0)
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can be calculated from the real data. The g(0) value obtained from
‘the 1980/81 cruise is g(0)=0.72. This seems realistic and clearly
g(0)=0.24 is very unrealistic in comparison. A corresponding value
of,/A.=23.0 (?\=175,v=12) has to be used in equation 6-3 to obtain
g(0)=0.72. It was therefore decided to analyse this case as well,
even though the fit of the r andv @ distributions are not as good

as in the case where A4=5.0.

"The graphs of the simulated and real r-data (figure 6-6) show that
the sighting function seems incapable of producing 'enough'
observations at small r (0.00 - 0.50 Nm.). The reason why /bt=5.0

gives a better D>

~ Value, 1indicating better fit, 1is pfobably

because of the fact that it has a shorter tail on the lower (left
hand) side than is the case for /A4=23.0. The problem most

probably lies with the form of £(r) used.

A number of approaches can be followed to obtain greater
similarity between the simulated and the real data. As already
mentioned, variance reduction techniques can be introduced and a
greater number of much longer runs can be done.‘ A' smaller value
for dt can be used and a different form of f(r) in the hazard-rate
model can be investigated. An example of an alternative f(r) is

given in section 3.6.2 eqg. 3-13.

At this stage we shall, however, proceed with the forms of £(r)

and h(®6) and the values of/u,and N as determined in this section.
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Figure 6-6. Simulated versus real r-data
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7. FINAL RESULTS

It is now perhaps useful to recall that the main aim of this study
is to attempt to assess the bias in density estimates resulting
from random whale movement. In this section the relevant density

~estimates will therefore be obtained and compared.

The sighting function as given in form 1.2 (appendix I1II11) for the
two cases: (i) 44 =23.0, A=1.5 and (ii) 44=5.0,A=1.5 will be
considered. This sighting function will be used in the simulation
‘and for each case a negative exponential density estimate (NE
estimate) for zero whale velocity and an " experimental value for
g(0) will be calculated. The density estimate corrected for the
fact that g(0) is not unity will then be compared to the true
density which is known from the simulation model. Furthermore, the
uncorrected density estimate for whale velocity u=3 knots will bé
obtained and compared to the true density and the estimate for

u=0,

The use of the  NE density estimate and the procedure for
calculating the g(0) correction factor duplicates the way in which
the density estimate is obtained from the real data (Butterworth
"and Best 1982). This 1is also the main reason for using the NE
estimator. It is easy to calculate and has been used traditionally
in minke whale sighting surveys. It is not, however, necessarily

the most appropriate estimator.

Although the validation process showed that the simulation model
behaves favorably, the case where h(0) is the step function as
defined in form 1.1 (appendix III) will be used to verify that

the correct experimental value for g(0) is obtained. Only case (i)
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above will be considered here.

7.1. Notation

Let D, (u) (sometimes v and u are omitted) indicate the NE density
estimate determined under vessel speed v and whale speea u. See
appendix VIII for the expression for the NE estimate. Let gV(O)
indicate the experimehtally determined value of g(0) under vessel
speed V. Any reference to a thepretical value of g(0) implies the
value obtained using eq. (6-3) above. True D refers to the true

density as known from the simulation model. Since the simulation

' model is based on a fixed number of whales being generated over a

length Wmax and whales moving through the system one at a time, it
is not possiblé to determine the tracklenéth L as such. Tﬁe true .
density given here is therefore actually the density multiplied by
the tracklength L (see appendix VII1). Similarly, D\/(u) is

actually the NE estimate multiplied by L (appendix VIII).
7.2. Calculating g(0) for h(6) the step function.

For the case where the sighting function is of the form no.l.1l
(appendix III), Butterworth (1982) has calculated the correction
factors to be used when a negative exponential form is fitted to
, . . . . -uyK (AY)
data with underlying distribution g(y)=1-e¢ . In other
words, 1if D 1is the NE estimate, D multiplied by the correction
factor would be a better estimate of the true- density. The
correction factors C, given in table 7-1, consist qf.a g(0) factor
and a so-called shape factor, say s. The g(0) factor compenéates

for the fact that g(0) is not unity and the shape factor for the

fact that the negative exponential is used 1instead of the true
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distribution g(y) ygiven above. Since an expression for g(0) exists
(appendix V), it is easy to calculate the g(0) factors for givené%
The correction factor can then be split into its two factors. The

separate values for s and g(0) are given in table 7-1.

Table 7-1. Correction factors

3(3') =1 - e_/%y){.(w)
g(o) = 1 - e_/u/)w
AYav C 3(0) : S
0.1 8.45 | 0.10 0.85
0.2 4.40 0.18 0.79
0.4 2.38 0.33 ' 0.79
0.6 1.71 0.45 0.77
0.8 1.38 0.55 0.76
1.0 1.19 0.63 0.75
1.2 T 1.06 0.70 0.74
1.4 0.97 0.75 0.73
1.6 0.90 0.80 0.72
1.8 0.85 0.83 . 0.71
2.0 0.81 0.86 0.70
2.5 0.74 ’ 0.92 0.68
3.0 0.70 0.95 0.67
4.0 0.65 0.98 0.64
5.0 0.62 : 0.99 0.61

The values for C were taken from Butterworth (1982) table 1.
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The plots of gl(y)

(after Butterworth 1982) jllustrate the fact

that g(0) increases and s decreases as A4y increases (figure 7-1).

Note that the m value in the graph refers to v (i.e. m=/“/xv ).

