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ABSTRACT

This thesis is an examination of the properties of the

recaptu:re frequency distribution obtained through the captune-

recaptur.e method. Two models are used for the simulation of

biological population. The mode.l-s ane the Replacement model and

the Immignation and Death model-. The necapture f:requency is com-

pared with the truncated geometric distribution and the dunation

frequency is compared with Holgaters distnibution.

Th:ree estimators of popul-ation size, namely, the geometric,

the negative binomial- and a moment estimaton based on Holgaters

distnibution are eval-uated.
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CHAPTER I

INTRODUCTION

In o:rde:: to study certain behavioun of an animal poPulation

on a defined ar€a, such as its birth nate, death nate, immigration,

emigration rates into and out of the ar"ea, biologists fnequently

use sampling methods conbined with marking of anima.Is. The simplest

of these methods (cal-led capture-recaptune methods) involves taking

samples on two occasions. Assuming a closed system, (that is, not

subject to addition or depletions) animals ane captured, manked

and then netunled to the population. At some fate:r stage, another

trapping expeniment is conducted. The second sample contaíns

both marked and unmarked animal-s " The propor:tion of marked animal-s

in the sample may reflect the pnopontion of total- marked animals in

the whole popuJ-ation truthfully. From this pnoportion, it is

possibJ-e to get an estimate of the population size.

This simple recapture method is of limited use. It

assumes a c-losed system, which in realitY, maY be i.mpossible. It

cannot satisfactonily take account of birth or death, on of any

factor which may cause a change in the oniginal population size. A

more sophisticated and infonmative sampling expeniment for estimating
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the properties of an animal PoPulation is the multiple capture-

recaptune expeniment.

The multiple capture-recapture method is an extension of

the símp1e reêaptune method. Sevenal tr.appings ane performed oven

a period of time. An animal captuned is marked and then released

into the population. In subsequent trappings, it has a pnobability

of being captuned again. The number of times each animal is

captured is recorded. This can be done eithen by putting diffenent

marks on the animals for" diffenent times of captunes on by giving

a differ"ent marîk such as a numben to each anímal captuned. At

the end of the experiment, a necord of necapture frequency is

available in the first case, and the complete captune histor:y of

each captured índividual is avaíl-able in the second case. Infonma-

tion about the population can be extracted by accunate interpreta-

tion of the necaptur"e frequency tabte or capture histony table.

JoIIy (tSOS) denived a genena]_ probabÍlity distnibution

designed to fit captune-r"ecapture problems fon a homogeneous

population. He also denived estímators for a single population

that is subject to immigration and death. when a population is

made up of a numbe:: of discrete homogeneous strata, it may be

necessary to have seperate population estimators for eacÌì stratum.

Jollyrs estimates can be adapted to this situation so.long as
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individuals do nöt change from one stratum to another in the counse

of the exPeriment.

With this model, Jotly is able to estÍmate the number of

marked animals in the population, the total numben of animafs in

the popuJ-ation, the probability of sunvival for an anima.l- neleased

aften sampling and the number of animals joining the population

between each sample is still avail-abl-e fon the next sampling peniod.

The asymptotic variance anrl. eovaniance fon the estimates

of the popuJ-ation size, sunvival rate and the numben of immign¿nts

can also be denived, but it is neasonabfe to use these estimates of

the t::ue vaniance and covaniance only when the numben of animal-s

captured is sufficiently lange.

Jolly makes several assumptions fon his genenal capture-

recapture mode1. These ane:

i ) The equal survival- assumption.

It is assumed that at] animal-s, alive

at sampling period t have the same probability

of sunvival to time t+l-, regandl-ess of age,

captune histony or location.

ii ) The equal catchability assumption.

It is assumed that all- animafs al-ive at

time t have the same probability of being

captured at time t negardl.ess of age, previous

capture history on focation.
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Íii) The pe::manent emigration assumption.

It is assumed that if animals l-eave the

population, they do so penmanently. They do

not leave the population, remaining absent and

so uncatchable fon one or more sampling peniods,

and neturn at some subsequent point in the

expeniment.

The vaLid.ity of assumption (ii) is debatable. Many

expenimental- data show that this assumption is not fulfilled.

Cormack (f900) suggests that the pnobability that a panticular

individual- is captured in any sample may be a pnoperty of the

individual, or the p:robability that an individual is caught in any

sample may depend on its pnevious captune history. 0n the other

hand, Eberha:rdt (l-968) postulates that a popuJ-ation might have

equal catchabil-ity given the same exposune to tnapping, but animal-s

appear to have diffenent probabiì-ities of capture owing to vaniations

in contact with tnaps.

An advantage of Jollyrs method is that it gives estj-mates

of the vaniance of the estimators. There is no restniction on

sampling time, that is, thene can be unequal time interval-s between

sarnpJ-ings. It afl-ows fon a stnatified popuJ-ation with possibly

different parameters applying to diffe::ent strata. This can be
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the difference in sex or diffenent age groups" Al-so, Jollyrs method

ís the most complete and efficient estimation pnocedune available.

But Jollyrs method has its disadvantages. Fon example,

the calculations can be tedious, pa:rticulanly in the calcufation of

the vaniances. It is dÍfficult to combine estimates over sampling

periods to get the total population, avenage life time and so on.

It is also veny sensitive to some faifures of the assumptions. A

more convenient pnocedune is to use the Geometnic estimatons on

othen simple estímatons such as the one developed by HoJ-gate (1964).

Tanton (fgOS) conducted an extensive captune-recapture

expe:riment on wood mouse (Apodenus sylvaticus) and bank vole

(Clethrionomys glareolus). He discovened that the pnobability of

sunvival- fon the animals is quíte unifonm but that the data

obtained fnom the captune-recapture method for estimating population

size is unsatisfactory. There wene ver)¡ few animals caught in the

summen months and the number of animal-s captuned increased during

the winter months. He att:ributes the difference to the fact that

food is mor"e abundant in the summen than in the winter, and hence

fewen animal-s would fall into the tr"aps. The pnobabiJ-ity of

captul:e vras not equal throughout the population, but the pnobabiJ-ity

of captune fon an individual is fainly constant duning the

expenÍment. The recapture frequency showed that a large numben of
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animals were captured only once; Tanton bel-ieved that this was

p¡obabJ-y because of the presence of a lange numben of wide-ranging

vagrants, and this inflated the estimates considerably.

Tanton (fgOS) used the stochastic model- formulated by Jolly

to analyse the data he obtained th::ough another" captune-recapture

experiment. He confirms his findings published in l-965. The

estimates produced by Jollyts captu::e-r"ecapture method wene indeed

misl-eading for the summen months, but those for the winter months

were quite neal-istic. The assumption of equal catehability broke

down because many of the juveniles known to be pnesent in the

nontflatr'nn rnlet'ê !îôt n=rrçrll-- M¡la< tranê aanJ-rrrcâ m¡¡a a€.|-an .in lþ6ijvPså3 L:v¿¡ ä;si = ¡¡v L U-úè;:l L. .;ú¡;J .i vr v vql, Ls¿ çs

sunmen months and fernales in the winten months. The assumption

that animafs nel-eased aften capture woul-d mingle randomly thnoughout

the whol-e population also fail-ed. This is due to the fact that

these animals have a r"e-l-ativel-y smalJ- range within the anea. The

time intenval between two capture peniods was discovered to be

important. When irregular intervafs were used, unreasonable

estimates were obtained. Tanton funther. suggested that the truncated

Negative Binomial distribution shoufd be used to fit to the

frequency of necapture data and modified Geometric distribution

to fit to the du::ation of residence fon the animals in the anea.

Ebenhardt (fg6e) studied the fitting of the Geometric
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distnibution to the obsenved distribution of frequency of recaptune"

Sínce the number of animals not captur:ed is not known, the fitting

was necessanily tnuncated at the zero c1ass. Assuming equal pnobabi-

lity of capture and a closed population with neither .l-osses non

immignation taking p1ace, he developed the geometric estimaton, but

he did not show its variance. He tested the goodness of fit of

both the poisson distnibution and the geometnic distribution to forty

sets of data on ten speeies of animals. His study showed that for

most cases, the geometnic distnibution nepnesents frequency cf

r.ecapture data more closely than does the poisson distnibution.

He funthe:: showed that under certain assumptions, the geometnic

distribution for fnequency of recaptune coufd arise in populations

not closed to binth on death. This resul-t is discussed in mone

detail in the next chapten.

Bunham and Overton (tg6g) investigated the bías of the

Geometr ic estimato::s when the assumption of equal catchabil-ity was

viol-ate<l. They considered a closed population and genenated the

capture pnobabitity P from five distributions: P equal to a

constant, P taken fnom a uniform distnibution on (0, t) and

fnom thrree Beta dist::ibutions. They tested the captune statistics

on six estimators, namely the Petensen' Schnabel, Geometnic, a

modified Geometnic estimaton and two unnamed estimators. Thein
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result indicted that fon low capture probability, all estimators

were poor. The Geometnic estimaton was best only fon the Beta

distribution (B(1, b), b > L). But on the whole, it penfonmed

poonly.

Howeven, no study has been made of the adequacy of the

geometric estimator when Jollyrs assumptions hold. The pnesent

study is designed to investigate the bias of the geometnic estimaton

for a population with birth and death, Jollyrs assumptions plus the

rest:riction of equal sampling peniods. This study also investigates

the behavioun of the ze:ro cfass, and of a numben of estimatons

based on the duratlon freouenc¡r distribution (Holgaters distribution;

these estimatons are defined ín the next chapter). This behavioun

is examined using two models for defining birth and death, and for

a number of different val-ues fol original population size' mean

Iife, number of sampling peniods, captune pr"obabil-ities, etc.

The adequacy of fit of the :recapture data to the geometnic

distribution and of the observed duration data to Holgaters

distribution wer"e tested.

Thnee estimators of population size were evafuated; these

were the Geometric, Negative Binomial, and a moment estimator based

on Holgatefs distnibution. The bias and precision of these estimatons

r¡Jere examined. Also, a variance estimate for the geometnic estimaton
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was looked at.

