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ABSTRACT 

Line transect methods used to estimate population density assume 

stationarity of ta-rgets. 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 slyhting 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 in the case considered, the method of 

calculating the g(O) factor (which corrects for the fact that all 

animals on the trackline are not sighted) leads to a greater 

degree of overestimation than the effect of target motion at 3 

knots. Shortcomings of the model are pointed out and possible 

improvements suygested. It is also suggested that further research 

be focused initially on the calculation of the g(O) 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 known area. An 

estimate 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, is that of line transect methods. 

' 
Assume that ·the density of some population has to be estimated in 

an area of known boundaries and size A. An observer moves along 

the transect, which is a straight line placed within the study 

area, and records all siyhtings of individuais of the population. 

Apart from recording the number of observed individukls, certain 

quantitative measurements must also be taken at the moment of 

detection. Usually one or more of the following three 

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

y = the perpendicular distance from transect line to object 

r = the radial or direct distance from observer to object 

e = 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 procedure 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 

1 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 A). King used the average 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 line than W, equals the number of individuals seen 

at distances greater than w. 

Another basic 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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within which all animals are seen. One then defines n' as the 

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 create a mathematical 

foundation for line transects. He also provided the first 

estimator that has a rigorous justification in statistical theory. 

Until 1968 almost no significant theoretical advances appeared in 

the literature although some evaluations of the line transect 

method were presented (for example Robinette et al. 1956) and the 

method was used frequently on a variety of· species (for example 

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

The first truly rigorous statistical development of a line 

transect estimator was presented by Gates et al. (1968). The 

estimator is applicable only to untruncated, 

perpendicular distance data. 

At this stage it is necessary to define the detection curve g(y) 

as the probability of an animal being seen, given that it is a 

perpendicular distance y from the line transect path. The function 

g(y). is such that g(O)=l, 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 distances) 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 logistic_ 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 basic ideas that underlie a nonparametric 

approach to the analysis of line transect data. Seber (1973:pp 

28-30) presented a general model structure based on perpendicular 

distances, but equations 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 

developin~ 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 an~le distance y and radial 

distance r has not yet been sighted, then k(r,y)dx represents the 

incremental 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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f(O). 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 mentioned. 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 line 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 ahimal is independent of the sighting of 

another. 

3. No animal is counted more than once. 

4. When animals are seen through 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 change in the course of running the transect. 

6. The individuals are homogeneous with regard to their response 

behaviour, regardless 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(O)=l (i.e. all animals on the 

trackline are seen). 

Any of these assumptions can be violated in a variety of ways in 

practical line 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 whale sighting surveys, the above is not 

applicable. Although more data on the average swimming speed of 

undisturbed whales are needed, indications are that the average 

swimming speed is less than 5 knots (Butterworth and Best 1982). 

Compared to the normal searching speed of 12 knots, it is 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 (Butterworth 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 

Unfortunately this model is very unrealistic 

are non-stationary. 

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 is unrealistic for two main reasons. 

sightability decreases with distance from the observer. 

Firstly, 

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 is clear from the above that target movement influences the 

estimates of population density. The main aim of this study is 

therefore to attempt to assess the bias in abundance estimates 

resulting from random whale movement. 

Three approaches 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 case, 

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 experimental methods. These methods are often (as in this case) 

expensive and impractical. The third approach is to develop a 

computer simulation -model. This is 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 is relatively easy to ensure that all 

necessary assumptions are satisfied. 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 be 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 blow 

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 is 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 true speeds and 

directions are considered. In the platform frame however, speeds 

and directions relative to 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 

sighting 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,O.O) and this set of 

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

The detection area (the area within which a whale can possibly be 

sighted, but outside of which no sighting can occur) also moves 

with the platform and is positioned in such a way that the p-frame 

y-axis is tangent to it. In the simplest case considered, the 

detection area is a circle with radius Rand the platformsituated 

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

Let the platform move (in the -x direction) at true speed 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=O is a special case) 

(b) u = v 

(c) u > v 

Let u and v be the vectors of the respective whale and platform 

speeds and let w be the vector of whale speed relative to the 

platform. From the theory of relative motion~ it is known that 

w = u v (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 

0 0 

A B c 
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In each case the distance from 0 (the origin of ~) to the centre 

of the circle is v and the radius of the circle is u. The 

resultant vector w has its origin at 0 and extremity on the 

circle. In cases (a) and (b) 1 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 c{, the 

so-called limiting angle. 

Figure 3-4. Limiting angle, case A 

Since w is tangent to the circle, sin( ~)=u/v and therefore 

o< = asin (u/v) (3-2) 

Note that when u=O, w=-v and the limiting angle is o. 

Furthermore, when u=v (i.e. case b), asin(u/v)=asin(l) and ~ is 

90 degrees to either side of -y. 

In case (c) where u>v, the origin of~' namely 0, lies within the 

circle and the limiting angle is clearly 180 deg. to either side 

of -y. Note the implication in this case that the target can 
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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, i.e. case (a), will be considered in this 

simulation model. Under this assumption whales cannot enter the 

detection ar,ea from behind the platform and it is sufficient to 

· generate the whales along the y-axis perpendicular 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, i.e. 

u < umax < v. Let o<"'a.x be the corresponding limiting angle .and 

therefore, from eq. (3-2): 

oem~ = asin (umax/v) 

Since asin is monotonically increasing for the relevant values of 

u and v, ~ will be less than or equal to ~ and ~ 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 ~x to 

either side of the x direction. The whale path can only intersect 

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 ~ to the x direction. 
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Figure 3-5. Generating line 

a 

d 

X 

Figure 3~6. Determining Wmax 

y 

d 
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Let the distance from 0 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: 

W ~Q.Y. I R. =.;, tan 'lf 

and 'lf = C v 12 -t- ot..Tf\~ ) I 2 

therefore 

(3-3) 

In the simulation itself umax=l0.5 knots was usually used. 

3.4. The distribution of the angle 

Let the vectors \!• y and ~ be as before. Let ¢ be the angle 

between -v and~ (figure 3-7.). Let~ be the angle between -y and 

u and the angle between the extended -~ and £· This angle 

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

Figure 3-7. Notation 

-v 
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It is known that: w v 

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

is obtained: 

g = u. cos ~. i + u.s in~ . i 

v = -v.i and -y = v.j, 

now w = (u.cos ~ + v)_i + u.sin~ .j_ (3-4) 

Clearly yt = v._! = -v when u = 0. 

Since <.P plays no role in the case where u=O, ~ can take on any 

value. In terms of the simulation it is therefore sensible to draw 

a value for ~ using . a random number generator, 

the value of u. 

irrespective of 

The case where u>O is now considered. Assuming that the directions 

are randomly distributed, one 

sighting platform to encounter 

would 

equal 

of movement of the whales 

expect a stationary 

proportions of whales 

towards it. As soon 

moving away from it and whales moving 

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 

platform can be given by the ratio of the x component of ~ to the 

x component of -~, i.e. simply v, as the rate at which whales may 

be encountered is proportional to the component of the whale 

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

direction towards platform away from platform 

X 

X 

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 ljJ 

The probability density function of ~ 1 f<~) 1 now becomes: 

J(~) = -d:rr·~ cos¢ 

or (3-5) 

The 1/2~ factor-is simply a normalising factor so that j{~> is a 

probability d~nsity function. 
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In order to simulate this distribution of ~ I the following 

procedure has to be followed: 

(a) find F(Cj) , the distribution function of ~ 

(b) set F(~) = q where q is a random number 

(c) solve for ~ = F-1 Cq_) where F-1 
is the inverse of F 

(a) 
FC<i) = 1 fc<:E)d<} 

0 

- y,_ ... jc 1- ~cos f) do, 
0 

FC~)= Yzrr ( ~ - ~s~~) 

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

max FC~) = F(:2..1T) = 1.0 and minF(~) = FCo) = 0.0 

(c) The solution i.e. the desired angle ~ is given by the inverse 

function of F (~) , namely F~ 1 (9,-)· Since F- 1 
cannot be found ana

lytically, a numerical method must be employed to solve for ~ 

in ~ == Y21T ( ~ - '¢ sln. ~ ) 
The Newton Raphson method is employed in the following way: 

Let e;p..._ indicate the value of q> at the i-th iteration. 

Set ~0 ~ ~/2rr and solve recursively, using equation (3-6). 