Figure 7-1. Plots of g(y) as given in eq.(3-15)
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The ratio of the true density to the NE density estimate gives an
estimate of the correction factor to be used. Note, however, that
True D/DV(O) includes both the ¢g(0) and s factors. Results for
vessel speed 7 and 12 and parameters /AL=23.0 and A =1.5 are

presented in table 7-2 below.

Table 7-2. Estimated correction factors
V gy, C
7 2.19 0.7534
12 1.28 0.9890

It can be seen from table 7-1 that for 46~ between 2.0 and 2.5, C
lies between 0.81 and 0.74 and for "%, between 1.2 and 1.4, C lies
between 1.06 and 0.97. It is clear that the estﬁmates of C as

given in table 7-2 lie within the expected intervals.

Experimental values of g(0) are calculated using (a) the NE
density estimates for v=7 and v=12 knots and (b) the NE estimates
corrected for shape (i.e. Ds). Results are presented in table 7-3

below.
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Table 7-3. Calculated g(0) values

(a) D uncorrected (b) D corrected for shape
D, /Dy, ' 1.3127 1.2359
9. (0) 0.61 0.72
.97(0) 0.80 : 0.88

It is clear that using the density estimate corrected for shape in
~.calculation of g(0) 1leads to the correct values of g(0) whereas

using the uncorrected values of D gives an incorrect g(0) value.

This shows that when the negative exponential function does not
fit the right angle distance data well, calculation of g(0) by the
experimental procedurév can lead to an incorrect vélue,
subsequently leading to an over- or underestimate of the true
density. In this particular case a too small g(0) results and

therefore an overestimate of True D is obtained.

‘Plbts showing simulated y-data and the true underlying
distribution as well as a negative exponential function fitted to
vthe data are presented in figures 7-2, 7-3 below. The relevant
parameters common to both figures are: u=0, U =23.0, A =1.5. Note
how the histogram flattens out for small values of y, especially
when v=7. This illustrates how the NE esfimate, which is based on

the ‘intercept, overestimates the true density.
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7.3. Calculating g(0) for h( 6 ) normally distributed

In the following section the more realistic form for h( 8 ), namely

the normal distribution with standard deviation 30 degrees is

used.

Oncé‘again a g(0) value is calculated experimentally. Recall that
‘the theoretical g(0) value is still given by eq.(V-1), appendix V.
Results for cases (i) and (ii), each for u=0 and u=3 knots are
presented in table 7-4 below. The negative exponential density
estimates are obtained by calculating the mean density estimates
for 5 runs done under identical conditions, only changing the
random number seeds. ﬁote that no theoretical value of g(O)I'is
given in the case where u=3. The reason for this is that g(0)
requires careful definition when whales are non-stationary and the
expression of g(0) for u=0 is not necessarily applicable. 1In
table 7-4, CD indicates the NE estimate corrected wusing the
calculated g(0) and TCD the same NE estimate corrected using the

theoretical g(O).
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Table 7-4. Results : experimental g(O0)

10

Case (i)
/u.=23.0 A=15
Whale speed ' u=0 u=3
Dy /Dy, 1.38 1.36
Calculated g, (0) 0.52 0.54
Theoretical g(0) 0.72 -
CDy; =Dy /g2 (0) 4351.88 4327.07
TCD =D /0.72 3245.30 -
True D 3015.11. 3015.11
CD,, /True D 1.44 1.44
TCD /True D : 1.08 -
Case (ii)
/(4,=5-0 A=L1S
Whale speed u=0 u=3
: N
Dy, /Dy 1.53 1.61
Calculated g, (0) 0.30 0.17
Theoretical g(0) | 0.24 -
CDyz =D\3 /g, (0) 2343.83 3969.00
TCD =D,, /0.24 2929.79 -
True D 3015.11 3015.11
CD,, /True D 0.78 1.32
TCD /True D 0.97 -

In case (i) the experimental g(0) (table 7-4 above) is too small,
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leadiny to the corrected estimate CDy, beiny an overestimatg of
the true density. This happens because Dy slightly overestimates
and Djygreatly underestimates the true density in Dboth the cases
u=0 and u=3 (see table 7-5). Once again this is mainly due to the
fact that the negative exponential function does not fit the
y—data very well, especially for small values of y (see figure
7-4). As in the case where h( 6 ) is the step function, the
histogyrams flatten out for small values of y, though not to the
same degree. This 1is apparent when the intervals in this area

(y<1.0) are about 0.1 Nm or smaller.

In case (ii) where u=0, the experimental g(0) is too biy, leading
to an underestimate of the true density. However, where u=3, g(0)
once again leads to an overestimate of true density. Here (for u=0
and u=3) both Dy and D, greatly underestimate the true density.
It is not quite «clear exactly why g,, (0) for u=0 is too large,
.whereas in all the other casés it is too small. Further comment

will be made in section 7.5.

When comparing the experimentally obtained g(0) values to the
theoretical values, it is important to remember that one would not
necessarily expect them to be very close, since the shape factor
has not yet been extracted from the experimental values. Recall
the test case (section 7.2) where it was possible to extract the
shape factor and where two different sets of g(0) values were
-obtained, depending on whether the density estimates had been
corrected for shape or not. 1In this case (h( & ) the normal
distribution) a shape factor has not been calculated since a
relatively simple analytical expression for g(y), necessary for

computing a shape factor, has not been determined.
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7.4. Density estimates

Table 7-4 shows the corrected density estimates (CD,, ) obtained by
using the experimental g, (0) values given in the same table. The
case (i) corrected estimates for u=0 and wu=3 both greatly
overestimate the true density. The ratio of the corrected estimate
t6 the true density shows the degree of overestimation

(approximately 44%).