Eberhar:dt shows that, given the assumptions and nestric-

tions mentioned above, a geometr"ic distnibution of recapture

fnequency must nesult in the limit as the number of sampling peniods

becomes lange. Anothen purpose of this study will be to study

the pnopenties of the geometr.ic estimaton in smal-l samples and to

detenmine how many samples an expenimenten must take in onder to

get an ddequate fit to the geometnic distnibution.
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CHAPTER II

MODELS DEFTI'IITIONS AND ESTTMATORS

He v¡ish to examine the pnoperties of the distribution of

necaptures and of observed dur"ation on an anea where a population

is not cfosed; that is it is subject to addition by binth on

iruníg:ration and to depletion by death or emigration. l{e wish to

impose the thr.ee assumptions of Jol1y (fg0S) mentioned in the pnevious

chapter. In particular, the second assumption (equal sunvival)

pnesoribes that the l-ife time of every individual comes fr:om an

exponential distribution with the same mean. In addition, we also

assume that the population is stable (on in equilibnium); that ís,

the distribution of the numben alive on the area at any particul-an

time is independent of time. Moneover, this ímplies that the

expected number al-íve on the area at any time does not change.

This stil.l- al.lows us a ce::tain amount of choice in simulating

the mechanism of population turn-over, and two modefs, which ane

reasonably ::ealistic, wene used. These are the repJ-acement model

and the immignation ar¡d death model.
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REPTACEMENT MODEL

The Replacement model assumes a stabl-e population. When-

even an animal dies, he is immediately replaced by a new individual

introduced from outside. This assumption is quite neasonable fon

many animal populations. Fon an area that can support a centain

number of small animals of the same species such as nodents,

animals wou.l-d come into this area and oecupy some space and set up

thein tenritorial boundany. This woul-d go on until the anea is

filled to its capacity. When a new animal now anriveso he would

sense these boundanies ancJ be aware that there is no space fon

him and he would leave the area. When a nesident animal- dies, a

vacuum is cneated and the space is taken up immediately by a migrant.

This mechanism has been suggested by Calhoun (1963).

Due to the independence properties of the death pnocess,

each individuat al-ive is subject to the same nisk of death, and

the length of time that an animal l-ives is not dependent on the

existence of other. animal-s, or on the density of the population.

The life span of the animals thus has an exponential distribution

with the parameten 0, whene 0 is the mean life expectancy on

the anea of aÌl- animal-s who enter the population.

A funther consequence of the model- is that NT' the
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number of animals alive at some time during the expeniment of

length T given that thene are NO animals alive at the

beginning of the expeniment is distributed as

NT=N
0

+RT

whene RT has the poisson distribution with mean NOt/O. Thus

E(NT) = No(1+T/o)

van(NT) = NoT/o
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IMMIGRATTON AND DEATH MODEL

For this model-, it is assumed that both birth and death

can occun. But the whole population size is in equilibríum. The

numben of animals that die is balanced by the numben of animals

entening into the population. This assumption is reasonable since

in realityn animal populations in an anea do tend to be stable,

at least oven shont periods of time.

Death is the same as in the Replacement model. Bínth is

by irnmignation. This model differs from the replacement moclef in

that a replacement is not intnoduced after each resident animal

dies. Immigration is independant of the death pnocess and is

steady. Animafs enter the population nandomly, according to the

poisson pnocess. The time between the anrival of two animals is

a random variable from an exponentiaÌ distr"ibutíon. This model i.s

well known in stochastic proeesses and the properties of the

model ane discussed in most texts on stochastic pnocesses. (See,

fon example, Cox and Milter (1968)).

If the mean inten-annival time is À, mean life is 0

initial size of the population is N0, and popul-ation at time t

is NT, then fon equilibnium to occur, (i.e. n(NT) = NOVT) we must

have No = 0/1. The numben of births in (0, T), Br, has the poisson
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NOTATION

Live tnapping is conducted every week for T consecutive

weeks. Capture pnobability is assumed to be constant fo:: aI1

animal-s in the population. Let

No = original PoPulation size.

F(x)i = numben of animal-s caught x times

at ith sampling peniod, where

í = !, 2, 3, ..., T and

x = 1r 21 3: ...r Í.

Nti = total numben of animal-s alive in

the population fon some time

between O and time i.

Þ]. = fr(x)i
x

= number of different animals captured

ci

up to time i

[xr(x)i
x

= numben of captunes made up

to time í.

H(o)i = r(1)i

= numben of animals captuned only

once up to time i.
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H(j)i = number of animals captured more

than once such that the time

between the first and the last

capture is j weeks.

ùa = [Ht¡ li.
a

"-r/a.=ek

0

= pnobability that an individual

survives at sampling peniod t+l,

gíven that it is aLive at

penÍod t. (fnis pr:obability as

a consequence of the exponential

distnibution of 1ife, is

independent of t, the individualrs

age and of the number or

behavioun of othen individual-s

in the population. )

= the mean numben of sampling intervals

(weeks ) tnat an individùal lives

in the area.

= probabiJ-ity that an individual

which is aÌive at the time of

sampJ-ing Ís not taken in the

sample.

q
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n = the random variable that has the

uniform distnibution on (0, I)

obtained thnough a nandom numben

genenator".

= population size estirnated

by the Geometnic estimaton

= population size estimated

by Holgatefs estimaton.

= population size estimated by

the Negative Binomial estimaton.

-ln
l_

Ng

Nh

Nn

S i
]-

S.
1
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GENERATION OF RANDOM VARIABTES

FROM THE EXPONENTIAL DISTRIBUTTON

Pseudo-nandom number generatons ane used to generate

unifonmly distributed nandom numbers between 0 and 1. The

exponential distnibution has a continuous cumulative function. 1t

is possíb1e to generate life span of animals by mapping a nandom

numben onto the function by using the pnobability integnal

tr"ansformation. The transfonmation is as follows.

Let r be a continuous random variable

unifo::rnly distnibuted between 0 and I. It

has pnobability element such that

f(r)dr = d::, 0(n4l

- 0 n otherwise.

Let y be a nandom variable defined by

r = H(y) whene H(y) is monotoni-

caJ-ly incneasing and

continuous J-y dif ferentÍab le

Hence

h(v) = 9- Htul-oy
dn

-=l

dH(y )
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therefore

dn = dH(y)

substituting n = H(y)

f(H(y¡¡ = 9H(Ð- dy = h(y)dy-dy

Thus y has p::obability density function h(y)

and curnulative function H(y) whene

H(y) =
r__

h(t)dt.

Let y be the J-ife span of an animal. Let y have an

exponential- distríbution with the probability density function

t/o 
"-Y/a .

Then

F(y) = rt0 I/A e-ul0 du

- -v/0=1-e-

If n is nandomly distributed between 0 and I,

then L-r is a.l-so uniformly distributed between

0 and 1. Therefore, set,

1-r = r -"'Y/o
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e-y/o

_ln n = y/0

Y =-0 Inr.

and y is a nandom obsenvation from the

nequired exponential- distnibutíon .
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GEOMETRIC ESTIMATOR

The Geometric estimator: was pnoposed and derived by

Edwar.ds and Eberhardt (l-967).

P:rob (an animal- lives t weeks, and hence

is avail-able fon t samples )

= (l-r.) tt t = o, l, 2, 3,

Then given equally spaced sampling peniods and equal

ôrñ+r!ñê n¡nhal--j'l ifr-r (r-n)- Ebe:rhardt ShOWSçq¡r.u:v ytv¿w \- :/

P - pr:ob (not caught)

(]-k )
1-qk

Q = prob (caught at least once)

_ (r-q)t
f-q.k

P:rob ( caught n times )

= QnP n = O, l-, 2, 3,

Hence n has the Geometric distnibution with

mean = Q/P

van. = Q/P
2 n = 0, Lr 21 3t
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This shows that unden the assumption that

1) all individual-s are subject to the exponential

distribution of life and

2) thene is independ.ent captune probability and

constant captune pnobability on all sampling

occasions and fon all- indivi<iuals.

3) ther"e are equal intenvals between sample peniods

and sampling is carried out over a large

numben of sampling peniods o

then the distnibution of observed captur"e fnequency fol-l-ows the

zeno tnuncated Geometnic distnibution.

The numben of anímals in the zeno cl-ass comes fnom an

untnuncated Geometnic distnibution with the same panameten (P);

then we have

Prob (captu::ed n tímes ) = P Q
n

n = 0, 1, 2, 3,

and E(S) = N (pnob. an individual is

captuned at .l-east once )

= N.Q

Chapman and Robson (tsOO) gíve an unbiased estimate

fon Q using observations fnorn the untruncated Geometnic
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dístribution. This estimate is

a
c-s
e-- 1

and since it does not make use of the obsenvations in the zero

class, f(O), it is also availabl-e fon obsenvations fnom the

tr"uncated distnibution. Thus using this estirnate fon g, and

solving fon No gives the trGeometnic estimator" fon N'r.

Hence

N _s(c-1)c-sg

An estimate fon the asymptotic vaniance of this estimate

can be obtained by the standard linearisation or del-ta technique,

making use of the variance and covaniance of S and C. These

expr.essions ane developed in Arnason and Chan (1971) and are:

(c-s )
4

ñ (s(l-s))2 van c

+ (c(].-c) )2 ,rr" s

-2(s.c(1-s).(r-c)).

cov (CS)

var
C

var C

van S

cov(CS)

= NQ/P

= NPQ

=NQ

2
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Estimating

and substituting in

Nby

van N oè

N_, and a by (c-S)/(c-]) as above,
ts

gives an asymptotic estimate fon

s, c-s)var N
g

(valid fon large C,

vân N N . (c. s-c+s)/(c-s) 2
oò oè
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HOLGATE I S DISTRIBUTTON

Holgate derives the distribution of obse::ved dunation

on the area (as defined by H(j) in the section of notations)

under the same assurnptions as used by Ebenhar.dt (as given in the

pnevious section), except that he assumes that an individual- that

.l-ives T weeks is exposed to captune T+l- times. He thus

ignores the time between entry of an animal and the finst sample

to which it is exposed.

He shows that

Prob (not caught

P:rob ( caught once

prob (T=t)

It=t)=q
I r=t) =

t+l_

( t+r )pq

( r-k )kt

t

therefore

P::ob (not caught )
( I-k )q:#

Pnob (caught once)

1-qk

( r-t )p
( I-qk)

Prob (caught at Ieast once) = ]. -

2

(r-x)q
r-qk

( r.-q )
r-qk
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Since E(s) = N Í1-9)a-qK

using the moment estimate of N, we have

ñh= S ( l-q.k )
1-q

Letting mean observed duration be d,

shows

Holgate

. k(r-q )Á-4* - (f-k)(r-qt)

and let

0 = H(o)/S

= pnopontion of animals captured once

he obtained the maximum l-ikelihood estimato:rs

Ê=1- (1-0 )--ã-

q

Ê

k (r-0)
0

var

an

(r-t)2(r-.9t)
s( l-q)

n.{
(l-q)(1-q r)2(r-qk)v

SK
2 (r-k)
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theneforre

qk Ê-( l-0)

(1-a) Ê =

0

Êo-Ê+(1-e)
0

1- q Êe-Ê+(r-e)
= 

-Tõ-(Ê-t)(o-r)
=-Ëõ--_

Hence

iì -.(1-Ê) Êe.'h-è o -fä-itG-ü

-S Ê

G-oT

=s( 11
T1-€I - ã)

S
d-1+0
Afr-of )
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NEGATIVE BINOMIAL DTSTRIBUTION

It is often difficult to estimate the parametens fon the

truncated. Negative Binomial- distribution. Br"ass (fgSg) considened

simple rnethods of fitting the tnuncated Negatíve Binomial-

distribution.