<p ).+I 

where u . A=; 
y.Slrl ~i 

(3-6) 

Iteration is terminated when a desired level of accuracy is 

obtained i.e. when < e 

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

Let the vectors ~·~ and~ be a$ before. Equation (3-4) gives the x 

and y components of w. Let wx and wy indicate the respective 

components, then 

wx = u..cos i + v 

Assume the wbale is at a point (x,y) in the p-frame. During a time 

dt it will move a distance wx.dt in the x direction and a distance 

wy.dt in the y direction, thus being at a new point 

(x+wx.dt,y+wy.dt). This can however be written as (x+dx,y+dy) 

where: 

dx. = ( u . cos ~ + v) dt 

d.!j - ( u..sin ~ )d:t 
(3-7) 

The process described above is an attempt to approximate the 

differential 

:a8 - FB 
dX 

by .the difference equation: 

(3-8) 

(3-9) 

where B(x,y) is the probability that the whale has not been seen 

by the time it reaches the point (x,y) and Fo~ 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: 
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and by series expansion of the exponential: 

B ~ Bo ( 1 - F :X. + ( F:x.t/ 2! - · · · + · · · · · ) 

B can be approximated by Bo (I - Fx.) 

the order of (Fxf can be neglected. 

only if Fx<<l and terms of 

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

(3-8) is: 

..., 
-1 F (x.,y> clx. 

B :::: Bo e ... 

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

terms of the order of (F~xJ 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: 

F(x)lj) :::fcr).hCe). 1/v 

mro<. fer> =fcc) ~ 
vrw<. h (e) = h Co) = 1 

Therefore we require (P/v) 6x- << 1 

and since a% = 6t the choice of 6C must be such that /tSc << 1 

In the simulation at was usually set to 0.01. Note that Ot could 

preferably be smaller still, but CPU-time increased to such an 

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

Let (r, 9 ) indicate a whale's position, r being the radial 

distance between animal and observer and e the angle between the 

track line and the radial (figure 3-9). Assume 
1
that the 

probability per unit time, p, of sighting a whale at a position 

(r, e ) is given by: 

p = f(r).h( e) (3-10) 

The h( e ) factor describes the relative concentration of siyhting 

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 

direction of 
vessel movement 

whale 

y 

vessel 
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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 detect~d. 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 rernains 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 random 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 criterion and 

detection circle of radius R. He then shows (Appendix I) that the 

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

where Tr/l. 

EC<r) =1../, - ob{r 

s~ a-= 2./Zi.V /(u.+v) 

When targets are stationary, i.e. u=O, the expression simplifies 

to: 

Nt (u.::: o) - 2RNv 
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The ratio Nt/Nt(u=O), referred to as the Koopman ratio in this 

study, is thus given by: 

kR- Nt = 2 . (u.+v) E (a) 
Nt (u=o) 1r v 

(3-11) 

This ratio is an increasing function of target speed u and 

reflects the fact that tar~et motion will increase the contact 

rate on random targets. Skellam (1958) also derives this result. 

The Koopman ratio can be used in the validation 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 i.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 considered 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): 

f -A.r 
(r) = ~e (3-12) 

f M. -hr U.1J fr) = /r e 

where~ and A. are positive parameters. The exp(- 'A r) factor 
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would account for decreasing siyhtability 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: 

R>o (3-13) 

r > R 

For simplicity h ( e ) is taken as: 

h (e) 
(3-14) 

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(9). 

For case (i) (3-15) 

and case (ii) (3-16) 

where K0 is a zero order and K1 a first order modified Bessel 

function. 

Implementing both cases (i) and (ii), implies the following in 

terms of the simulation model. Assuming, that the whale is at point 

(r, e ), f(r)h(e)dt is calculated, where dt is the time increment. 

A random number q between 0.0 and 1.0 is drawn. If f(r)h( e)dt is 

less than q, the whale is NOT si~hted. However, if f(r)h($)dt is 

greater than q, the animal is sighted and the relevant information 

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

overcome by setting r = e, where e=O.OOOOOOl, whenever r=O in the 

simulation. 

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

f<r> 

. f _').r V.c.J {r) ~e 
r 
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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 relative to the 

chosen x-y 

Note that 

axes. A detection area is placed around the platform. 

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. 

A true speed u and a randomly chosen direction determined in the 

sea-frame, i.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 

(see figure 3-5.). In 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, 

but in the opposite direction. The relative speed and direction 

(animal relative to platform) are calculated and used to determine 

the straight line 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 is 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 is 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 is determined whether 

event (a) will occur. If it does, the animal is immediately 

'forgotten' (only recorded as having passed through the system, 

contributing one to the number of unseen animals} and a next 

animal is entered. If (a) will not occur, the animal is moved 

through 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 generation 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) they-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 e 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. 

The 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 in 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 when 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 

randomly. If the whales are assumed to be stationary, 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 

angular distribution which is not uniform. 

distribution is discussed in section 3.4 • 

appropriate 

The angular 
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5. VALIDATION 

5.1. Fixed Detection Range Si';jhting Criterion. 

It is 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 tar<.Jets 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 sighting 

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 5-l shows theoretical values of the KR calculated using eq. 

(3-11) and three values of u. From the table it is clear that in 

the case of target velocity u=O, 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-l. KOOPMAN RATIOS 

Koopman ratios for fixed platform velocity v=l2 knots 

whale velocity theoretical 

(in knots) Koopman ratio 

0.0 1.0000 

5.0 1.0438 

1 o. 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 behave 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 is in other words: 

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

where n = the number of whales sighted 

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 yenerated 

This expression is 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=O to 

confirm that the observed ratio is significantly close to 1.0. 

Results for u=O 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=O Knots 

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

case where whale velocity u=O 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 

through the system, in each run. 

of whales N, that passed 

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 generating 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=O.O 

r-------------------------- -- --·-

Expected Koopman ratio- 1.00. 

Whale velocity u=O.O Platform velocity v=l2.0 knots 

case 

N =total number of whales 

s =number of runs 

Mean Koopman ratio 

Standard deviation 

t statistic 

d.o.f 

p value 

95% Confidence interval 

lower bound 

upper bound 

Minimum observed KR 

Maximum observed KR 

1 

l 000 

26 

0.99588 

0.04487 

-0.4682 

25 

0.6437 

0.97775 

1.01401 

0.89549 

1 ;07459 

2 

10 000 

12· 

1.00693 

0.01329 

1.8063 

11 

0.0983 

0.99849 

1.01537 

0.98769 

1.03081 

3 

100 000 

ll 

1.00050 

0.00531 

0.3123 

10 

0.7612 

0.99693 

1.00407 

0.99094 

1.00905 

IL----------------------~-----------~-------~-----~ 

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. ·This is also reflected in the 95% confidence 

intervals given in table 5-2 above, since the theoretical value 

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 

N=lOO 000). 

(i.e 

One may therefore conclude that in the case of u=O the observed 

mean Koopman ratio is significantly close 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. 

Table 5-3. VALIDATION, u=5 KNOTS 

Expected Koopman ratio= 1.0438 

Whale velocity u=5.0 Platform velocity v=l2.0 knots 

Case 

N =total number of whales 

s =number of runs 

Mean Koopman ratio 

Standard deviation 

t statistic 

d.o.f 

p value 

95% Confidence interval 

lower bound 

upper bound 

Minimum observed KR 

Maximum observed KR 

1 

1 000 

26 

1.04155 

0.04947 

-0.2319 

25 

0.8185 

1.02156 

1.06154 

0.92531 

1 .14424 

2 

10 000 

10 

1.04378 

0.01433 

-0.0044 

9 

0.9966 

1.03353 

1.05403 

1.02451 

1.06132 

3 

100 000 

10 

1.04352 

0.00362 

-0.2446 

9 

0.8123 

1.04119 

1.04611 

1.03820 

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. 
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5.1.3. Results u=lO Knots 

The results for whale velocity u=lO.O knots are presented in table 

5-4. below. The notation is as in tables 5-2 and 5-3. 

Table 5-4. VALIDATION, u=lO,O 

.----------------------------------------------------------------------~-

Expected Koopman ratio= 1.1831 

Whale velocity u=lO.O Platform velocity v=l2.0 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 1.15419 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 KR 

is 1.1831. Once again the 95% confidence intervals contain the 

value 1.1831. 
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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 ran~:Je 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 stage 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, eqs. 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. ~j(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=l5.0 

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 is as 

follows. Using a numerical inte13ration method (NAGLIB computer 

package, routines DOlAHE, Sl8ACE, Sl8ADE), integrals of g(y) are 

calculated over: 

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

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

The expected number of observations within interval i, 

calculated as: 

is then 

(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) =~exp(-i\..r) 

and settin<.:J _,;<A =2. 5 .and (\ =1. 0. The constant _,.,u i~ chosen so that 

a sufficient number of sightings is obtained when the simulation 

is run for a reasonable time, e.g. N=lOO 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~· 

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 are 

presented in table 5-5 below. N refers to the total nuf\\b.er of 

whales that passed through the system. D-square refers to the 

calcula~ed or observed Chi-square value ,d.o.f. to the degrees of 

freedom and the p value to the observed significance level. 