The case (ii) corrected estimates, however, show an underestimate
for u=0 and an overestimate for u=3. The underestimate obviously
results from the very large g,, (0) value that was used. Oﬁce again
the ratio defined abdve reveals the degree of Qver/underestimation
(approximately 20 to 30%). It is interesting to note that the NE
estimates corrected using the theoretical g(0) (i.e. only for u=0)

are reasonable estimates of the true density.

7.5. The effect of whale movement

The ratio DQ(3)/DV(O) gives an idea of the effect of whale
_movement on the NE estimates. The uncorrected estimates are used
in order to keep the effect of the incorrect g(0) value separate
from the movement effect. The ratios for both cases (i) and (ii)
“are presented in the last column of table 7-5. For each case the
ratios for vessel speed v=7 and v=12 are given. The ratios D,,/True
D simply indicate the degrée of over- or underestimation of the

uncorrected NE estimates.
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Table 7-5. Relevant ratios

Case (i) . AL =230 A=LS

u=0 u=3 D (3)/D (0)
Dy 3122.17 3177.77 1.02
D?/True D 1.04 1.05
Dy, 2262.98 2336.62 ; ©1.03
D,/True D 0.75 0.78 ' >

Case (ii) =50 A=15

Dy 1073.58 1083.52 ' 1.01

D?/True D 0.36 0.36
Dy, 703.15 674.73 0.96
D,,/True D 0.23 0.22

In case (i) both ratios show that the Dy (3) value is slightly
greater than the D, (0) value. In case (ii), the first ratio (i.e.
v=7) indicates the same effect. However, the second ratio (v=12)
shows that Dy, (3) is smaller than D2 (0). This is contradictory to

what one expects, since it implies that random whale movement
leads to an underestimate of the density. The standard deviation s
+ Of the density estimate is large and it is probably simply the
effect of random fluctuation that caused Dj; (0) to be greater than

D|2(3) in case (ii).

It is also important to remember that the D values are the means

of very small sets of observations (only 5 observations were used
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to calculate each D value and 1its standard deviation). Using

larger data sets might easily rid us of this problem. Cases where
u=ld for example, can be invéstigated since one expects the
movement effect to be greater for increased u. However, since the
swimming speed of minke whales is estimate@ at about 3 knots and
since this is the case we are interested in, it is important that

the variance problem be solved.

" Although it is not @ossible to attach a reliable figure to the
.percentage overestimation resulting from random whale movement at
3 knots, table 7-5 shows very clearly that compared to the effect
of wusing an incorrect g(0) value (see table 7-4), thé effect of

whale movement is very small.
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Table 7-6. Measures of variation

Case (i)
M=23.0 A=1S

Whale speed u=0 u=3
Dy 3122.17 3177.77
std.dev. s 84.11 60.63
cv 37.60 27.11
SEM 0.03 0.02
Dy, 2262.98 2336.62
std.dev. s 12.51 89.38
cv 5.59 39.97
SEM 0.01 0.04
Case (ii)
=80 A=I1S
Whale speed u=0 u=3
Dy 1073.58 1083.52
std.dev. s 47.86 28.95
cv 23.93 14.48
SEM 0.04 0.03
D, 703.15 674.73
std.dev. s 38.15 18.03
cv 17.06 8.06
SEM 0.05 0.03
Std.dev. — stondord deviation
CV ~ — coefficient of vararce

SEM —— stondard error ofthe, mean

15
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Figure 7-4.

Negative exponential fitted to simulated y—-data
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Figure 7-5,.

Comparing K27 and simulated y- data
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8. DISCUSSION AND CONCLUSION

The aim of this study, as set out in chapter 2, was to attempt to
assess the bias in density estimates due to random whale movement.
Simulated data were used to duplicate the estimation procedure
followed for real data. Density estimates obtained from the
simulated data were compared to the true density that is known

from the simulation.

8.1. Discussion

As mentioned in the previous chapter, results from five runs, for
- each relevant case were used to calculate a mean negative
exponential density estimate and standard deviation. The standard
deviations, coefficients of variance and standard error of the
~means (table 7-6) show the degree of variation observed in the
éstimates. Clearly, if the éffect of whale movement creates a bias
that is smaller than or of the same order as the observed standard
error of the mean, the ratio Dv(3)/Dv(O) will not be a reliable
estimate of the bias and it might even be impossible to detect the
movement effect. This seems to be the case here. From tables 7-5
and 7-6 it is clear that both the standard error of the mean and
the bias effect range from about 1 to 5 percent. Note that in case
(ii) for v=12 (table 7-5) the observed bias is negative instead of

positive as one would expect. This is discussed in section 7.5.

At this stage the only conclusion that can be drawn 1is that for
the . particular form of the sighting function used in this study,

the negative exponential density estimates do not show a
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significantly greater bias than the 1.04 (i.e. 4%) estimate
currently used as correction factor in calculating real estimates
(Butterworth and Best 1982). Note that this 4% correction factor
is based on the fixed detection radius model with vessel speed . 12

knots and whale speed 5 knots.

It 1is, however, disturbing to note how badly the corrected
estimates, CD;, , overestimate the true density (table 7-4). The
main reason for this was shown to be the effect of using an
incorrect experimental g(0) value which resulted from the negative
',expoﬁential function fitting the right-angle distance data badly.
'qut important is the fact that the g(0) effect 1is an order of

magnitude greater than the whale movement effect.