Let m and "2 be the mean and vaniance of the obser-

vations with the zeno class excluded.

Let M be the mean with zeno cl-ass included.

Let Z be the numben of animafs in zeno class.

And Y = F(l)/S

Then Bnass gives

û=*-"2ylr(l--y)

but l4 = C/ (S+z)

set fr=c/(s+Z)

s+z = c/14

N S+ ryu
n

= c/ll
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CHAPTER IIT

RESULTS

The mean life span of the animals was set to be equal to

ten sampling peniods. The expe::iment was penfonmed oven one

hundred sampling periods wÍth captur"e probabil-ity ranging fnom

O.O5 to 0.95 in steps of O.l-. T\vo oniginal population sizes were

used to investigate the pnoperties of the estimato::s. They were

one hundred and two hundned animals. Each e>periment was repeated

fifty times. Aften every ten sampling peniods, the statistícs of

the tnue population, the numben of animals captured and the total

number of captures vlerîe coll-ected. The recapture frequencies were

then companed with the geometric <ìistribution fitted using

maximum likelihood estimates for the panametens. The chi-squane

test was used to test for the goodness of fit. Also the duration

frequencies were obtained and wer:e companed with the fitted Holgaters

distnibution.

Thene is a difficulty in using the chí-square test as a

measune of goodness of fit. Fon example, the geometnic distribution

for recapture frequency does not hol-d exactly fon any finite number'

of sampling peniods, T, but the data will tend to the geometric
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distribution as T becomes large. Howeven, in a simulation study,

usíng any fixed T, it is always possible to genenate a sufficiently

large numben of observations that the Chi-square statistic will be

significantly }ange. Fon all experiments, the necapture frequencies

and duration frequencies wene summed oven fifty simulations and the

chi-squa::e test was applied to these pooled data. Since the numbe:r

of simulations was kept constant at fífty fon all simulation sets '
the chi-squane statistics can at l-east be used as a comparative

measune of the goodness of fit ove:r different símufation sets.

The pr:operties of the estimatons fon sampling peniods

less than the mean life span of the animals were afso investigated

The life span of the animal-s was set to be twenty sampling

peniods and statistics wene coll-ected for peniods from seven to

twenty over the same range of capture pr:obabilities.

Since animals ane comíng into the population nandomly,

the total popuJ-ation for each expeniment is a nandom vaniabl-e and

increases as the length of the expeniment increases. It was

ther"efone difficult to compare the bias of the diffenent estimatons

fon diffenent lengths of experiment. A nelative ennor was used.

The relative ennon was obtained by diviciing the absolute vafue of

the diffenence between the tnue and estimated population size by

the tnue population size. In this way, the error was standandized.
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The mean relative error over fifty simulations fon the geontetric,

the Negative Binomial estimators and Holgaters distribution wene

plotted against the number: of sampling peniods. (Figures f, IIo

rrr, rv, v).

The gneatest changes in bias and efficiency of the

'estinators were at l-ow numbens of sampling periods and captune

probabilities. Ther"efore, the nelative absolute erl:or, the bias

and variance of the estimates fon the geometnic and Holgaters

distnibution over. low captune intensity and shont sampling periods

were collected into tabl-e form fon the two different modefs and .fon

the different oniginal poputations sizes. (tRnlnS l, II, IfI, IV,

v, vr).

The nurnben of sampling peniods incneases across columns

and the captune pnobability incneases down the col-umns. Each

entny in the tabl-e contains the nel-ative absolute err"or, the

sample bias and the sample variance of the estímaton for the

geometnic and.HoJ-gatets estimator:s. Since for different captune

pnobabilities, the expected population sizes are the same fon the

same numben of sampling peniods, the bias can be companed within

tÌ¡e same now but the nelative absolute ennon shoul-d be companed

along the same column.

Bel-ow is given a schematic summary of the modeL and
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of parameten values used in the simulation study. The statistics

collected for each estimaton (and the definition of the statistics)

ís also given.
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Replacement model

Irnmignation and death model

0=1Os lin eniods 0 = 20 samp ling peniods

captune pnobability (P) from
0.05 to 0.95 in steps of 0.1.

i.e. P = 0.o5 (0.1) 0.95
P = 0.05 (o.t) 0.95

numben of sampling peniods fnom
10 to I00 in steps of IO

í.e. t = 10 (ro) loo t=7(r)zo

ESTIMATES calcul-ated fon each simufation

N VAR N
Cè

N ; ñn, Ê, vÂn Ê
6è n

STATISTICS col-Iected for each estimate
oven fifty simulations

E = estimate

mean and
vaniance
over fifty
simulations
of

B = mean bias estimate - parameten value

E-T

+ (for" Ns, Nh, N
k = ne]ative

absolute bias only )
n
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PROPERTIES OF THE TREQUENCY OF RECAPTURE DISTRTBUTION

The recaptune fuequency seems to follow a geometric

distribution. When the captune probabiJ-ity is lange and the

sampling peniod is 1ong, some imegutar"ity can be observed. These

irregularities onJ-y oecun at the tail- end of the recaptune fnequency

and ane so slight that they can be ignor"ed. When the captune

pnobability is 1ow, few animal-s ane captured in the expeniment

and the chi-squane test does not detect any significant diffenence

between the recaptune frequency and the maximum likelihood estimate

of the geometnic dist::ibutíon. For captune pnobabíIit¡l of 0.05,

aften sixty sampling per"iods, the chi-squar"e values ane between

two and foun with four on five deg:rees of freedom. The best value

is 2.69 with five degrees of freedom. The chi-square val-ue becomes

very J-ange when the captune probabifity inc::eases. For example,

at forty sampting periods, fon captur"e pnobabi.l-íty 0.35, the chi-

square value is 73 'dith 19 degrees of freedom, and is 93 with 26

degr:ees of freedom for captur"e pnobabitity 0.55. The maximum

likelihood estimaton greatly over-estimates the ones cl-ass, f(1),

when the sampling period is short and hence gives poon chi-sqllare

values; a.lso at high capture pnobability, many animals ane captured,

and any slight deviation from the geometric distribution can be
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detected by the chi-squane test.

Fon the same captune pnobability, the chi-squane statistics

become smallen as the length of the experiments lengthens. For:

exampl-e, at caotune probability 0.25' at ten sampling peniods,

the chi-squane value is 289 with five degnees of freedom; at

fonty sampling peniods, it is 5I with fourteen degnees of fr:eedom;

at forty sampling periods, it is tB.38 with 19 degnees of fneedom.

Therefore it seems to agree with Eberhar"dt that a geometnic

distnibution does occut in the limit as the number of sampling

periods becomes lar"ge.



36.

PROPERTIES OF THE GEOMETRIC ESTIMATOR

The geometr.ic estimaton aJ-ways over-estimates the true

population size. When the captur.e pnobability is low, very few

animals are recaptuned and most of the animal-s captuned are in the

one-c.l-ass. This causes the zeno class to be seniously oven-estimated.

llhen the capture probability ís highen than 0.35, the majonity of

the anirnals ar"e eaptuned at feast once and. the zeno class does not

foll-ow a geometric distnibution. It appears that the capture

pr"obability does not affect the geometnic estimatcr:s as much as

the number of sampling peniods.

Fon the Replacement model- with original population size

equal to 100, the greatest improvement in the geometr"ic estimaton

with increasing capture probability is when the number of sampling

peniod is small-. Fon example (in table I) at ten sampling peniods,

when the expected value of N is equal to 2OO, the bias is Ì47.86

at captune pnobability 0.05 and is 89.8 at captune probability O.J-5,

the improvement is about 39%. At twenty sampling peniods, the

expected value of N is t+00, the bias is 98.36 at capture

pnobabiJ-ity O.05 and is 60.86 at captune pnobability 0.15, the

impnovement is 379o. But at J-00 sampling peniods, the improvement

in going from P = O.O5 to P = 0.15 is only 17%.
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l{hen the capture probability is mone than 0.35, the

improvement with increase in captune pnobabilíty is slight even

fon a small number of sampling peniods. Fon example, at ten

sampling periods, the improvement in bias between capture

pnobability 0.55 and 0.75 is only 9% and at twenty sampling peniods,

the impnovement in bias between the same capture probabilities is

7 .59o.

This is also tnue fon diffenent mean life span. Vlhen 0

is set to be twenty sampling peniods, at fifteen sampJ-ing peniods,

the improvement in bias between captune pnobabiJ-ity 0.15 and 0.25

is 33% and between captune pnobabilities 0.35 and 0.45 is l8eo. At

twenty sampling per"iods, the impnovement in bias between capture

pnobabilities 0.1-5 and 0.25 is 30eo and between captune probabilities

0.35 and 0.45 is lSeo. (The values ane in table V. )

A1so, aften thirty sampling peniods, the bias fon

diffenent captune pnobabilities except 0.05, are appr:oximately

the same. For example, (referning to table I), at fonty sampling

peniods, the bias fon capture pnobabilities 0.15,0.25,0.55r 0.75,

0.95 ane 55.12, 50.7ô, 45.42, 44.6, 45.24 respectively. At one

hundred sampling peniods, they ane 75.6, 71.8,72.3,73.9 and

T4.L Thenefore, when the sampling periods are lange, no matten

how intensively an expenimenter does his sampJ-ing, the bias woul-d
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be about the same.

The Geometnic estimaton impnoves as the numben of sampling

pe::iod increases. The gr€atest change is between ten and twenty

sampling peniods and at low captune pnobabilities. For example,

at ten sampling periods, the nel-ative ennor is 0.7832 at captune

pnobability 0.05. At twenty sampJ-ing peniods, it is 0.3383.