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

J 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. 

Here the null hypothesis is that the underlying distribution is 

that given in equation (3-15). 

Figure 5-l 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)=yu/r).exp(-1\.r) and~ was set to 50.0 and;>... 

=0.0. As already mentioned, r was set to 0.000001 whenever r=O.O. 

Note that in this case the 1/r factor overrides the dt factor 

for small r, so that a somewhat larger ~-dt is acceptable. 

Results of the Chi-square ~oodness of fit tests on 4 runs are 

presented in table 5-6 below. The notation is 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 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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Figure S-2. Theoretical g(y) fitted to simulated 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 ( e ) can now be developed. 
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6. FURTHER ANALYSIS 

The object of the next stage is to produce sfmulation data that 

resemble the real data more closely than has been the case so far. 

This is done by introducing a more realistic form of h(e) and by 

finding appropriate values for the parameters~ and A in form (i) 

of the negative exponential sighting rate (eq. 3-12(i)). (Seefig.5-3) 

6.1. Fitting h(9) 

The h(6) 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(G) 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(9) 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( e) is still assumed to be symmetrical. This 

assumption is made since the real data are merely used to suggest 

a general form for h(e) 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 

angles to the left 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-l. 
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6.1.2. Results 

An estimate 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 ~ were completed. Results are presented in 

table 6-1. below. 

Table 6-1. Goodness of fit tests 

o- 25 .30 35 40 

.2. 
D 61.00 3.66 11.70 35.70 

d.o.f 12 14 14 16 
2. 

Xo.os 21.03 23.69 23.69 26.30 

p 0.0000 0.9972 0.6304 0.0032 

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

mean 0 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 

rufis, h(G) takes on the form of the normal distribution with mean 

0 and standard deviation 30. However I since p=f { r )h { e ) the 

constant in h{G) is incorporated with that of f(r) and therefore: 

f 
-~r 

(r) == ~e · 
1 { _ lh ( e I a) '1.. 

n (a) = e 

0 

o ~ e ~ TT/:J_ 

~<G<:1f 

(6-1} 
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Figure 6-3. 

Normal distribution fitted to figure 6-2 data 
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6.2. Finding values for;tA and A 

The next step is to find suitable values for~ and ~. 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 some of the data from the 

other vesse·ls for this particular cruise are somewhat atypical. 

Since the aim is to create simulation data that resemble the real 

data, various values of~ and ~are used in simulation runs and 

the r and e distributions of these runs are compared to the 

distributions of the real data. (Note that r and e 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 e values are extracted from the 

sighting records. 

About 99% of the e 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 9 's were recorded as 90 degrees. This caused a peak in 
I 

the distribution that is incompatible with the normal distribution 

form of h(9). As already mentioned, this form of h(9) implies very 

little or no search effort in the 90 deg. direction and therefore 
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very little or no observations in that direction. The observations 

of e > 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 

9 at at given direction are listed in Appendix IV. 
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6.2.2. Results 

For each chosen value of ,!"A and A. an average 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=O was used. 'Phe real 

data actually corresponds to the case where u is not zero. 

According 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=O to obtain an 

initial fit. It is also reasonable to expect that the r and 9 

distributions and therefore the~ and A values will not change 

drastically with the small change of u .from 0 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: 

'l. 
(o·- e.) 

(:( A 

where % observations in i'th cell: simulation data 

e· - % observations in i'th cell: real data 
~ 

The above measure of error is calculated for grouped r data and 

grouped e rounded to the nearest 10 degrees. Note that the 

values are in each case the values given in the second column of 

tables in Appendix IV. Also note that the measure of error cannot 

be considered a true Chi-square test value, since in that case the 

last cells of the expected distribution would have to be combined 

:to give an et_ value greater than 5. 

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

(from three or more runs) of r and e are given in ·table 6-2 
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below. 

Table 6-2. Measures of error 

2. 
measure·s of D error for r and e 

~ 
. 

0.50 1.00 1.25 1.50 1.75 2.00 

2.5 12.86 12.80 14.84 11.86 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 D2. 13.77 . e 
EAcH caL . 

:02. I 22.07 
Y" 

30.0 14.51 13.69 15.00 

58.70 23.36 20.24 

40.0 12.04 11.62 11.96 

65.26 24.33 26.33 

Initially ft was fixed at 2. 5 and various values of A. from 0. 25 to 

2.00 were used. The measure of error for e is relatively 

insensitive to change in i\. However, great fluctuation was 

observed in this measure. For the same values of/U and ~ for 

example, under identical conditions but only varying the random 

number seeds, D2. values fore of from 9.0 to 21.0 were observed. 
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Much lon9er runs or variance reduction techniques would be 

required to obtain a better fit and therefore more accurate values 

of/""- and A, • 

l. 
The D values for r, however, are clearly a minimum in the area of 

~ =1.5. Subsequently runs using values of~ from 1.25 to 1.75 

were considered sufficient for a given~. For most values of;«the 

minimum D~ value is situated at ~ =1.5. Only in the case wher~ 

=30.0 is it at 1.75. The values of D~ (for r} for A=1.5 and 1.75 

are so close however (16.25 and 17.87} that~ probably lies in the 

region of 1.50 and 1.75. As~ is increased, the minimum Dl.for r 

also increases and the fit deteriorates. 

The combination ~=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 ~n Chapter 1, then g(O} 

indicates the probability of seeing a whale on the trackline in. 

the case where u=O. Although one of the basic assumptions of line 

transect theory is that g(O}=l, this is not the case when the 

-AI'" 
function f ( r) =_;<A. e (Butterworth · 1982). In real sighting 

surveys g(O) is also not unity, partly because whales are not 

sigh table (visible) at all times and also because they are not 

stationary and therefore not on the trackline all the time. 

Considering the analytical expression for g ( 0} 1 

- 1 - e 
-~/A:\f 

(6-3) 

(see appendix V) and setting ~ =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 a1. (1982} develop a method of determining g(O} 

experimentally. Using this method, an experimental value for g(O) 
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can be calculated from the real data. The g(O) value obtain~d 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 ,;U =23. 0 ( ,?\.=1 ~ 5, v=l2) 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 and e distributions are not as good 

as in the case where~=S.O. 

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 ,JA- =5. 0 

gives a better value, indicating better fit, is pro]?ably 

because of the fact that it has a shorter tail on the lower (left 

hand) side than is the case for ~ =23. 0. The problem most 

probably lies with the form of f(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 eq. 3-13. 

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

and h( e) and the values of )A and A as determined in this section. 
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Figure 6 -:--7. 

Simulated vs. K27 e- 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 III) for the 

two cases: (i) fo =23.0, {\..=1.5 and (ii) ,;U-=5.0, 1\.=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(O) will be calculated. The density estimate corrected for the 

fact that g(O) 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 be 

obtained and compared to the true density and the estimate for 

u=O. 

The use of the · NE density estimate and the procedure for 

calculating the g(O) correction factor duplicates the way in which 

the density estimate is obtained from the real data (Butterworth 

and Best 1982). This is 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(e) is the step function as 

defined in form 1.1 (appendix III) will be used to verify that 

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

7.1. Notation 

Let Dv(u} (sometimes v and u are omitted} indicate the NE density 

estimate determined under vessel speed v and whale speed u. See 

appendix VIII for the expression for the NE estimate. Let gy(O} 

indicate the experimentally determined value of g(O} under vessel 

speed v. Any reference to a theoretical value of g(O} 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 possible to determine the tracklength L as such. The true 

density given here is therefore actually the density multiplied by 

the tracklength L (see appendix VII). Similarly, D" (u) is 

actually the NE estimate multiplied by L (appendix VIII}. 