IA first step towards more reliable estimates of the bias caused by
-g(0) and whale motion would be tﬁe use of much larger data sets in
calculating the mean density estimates. However, it would
probably be Qiser and moré useful first +to obtain greater
resemblance between simulated and real data. This can be done by
finding a better functional form for the sighting function and/or

f

more accurate values for the parameters’AL and A.

‘Apart from implementing the secénd negative exponential fbrm for
f(r) (form 2.2, Appendix II1I), a combination of the two forms as
giveh in form 3.1, Appendix III, can be used. It is known that a
peculiarity of minke whale sighting data is the prominent peak at
small y values in the y distribution. Even with the use of the
E normally distributed h( 6 ), the sighting function (form 1.2,
Appendix III) cannot produce such a peak. One might be forced to
use somewhat less realistic forms of f(r) and especially h(®) so
as to force such a peak in the simulated data. (Use.of an h(e)

with a smaller standard deviation for example, even if this is not



MINKE SIMULATION ' 8-3

supported by the data of Doi et al. (1982).) The peak at small y
values is of great importance since the intercept g(0), of the
functional form fitted to the observed y-data is crucial in the

calculation of the density estimate. (See fig. 7-5)

The main problem that arises from attempts to find suitable values
of the paraméters//x and A 1is the great variance observed in the
‘measures of error. A great number of very long runs (with total
no. of whales §=2 500 000 and corresponding CPU-time of about 500
minutesl!) miéhtvsolve this problem, but the wuse of variance
greauction techniques may prove more useful and economical.
.Although use of a smaller value for the time increment dt, greatly
increases the CPU—£ime, this might also prove useful since_it

implies a Dbetter approximation of the differential equation,

eq.(3-8) (see section 3.5).

It has already been pointed out that the overestimation resulting
from use of too small a g(O) value is due to the bad fit of the
negétive exponential function to the simulated data. The ﬁégétive
exponential function might fit the real data slightly better ' than
it fits the simulated data, because of the g;eater peak in the y
distribution. If this is the éase, the g(0) effect might not be as
substantial as results seem to indicate here. This will obviously
‘come to light when simulated data that resemble the real data more
"closely, are Jenerated. It - is, 'however, a good idea also to
~investigate the behaviour of other -estimators. Both the g(0)
'proﬁlem and the whale moﬁion problem could benefit from such an

investigation.

A popular approach that can be followed here, is fitting a Fourier
series to the y-data and using the corresponding Fourier series

~estimator. This nonparametric approach leads to results that are
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said to be quite good when the underlying g(y) is concave, nearly
linear or mildly convex (Burnham ét al. 1980, p66.). Since the
real y-data seem to indicate an underlying g(y) that is perhaps
more than 'mildly' convex, care will have to be taken when this
procedure Ais applied. Fortunately, the simulation model éan
'easily be used to determine how good the Fourier series estimator

is under given circumstances.

"As mentioned. in chapter'2, the simulation model leaves room for
improvement,\notably the introduction of sighting cues or a given
blow rate (see Hiby 1982) as opposed to potential sightability at
all times. The effects of dive times that are not Poisson
distributed ‘can be investigated and random walk paths instead of
straight line paths can be considered. However, I believe that
further reseafch should first be conducted on this simple model

before an attempt is made to study a more realistic model.

8.2. Conclusion

Although results from this study cannot be considered conclusive,
there is a very definite warning that the procedure of determining
g(O) experimentally is under question. The amount of
overestimation resulting from use of an incorrect g(0) factor 1is
an. order of magnitude greater than that resulting from whale
mévement at 3 knots. At this stage it is thefefore most important
to concentrate furﬁher research on methods of calculating g(O)

‘rather than on effects of target motion.



APPENDIX 1-1

1. APPENDIX I

Derivation of the Koopman ratio.

Consider an observer moving with constant velocity v and with a
fixed detection radius R, among a uniform random distribution of
targets. The targets move with constant speed u, but random
direction. Assume that there are on average N targets per square
mile. Becausé thé track angles —¢ (angle between track and true
direction of target) are uniformly distributed and independent of
position, the average number of targets with track angle between ¢
and g+df will be t¢&¢/zw . A target with particular track angle ¢,
moving at velocity w relative to the observer has to be in the
shaded region of @ figure 1-1 (Appendix I) if it is to enter the
circle in a unit of time (one hour). Sincé the area of the shaded
region is 2Rw, the number of targets of track angle between ¢ and
 ¢-+d¢that enter the detectioﬁ circle per unit time 1is, .to

quantities of first order in the differential 2RW.Nd¢ /3;]'(

The total number Nt is now given by integration over ¢

Nt = é%&jfhﬁé¢

1
since W = ( uw + v "_ZJJV.COSS?S)IZ

2T

N, = —@—’1,;/' (u*+v* - 2uvcosg)’® olg

o

2T
l/z_
= B,'-y-/[ (u_+v)7' - mv((+cos¢)] d¢ ;
2t

’ ’ i Vo
=—&-1I:.l—f(u+v) [1— Ei{j\;)’z(l-t-cosflg)] d¢

(]
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1-2
. T - )
Let W# = 2(5 Le. g = T — 23#
and 1+ cos§ = | + cos(T-2y)
= 2sin Y
Now
. w2
_ RN 4uv
= _T.l_.(uw)/ (\ ~ lurwyT Sin xr)z ol
~Ti
Let —4W _ = sin’g pe.  2VW = gipg
(u+v) : (Uu+V)
then

Ne = i%ﬂ(uw)/h ~ szv.sufxp')lhoh}r

R .
N, = 22 (uev) Eco)
where [E(g) is the complete elliptic integral of the second kind.
When u=0, N, simplifies to:

N, = 2RNv

and now the Koopman ratio is given by:

I!lt______. = 2. uU+V E(o) (1-1)

Ne (u=0) ™ \Y,
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Figure 1-1.