The change is significant until capture probability is gneater than

0.55, where the change is about 0.09. Aften forty sampling

periods, the change for any p:robability is minimal.

through observing different oniginal population sizes

and Life span of the animal-. the absolute euron seems to be

relative to both the capture probability and the length of the

sanpling per"iods. Fon low captur"e pnobabi.l-ities , the numben of

samplíngs has to be large and vice versa. To get an acceptable

bias and ennon for a minimum effort, it is best to perfonm the

experiment between two and three times the mean life span of the

animal on at least twenty sampling periods and to captune about one

quanter to one third of the animals in the population at each

sarnpling occasion.

The vaniance of the estimator foflows the same general

tnend except when the sampJ-ing peniod becomes very lange. This is

due to the fact that the number of anirnals incneases considenably
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when the time of the expeniment incneases and hence the bias and

the vaniance also increase.

The gneatest improvement in variance is also between twenty

and thirty sampling peniods and between capture probability 0.23

and 0.35. For example, fon the replacement model-, with mean life

span equal- to ten sampling peniods, (Tabte I) at thinty sampling

peniods, when expected mean population síze is 400, the vaniance is

783.I7 at captune pnobability 0.25 and 440.25 at captune probability

0.55 and 391-.45 at capture pnobability 0.75.

At forty sampling peniods, the mean popul-ation size is

about 5OO, the vaniance is 764.80 at captune probability 0.25,

57I,77 at capture probability 0.55 and 580.96 at captune probability

0.75.

The vaniance estimate oven-estimates the vaniance of Ñ.
b

when captune pnobability was 0.05 and unden-estimates it fon othen

capture pnobabilities. The var.iance estimate is quite close to the

vaniance fon most of the time except fon long sampling peniods. It

then gneatly unden-estimates the var.iance. T'he best results ane

between captune pnobabilities 0.05 and 0.55, and sampling peniods

less than thirty. The mean of,tâo Ño over fifty simulations is
o

plotted along with the val-ues of the sample variance oto Ño it
þ

figunes VI to XI.
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PROPERTIES OF THE OBSERVED DURATION DTSTRTBUTION

AND HOLGATE'S ESTIMATOR

The adequacy of fit of the observed duration data to

Holgatefs distribution is very much l-ike the fit of recapture

data to the geometnic distnibution. The imegulanities are mone

obvious but ane also confined to the tail end of the distnibution.

The Holgate?s distribution has a ver"y long tail- and the fit is

poor when the numbe:: of sampling peniod is smaLl. The fit impnoves

as the numben of sampling peníods incneases.

Except at captune pnobability 0.05, the Holgaters

estimaton always under'-estimates the true population size.

Increase in capture pnobability does not impnove the accunacy of

the estimator. For" a fixed numben of sampling peniods, the bias

fon each diffenent captune pnobability is about the same, but the

vaniance of the estimator becomes smal-l-en with the incnease in

captune probability.

The lengtnening of the sampJ-ing peniods does impnove

the estimator fon all capture pr.obabilities. For example, (table I)

with capture pnobability 0.05, and sampling periods l-On 20, 30,

40, l-00, the relative absol-ute bias ane 0.119,0.089,0.062,0.049.

Fon capture probability highen than 0.55, thene seems to be an

increase in ne-l-ative absolute erron when sampJ-ing peniod is gr"eaten
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than 70. It appear:s that at around 80 sampling peniods, negative

errors are produced, and the a.bsol-ute vaLue incneased the nelative

absolute er:ror.

The maximum likelihood estimate fon k is ve::y close to

the true val-ue of k as the number of sampling periods or the

capturre p:robability increases. Ï'lhen captune pr.obability r:eaches

0.25, afte:r twenty sampling periods, the two values are exactly

the same to four places of decimal. Since the val-ue of k is

less than 1, the variance of k is a veny sma1l number, thenefore

the standand deviation, s, is used instead.

The estimate ê given bv Hol-eate always unden-estimates

the true s. The two values become quite close as the sampJ.ing

peniods lengthened.

The val-ues fon true k, estimate of k, its standard

deviation, and ê are l-isted in table VII.
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PROPERTIES OF NEGATIVE BINOMTAL ESTTMATOR

The Negative Binomial estimator gives fainly good

estimates when the number of sampling period is small and sampling

intensity is Iow. When captu::e probability increases on sampling

time lengthens, the estimator becomes bad. The bias doæ not

impnove with incnease in capture pnobability. It impnoves up to

captune pnobability about 0.25 and gets wonse from then on. It

is also poon when captune pnobability is 0.05. The nefative

absoÌute enron is best when sampling peniod is about twentyo it

then gets wonse and l-evels off at about sixty sampling peniods.

The vaniance improves as the sampling periods J-engthened, and

capture probability increases, but as a whol-e, it is quite poon.

The estimaton is only acceptable as negands bias, variance o

and nelative ernon when sampling per.iods ane about ten to twenty

and captune probability between 0.15 and 0.25.
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COMPARISON

F:rom eveny point of view, Holgatets estimaton is betten

than the geometric estimator. The bias of Holgaters estimaton at

every sampling intensity is l-ess than that of the geometric

estimator and the same is true of the absolute nelative en::on for"

all sarnpling pe:ríods. AÌso, the variance of Holgatets estimator

is much smaller..

The bias and relative en¡on of the negative binomial

estimaton lies between the geometric and Holgaters estimaton fon

shont sampJ-ing peniods, but given that the numben of sampJ-ing

períods becomes large, (see figunes I to V), the geometnic

estimaton woul-d definitely become betten than the negative binomia-l

estímaton. The variance of the negative binomial estimaton is

much lar"gen than that of the geometr-ic estimatot' for all numbers

of sampling per"iods and fon afl capture probabitities. The estimator

N was thus consi.de::ed to be of l-ittl-e val-ue.
n

The nesul-t obtained from the Immignation and Death model

is very simil-an to that of the Replacement model. When captune

probabílity is 0.05, the bias, reJ-ative ernon and variance of both

the geometric and HoJ-gate I s estimatons in the Immignatíon model

is slightly highen than that of the Replacement model-. Wher-eas

when capture probability is gneaten than 0.15, the bias, relative
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ernor and variance of the geornetnic estimaton is lowen in the Immigna-

tion and Death model than in the Replacement model-. The Holgaters

estimaton is about the same fon both of the two models. These

differences may be entirely due to sample vaniability.

When the oniginal popuJ-ation size is doubl-ed, the bias

and variance of both the geometnic and Holgaters estimator incnease.

This is under standabl-e since the tr"ue population size is al-so

increased. The nel-ative abso]ute ernon for both of the estimatons

decneased, giving more accurate estimates of the true population

size.

The Immigratíon and Death model is more neadily influenced

by the increase in oniginal population size than the RepJ-acement

nodel. The bias, absol-ute relative error and vaniance fon the

geometric and HoJ-gaters estimator:s become greate:r in the

Immigr"ation and Death model than in the Replacement mode1.

When the mean .l-ife span of the anímal was set to be twenty

sampJ-ing peniods, the simufations vlene only penformed for twenty

sampling periods. The purpose was to examíne more cl-osely the

behaviour of the estimators when the numben of samplíngs wene

.Iess than the mean life span of the anirnal. From the data obtained

in these simulations, the change ín mean life span of the animals

does not have much effect on the models, distributions or estimators.
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CHAPTER ÏV

TABLES AND GRAPHS

Tables I to VI are tabfes of the re.Iative absofute error'

bias, and vaniance for the geometric and Holgaters estimators.

Table VII indicates the k value estimated by Holgatets

distnibution, the value of true k, the standand deviation for the

estimate of k and the ê of Ê.

Figunes f to V are the gnaphs for the o"futi.l" absolute

er::or of the geometric.- the negative binomial and Holgaters

estÍmators.

Figures VI to XI are compa::isons of the van Ño and Vân Ñr.
è)Þ

The vertical .l-ines indicate 959o confidence intenval-s of the val-ues.
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. r253
45. 46
1752.36

.0760
-l_8.08
l.382.76

.0996
38. 6
543.72

.0665
-24 .4+
452.68

4
+

00
34.6)

.l-509
52.48
6195 .9 I

.l-232
-25.77
6040. 15

.0880
40. 32
t_831_.42

.072r
-28.8+
1425.2r

.0840
40. 5

720.27

.0647
-28.7 B

725.82

500
(+ 40)

.0834
65.7
9974.64

. oB37
-54.37
11278.48

.0545
54.82
3278.68

.0616
-64. 82
2714.9r

.0603
65.58
2144.27

.05ô7
-61_. 45
1846.l-9

1l-00
(a 63.2)



.25.15.05 s.d. )E(N) + (2

G H G H \r H

10

2A

30

40

100

R

B

v

R

B

V

R

B
1T

R

B

V

R

B

v

.6357
239.28
19161.80

.228L
35.06
1117 B. 61

.3813
144. 2

2020.9

.1192
-34.92
13 78. 11

.2883
l_09.52
LOL3.22

.1364
-51. 54
683.07

400
(+ ze. s)

.276r
15 B. 04
10171-. 80

.1449
3.2123
9972.76

.l-740
100.6
1823.67

.0970
-44.04
2251. 36

.1395
80. 82
1011-.13

.0923
-53.05
803. 34

600
(+ 40)

.165r
r28.32
11135 .92

.1048
-22.76
11571. 31

.l-147
89.+4
2375.13

.08
-53 .9 2
2802.88

.0968
75.7
I2BO .52

.o77 8

-60. 81
rr77 .75

800
(+ a8.e)

.I27I
L23.78
I 87r. 33

. o86B
-37.26
10014.43

.091_3
89 .6
2723.96

.0681
-65. 89B
2673. L4

.0848
B3 .08
l_43 2 . 14

.0565
-64.68
1350. 57

1000
(+ s6.4)

.0692
rso.28
17265. I

.0675
-112. 63
L7200.97

.0637
138.48
5610.44

.0573
-L22,r3
6505 .65

.0599
130. 34
2596,29

.0549
-119.55
367 8. 23

2200
(+ 8e.s)



\, H

10

20

30

40

100

R

B

R

B

V

R

B

V

R
Þ

V

R

B

V

.223L
85.22
539 .10

.1473
-56.2r
317. 51

.1192
68.98
890.57

. o 8l_6

-46.67
543.03

.0879
68. tO
770.43

.07
-54.53
602.O2

.0759
74.I2
843. 64

.0636
-62.18
78r.2r

.0613
133.l_6
3Ì89. 43

.052]-
-133. 40
259 1 .01



TABLE VI 0=20 no=10o

E(N) + 2 s.d..25.15.05

P

T

G H G H b H

7

R

B

V

R

B

V

R

B

v

R
B

v

l_. 2r44
r50.48
22968.2

,6202
43.22
1109 7. 42

.7979
98.7
t089.77

.l_529
5.22
696.97

.6037
74.34
199.3r

.1210
-13.68
l-06 .14

135
(+ 62)