7.2. Calculating g(O) for h(e) the step function. 

For the case where the sighting function is of the form no.l.l 

(appendix III), Butterworth (1982} has calculated the correction 

factors to pe used when a negative exponential form is fitted to 
_ oe~K1 <~!j) 

data with underlying distribution g (y) = 1- e In other 

words, if D is 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-l, consist of a g(O) factor 

and a so-called shape factor, say s. The g(O} factor compensates 

for the fact that g(O} is not unity and the shape factor for the 

fact that the negative exponential is used instead of the true 



MINKE SIMULATION 7-3 

distribution g(y) given above. Since an expression for g(O) exists 

(appendix V), it is easy to calculate the g(O) factors for given~ 

The correction factor can then be split into its two factors. The 

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

Table 7-1. Correction factors 

3(~) 1 
-A~ K, ("-~) 

= - e v 

-_.,M-/)..v 
j (O) :::: 1 - e 

fo/?l.v c _gCo) 5 

~ 

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 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 g(y) (after Butterworth 1982) illustrate the fact 

that g (0) in'creases and s decreases as Ph_" increases (figure 7-1). 

Note that them value in the graph refers to ~/Av (i.e. m=~/Av ). 
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The ratio of the true density to the NE density estimate gives ~n 

estimate of the correction factor to be used. Note, however, that 

True D/Dv(O) includes both the g(O) and s factors. Results for 

vessel speed· 7 and 12 and parameters ,;tA =23. 0 and A. =1. 5 are 

presented ih table 7-2 below. 

Table 7-2. Estimated correction factors 

A 

v c 

7 2.19 0.7534 

12 1.28 0.9890 

It can be seen from table 7-1 that for P/i\v 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 estimates of C as 

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

Experimental values of g(O) are calculated using (a) the NE 

density estimates for v=7 and v=l2 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(O) values 

(a) D uncorrected (b) D corrected for shape 

])1- /Dil 1.3127 1.2359 

.9•:~- (o) 0.61 0.72 

3'1 (0) 0.80 0.88 

It is clear that using the density estimate corrected for shape in 

calculation of g(O) leads to the correct values of g(O) whereas 

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

This shows that when the negative exponential function does not 

fit the right angle distance data well, calculation of g(O) by the 

experimental procedure can lead to an incorrect value, 

subsequently leading to an over- or underestimate of the true 

density. In this particular case a too small g(O) results and 

therefore an overestimate of True D is obtained. 

Plots showing simulated y-data and the true underlying 

distribution as well as a negative exponential function fitted to 

the data are presented in figures 7-2, 7-3 below. The relevant 

parameters common to both figures are: u=O,JU =23.0,~ =1.5. Note 

how the histogram flattens out for small values of y, especially 

when v=7. This illustrates how the NE estimate, which is based on 

the intercept, overestimates the true density. 
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Figure 7-2. 

Negative exponential and true distribution fitted to 
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Figure 7-3. 

Negative exponential and true distribution fitted to 

simulated data for v=l2 
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7.3. Calculating g(O) for h( e) normally distributed 

In the following section the more realistic form for h ( 9 ) , namely 

the normal distribution with standard deviation 30 degrees is 

used. 

Once again a g(O) value is calculated experimentally. Recall th&t 

the theoretical g(O) value is still given by eq.(V-1), appendix V. 

Results for cases (i) and (ii), each for u=O 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. Note that no theoretical value of g(O) 'is 

given in the case where u=3. The reason for this is that g(O) 

require~ careful definition when whales are non-stationary and the 

expression of g(O) for u=O is not necessarily applicable. In 

table 7-4, CD indicates 

calculated g(O) and TCD 

theoretical g(O). 

the NE estimate corrected using the 

the same NE estimate corrected using the 
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Table 7-4. Results experimental g(O) 

Case (i) 
,.u.= :2.'3.0 (I.:::I.S 

Whale speed u=O u=3 

D 1 /D1'J. 1.38 1.36 

Calculated g l'l. (0) 0.52 o. 54 

Theoretical g(O) 0.7.2 -

c D l'l. =D IJ,. I g 1'2. ( 0 ) 4351.88 4327.07 

TCD =Drz./0.72 3245.30 -
True D 3015.11 3015.11 

CD l'l. /True D 1.44 1.44 

TCD /True D 1.08 -

Case (ii) 
~=s.o /\.= (.5 

, 

Whale speed u=O u=3 

I 
\ 

D:?- /D,,_ 1.53 1.61 

Calculated g 17. ( 0) 0.30 0.17 

Theoretical g(O) 0.24 -
' 

CD,~ =D,:z. I g 1'].. ( 0) 2343.83 3969.00 

TCD =D 1'l.. /0.24 2929.79 -
True D 3015.11 3015.11 

CD 11. /True D 0.78 1.32 

TCD /True D 0.97 -

In case (i) the experimental g(O) (table 7-4 above) is too small, 
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leading to the corrected estimate CD~ beiny an overestimate of 

the true density. This happens because n1 slightly overestimates 

and Dugreatly underestimates the true density in both the cases 

u=O 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( 9 ) is the step function, the 

histograms flatten out for small values of y, though not to the 

same degree. This is apparent when the intervals in this area 

(y<l.O) are about 0.1 Nm or smaller. 

In case (ii) where u=O, the experimental g(O) is too big, leading 

to an underestimate of the true density. However, where u=3, g(O) 

once again leads to an overestimate of true density. Here (for u=O 

and u=3) both n1 and D1k greatly underestimate the true density. 

It is not quite clear exactly why g 12 (0) for u=O is too larye, 

whereas in all the other cases it is too small. Further comment 

will be made in section 7.5. 

When comparing the experimentally obtained g(O) 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(O) values were 

·obtained, depending on whether the density estimates had been 

corrected for shape or 

distribution) a shape 

not. In 

factor 

this 

has 

case (h( e ) the normal 

not been calculated since a 

relatively simple analytical expression for g(y), 

computing a shape factor, has not been determined. 

necessary for 
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7.4. Density estimates 

Table 7-4 shows the corrected density estimates (CD 1~ ) obtained by 

using the experimental g 1z (0) values given in the same table. The 

case (i) corrected estimates for u=O and u=3 both greatly 

overestimate the true density. The ratio of the corrected estimate 

to the true density shows 

(approximately 44%). 

the degree of overestimation 

The case (ii) corrected estimates, however, show an underestimate 

for u=O and an overestimate for u=3. The underestimate obviously 

results from the very large g 1~(0) value that was used. Once again 

the ratio defined above reveals the degree of over/underestimation 

(approximately 20 to 30%). It is interesting to note that the NE 

estimates corrected using the theoretical g(O) (i.e. only for u=O) 

are reasonable estimates of the true density. 

7.5. The effect of whale movement 

The ratio Dv(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(O) 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=l2 are given. The ratios Dv/True 

D simply indicate the degree of over- or underestimation of the 

uncorrected NE estimates. 
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Table 7-5. Relevant ratios 

Case ( i ) ,M- :: 23.0 />.= 1.5 

u=O u=3 D (3)/D (0) 

Dt 3122.17 3177.77 1.02 

D:r /True D 1.04 1.05 

./ 

D,2. 2262.98 2336.62 1.03 

D1,/True D 0.75 0.78 ' 

Case (ii) /""' = 5.0 'A== 1.5 

D:f 1073.58 1083.52 1.01 

D1-/True D 0.36 o. 36 

D12 703.15 674.73 0.96 

D
12

/True D 0.23 0.22 

In case (i) both ratios show that the D v (3) value is slightly 

greater than the Dy(O) value. In case (ii), the first ratio (i.e. 

v=7) indicates the same effect. However, the second ratio (v=l2) 

shows that D1:z.. (3) is smaller than Dl'2. (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 D12. (0) to be greater than 

D12 (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 observati9ns were used 
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to calculate each D value and its standard deviation}. Using 

larger data sets might easily rid us of this problem. Cases where 

u=lO for example, can be inv~stigated since one expects the 

movement effect to be greater for increased u. However, since the 

swimming speed of minke whales is estimated 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 possible 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 using an incorrect g(O) value (see table 7-4), the effect of 

whale movement is very small. 
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Whale speed 

D'1 

std.dev. s 

cv 

SEM 

D,'l. 

std.dev. s 

cv 

SEM 

Wh_ale speed 

. D~ 

std.dev. 

cv 

SEM 

D,2. 

std.dev. 

cv 

SEM 

..,std.clev. 
cv 
SEM 

s 

s 

Table 7-6. Measures of variation 

Case (i) 
/tA.=:2-3.0 /\= 1-5 

u=O 

3122.17 

84.11 

37.60 

0.03 

2262.98 

12.51 

5.59 

0.01 

Case (ii) 
_,;«-,. s.o A.= (.5 

u=O 

1073.58 

47.86 

23.93 

0.04 

703.15 

38.15 

17.06 

0.05 

.stondo.rd deviation 
coefficient of va.rianc.e 
sto.ndo.rcl errt>r cf the m~n 

u=3 

3177.77 

60.63 

27.11 

0.02 

2336.62 

89.38 

39.97 

0.04 

u=3 

1083.52 

28.95 

14.48 

0.03 

674.73 

18.03 

8.06 

0.03 
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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 

estimates. Clearly, if the effect 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)/Dy(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=l2 (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 is that for 

the particular for~ 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 c6rrection 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 is, however, disturbing to note how badly the corrected 

estimates, CD 12 , overestimate the true density (table 7-4). The 

main reason for this was shown to be the effect of using an 

incorrect experimental g(O) value which resulted from the negative 

exponential function fitting the right-angle distance data badly. 