(Appendix I)

observer
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2. APPENDIX II

Expected value and variance of the Koopman ratio, for u=0

The measure used for the KR is:
_ nA
KR = Na

(See section 5.1) Ih terms of the simulation N,A and a are fixed
values and n is the only variable. Therefore, determining the
expected value of the KR simplifies to determining the expected

-value of n.

E(kR) = E(2A)

Similarly

Var (KR) = Var(ﬁ-ﬁ—)

=(-[\—f*a- )z Vor (n)

Note that only the fixed detection range sighting criterion for
‘the case where targets are stationary is considered here. In this
case whales move in straight lines paralléll to the track line at
velocity ~-v relative to the vessel and therefore a whale will be
sighted only if generated within a distance R either side of the

track. R is the radius of the detection circle.

Since the starting points are generated according to the uniform
distribution on the interval (-Wmax,Wmax), the probability of a

whale being sighted, which is equal to the probability of a whale
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having starting position in the section (-R,R), is given by:
q = R/Wmax

Let X, be the random variable associated with the i&'whale, such

that:

x; ={1 if the i* whale is sighted

0 if the i® whale is not sighted

Now P(X;=1) = ¢

P(XL=O) 1-g

If the total number of whales that pass through the system is N,
it is clear that the number of whales that are sighted, n, is

‘given by:

.N
n = 'zgi><i

A=1

Since the sighting of one whale is independent of the sighting of
any other whale, the X; variants are independent. The variants are

also identically distributed.

Now E{(n) and Var{n) are given by:
E() = NE(X;)
Var (n) = NVar (X;)
it ig easy to show that:
E(x;) =9
Var (X;) = g -4

Therefore E(n) =. Nq{

Var (n) = N(q-9*)
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and since g=R/Wmax=a/A
= A L] — v
E(KR) N Nq’ 1

Note that this 1is what one would expect, since the theoretical

- value of the KR for this specific case is unity.

Vo (KR) = (—:,‘a‘)tN(q,-%")

Var (KR) = 1=2 (II-1)
‘ Nq, ,

It is clear from eq. (II-1) that as N increases, the variance of

the KR decreases. The variance was calculated for a few values of

N, using eq. (II-1) and g=0.302 as used in the simulation. These

-values together with the observed standard deviations sgquared are

presented in table 2-1 below.

vTable~2—l.
N : | 1 000 10 000 100 000
| var(KR) calculated 0.00232 0.00023 0.00002
Observed s* 0.00201 0.00018 0.00003
D* calculated 22.52 ~9.39 16.50
X critical 40.65 21.92 20.48
d.o.f 25 11 10

The calculated D-values are for testing the null hypothesis
Ho: ¢ =var(KR) (calculated), against a two-sided alternative.'! At

the 5% siygnificance level Ho is accepted in all three cases.
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3. APPENDIX III

Table of sighting functions.

FORM NO. SIGHTING FUNCTION
14 )((r) =/ue'M
h (0) {1 0¢0<¢
e =
o) T%h <6<
1.2 j%r) = '4?Lef)r
1 oce< %
h(e) =
{O Thcoe™
2.1 f(r) =/u,e"}‘r
o ~ta(e/e)
h € g (/T) 00<%
(e)= o Y <ocT
2.2 for) = A
h(e) e k) e,
e = .
0 <o
3.1 : /M-C—Ar 0sr<R
fr) = e (R>0)
/i*—e, r>R




APPENDIX 4~1

'4, APPENDIX IV

Real data used 1in section 6.2.

The summary of data given below is that of the Kyo Maru 27 (K27)
from the 1980/8l southern hemisphere minke whale assessment

cruise.

Data of the radial distances r in Nautical miles are presented
‘below. Instead of the exact number of observations, the
_percentage of observations within a given interval is given. Note

that all the intervals are not of equal length.

Interval in Nm. % Observations
0.00 - <0.25 , 14.68

0.25 - <0.50 : ‘ 11.51

0.50 - <0.75 10.71

0.75 - <1.25 - 14.69

1.25 - <1.75 19.84

1.75 - <2.25 12.30

2.25 - «2.75 7.94

2.75 - <3.25 5.95

3.25 - <5.00 1.99
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Freqdencies of observed © (sighting angle) are given below as

~ percentaygyes of all sightings.

Sighting angle

O,

)

Observations

10

20

30

40

50

60

70

80

21

18.

16.

13

.93

42

23

.16

.04

.70

.63

.14

.75
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5. APPENDIX V

- An expression for g(0)

From Butterworth (1982) we have the following expression for g(y):

o0
] F(_"-)‘ﬂ)dx'

9y =1 - e

where F(x,y) =f(r).k(e),—\'/— and j’(r) and h(e) can take on various

- forms. 1In particular for j:O

__j‘;(x,o)dx
9 (o) =1—-e ™

‘ : _ ;(r).“l(o)g.?-(:
_9(0) =1—- e f° v

In the case where:
— —Ar
f(v) = e \

e 2

h(e) =

0 . T<9 <

it is clear that h(o)=1 and therefore

_ et [ £(r)clx

9(0) = |
.. | o _ .O—A,r _ . _ )
since VLjof(r)dx | —~/%. [e, or E‘J quf;:’d‘r)
TAY

" now -

3(0) = | - e : (v-1)
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Note that the above expression for g(0) is also valid when h( 6 )

is the step function as defined in Appendix III, form 1.1.
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6. APPENDIX VI

~ Determining ¢g(0) experimentally.