10
.9450
727.3
14726.93

.4676
45.67
6796.95

.5s06
74.74
701.05

.1092
1. 53
406. 24

.4073
54.85
194.6

.09 30

-10. 31
l_56.49

150
(r+ ¡

15
. 6436
99. 64
2792.09

.2915
36.93
1744.O7

. 3663
57.52
39r_. I

.0829

.56
322.8

.2492
38.38
146. 29

.0799
_'t 1 q

106.13

l- 75
(16.1s)

20
.4223
73.3
1t+95.20

.1991
21. 60
114. 5

.2603
46. 34
364.6

.0676
-. 8163
274.62

.1787
3l_.42
153.66

.0553
- 8. 1201
142.6

200
(20)



Lt H lj H

7

R

B

V

R

B

V

R

B

v

R

B

V

.5042
62.68
140.52

.1423
-r7.62
95. 36

.4003
50. t4
106 .61

.1699
-2r.28
67.55

11

15

20

.3233
43. 92
98.28

.1088
- l_4. 5
68.77

.2583
35.5
ro3.22

.1178
-l-6.20
67.92

.2016
3r. 32
r34. 64

.069 5

-10.0r
114.62

.L627
25.48
96.76

.0729
-r1 . 09
74.32

.1423
2s. I
154. 88

.0466
-7.63
110.08

.1176
20.86
116.10

.0497
-8.50
103.5s



E(N) + 2 s.d..25.15.05

TABTE YI REPLACEMENT AND DEATH MODEL

0=20 nO=200

P

T

G H l.i H G H

7

R

B

.9488
234.54
1782r.26

.3548
52.93
1364.58

.7s83
187.66
1351_. 62

. r00

.7247
9l_9.l-9

.6406
ls9.98
752 .69

.0926
-I7.23
49 4. 61

270
(16.r)

l_o

D

B

V

R

B

v

R

B

v

.7853
2t2.r
1l_354" 48

.2439
54.62
49 80. 7

.52L7
14I.l_2
874.76

.0660

.4986
584. 56

.4t48
113.62
432.83

.0758
-18.57
305.22

300
(20)

l-5
.5743
I78,28
4804.2

.2050
52.61
3013. 34

.3565
110. 3
606. 72

.0594
_t oa

543. 28

.26r0
81. 76
286.29

^tr?2
-r5.94
ooo oo

300
Q4.2)

20
.3953
138.9
3551.94

.1385
34.25
24+9 .7 I

.2s33
89 .18
670. 48

.0503
-5.90
513 .9 3

.l_808
64.12
39t-.80

.0496
-15. 21
s55.63

400
(za.r)



TABLE VII REPLACEMENT MODEL

6=10 no=10o

t0

KH

K
e

S

KH
v

.6793

.6810

.0 804

.or22

.7207

.7249

.0316

.0062

.7435

.745t_

.0206

.0045

20

.8136

.8192

.039

.0088

ooo o
oâr l

.0162

.0048

.8451

.8463

.0110

.0036

20

.8542

.8556

.0019

.0099

.86L2

.8621

.or27

.0041

.8689

.869r

.0079

.0031

40

.8682

.8707

.0196

.006 5

.8743

. 8749

.009 7

. o03l

.8961

. 896l

.0042

.oo27

100

.8932

.8939

.0089

.0042

.8944

.8946

. 0056

.0024

.8791

.879Ì

.0c61_

.0027



TABLE VIf continued

oq.75.55

l_o

KH

K
S

S

KH

K

S

ô

KH

K

S

S

KH

K
5
s

KH

K
Þ

3

.7866

.7866

.0123

.0029

.7949

.7950

.011r

.0025

.8026

.8026

.01_07

.0022

20

.8539

.8540

.0065

. o024

.8560

. 8560

.0063

.0020

.8570

.8570

.009 2

.0018

30

.8729

.8730

. o06t

. o021

.8732

.8732

.005 B

. COIT

.8730

. 8730
^^t 

E

.00r5

40

. B8I3

.8813

.0053

.00I8

.8818

.8818

.0047

.0016

.88r3

.8813

.00s0

.0013

100

.8956

.8956

. oo35

.0012

.8959

.8959

.0028

.0011

.8957

.8957

.0031

.0009
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The two programs wene wnitten in PL/l and run on IBM 360/65

computen. The compile time fon each of the two pnograms hlas about 30

seconds and the execution time was about 20 minutes for fifty simu-

lations with capture pr.obability fr"om 0.05 to 0.95 in steps of 0.f



7 0.

PROGRAM FOR THE REPTACEMENT MODEL



LOC OIJJECT CODE ADDRL ADDR2 STMT SOURCE STATEHENT

000000 I
2
3
4RA
5
ó
1
I
9

l0
l1
t2
l3
L4

CSEC T

ENTRY
LSING
STM
LM
L
M

D

ST
SRL
A

ST
L f'1

BR

000000
0J000 0
0000c4
rl0cccS
00 00 0c
0J00 t0
o0ù0 I 4
00cc t 8
00001c
00002 0
000024
000028
o0002 A

00002c
o00030
000034

9C25 D0tC
ç 823 r0 c0
5850 F030
5C42 00 00
5040 F034
5042 0000
E€40 C007
5A40 FOZC
5C43 0000
s825 D0lC
O 7FE
cc00
4cc0c000
0c004t47
? FFF FFFF

0001c
00000
00030
00 000
00034
00000
00007
0002c
00000
0001 c

NDCM

RANDOM
+ r l5
2t5¡28lL3l
2r3r0(ll
5 rA
4tO(21
4tP
4tOl2l
4¡7
4 r CHAR
4¡O(11
2t5t28ll3l
t4

15 CHAR
1óA
l7 P

l8

DC

DC

DC

END

F. IO7374L824.
F I I ó8C71
Ft2L474e16471



SIM: PROCEDURE OPTIONS (MAINI;

I
2

SIM: PRLICEDURE OPf IrINS (r,'tAIN);
DCL ( SAI'lPLE rN r P0PS I ZEr PER¡T IMErT IMl t Jr INT TPSPANT JP I

BINARY FIXED (3II 
'I T S PAN r ¡'1EANL r C APR0 Ur CAP ST t CAP EN I CÂP I N t K t KK t REAL I

BINARY FLOAT I31I;
DCL RANDOM ENTRY {BINARY FIXED (3IIIBTNARY FLOAT (3TII;
GET'ED If ( N r SAI4PLE r PFRr FOPS I ZEt JPr CAPST I CÂPENTCAP IN¡ MEANL I INll

( 5(F( 5l 1,4(Ff 813l ¡ rF(7' I ;
PUT SKIP(41 EDIT f rPOP SIZE = I'POPSIZEI (X(20)rAl t3l 'F(5ll;TI ME= ( SA MPLE-JP I / PER+I ;
TIMI=TIME+l;
l'1EANL=-MEANL i
K=E XP( I /ME ANL) ;
KK= l-K i
BEGTN;

DCL IANS'FSCAP'FNCAP'PHOI (N,TTMEI BTNARY FIXED (3TII
PTR (Tlt,l 1I BINARY FIXED f 3IIT
(TLEN'NG'NSTCTSTZERÛI BTNARY FIXED (3II'
(TMETTVETMBI (¡(rTIMEl BINARY FLOAT (311r
(ADARTKARtAVNTSDAATAAXP ) ( N) BINARY FL0AT ( 3ll I
I MUTVARTMUÛ'VAR0rKlvrClÚr PlÚrfEPKl EINARY FLOAI ( 3l) ;

PTR ( I I =0;
PTR(2 l=JPi
ZERO=JP;
Do J=3 T0 TlMl;

ZER0= ( J-2 I *PER+ZER0+JP ¡
PTR { Jl =¿ER0;

END ;
TLEN=PTR ( T IME ) +SA¡'IPLE ;
a En 1Àr .

DCL (TGCAPITSTAYIGCAP'ESTAY¡ (TLEN) BTNARY FIXED I31I 'ISCAPTNCIlP) (SAMPLE¡ BINARY FIXED ( 3ll I
AEXP {SAMPLEI BINARY FLOAT (3II'
(MC^RtNDARtSCÂRtDAR'VNGI (Nt BINARY FIXED (311r
(MTNITJITGTLASTTESTZTLLENtJ2¡ BINARY FIXED (31)r
{SPANIPIOTCHIV'STIJ'"TI'TZIATNTPPIQQ) BINARY FLOAT (31I;

CA: 0O CAPROß=CAPST TO CAPEN BY CAPIN;
ANS r FSC AP r FNCAP=0 i
TGCAP r I STAY=0;

SIAM: DO NSIH=I TO N3
GCAP r ESTAY=0 i
SCAPTNCAP=0;

PSZ: DO NAN=I TO POPSIZE;
fSPAN=l;
PSPAN=0i

AGAIN: CALL RANDOM( INT'REAL¡;
SPAN=l¿EANL+L0G ( REAL I ;
IF PSPAN < JP THEN J=I;

ELSE J=( PSPAN-JP+PER | /PER+ li
ANS( NSI l'{r J l=ANS ( NSI P ¡ Jl+1 i
T SPAN=T SPAN+SPAN ;
IF TSPAN-PSPAN < I ThEN GO TO ÄGATN;
lF TSPAN > SAMPLE ThEN TSPAN = SAt{PLE;
CALL DCNE ( PSP AN r T SPAN TCAPROB r SC AP r NC AP rGCAP r E STAYT

INT r PER ¡T IHETPTRt JP I ;
IF TSPAN .= SÂHPLE THEN

DO¡

t
4

5

6

1

I
9

l0
ll
L2

l1
L4
t5
ló
t?
l8
l9
20
2l
22

23
24
25
26
27
?8
29
30
3l
3¿
33
t4
3ó
37
l8
39
4I
(3

44
q5



SIM: PROCEDURE OPTI(]NS (MAtNI i

46
47
4E
49
50
5L
52
53
54
5t
58
59
óc
ét
62
63
é4
65
66
ó?
ó8
b9
70
?l
't2
73
14
t5
76
17
78
79
80
8l
82

PSPAN=FLotlR(TSPANI;
GO TO AGAfN;