M?st important is the fact that the g(O) effect is an order of 

magnitude greater than the whale movement effect. 

A first step towards more reliable estimates of the bias caused by 

g(O) and whale motion would be the use of much larger data sets in 

calculating the mean density estimates. However, it would 

probably be wiser and more useful first to obtain greater 

resemblance between simulated and real data. This can be done by 

fin~ing a better functional form for the sighting function and/or 

more accurate values for the parameters ~ and(\.. 

Apart from implementing the second negative exponential form for 

f(r) (form 2.2, Appendix III), a combination of the two forms as 

given iri 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 

normally distributed h( e), 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{e) 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 
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supported by the data of Doi et al. (1982).) The peak at small y 

values is of great importance s.ince the intercept g(O), 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 parameters /A and A. is the great variance observed in the 

measures of error. A great number of very long runs (with total 
'· 

no. of whales N=2 500 000 and correspond.ing CPU-time of about 500 

minutes!) might solve this problem, but the use of variance 

reduction techniques may prove more useful and economical. 

Although use of a smaller value for the time increment dt, greatly 

increases the CPU-time, this might also prove useful since it 

implies a better 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 y(O) value is due to the bad fit of the 

negative exponential function to the simulated data. The negative 

exponential function miyht fit the real data slightly better ' than 

it fits the simulated data, because of the greater peak in the y 

distribution. If this is the case, the g(OJ 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 generated. It · is, however, a good idea also to 

investigate the behaviour of other estimators. Both the g(O) 

problem and the whale motion 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 et 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 is applied. Fortunately, the simulation model can 

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 ~aths instead of 

straight line paths can be considered. However, I believe that 

further research 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(O) factor is 

an order of magnitude greater than that resulting from whale 

movement at 3 knots. At this stage it is therefore most important 

to concentrate further research on methods of calculating g(O) 

rather than on effects of target motion. 
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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. Because the 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 ¢,+d~ will be N.cl~ /21r . 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). Since the area of the shaded 

reyion is 2Rw, the number of targets of track angle between ¢ and 

· ¢ + d¢' that enter the detection circle per unit time is, ,to 

quantities of first order in the differential 2RW.Nd4/21T' 

The total number Ntis now given by integration over ¢ 

since )
,,.,_ 

w = .(u7. +Yz.- 2J.Av.c.os¢ 
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Let 

and 

Now 

Let 

then 

t-.e. 

~ 1 + C06('Tf-2y) 

- 2.5Lnl- t 

.\.e. 2 ..fiiV' - si.vt cr 
(u.+V) 

Nt = 4~N (u+v) Eccr) 

1-2 

where E(cr) is the complete elliptic integral of the second kind. 

When u=O, Nt simplifies to: 

and now the Koopman ratio is given by: 

Nt 
N-~;(u=o) 

.2.. · u.+V E(cr) 
'IT v 

(I-1) 
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Figure 1-1. (Appendix I) 
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2. APPENDIX II 

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

The measure used for the KR is: 

KR= nA 
Nav 

2-1 

{See section 5.1) In 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(K.R) 

- t'a- E(n) 

Similarly 

Var (KR) 

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 parallel! 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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havin'g 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 
-1, 

that: 

X· 
.(, t if the ith. whale is sighted 

if the .t;l. whale is not sighted 1 

Now P (X.t. =1) = q 

P(X·=O) = 1-q 
"' 

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 - 2_ X.<. 
A.==l 

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: 

Etn) = N ECx.) 

Va.r (n) = Nv~r (xl) 

It is easy to show that: 

E(x.J = q, 

Vox ( xJ = 9, - 'f, 2. 

Therefore E(n) - Nq, 
Var (n) = N ('t- 't:z.) 
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and s'ince q=R/Wmax=a/A 

E(KR) _A_. Na -
Na... ~ 1 

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

value of the KR for this specific case is unity. 

Va¥ ( K.R.) = \ - '\t 
Nct 

(II-1} 

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 q=0.302 as used in the simulation. These 

. values together with the observed standard deviations squared are 

presented in table 2-1 below. 

Table· 2-1. 

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:t. calculated 22.52 9. 39 16.50 

/(2. 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% siynificance level Ho is accepted in all three cases. 
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3. APPENDIX III 

Table of sighting functions. 

FOPM NO. S\CHTIN~ FUNCTION 

1.1 f -Ar (r) = /e 

h (e)=[ : o ~e ~ ~;,_ 

'trh.. <. e <.. 1T' 

1.2- fer) = ~ -'Ar -e y-

h (e)= {: 
o~e~% 

1f,{ < e <--rr 

2.1 f (r) -Ar 
=~ 

h (e)==-
{ ~-<p.(ef~)' o~ e~1rh. 

1Tfk < e < 11' 

·-

fCY) Ae -A.r 
2,..2 - Y' 

h Ce) = 
{:-~(<>/a-)' 0 ~e-~"%. 

"%-~e<..lT 

3.1 fer) r-Ar o ~r~ R. 
- (R.>o) 

ft -N--e ""> R. y-
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. 4. APPENDIX IV 

Real data used in section 6.2. 

The summary of data given below is that of the Kyo Maru 27 (K27) 

from the 1980/81 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 

_percenta9e 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. 2 5 14.69 

1.25 - <1. 7 5 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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Frequencies of observed e (sighting angle) are given below as 

percentages of all siyhtings. 

Sighting angle % Observations 

0 21.93 

10 18.42 

20 16.23 

30 13.16 

40 14.04 

50 5.70 

60 2.63 

70 6.14 

80 1.75 
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5. APPENDIX V 

An expression for g(O) 

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

where FC:x.,y) =f(r).h(Et).~ and jC.r) and hCEt) can take on various 

forms. In particular for ~ = 0 

:J (o) -
,_ 00 

_j F(x..,o)dx. 
e o 

.., 

,_ _ j f<r). hCo) d.~ 
e 0 

In the case where: 

'l. 

{ 

-'h ... (e/(J) 

h (e) = : 

it is clear that hCo)=l and therefore 

~ (o) 

.... - J..l f<r)d;x, 
- e Vo 

since f jf(r) cl:x. 
0 

now 

(y=o-+x-=r) 
( ~ cb .. =dr-) 

(V-1) 
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Note that the above expression for g(O) is also valid when h( e) 

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

' 
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6. APPENDIX VI 

Determining g(O) experimentally~ 

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

obtained: 

(VI-1) 

where Dv and D 1~ indicate the line-transect estimates of density at 

vessel speed v and 12 respectively and gv(O) and g\~(0) the value 

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

Using the hazard-rate model of Butterworth (1982) with the 

functions f(r) and h(9) as defined in form 1.1 (appendix III) and 

the corresponding expression for g(O) as determined in Appendix 

II, eq. (VI-1) can be rewritten as: 

Dv _ 3v (o) 

D12.. ,912-(o) 

. - o<.jv 
1- e 

- I - e. -oe./t, (VI-2) 

An ~value can be obtained from the estimate of relative density 

through eq. VI-2. Note, however, that ~ is assumed to be 

independent of vessel speed v. The estimate of g(O) at the normal 

searching speed of 12 knots, is calculated as: 

3t2. (o) -I- e 
- o<.ft'2., 

(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 population 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 length over which whales are generated 

L - the tracklength 

(i.e. 2WmaxL is the total area 'containing' theN whales). It is, 

however, not possible to determine L as such since the simulation 

model handles one whale at a time and runs till all N whales have 

passed through the system. 

Instead of consideriny D, we therefore consider DxL. Note that the 

tracklength used in obtaining the estimated density is the same L 

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

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: 

-h~ e 

8-1 

wher~ 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 n- 1 (VIII-1) 

where n is the number of animals sighted and the y~ are the 

observed right angle distances. 