From Butterworth et al. (1982) the following expression is
. obtained:

Dv — 9v(o) ‘ (Vi-1)

Da  9al0)

. where D, and D, indicate the line-transect estimates of density at
vessel speed v and 12 respectively and gy(0) and g, (0) the value

of the detection function on the trackline, i.e. for y=0.

Using the hazard-rate model of Butterworth (1982) with the
functions £(r) and ﬂ(e) és defined in form 1.1 (appendix III) and
the corresponding expression for g(0) as determined in Appendix
II, eq. (VI-1) can be rewritten as:

Dy — 9v (o) — i_e- (vi-2)

D 3\1,(0) i— e

~An ok value can be obtained from the estimate of relative density
through eq. VI-2. Note, however, that o« is assumed to be
independent of vessel speed v. The estimate of g(0) at the normal

~searching speed of 12 knots, is calculated as:

-3

3|z(°) =l-e ' (vI-3)

(See Butterworth et al. 1982 for a more detailed derivation).
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7. APPENDIX VII

An expression for the true density.

A pophlation density measure is given by the number of animals in
a given area, divided by the area. In terms of the simulation

model, the true density will therefore be given by:

D=N/2WmaxL

where N - the total no. of whales passing through the system
2Wmax - the lehgth ovér which whales are generated
L - the tracklength
.
(i.e. 2WmaxL is the total area 'containing' the N whales). It is,
‘however, not possible to determine L as such since the simulation
‘model handles one whale at a time and runé till all N whales have

passed through the system.

Instead of considering D, we therefore consider DxL. Note that the
trackiength used in obtaining the estimated density is the same L

as the one above. Therefore, let the true density be given by:

i

True D DL

True D N/2Wmax (Vii-1)
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8. APPENDIX VIII

" The negative exponential density estimate,.

" Let the detection function g(y) be of the form:

9 = e

where b is a. positive parameter to be determined from the

sightings data. It can be shown (Gates et al. 1968) that the

maximum likelihood estimate of b is given by:
A
b = &=L (VIII-1)

where n 1is the number of animals sighted and the y; are the

observed right angle distances.

The corresponding density estimate, d say, is given by:

a

i
pls
SE

where L is the length of the trackline. Substituting eq. (VIII-1)

we obtain:

- n(n-1)  — (n=1)

2L 2y, ng

Since L is unknown in the simulation, dL will be considered

~ instead of d and D, (u) (as defined in Chapter 7) is given by:

- n=D) ' -2
Dv(u) = 25 . (VIII-2)

‘where the v and u simply indicate the respective vessel and whale
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speeds under which the estimate is obtained.
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9. APPENDIX IX

Program documentation

The FORTRAN names of the most relevant variables in the simulation

model are listed below.

~Variable
N NTOT
-n COUNT
u VW
v \2%
Wx WX
Wy , WY
dt DELT
A LAMBDA
P MEW
R RR
r RR
e‘ ~TH
Yy Y

Wmax WMAX

9'1.

FORTRAN eqguivalent

total no. of whales entering system within
1 sémpling

no. of whales counted i.e. sighted
absolute whale speed

absolute vessel or platform speed
relative Qhale speed, x component
relative whale speed, y component

time increment

parameter in sighting rate function
parameter in sighting rate function
radius of detection circle

fadial distance from whale to vessel, at
sighting

sighting angle

perpendicular distance from track

half the length of the generating line

the maximum limiting angle

Flowchart of the program.

A flowchart illustrating the structure of the program is presented

" below.
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9.2. Description of flowchart blocks

1. Read input.
Some variables are initialised in the program itself because they
are kept fixed throudh most of the runs. The variables that are

"read in are:

Variable FORTRAN input format
~ NTOT . 18
DELT -~ F7.5
VW | ~ F4.2
N 16
NN ‘ 16

" NSAMPL I3-
LAMBDA . F5.2
--Mﬁw F5.2
NF Il
2. Start.

Set the relevant data vriables to zero, e.g. COUNT, YSUM 'and the
frequency counters of the arrays called through the subroutine

HISTO: RBIN, YBIN and THBIN.

3. Enter a whale.

In this section a starting position and direction of movement are
determined. The subroutine THETAA is called to determine the
direction if whale speed is non-zero. Subsequently the relative
whale velocity is calculated as well as the increments in the x
'>.and y directions (i.e. dx and dy). These increments aré used to
- calculate the new - 'coordinates of position after. every time

increment A4t.
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whole process is repeated from block 3.

10. Output results.

An example of output .is given below..Apart from the relevant

variables and parameters e.g. VW,VP DELT etc. that identifies the
run, grouped y and r values as well as grouped values are given.
It is also necessary to give grouped values rounded to 5 and 10
degrees respectively. The total number of whales that were sighted

i.e. COUNT as well as NTOT, YSUM and YBAR are given.

11. Should process be repeated?
The variable NSAMPL indicates how many times the whole procedure
should be repeated. Once again a counter is increased by 1 everyv

time the procedure is started. If the counter is equal to NSAMPL,

"~ the run is completed.. Note that a run consists of NSAMPL samples

based on the same input values.

Some notes.