E ND;
END PSZ;
TGCAP=TGCÂP+GCÀP;
TSTÂY=TSTAY+ESTÂY;
MrNl=0i
D0 J=l TO TIME;
tF J =T THEN C=I; ELSE C=IJ.2I*PER+I+JP;
S=pER*(J-ll+JP;
D0 Jl=C ïo S;

H=SC AP ( Jl I +H;
N1=NCAPlJll+Nl¡

EN D;
FSCAP(NSIM'J)=H;
Fl'¡CAP(NSIM'Jl=NLi
l4Uo=FLOAT (M l/Nl;
C=PTR ( Jl i
S=PTR(J+ll i
PHO (NS I H r J I =GCAP { C + 1I 3

VAR r CQ=0 i
DU G=C+l TO S;

l{U= ( G-C t-MU0;
VAR=VAR+ MLJ*MU*GCAP (GI ;
QQ=QQ+ (G-c-l I *ESTAY(Gl i

END¡
TME(NSIHTJI=MUO;
TVE { NS IM rJ } =VAR/Nl i
HB(Ì\SIF¡¡¡=6ç7¡1'

END i
END SIA¡4;

MDAR=0 i
D0 J=I ïO TIIIE;

CALL PRTR( JrCÂPROBTPERTNTJPI i
PUT SKIP(5I EDIT {TTOTALI'IMEANI'IVAR.T¡

( xf 7t) t{l5l '2( 
X( t4) 

'A(41 ¡ ¡ ¡
NSTZER0TSTC=0i
D0 Jl =1 T0 N;

MDAR( Jll=MDARI J I I +ANS( Jl'Jl ¡
NS=NS+MDÁR(JIIi
NcAR ( Jt I =FNCAP ( Jl 

'J 
I ;

S=S+NDAR(J tl ;
SCAR I Jl l=FSCAP( JlrJ I i
C=C+SDAR( Jl ) ;
D AR ( J I l=ìa0AR ( Jl )-NDAR( J 1l ;
ZERC=ZERC+DAR(Jll i

END ¡
CÂLL MVI HDARTNTMUTVARt ;
PUf SKIP(2) EDIT (IPOPUL. I TRUE ITINSTMUTVARI

{ x( 20l rÄ ( I5t rx{ 29¡ rF( 12 I ¡21\16l'Fl l2'41 I ti
CALL MV ( DARr Nr MUt VARI ;
PUT SK¡P(2I ED¡T (I¿ERO I TRUE I''ZERO'HU'VARI

( x( 20) rA( 13l 'X( 
31¡ 

'F 
( 12 ! '2lX 

(6¡ rF(12r4l I l;
CALL MV (NCARTNTMUTVAR I ;
PUT SKIP{2I EDIT IIINDIVIOUALSITSTMUTVARI

{ X( 20¡ 
'A( 

1l) 'Xl33l rF ( 12l r2{ X(ól rF( l2 '+, ¡ I ¡
CÂLL MV(SDÁR,NTTIUrVARI i

83
a4
85
8ó
e7
88
89
90
9l
92
9?
94
95

96
97

98
99

100

., 1



SIM: PROCEDURE OPT ¡ONS (M/\IN,;

l0t PUT SKIPI2 I EDIT ( !CAPTURESITCIMUIVARI
( x(20) rA( 8l rX( 36t,FlL2l r2(X (6 I rF( l2r4! t ¡ ;

PUT PAGE;
PUT SKIPf5} EDIT ( IOBSERVED RECAPTURE F8.I I

(x(51,^124'ni
P=PTR(Jl+Ii
NI=PTR(J+1¡;
LL EN=N 1-M+ I ;
D0 Jl=M T0 Nl¡

IF TGCAP(JT, > O THEN LAST=JI¡
END;
PIJT SKIP(3¡ EDIT (¡(.'ZERO'.)II

(X(4t rA( il rF(8¡ rX(ll rA([l l;
PUT SKIP(2 ¡ EDIT ( (TGCAP(Jl¡ D0 Jt=M T0 LASTII

(10{x(4¡,F(8¡¡);
STU=f-LOAT( Sl ;
NG=STU* lC-ll I ( C-STU I ;
P=SïU/C;
Q= l-P;
ESTz=NG-S;
MUC=C/ STU;
VAR0=0;
Do Jl=l To LÂST-M+I;

AIN=JI-MtiOi
VARO=VARO+A IN+A I N*TGCÂP{ M+Jl- t I ;

E ND;
VÂRC=VAR0/STUi
puT sKIp(4) EDIT ( rMEANrrrVAR.rl (X{701 r2{X(t0lrAl4l¡l¡
PUT SKIPI2 ¡ EDIT I IZERO CLASS FXCLUDED',MUO,VAR{JI

(X(30) rA(19) rX(2llr2(X(61'F{8r41 I li
cALL MVO {TGCAPTMTNITCTESTZTMUOTHUTVARI i
PUT SKIP(2¡ EDIT (IZERO CLASS INCLUDEDITMU,VÀRI

( x(301 ,A( 191 ,X( 21t 12 (X f ó ¡,F (8 
'+l I l;

PUT SKIP{4I EDIT (IMAXIMUM LKD. FITII (X(5I,4(I7II;
PUT SKIP(3I EDTT f' {T,ESTZ,I 

'I 
I

( x(4l rA(ll rF(8t'x( ll'A{11 l;
LAST=LLEN;
AI fii=P* NGi
D0 J2=1 T0 LLEN;

A I tri=Â IN+Q i
IF AtN )= 1.0 THEN AEXP(J2¡=AlN;

ELSE
00;

L AST=J2-l i
GO ÏO HUM;

END;
E ND;

MUM: PUT SKIP(21 EDIT ( (ÂEXP( Jll Do Jl=1 TO LASTI I
(10(x(4lrF(Srlllli

CALL CHITEST (TGCAPTÂEXPTLAST'CHlVrNlrMrGl i
PU,T SKIP(21 EDII (rP = !rP, (Xl5¡¡A(6lrX(8lrF(8'2ll¡
puT sKIp(21 EDIT (.Q = r,Q¡ (X(5lrA(ó)¡X(SlrFlgr2ll;
PUT SKIP(4) EDIT ( 'CHI VALUE IS I TCHIVTGI

I X( 5t rA( 14, rF( 8t2) tXl l0l tF(31 I ¡
PUT SKIP(41 EDIT f rMEÂNr'rVAR.r I (Xló0¡r2(X(14l'Af4ll¡3
D0 Jl=l ïO N;

J2=S0AR(Jll;

Lo2
103

Lo4
105
Lo6
1c?
108
It0
Itl

ll3
Ll4
lL5
Itó
It7
ll8
ll9
120
L2L
L22
L2V
L24
L25
L26

LL2

13l
L?2
133
L34
135
L37
L37
138
139
I40
L4t
L42

143
L44
L45
l4ó

t27
128

L2e
130

147
148
l{9



STMs PROCEDURE OPTIONS (MAtN';

tól
L62

150
r5l
L52
L5V
L54
L55
L56
157
l5B
159
t60

163
L64

l9l

L92
t93
194
195
lqó

l9 ?

t65
l6ó

L61
168
ló9

170
t7l
L72
t73
L74
l?5
t77
178
T79
180
l8t
182
183
184
t8 5

t8ó
187
188
189
190

STU=FLoAT(NDARlJll l;
DARI Jl I =STU* ( J2-l ¡/ ( J2-STU I ¡
VNG( J I I =DAR ( JI I + ( STU*J2-J2+STUI / ( J2-STU I*+2 ¡
St'ÂR(Jl l=D¡R(Jr t-MDAR(J tl i
AAXP( JI ) =FL0AT( SDAR ( Jl ¡ )/MCAR ( Jt I ¡

END;
Q=t-CAPROBi
PP=KK,/ ( 1-C*Kl ;
aa={ r-a}+K/( l-Q*Kl;
CALL MV (CÂRrNrMUrVARl i
PUT SKIP( 2 ¡ EDIT { r NGr rHU rVARI

( x( 38, lAl2l tX( 201 r 2lxl6l 'F( 
12 

'41 ' 
¡ ¡

CALL fV (SDARTNTHUTVARI i
PUT SKIP(2¡ EDIT (tNG-NrrMUrVARl

( X( 38) rAl4) rXf lB¡'2( X( ól rF( 12r4l I I i
CALL MV (VNG,N'IIU'VÂRI ;
PUr sKIP(2) EDI' 

liiåä;,Ì?l;iTlTåTfr,r, 6,,FtLz,4rrri
CALL llIV (ÂAXPTNTMUTVAR)i
PUT SKIP(2I EDIT {I(NG-N)/N'IMUTVARI

{X( 38l ¡A( 8l r X( 141 r2( X{ 6l rF( 12r4l } I i
CALL THEO (AEXPtSTPPTQGTLLENTLAST);
PUT SKÏP(4) EDIf (IT}IEORETICAL FTTII (X(5IIAI1óII¡
PUT SKIP(2 t EDIT ( (AEXP(Jl¡ D0 Jt=l To LASTI I

(10(X{4lrF(8rL})li
CALL CHITE ST ( TGCAP r AEXP r LAST TCH I Vr Nl I M'Gl ;
PUT SKIP(2t EDIT (¡CH¡ VALUE IS I'CHIVTGt (X(5lrA(14lr

Fl8¡?¡rX(tolrF(3¡ l3
PUT PAGEi
LAST=H+l i
D0 Jt=M T0 Nl;

IF TSTAY(Jll > 0 ThEN LASÏ=Jt;
E ND;
TZ=FLoAT( TGC AP ( Ml t /S;
Tl=l-TZ;
VARTAIN=0;
DO J l=M+I TO LAST 

'A I lt=Â tN+ ( J t-t''l I *TSTAY ( J I I ¡
E ND;
A IN=A lN/S i
DC JI=M T0 LASÍ;

¡lU={ Jl-¡'l}-Al N;
VAR=VAR+MU*MU+TSTAYI J I¡ ;

END;
VAR=vAR/S;
PUT SK IP( 5 t E0IT { TOBSERVED DURATION FREQUENCY 'r

fTCTALt r rr MEAN = r;AINT tVAR. - I TVARI
( X( 5l rA( 291rAl lCl rX( 5l r2( X( 5l 'A( 

7'l rKl?l 'Fl9tó¡ I l3
PUT SKtP(3, EDIT (lTSrAY(Jll D0 Jl=M To LASTII

(101x(4)'F(8lll;
KM=1-(TllAlN¡;
8P=(KM-T1 l/ (KM*TZ, ¡
PM=( l-KM) /( l-0H+KMt;
CALL HOL (AÊXPtQMTKHTPMTLLENTLASTTSI i

PUf SKIP(4¡ EDIT I'MAXIT4UI'i LKD FITTI
( x( 5| ,Al 151 l;

puÏ SKlp(2¡ EDIT (rQ = rrQMl (x(r2lrA(5lrF(8róll;