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

A 

d. nb = 
2L 

where L is the length of the trackline. Substituting eq. 

we obtain: 

.d = n(n-1) 
2L ~~A. 

(VIII-1) 

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

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

Dv (u) = 
(n-1) 

29 
(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 FORTRAN equivalent 

N NTOT total no. of whales entering system within 

1 sampling 

n COUNT no. of whales counted i.e. sighted 

u vw absolute.whale speed 

v VP absolute vessel or platform speed 

Wx wx relative whale speed, x component 

Wy WY 
I 

relative whale speed, y component 

dt DELT time increment 

A. LAMBDA parameter in sighting rate function 

fo MEW parameter in sighting rate function 

R RR radius of detection circle 

r RR radial distance from whale to vessel, at 
It 

sighting 

e ··TH sighting angle 

y y perpendicular distance from track 

Wmax WMAX half the length of the generating line 

AMAX the maximum limiting angle 

9.1. Flowchart of the program. 

A flowchart illustrating the structure of the program is presented 

below. 
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read input 

start 2 

3 
enter one whale 

no 

record sightings data 
8 

no 

yes 

write results 10 
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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 through most of the runs. The variables that are 

read in are: 

Variable FORTRAN input format 

NTOT I8 

DELT F7.5 

vw F4.2 

N I6 

NN I6 

NSAMPL I3. 

LAMBDA F5.2 

MEW F5.2 

NF Il 

.2. Star:-t. 

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 

determin~d. The subroutine THETAA is called to determine the 

t direction if whale speed is non-zero. Subsequently the relativ~ 

whale velocity is calculated as well as the increments in the x 

.andy directions (i.e. dx and dy). These increments are used to 

calculate the new··coordinates of position after every time 

increment dt. 
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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 r~spectively. 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 every 

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. 

S orne note·s. 

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

slightly so that cumulative data was output·NSAMPL times. In this 

case one run consisted of l 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. Proyram listing. 

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

results is presented below. 
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MINKE ~hALE SirULATION STUDY LISTING 

. 1 ( (J 
12~ 

1.3C 
I .; 1 
132 
133 
13'! 35 
136 
1'iiJ 
15('l 
160 
17[' 
tsr. 
191J 
2iJC 
21(5 
220 
230 
2'f0 
25'.':1 
260 
27C 
271 
2GIJ 
2cr.n 
3uc 
310 
320 
33~ 
3'fC 
Jsr 
361J 
370 
3BC 
39C 
391 
392 
'tOC 
'flO 
'f2':'! 
'f3C 
'f't c 
'fSC 
'fer 
~n: 

'f8f. 
'f90 
SlG 
52rl 
530 
5"10 
ssr. 
56(i 
s7n 

,sar 
•590 
6G~ 
610 
620 
630 
6'f'1 

C ~~~* MINK~ ~H~LE SIMULATION STUDY 
c ********************************* 
c 
C **** SIGHTING FUNCTIO~: 
c 
·c 
c 
c 
( 
c :CIIC<** 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c *~** 
c 

c 

NFGATIV~ EXPO~ENTIAL FCP) * NORMAL HCTHJ 
FORM 1: FCRJ~ME~*EXPC-LAMBDA*R) 
FOR~ 2: FCRJ=(M~~/RJ•~XPC-LA~BDAcRJ 

~OST REL~VANT VARIA3LES: 

VP 
vw 
"X 
JIY 
X 
y 
D~LT 
NTOT 
COUNT 
THETA 
PHI 
R 
!'4F 

=PLATFORM VELOCITY IN KNOTS 
=~HALE VELOCITY IN KNOTS 
=RELATIVE XHALE VEL• X COMPONENT 
=R~LATIVE NHALi VEL. Y COMPONE~T 
=X COORDINATE OF POSITION 
=Y COO~D1NATE 0~ POSITION 
=TIME STEP (INCREMENT> AS FRACTION OF AN HOUR 
=TOTAL NO. OF ~HALES ENTERING SYSTEM NITHIN RUN 
=NO• OF nHALES SIGHTED CRECORDEDJ 
=DIRECTION OF ~HALE MOVEMENT <SEA FRAMf) 
=R~LATIVE OIR~CTICN OF ~HALE MOVEMENT (PLATFORM 
=R~DIUS OF DETfCTION CIRCLE CCUT-OFFl 
=NJ. OF THE FQR~ FCPJ SHCULD TAKE ON 

JEFINING SOME VA~IA8LES 

INTEG~~ COUNT,YBJNC27),REINC27J,THBIN(9) 
INTEG::~ T':!:'.lNCI9l,TlCciNClr1l,NF 
REAL V~,VP,PI,DELT,X,Y,~X,WY,DX,DY,THETA,~~AX,PHJ,ALPHA 
REAL LAM8JA,~E~,YSAR 
COMMON PI,V~,VP,NN,YL 
DATA VP/12.0/,PI/3.1~159265~/,R/S.~/,DT/~.OJOCl/ 
DATA LAMBJA/~.S/,ME~/5eOI,YL/Ge25/,NS/102030/ 
DATA Y91N,R3JN/27:CI0,27~0/ 

C o~~~ P.EADING IN DATA 
c 

READCS,125JNTOT,DELT,V~,N,NN,~SAMPL,LA~BDA,MEW,NF 
125 FORMATCI8,F7.5 1 F~.l,I6~I6,J3,FS.2,FS.2,11J 
c 
C ~C** INITIALIZING SOME VARIABLES 
c 

c 

IflNF.E~.JlGO TO 999 
CCU~T=G 
Pl2=Pl/L 
AMAX=ASI~(JQ.Q/12•~) 
~·; M fl. X = C R I C J 5 ( A I', A X J ) >:t ( 1 + S I !'J C AM fJ X ) l 
llLPHA=ASl\CV~/VPJ 
YMPX=~cTA~((P12+ALPHAl/2.J) 

C oc•o ~RITING ~EADlNG AND IDENTIFYING ?ARAMfTERS 
( 

l!i~ I TE C I 5, 1 SiJ J 

FRAMC:J 

ISO FORMATC'MlN~E SIMULATION STUDY'// 1 ~*******~********~**** 1 //) 
\·; R I T E ( 1 5 , 2 50 J H 

250 F0°MAT( 'SIGHTING : NEG EXPONE~TIAL SJGYTING RAT~, fi= 1 ,F6.)) 
JF(NF.EQ.lJTHEN 

i'. R I T E < 1 j , 2 5 5 ) 
255 FORMAT('FUNCTION 1 : ME~*EXPf-LAMBDA*RRl 1 /) 

ELSE 
WRITECIS,256) 
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~~R 
661 
662 

·o7r 
66'J 
69G 
7(;0 

.256 

75 

J=.n 

'fSG 

FOP.MAT( 'FUNCTION 
END IF 

2 : 

WRITElJ~,75)LAM8DA~MEh · 
FOPMATl LAMBDA= 1

1 tS-2 1 'fX 1 'MES=' 1 FS.2/) 
~RJTEli5 1 350)VW,VP 1 D~LT 
FORMAT( • v~=',F6.3,' vP=',F6.3,' DELT=',F7·~', 
~RITEllS,'fSQlNTOTIN,NN 
FORMAT( 'MAX= 1

1 18 1 ~= 1 1 !6 1 1 NN=' 1 I6/) 
~RITElJS~~SG)~MhX,YMAX 

. F 0 r;· M .A. T ( • ,; M A X = I 'F 8 • 5 , • y M p. X = I • F 8 • 5 ) 
710' 
720 55~ 
73r) c 
7~0 C **** SFT RELEVANT COUNTERS TO ZERO 
7SG C 
7SIJ 
79~ 
soc 
810 
32C' 
830 

ICC 
c 

YSUI':=Q.O 
R5UM=G·G 
DO 100 1=1,21 

YBIN(Jl=O 
R8INli>=Cl 
IFfi.L~.9>THBINCil=O 

CONTINUE 
\ 

a~c 
6~:: 
BSl 
852 
853 
855 
856 
Bot:' 
8470 
9LO 
910 
92D 
9Jr: 

C **** SAMPLING DO LOOP 
c 
c 

c 
( 

Nl I=NTOT./:IISAMPL 
DO 2~00 NSAM=l ,NSAT-'PL 

C **** MAIN DO LOOP 
c 

lENTERI~G ~HALES) 

'9'10 
9'1~ c 
9~5 c 
9'16 c 
950 

·9of' 
970 
98~ 
990 
lOCO 
1010 
10PO C 
lQfll c 
IC€.2 C 
109G 
11['0 
I 1 1 0 
1120 
tt3u 
ll~J 
1150 