- For very long runs (e.g. NTOT=1 000 000) the program was changed

slightly so that cumulative data was output "NSAMPL times. In this
case one run consisted of 1 sample only and block 2 is not
executed. A somewhat simplified model was used for the validation

process. The output also varied as necessary.

9.3. Proygram listing.

A listing of the FORTRAN program as used to obtain the final

~r

results is presented below.



LLIIDO 77 X1LOIMIDIOTINLLINTD2O/OTURLI1IDO IO“’UILJ“IDb’IO‘IleLJ":‘D FO07JR8LOIDO/0DTULLO”

.MfNKE SHALE SIMULATION STUDY LISTING

000 OBV I NN NN

IC C =zoes MINKI %WHALE SIMULATION STUDY
27 C #%43200Q00 00 R R0 RRRRIRCAB RS AN AR H &
aC C
31 C =2ue3 SIGHTING FUNCTION:
132 C
133 C NEGATIVE EXPONENTIAL F(F) = NORWAL H(TH)
34 C FCRM 1: FAR)I=MEVSEXP(=_AMBDA%R)
35 C FORM™ 21 FAR)I=(MEN/RISEXP(-LAMBCARR)
136 C .
140 C =»xs3% MOST RZLZIVANT VARIAZRLES?
I1stt C '
160 C ve =PLATFORM VELOCITY IN KNOTS
17C C vN =HSHALE VELCCITY IN KNOTS
160 C WX =RELATIVE MHALE VEL. X COMPONENT
197 C AY =RZLATIVE AHALEL VELe Y COMPONENT .
20C C X =X CQOOXDINATE OF POSITION
210 C Y =Y COORDINATE OF POSITION
220 C DELT =TIME STcP (INCREMENT) AS FRACTION OF AN HOUR
230G C NTOT =TOTAL NCe OF AHALES ENTERING SYSTEM FITHIN RUN
240 C COUNT =NQJe OF 4HALES SIGHTED (RECORDED)
259 C THETA =DIRECTION OF 4HALE MOVEMENT (SEA FRAME)
26C C PHI =RELATY]IVE DIRZCTICN OF ANHALE MOVEMENT (PLATFORM FRAMZ)
27C C R =RADIUS OF DETZCTICN CIRCLE (CUT=CFF)
271 C ~nF =NJde OF THE FORM F(R) SHCULD TAKE ON
26N C :
290 C e=s3& JDEFINING SOME VARIARLES
ise C
3j1c INTEGEZR COUNT,YBIN(Z7),REINC27),THBIN(YF)
3a2¢ INTECZR TSBINCIF9)Y,TICEBINCLID) 4NF
a3n REAL V¥ 3VP 3Pl DELT 3 X 3Y X 3WY sOXsDY s THETA v MAX,PHI ,ALPHA
342 REZAL LAMBOA,MEW,YEAR
350 COMMON PI,,Viaya VP ,NN,YL
360 DATA VP /12607 4P1/73a141592654/ 4R/50/sCT/Te0QOCC1/
‘370 - CATA LAMBIA/QeS/ ,AE&/5e0/ 3, YL/ e25/7 3NS/Z71023307
gt CATA YBINGJRZ2IN/Z27¢3,2720/
39C C .
391 C %x92ex RPEADING IN DATA
392 C
4ge READ(S 3 125 )INTOT,DCLT 3 VAN, Ny NN ,NSAMPLS,LAMBDA ,ME% g NF
410 125 FORMATU(IBF7eS53FHal ylby1b,13,FSe2,FSe2,I11)
427 C !
Y43C € =2eax IMITIALIZING SOME VARIABLES
440 C .
450 IFINFEGLe3)IGO TO 999
460 CCUNT=T
471 Plz=Pl/¢
45C AMAX=ASIN(IZ«.D/]12.73)
490 WMAX=(R/ZCOSEAMAXIIX( 1 +SINMAMAX))
1C ALFHA=ASIN(VN/VP)
20 YMAX=RsTAN((PI2+ALPHA)/Z2.C)
30 C : '
40 C szax SARITING HEADING AND IDENTIFYING PARAMITERS .
5N C
60 WRITE(CIS,150)
70 150 FORMATU(*MINKE SIMULATION STUDY'// s oddnsdseagaedatssan®//)
sC WRITECISZ250)IR .
90 250 FOPMATH'SIGHTING : NEG EXPONENTIAL SIGHTING RATZ, R=',Fbe3)
cr IF(NFeE Gel)THEN
1C VRITEC(15,255)
20 - 255 FORMAT('FUNCTION 1 : MENZEXP{(-LAMEDA%RR) */)
30 €LSE
4n WRITE(15,256)
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65 256 ENg?FwAT(-FUNcrloN 2 : (MEW/RR)ISEXP(=LAMBDAaRR)*/)
5 WRITEL1S,75)LAMEDA
683 4¢ FORMAT(Y LAMBDA="? #5 3. qx,'n ' FS5e2/)
670 WRITE(15,35G)V n,vp DELT )
665 320 FORMAT(® UN=',Fla3s? VP=",Fb6e3," DELT=",F7437)
: WRITE(1G,450)NTOT N, NN
457 FORMAT(*MAX=%,13, N=",16," NN=*,167)
HRITEC1S,550)5MAX, YMAX
€57 OFRMAT(SIMAX=" ,FB.5," YMAX="',FE.5)
c .
C #35¢ SFT RELEVANT CGUNTERS TO ZERO
C _
YSUM=35e0
RSUM=Ge G
DO 100 I=1,21
YBIN(I)=D
RBIN(I)=D
IF(l«LE«FITHRIN(IDI=5
1CcC CONTINUE
C
C s#2s SAMFLING DO LOOP
C
C