SIH: PRI]CEDURE OPTIONS (MAIN};

198
199

puT sKIpl2l EDIT (rK - rrKM) (X(t2lrA(5lrFl8róll¡
PUT SKIP(31 EDIT ((AExP(Jll D0 JL=l T0 LASTI¡

( I0( x(4¡ 
'F( 

8rt I ) I i
T EPK=0 i
D0 Jl=l TC LAST;

TEPK=TEPK+AEXP( Jt¡ ;
ENO;
IF S > TEPK THEN TEPK=S-fEPKi

EL SE TEPK=O;
PUT SKIP(2I EDIT ('REMAINDERI'TEPKI

I X( l0) rA( 9l rX(5) 'F{B rl I l;
CALL CH ITESI ( TSTAY TAEXPT LASTTCHI VrNl rMrG ) i
PUT SKIP(21 EDIT (TCHMLUE tS TTCHIVTG) (X(5lrA(14lr

F(8r2trX(10¡'F(31¡;

D0 Jl=l TC N;
STU=NDAR(JIl i
T Z= PHO ( J I 

' 
J l./SïU ¡

Tl=l-TZ;
A IN=Tl'lE ( J I ' J l- ( TVE { J I 

' 
J l+TZ I / I TME ( J I 'J ¡*Tl I ¡

¡F AIN (= O.0 THEN DO;
G=G+l i
AvNlJll=0i

END;
ELSE AVNI Jtl=FSCÂP(Jl'J¡/ÂIN¡

TEPK= l-{T1lMB(J I'J l, ;
ADAR { Jl I =STU/Tt *TEPK;
SDAA{ J t l=ADAR ( J1 l-MDAR( Jl } ;
AAXP ( Jl )=SCaA{ J I l/MDAR(J t ¡ ;
KAR(Jll=IEPK¡

EN D;
PUT SKIP(41 EDIT (rMEÂNrrrVAR.rtrS.D.'l

tx(60¡ r3(X(14l rA(41 I I ¡
CALL MIV {ÁDARTNTMUTVARI ;
PUT SKIP{2 } EDIT ( I NHI rPìU'VÂRI

( X(38) 1 Al2l rXl20r r2( X(6 ¡'F( 12 14t, I i
CALL MIV (SDÂArNrMUrVARl;
PUT SKIP{2) EDIT I'NH-N' IMUIVARI

{ x ( 3 I I t Al 4, , X ( L B ¡ 
' 
2 ( X ( 6 I r F ( I 2 

' 
4 I I I ;

CALL MIV {ÁAXPTNTMUTVARI;
pur sKIP{2) EDIT (r (trH-N)/Nr TMUTVARI

{ Xl38) ¡Al8} r X( 14l r2( X(ó I 'F( 12 t4l I l;
DC JI=I TC N¡

ÂCAR( J l. ) =AVN( Jl l-HDARI Jl I ¡
AAXP( J I )=ADAR ( J1 I /MDAR( Jll i

END;
CALL MIV (AVNTNTMUTVARI i
PUT SKIP(21 EDIT ( tNBr¡MUTVART TREJECT' rGrrlr rNl

(X ( 3S, 1 A l2l tX( 20 l t 2lX(61 rF( 12r4l I r
X(51'Alól rX( I) rF l3l'X(2 I'A( l r'X( I I'Fl3l I ;

CALL MIV I ADARTNTMUTVARI i
PUf SKIP(2 ¡ EDIT I I NB-NI IHUrVÂR I

( X( 381 ¡A(41 rX{ l8l'2 (X(ó¡ rF( 1214, I I ;
CALL MIV (AAXPTN;llUrVARl ;
PUf SKIP(2t EDIT (r(t\B-Nl/NrrMUrVARl

( x(3Bl ¡A(81 rXlL4l 12(X(61,Fll214' l r¡
l,lU=KK*KK¡ÈPP i

240
20L
202
241
204
206
2c7

2LO
2lr
2t2
2L7
2L4
2L5
2L6
2L8
2L9
220
22L
222
223
224
225
226
227
228

208
209

229
23Ó

231
212

231
234

235
236
217
238
239
240

24L
242

243
244

245



SIM: PROCEDURE OPTIONS ( MAI NI ¡

246
247
248
249
250
25r
252
)82

Dc Jl=l T0 Ni
ADÂR(Jll=KAR(Jl.t-K;
AAXP(J1I=ADAR(JII /Ki
SDAA( J I I=SQRT (MU/NDAR{ J I,I I'

END;
CALL MIV{KAR'N,MU'VAR' ;
MUC=SQRT(VARI;
PUT SKIPf 2l EDIT (r¡1¡t rPUrVARrMUOl

( X( 381 
'A{ 

2l rX( 20) r3( X( ól rFl 12 '4, I l;CALL ¡4 IV {ÂDARTN'MUTVARI¡
MUO=SQRTI VÂR);
PUT SKIP(2) EDII { 'KH-Kr'MUrVARrMUOl

f x ( 38 I ; A (41 r X ( t8 
', 

3( X{ 6 | ¡Fl L2¡ 4¡ I t ¡
CALL MIV {AAXPTNIIUU,VAR¡ ;
MU0=SQRT(VARI;
puT sKIp(2) EDIT (r (KH_K./K)rrMUrVARrMUOl

( x(381 rA(8) rX( L4l r3(X(ó¡ rFl 12r4l I I ;
C ALL I.1 IV ( S DAA, N, MU, VAR ) ;

puT sKIp{2 I EDtT ( | S. 0. OF Kr,MUrVÂRl
( xl38t rA( L0) rX{ L2l 13(Xló),F{[219¡ rl;

CALL H0L (AEXPTQT K r PPTLLENTLASTTS I i
PUT PAGE;
PUT SKIP( 1O} EDIT ( IIHEORETTCAL FtT''

(X(5lrAlt5l¡;
PtrT SKIP{2t EDIT { rK = I ¡K) {X{t2, rA(5) rF(816)li
PUT SKIP(3) ED¡ï ((AEXP(Jll Do Jt=L îo LASfrl

(lo(xf4lrF(8rtl¡¡;
TE PK=0;
D0 Jl=t TO LAST;

TEPK=TEPK+AEXP(Ji ¡ ¡
END;
IF S > TEPK THEN TEPK=S-TEPK;

ELSE TEPK=O;
PUT SKIP(2¡ EDIT { IREHAINOERI,TEPK}

(x( tol rA(91 r x( 5) rË( Irll t ;
CALL CHITEST{TSTAYIAEXPTLASTTCHIVTNI'¡ TGI i
PUÍ SKlPl2) EDIT (TCHMLUE tS 'rCHlVrG) (X(5)rA(l4lr

F(8r2lrX(l0rrFl3lt;

PR0C EDUR E { IN I r SPANr C APROB T SCAP rNCAtr TGCAP TESTÂYr INTr PER TPER I t
PTR,JPI;

DCL ( SCAPI *) rNCAP( *l rGCÂP(*l r ESTAY( +) rilÂRKr INTTLCAPTFCAP,
PER ' IN I rP ER I r MrJJ r JKr IB I TJMTPTR( +l eJrJZ rJPl

BINARY FTXED (3I ) '(REAL,CAPROB'SPÂNI BINÂRY FLOAT I3II;
DCL RANDCM ENTRY ( BINARY FIXED (3II 

'BINÂRY 
FLOAT ( 3T' I;

MARK=0;
D0 J=INI+1 fO SPANi

CALL RANDC¡'I ( INT r REAL I ;
TF REAL < CAPROE THEN
DO;

IF ilARK=O THEN
DO;

NCAP(J)=NCAP(Jl+1;

254
255
256

257
258
259

260
26L

2e2
2ê1
264

265
266

267
268
269
270
27L
273
214

275
276

271
278
279
280
28L

END¡
ËND ¡
E ND;
END;
{)ONE:

282

28t
284
285
2e6
28'l
288
289
290
2el



SIM¡ PROCEDURE OPÏIONS (HATNI;

252
293
2e5
296
297
2ç1
298
300
301
?o2
303
304
1c5
30ó
3c7
3c8
309
310
3lt
3L2
3L3
?14
315
3ló
3t7
318
3L9
z2L
322
323
324
325
326
32'l
328
?29
330
331

132
133
3)4
335
336
237
338
339
340
34L
342
343
344

345
346
347
348

FCAP=J;
IF J (= JP IHEN JJ= l;

ELSE JJ= {J-JP+PER-I }/PER+T ¡
END;
ELSE
DC;

' lF J <= JP THEN JK=li
ELSE JK= f J-JP+PER-I, /PER+1¡

IF JK > JJ THEN
DO;

M=LCAP-FC¡P+l;
D0 JZ=JJ T0 JK-l;

Jrv=PTR(JZl;
GCAP ( JM+ MARK } =GC AP ( JM+MARK I +I ;
ESTAY ( JM+M I=ESTAY( JM+M } +I;

E¡iD¡
JJ=JKl

END;
E ND;

MARK=MARK+ I i
SCAP ( J I =SCÄP (J l+l ¡
LC A P=J;

END;
END;
TFMARK>OÏHEN

DO;
IF LCAP <= JP THEN JK=l;

ELSE JK=( LCAP-JP+PER-L l/PER+l;
M=LCAP-FCAP+l i
D0 JZ=JK TC PERI;

JM=PTR(JZ) i
GC AP ( JI.I +MA RK I =GC AP ( JM+I',IARK I + 1 ;
ESTAY ( JM+I'I I= ESTÄY ( JM+M I +I ;

END;
EN D;

END DCNE;
MVO: PR0CEDUF,E I ARA r ST r LENr SrZ THUTHUOTVARt i

DCL (ARA(*lrSTrLENrZ rSrJl BINARY FIXED (3ll t
IHUTMUCTVAR'VALr INITAINI BINARY FLOAT (3ll;

INI=S+Z;
Mt/O=MU*S/ INI i
vAR=ilUC* HUO* Z;
A IN=0 i
DO J=Sf TO LEN;

AIN=AIN+li
' VAL=A¡N-l,lUO;