-- I 160 
11 70 
118G 
1190 
1191 c 

.1192 c 
:1193 c 
12CO 

; 1210 

CO 1000 ITERAT=l ,;-.;I I 

**** 

X=C·D 
Y=f~ANDOM(N)-Q.SJ*2•C*~MAX 

DETE;MlN~ DIRECTION CF ~OVEMENT 

IFfVt.EJ.O•O)THEN 
TH~TA=RANDO~tNNl*2•r*Pl 

ELSE 
c•LL THETAAlTTHETA,OT) 
THETA=PI-TTHETA 
IFfTH~TA·LT.Q.Q)THETA=2.09Pl+THETA 

EN::> IF 

CALCULATE DX AND DY 

~X=V~*COSfTHETAl+VP 
;~ Y = V :. * S I N ( T HE T A ) 
DX=NX*DfLT 
CY=I:Y*DEL T 
lFlNY.E~.G.O)THE~ 

FHI=O.O 
ELSE 

P-ii=ATAN(NY/WX) 
u,:>IF 
ANSL2=PI2-2•0*ATANCR/~bS(Y)) 
ANGll =-A.NGL 2 

ANY CHA~CE OF SIGHTING ~HALE? 

lf(V~·EC•O•n.ANO.ABS(Y).GT.RJGO TO 1000 
IFlY.GT.R·AND.PHI•GT.O.OlGO TO lJOO 
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1.22.: 
.'123Li 
.12'fG 
12'il c 
12"2 c **** 
12'i3 c 
t25G sr.c 
1.L6J 
127[: 
12E-C C 
129u c ~*** 
1300" c 
t31u c 
1311 c **** 
1312 c 
1320 

,J:->30 
: 13'40 c 

13'f1 c *l(r** 
'13'12 c 
1350 
136C 
137G 
l38C 
1381 c 
1382 ( ~*** 
J)E\3 ( 
139C. 
1'inO 
1 't 11:; 
l'i20 
l't 3D 
l'i'i0 

-. 'f s c 
l'f6G 
l'i70 
1'f7:l cc 
l'f76 c 

. 1 'f77 c **** 
l"f78 c 
1't8C 
l"f90 
15SG . 
J5t"1l c 
15('2 c 
tsr:J c 
1510 
1s2o 

· 15JC 
15"f0 

'1 seo 
1590 
loCO 56C 

lCLO 
c 

JFCY.LT·-R.AND.PHI.LTeG•OlGO TO lCOO 
JFCPHI.LT.j.OlPHI=2·L*PI+PHI 
PHlD=fPHI/(2.~*Pill*3bQ•O 

ADVANCE :;H.II.LE 

x=x•ox 
Y=Y+DY 
XX::X-R 

I~ ~HALE SIGHT~D OR NOT? 

(APPLICABLE ONLY FOR HCTHJ=O FOR ABStTHl.GT.90 ~EGl 
HAS ~HALE LEFT DETECTION AREA? 

IFCXX.GT.~.O>GO TO 10~0 
5IG=30.0 

DET~RMINE RADIAL DISTANCf R 

RA~SQ=CXX**2J+(Y**2) 
RP.=SQP.TCRAuSQl 
IFtRR.GT.R>GO TO 560 
RS~=R"-*2 

~HI~H FJRM OF FtR> SHOULC BE USED? 

IFCNF.::_Q.llTHEN 
FR=M~W*EXP<-L~MBDA*RRJoDELT 

ELSE 
IFCPR.EQ.n.Q)RR=~.Q~OOuCl 
FR=C~EN/~R)oEXPC-LAM5CA*RR>*DELT 

t: ~1 ~ I F 
TH=ASJ:'-l(Y/HR) 
T~=CTH/C2.*Pl))036Q.Q 
HTH=EXPC-.SotCTH/SIGlO>:t2)) 
HTH=l 

OET~RMI:'-lE PROSABILITY OF SIGHTI~G 

FP=F RoH.TH 
RANS=RANDOMCNSJ 
lFCFfi.GT.RANS>THEN 

~HALE IS SIGHTED! 

C:::lUNT=COUNT+I 
YSUt-;=YSUM+AU~(Y) 
R S U l'i = ~ SUM + P R 
CALL HISTOCY,RR,THJ 
GO TO lL.JOO 

EN~ IF 
(t-i::2.;:'oR 
IFtx.LT•CHJGO TO 

CONTINUC: 
r::. r. r . 
---'-. 1 b J 0 

J62C 
l63G 
16'1G 
1650 
169C 
1700 

C **** fND MAIN 00 LOOP 
c 

:t710 
'tate; 

THETAD=<THETAI(2.0-*Pl)) 036C•J 
c 
C **** ~RITING RESULTS 
c 
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1 e 11 c 
1812 c 
Ja2G 

'1830 
Jo'iC 
l85G 
l86G 
187C 
1880 
J89C: 
l9fiG 
l9C1 
1902 
1903 

. 19(l'f 
1910 
1920 
1930 
19'f(J 
19Su 
.2~'f0 
2050 
2060 
2070 
2080 z.uqo 
2100 
:zttu 
212G 
213G 
21'fD 
21su 
2168 
217.3 
2JBQ 
2190 
2200 
2201 
2202 
2203 
22('5. 
22ru 

6'fL 

6'f5 

6't8 

6'l9 

651 

16 70 
c 
c 
c 

'oSC 
2 (;('J 

c 

GROUPED Y AND R VALUES 

/,RJT::C 15,6"lCJ) 
FO~rATC// 1 GROUPED 
AA=r.c: 
JEl=(·. 1 

y ANC 

DC l65'J 1=1,27 
WRIJEflS,6't5)AA,BB,YBINCI),RBINCI) 
FOR~ATCF5·2 ,•-• ,FS.2,3X ,I8,SX,I8J 
AP=38 
IF(I.LT-l!J)ThEN 
EE=:H3+J•l 
t:L5E 
EB=95+J.25 
£!\'Dlf 
IFCI.E0·26)88=99999.9 

CCNTINU~ 

ANGLE THETA ROUNDED, GROUPED 

A~=-S•G 

R VALUES'> 

:; R 1 T E C 1 5 , 6 'f a ) 
FOR~ATC/ 1 085 TrlET~ ROUNDED TO 5 A~D 10 DE~. 1 ,'fX,'P~PCENT 1 /) 
DO 1670 1=1,19 
PE~=llCO.oTS5INCl)J/COUNT 
AA=AA+S•U 
NT=I-CI/2)*2 
.J::(l+ll/2 
PE~2=flOC.oT103INCJ))/COUNT 
lFCNT.sT.~JTHEN . 
ARIT£(15,6~9)AA 1 T5BINCil,TlOBINlJ),P£R,PER2 
FC~"'AT(f5el ,~X 1 J8 ,6X J JS ,lCX ,f6.2,'tX ,F6.2) 
ELSE 
AP1Tl(l5,651JAA,T531Nfi) 1 PER 
FO~MATCFS-1 ,'fX,J8 1 2'fX,F6.2) 
EN~IF . 

CONTINU:: 

CU~ULATIV~ COUNTS 

NB=NSA~*Nil 
~RIT~fl5,650lCOUNT,NB,YSUM , 
FORMATC/' COU~T=',I8 1 1 N=',I8 1 6X 1

1 YSUM=',FI5.'f) 
CONTINUE 

'2220 
2221 
2222 
2223 
222'f 
2225 
2226 

C **** END SAMPLING 
( 

DO LOOP 

'. 2227 
2230 
22~0 

2.250 
226(; 
227G 
2261.; 

:229C 
'23CO 

2 31 G 
2.32C 
233C 
2331 

c 
c 
c 

6'f6 

16 b("' 
c 

~RITE T~ETA GROUPED fNOT ROUNOfD> 

F,·, CR Rl ~:: T( l( 17 l 6G R'i 60 ) P ·- D 
··•A · U c:. 08SEPV£D TH~TA VAL· 

AA=r• 
38=1G·C 
DC\· I S6u 1 =1 ,9 
PE~=(IJQ•*THHINCI)l/CCUNT 
."iRITt:Cl5 6'i7JAA EB,THBINCJ) PER 
FO~MAT<F~.t ,• TO<',Fs.t ,Jx,fs,t3X,f6·2> 
AA=AA+lO• 
of.=BB+lQ• 