NIT=MTOT/ZNSAMPL
U0 2700 NSAM=] oNSAMPL

sexa MAIN D0 LOOP (ENTERING WHALES)

alaknlal

CO 1000 ITERAT=1,N11
X=0el :
Y=(RANDOMINY «Je5)a 2. D MAX

ann

sess DETEXMINZ DIRECTION OF MGVEMENT

(2 I

M = O =T
Z=T BT
OMmrmMm<
- ———f T qI®
e

nm

ho

M= x

TTHETAL,DT)
TA
C-O)THETA=2.0¢P!*THETA

MU I DS

I -~
M

€
C

ELSE
PAI=ATANC(NY/NX)

ENDIF
ANGLZ2=P12=202ATAN(R/ABS(Y))

ANGLLI=-B8NGL 2

C
C »%axn ANY CHANCE OF SIGHTING AHALE?

C
[F(VAeZleleNeANDABS(Y) «GToW R)GO 10 1000

IF(YeGTeReANDPHl+GT.e0)GO TO 1200

~—--_-_a—_g_--;___coooooooooooommmmmmmmbmwmmqqqqﬁuqﬂo

NI o e tr ot s ot oo s e b e e e IO OO OO MNP LE LLWN=C NNV 2WNe O W0 L2 Niee 0
. - Y R
=IO DBOLONOCNLWNmNOIMD A DI 3NN NTNIDOANCNWN=IDNNMDD O‘J'.SCI MG OO0
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IF(YelLToe=ReaANDaPHI LT eT0)G
IF(PHI LTS eJIPHI=2eL2P I+F
PHID=(PHI/(222P[)) 23450

#uxsx ADVANCE MNHALE

(X et el al
o]
[

X=X+DY
Y=Y+DY
XX=X=R
w50 IS AMALE SIGHTEID OR NOT?

(APPLICABLE ONLY FOR H(TH)=0 FOR ABS(TH}«GT.902 DEG)
o2 HAS WHALE LEFT DETECTION ARZA?Z

IF(XX«GTaN.0)GO TO 1070
SIG=30’¢O * \

sagx DETERMINE RADIAL DISTANCE R

AOANCOO

[aXaka!

mx2)+(Yue2)
ADSQ)
R)GO T0 560

seaa WHICH FORM OF F(R) SHOULC BE USED?

N alalal

IF(NFezQoel)THEN
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RANS=RANDOM(NS)
1 JF(FReGTeRANS)ITHEN

sexax MHALE IS SIGHTED?

(alakal

COUNT=CCUNT+1
YSUM=YSUM+ALS(Y)
RSUM=RSUM+PR

CALL HISTOU(Y3RR,TH)
GO TC 1000
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NN RN NN NN NN NN NN NN NN NN

2332 C OTHEZR RELEVANT CUTPUT
2333 ¢ : . '
240C WRITE(15,750)R,WMAX :
241C 75¢C FORMAT(GX s *R=",F5e3s" WMAX=",Fb.
2425 €
2434 YBAR=YSUM/COUNT
244G D=(COUNT=-1)/(28YBAR)
2450 TRUC=NTOT/ (2% MAX)
246G ARITE(15,860)LAM3DA MEN,YRAR
2470 8&C FORMATCIIX, "LAMBDA=V  F5oz,2X, 'MEX
24805 ARITE(L1S,870) TRUD,,D
2453 &87C FORMAT(/19X s *TRUE D=*3F 152
25C0 C
S1G 999 SToP
520 C
521 C
522 C
535 C %% FUNCTIONS AND SURROUTINES =22¢%
531 C
2532 C
2540 C
2565 C #sses RANDOM NUMBER GENERATOR
. 26865 C
2570 FUNCTION RANDOM(N)
2530 N=N23125 .
259C RANDOM=FLOATUIN)/34359738337.07
2600 IFf (RANDOMeLTeJeCIRANDOM==RANDOM
2610 RETUIN )
2620 C
2621 C
2622 C %23 SUEBIOUTINE DETERMINING DIRECTION
2630 C ‘ -
2645 SUSFOUTINE THETAA(TTHETA,DT)
2650 C
266G INTEGER 1 .
267G REAL Cl1sC2,TUsTJdlsE
2680 RAN=IANDOM (NN
2690 Cl=VY&L/VP
2700 C2=2.0%P[3RAN
271G TJ=C2 :
2720 0O 13RO 1=1,1N00
730 TJ1=TJ=(TJ=CleSINCTII=C2)/(1-C]
743G E=ABS(TJL=TJ)
750 IF(E.LE.DT)GO TO 1500
763 TJ=TJl :
776 inoh  CONTINUE
7680 15CN  TTHETA=TJI
794G RETURN
NG C
g01 €
602 C ‘
610 € ese» SURROUTINE GROUPING R AND Y VALU
gll C
822 SUERJDUTINE HISTO(Y,RR 43TH)
830 C
835 YY=AES(Y)
£36 IF(YYelLTe1e0)THEN
837 YL=C.1
638 K=
839 ELSE
841 K=7 -

3)

=',F8-‘!,'HX,'YBAR=',Fao‘i)

S 4X, *D=(COUNT=~1)/22YBAR=",F15.2)

O0F MOVEMINT
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APPENDIX

'Output.

9.4.

program as given above is

of the output from the

example

An

presented below.
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