CONTINUE 
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2.332 c 
2333 c 
2'iCC 
2't1C 
2<i2u 
2'i3G 
2't'flJ 
2't~O 
2't6G 
2'i70 

75(. 
c 

86( 

OTH~R RELEVANT OUTPUT 

RRITEC15 1 750)R,WMAX 
FOR~ATC5X,'R=',Fb•3t 1 WMAX= 1

1 F6.3) 

YBAR=YSU!-1/COUNT 
u=CC~UNT-1J/(20Y3ARJ 
TRUC=NTOT/(20~MAXJ 
~RITEC15~B60)LAM39A 1 ME~ 1 YAAP 
F o R I" A T c 1 '"I X , • L Jl M B o A = , F 5 • 2 , 2 x , • M E l> = • , F B • 'f , ·'f x , ' Y i3 A R = ' , F 8 • 'f ) 

2'iBD 
2'ifiu a1c 
2SCO C 
2510 999 
2S20 C 
2521 c 

;\RITEC 15 1 870>TRUD 1 D 
FORMATl/19X,'TRUE O=',FIS•2,'fX,'D=CCOU~T-1>12*YBAR=' ,F15.2> 

STOP 

2522 c 
2530 C **** FUNCTIO~S ~ND SUAROUTINES **** 
2531 c 
2532 c 

c 
C oooo RANJOM NUMBER GENERATOR 

2S'f0 
255.) 
2560 
2570 
2580 
2~9C 
26C'O 
2610 
2620 
2621 
2622 
2630 
26'fu 
265(, c 
2obG 
267C 

c 
FUNCTION RANOOMCNJ 
N=N03125 . 
RAND~M=FLOATCN)/3'i359738337·DD 
IF CRANDOM.LT•J•CJRANDOM=-RANOOM 
RETURN 

c 
c 
C oooo SU8~0UT1NE DETERMINING uJRECTJON OF MOVEMENT 

·2oeu 
2690 
2700 
2710 
2720 

c 

. 2730 
27'f0 
27~0· 
2760 
2770 
2780 
2790 
2Sr:i0 C 

SU5POUTI~E THETAACTTHfTA 1 0Tl 

INTEGE"' 1 
REAL Cl,C2,T~,T~l,E 
RAN==~ANDOM(NNl 
Cl=V/d'JP 
C2=2.rJ*Fl~RAN 
T~=C2 
DO luOC I=ltl~UC 
T~l:T~-<T~-Cl*SINlT~>-C2)/(J-Cl~COSCT~Jl 
E=A85fl~l-T~l 
IFCE.L£.DTlGO TO 1500 
T~=T~l 

CONTINUE 
TTHETA=T~l 
RETURN 

2801 c 
26C2 c 

C **~* SUP~OUTINE GROUPI~G P. ~NO Y VALU~S 2810 
c 28 1 1 

2820 
7830 c 
2835 
2S36 
2837 

,2638 
.2839 
:2a'i~ 
;28'tl 
l 

SUEPOUTI~E HISTO<Y,RR,THl 

YY=A!!SCYl 
lFCYYeLT.J.O>THfN 

YL=O.I 
K==l 

ELSE 
YL=0.2S 
1(. =7 

.• 



~~N~f DHALE SIMULATION STUDY LISTING 

·28~.2 
28'U 
26LI'I 
28'fS 
26~6 
2&~7 
2e'fa 
26'!9 
2660 
267J 
28BG 
269: 
29CO 
291G 
292L 
293G 
29'HJ 
2950 
296Q 
2970 
2980 
299C 
JOQO C 
301G 
3020 

UWIF 
IFCF.R.LT•I•O)THEN 

RL=IJ•l 
K2=1 

~LSt 
RL'=:I.2S 
r:.2=7 

EtiD IF 
~Y=INT<YY/YL)+K 
lFCNY.6T•26lNY=27 
YBINCNY)=YBIN CNY)+l 
NR=I:-.JT(R~/RL)+K2 
lF(N~.GT.26lNP=27 
RBINCN~l=RBINCNR)+l 
TT=A65C.TH) 
I=INTCTT/10•)+1 
IFCJ.EQ.t0)J=9 
THBlNCil=TH81NCI)+l 
J=JNTClTT•2·5)/5•Q)+l 
TSBINCJ)=TSBINC~)+l 
J=I~TCCTT+S.Qi/lC·O)+l 
TlOBINCJ)=TlCSINC~l+l 

RETURN 
END 

-· 
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APPENDIX 9-6 

9.4. Output. 

An example of the output from the program as given above is 

presented below. 

1 MINKE SIMULATION STUDY 
2 
3 ********************** 
4 
5 " 
6 SIGHTING : NEG E~PDNENTIAL SIGHTING RATE. R= 5:000 
7 FUNCTION 1 : MEW*EXP<-LAMBDA*RR> 
8 

LAMBDA= 1. 50 NEIJJ= 5.00 9 
10 
1 1 VW= .000 VP=12.000 DELT= .01000 
1 2 . 
13 f1AX= 100000 
14 
15 
16 
1 7 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 

.38 
39 
4 ·~t 
41 
42 
43 
:44 
45 

~.lt1AX=16. 58312 

GROUPED : 
,(l(l- .10 
~ 1 i)
. 20-
.30-
.40-

. 2(:• 

.30 

.40 

. 5() 
.5(1- .61) 
.60- .70 
.?(l- .80" 
. 8(1- . 9(1 
.90- 1.()() 

1.00-1.25 
1. 25- 1. 50 
1.50- 1.75 
1.75- 2.()oj 
2.00- 2.25 
2.25- 2.50 
2.50- 2.75 

··2.75- 3.00 
3.00- 3.25 
3.25- 3.50 
3. S•j- 3. 75 
3. 7 5- 4 . 00 
4.00- 4.25 
4.25- 4.50 
4.50- 4. 75 
4.75- 5.(l0 
s:oo-***** 

N=467632 NN=801293 

'l'IH-lX= 5. O(l(,(;(l 

AND 
135 
1 1 5 

75 
73 
48 
4 1 
32 
3 ~; 
35 
24 
33 
22 

'9 
4 
G 
5 
1 
(l 

0 
1 
() 
(l 

0 
() . 

0 
t:.• 
() 

R VALUES 
1 1 

7 
26 
4 (l 

33 
47 
38 
27 
4 1 
4 1 
75 
70 
55 
43 
36 
20 
24 
H· 
1 5 

4 
10 

4 
1 
1 
1 
(l 

46 
47 
48 
49 
.SQ 
51 

OBS THETA ROUNDED TO 5 AND 10 DEG. 

52 
53 

•54 
55 
56 
57 
58 
59 
60 .. 
61 
62 

.0 
5 . <:· 

10.0 
15.0 
20.0 
25.0 
30 . (1 
35.0 
40.0 
45.0 
50.0 
ss:o 
60.0 
65.0 

4 1 
94 
88 
82 
78 
6 1 
64 
44 
3B 
34 
22 
18 

9 
4 

86 

175 

1 56 

107 

S(l 

52 

18 

PERCENT 

5.95 
13.6 4 
12.77 
11. ~,., 
11 . 3 2 
8.85 
9.29 
6.3'3 
5.52 
4.93 
3. 19 
"2 . 61 
1 . 3 1 

. 58 

12.43 

25.40 

22.64 

15.53 

11 . 6 1 

7.55 

2.61 



70.0 
?5.0 
so.o e5:v 
90.¢ 

COUtH= 

8 
1 
2 
0 
1 

11 

3 

1 

YSLit1= 

1 . 1 6 
. 15. 
. 2 ~' 
. Oo..l 
. 15 

1 . 6 0 

. 4 4 

.15 

GROUPED OBSERVED THETA VAL. IN DEG. 

329.01~3 

PERCEtH 

.0 TO< 1(>.0 
10.0 TO< 2(1. 0 
20.0 TO< 30.0 
30.0 TO< 4 (). 0 
40.0 TO< 5 () . (1 
50.0. TO< b'J. 0 
60.0 TO< 7 (l . (l 

70.0 TO< 8 (l. (l 
8() . () TO< 9 (i. (! 

R= 5.000 
.. 

175 
175 
125 

9€. 
65 
3 1 
1 4 

6 
~, 

"" tH1A~\=16. 583 
LAMBDA= 

TR IJE D= 

1 . 5(l 

25.4 (l 
25.4 0 
18.14 
13.9 3 
9.43 
4. 5 (l 
2. 0 3 

3(>15.11 

. 8 7 

.29 

YBAR= .4775 

D=<COUNT-1)/2•YBAR= 7 2(! . : 
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