VÄR=VAR+VAL+VAL+ARA(J I ¡
END ¡
VAR=VAR/INl i

END MVO;
CHITEST: PR0CE0URE l0BS'EXPECTTLASTTVALUE;SÂMITFSTTMI 3

DCL (OBS(*)TLASTTSAMI rFSTtJrJJri{rPTrFT, BINARY FIXED
(EXPECT(+I TVALUET TDIF' INT I BINARY FLOAT (3I';

FT=FST-li
M=LAST ¡
D0 J=l TO LAST;

TFEXPECT(JI<5THEN

(3tl r



349
)50
?t2
353
354
?55
356
351
358
359
360
3êL
362
363
364
365
366
367
368
369
370
37L
312
371
314
115
376
171
378
379
380
381
i83
3e4
345
3Bó

SI M: PROCEDURE OPTTONS (MÂIN};

THEO:

D0¡
M=J i INf=0;
Dc JJ=M T0 LAST;

INT=f NT+EXPECf(JJ¡ ¡

Et\D;
IFINT<5ÍHEN

DO¡
ll!=M-l i
E XPECT ( ¡q != EXPECT ( M I + I NÏ;

END;
ELSE EXPECT(MI=TNTi
GO TO BG;

ENO;
END;

BG! Pf=M+FT;
I NT=0 ;
DÙ JJ=PT TO SAPTi
INT=INf+OBSI JJ¡ ;
ENDi

AG: IF INT < 5 THEÑ
Do¡

PT=Pf-l i
I ÀÌ=I NT+0BS ( PT ¡ ;

5l;¿i (M r=EXPECï (M I +EXPEcr( M+1¡ ;
GC TO AG;

END;
OBS ( PT t= INT ¡
VALUE=O;
DO J=l T0 Mi

I D I F=CBS ( J+FT ¡-EXPECf (J I ;
IF IDIF.= O THEN VALUE=VALUE+( TDIF*TDIFI/EXPECT'J)3

END;
ENÛ CHITEST;

PROCEDURE ( ARY'NUt*tr PPrCQ rLENrNl i
DCL (ARY(*I'PPIQQTVALI I]TNARY FLOAT

(NUPILENINIJ) BTNÁRY FIXEO {3T¡¡
ARY( 1) TVAL=NUM*PPi
N=LENi
D0 J=2 TO LEN;

VA L=VA L *QQ i
IF VAL < I.O IHEN

00i
N=J-li
GO TO FINTi

E ND;
ÂRY(Jl=VAL;

END ;
END THEOS

PR0CEDURE I ARYr 0TKtKKtLEN TLASTTNI i
DCL (ARY(+lrQrKrKKrAINl B¡NARY FLOAT

I J'LENTLASTTÌ\l BINARY FIXED (3ll;
L ASf=L EN i
ÂRY(l)=KK+Ni
ARY( 2 l=ARY ( tl*f l-Ql*K¡
DO J=3 T0 LEN;

ÂI N=ARY (J-l l*K¡

( 3ll r

l3Llr

387
388
389
790
39t
192
393
394
395
396
391
398
399
400

F I NI :
HOL :

401
402
403
404
405



40ó
407
4C8
4c9
410
4ll
412
4L3
4L4
4L5

416
4L7
418
419
420
421
422
421
424
q25
426
427
428
429
430
43L
432

SIM: PROCEDURE OPTTONS (MATNI;

IF AIN < T.O TI..EN
DC;

LAST=J-li
GO TO FINE;

E t\D;
ARY(Jl=AIN;. 

END;
FINE: END HOLi

MV: PRT]CËDUR.E (ARY,LEN,MEAN,VARI ;
DCL (ARY(*I,LEN,JI iJINARY FIXEO (31II

AY2 (LEN} BINARY F¡XED (3I.¡,
(t4EANTVARTTEMTT)4| EINARY FLOAT ( 31) ¡

14EAN r VAR=0;
TEM=ARY( I l;
DO J=t TC LEN;

Tfl=ARY(Jl-TEM;
r\Y2fJl=TH;
MEAN=¡4EAN+ÏM;

END;
i'I EAN=M EÂN/LEN ¡
D0 J=l Tû LEN;

fl'l=AY2( J¡-MEANi
VAR=VAR+TM*TMi

END;
¡YEAN=MEAN+fEHi
VAR=VAR/LENi

END MV;
MTV: PROCEDURE (ARY,LEN,i'lU,VAR' ;

DCL (ÂRY(*} ¡AINI!AR¡MU¡TM,TEMI BINARY FLOAT
YY ( LEN} 8I I.IAP.Y FLCÂT (3I I ,(J,LENI BINARY FIXED {3I'¡

AINTVAR=0;
TEM=ARY( I I ;
DO J=l T0 LEN;

Tl,,! =ARY( J ¡-TEl',1 ;
YY( Jl=IMi
ÂIN=AIN+TM;

END;
MU=A T N/LEN;
Do J=l To LEN;

A I N=YY f Jl -tru;
VAR=VAR+AIN+AIN;

END;
MU=MU+TE!.I;
VAR=VAR/LEN i

END MIVi
PRTR: PROCEDURE (I ICATSAI'{ TNIJPTi

DCL { ITNUPISAt TNIJPI BINARY FIXED (3T¡,
CÂ BTNÂRY FLOAT (31I;

NUM=(I-ll*SAl'4+JP;
PUT PAGE;
PUT LINE (t0l EDIT (rHODELrl fX(ó4lrA(5lli

( 3ll r

433
434
435
436
437
438
439
440
/¡4L
442
443
444
445
446
+47
448
449

450
451
452
453
454
455
456
457

PUT
PUT
PUT
PUT
PUT

SKI P( C¡
SKIP(3I
SKIP(3)
SKIP(O¡
SKIPI3I

ED¡I
EDII
ED IÏ
EDII
ED IT

(r---') (X(ó4 lrA(5r13
r REPLACEMENT rl (Xf58lrA(l7ll;
I PÂRAMETERS I ) IX162I, A( IOI I ¡

! ) (x(ó2, ,A( l0¡ I ¡INO. OF SAMPL¡NG PERIODS : ',NUHI
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458

459

460
4ê,L

PUT SKIP(2}

PUT SKtP(2I

END PRTR;

ED If

ÊD IT

(x(5tl r^1271 'F(4ll;( I I\O. OF S IMULAT IONS
(x{51) tAl27l,F(41¡;
( I CAPTURE PROBABILI TY
(x (51 l, Al2r I rF(4r21 I i

. r,N I

¡ | rCAl

END ¡

{



82,

PROGRAM FOR THE IMMIGRATION

A}TD DEATH MODEL



LOC OT]JECT CODE ADDR I AI]DR2 STMT SOURCE STATEIlÉNT

000000 I
2
3
4RA
5
ó
7
I

l0
tl
L2
l3
L4

csEcï
ENTRY
TSTNG
STM
LM
L
H

D

ST
SRL
A

ST
L l'4

BR

000000
0J0000
000004
00c008
00000c
0J00 l0
0000 I4
000c t I
0000 Ic
000020
000024
o00028
000024
00c02c
o 00030
000 c34

9025 DOIC
s823 r0c0
5850 F030
5C42 0000
5D40 F034
5042 0000
8€40 00c7
5A40 FO2C
5C43 0000
ç825 D0lC
O 7FE
cc00
4ccJc000
0c0041A7
?FFFFFFF

0001c
00000
c0030
00000
00034
00000
00007
0 002c
00000
0001 c

NI]CM

RANDOM
*rI5
2'5¡28lL3l
2t3¡QlLl
5rA
4 | ol2l
4 ¡P
4 ¡Ol2l
t¡ t7
4 r CHAR
4¡0171
2¡5 ¡ 28ll3l
L4

l5
1ó
17
I8

CHAR
A

P

DC

DC

DC
END

Ft 107374L82+.
Fr l68c7l
F.2L474e3647r

a-



MUS: PRTJCEDURE OPTIONS (HÂTÀ};

t
2

MUS: PROCEDURE OPf IIINS (I''IAIN';
DCL ( N' S¡1¡'PLEr P0PS I ZEr INTr POPULT PER IOD r IN I rT I ME'TI Hl t NSIllr J I JIrJP I

BINARY FIXEO (3II'
( CAPRO B T CAP ST ¡ C¡PT¡¡ TCAP I N' ME AT\¡L' ARR I V T K T K K T RE AL'' VALUE I TEPKI

IJ INARY FLOÂT { 3I I ;
DCL RANDOM FNTRY (BI N¡{RY FfXED (31 I TBtNARY FLOAT (31 I l;
GET EDIT ( Nr SAMPLË'POPSI ZE t JP I PER I 0D I I N I rME ANL t ÁRRI V tCAPSf TCAPENT

CAPIt\'INTI (6(F(51 lt5(F(8'31 )tF(7) l;
PUT SKIP(4) EUIf ( rpQP SlZE = I 

'PCPSIZE¡ 
(X(20)'A(13l'F(5ll;

f IME=( SÂMPLE-JP I /PERlo0+l i
TIMI=TfHElli
r'lEANL=-l\IEANL i
ARRIV=-llARRIV;
K=E XP( I /MEÂNLl ;
KK= l-K i
BEG¡N;

DCL (ANS,FSCAP'FÎ(CAP'PHOI (N'TIME) BINAR,Y FIXED (3II'
(fMErTVËrMB) {NTTIMEI BINARY FLOAT (3[l t
PTR (TIMì. I BINARY FIXED (3I)'
ITLE¡\rNGrNS'CTSTZERC) BINARY FIXED (31¡t
( ADARTKARTAVN 'SDAAtAAXPI 

(Nl EINARY FLOAT {31} r
( MUrVARrl4UCrVAR0rKMrQlúrPMl BINARY FLOAT ( 3ll;

PfR( ll=0;
PTR(21=JPi
ZER0=JP;
DO J=3 TO fIMl;

ZERC= ¡ ¡-2 ) +PER I00+z ERO+JP ;
PTR{ Jl =¿ERO;

END;
Tt- E¡l=PTR { T IME I +SÂMPL E ;
BEGTN;

DCL (TGCAP'TSTAY'GCAP'ESTAY' (TLFNI BINARY FIXED (3LI 
'(SCAPINCÁP) (SAMPLEI BÍNARY FTXED (3IIT

AEXP ( SAPPLE) BINARY FLO¡T (31 ¡ 'IMCÀRtNDARTSCARtDARtVNGt (Nl BINARY FIXED (3llr
(¡4rNlrMlrGrLAST'ESTZTLLENTITOt IIT0tJ2l BINARY FIXED l3ll r
( SPANTP,QTCTIIV'STU ¡fL¡lZ TSAMTAINtPPTQQI BINARY FL0AT (311;

CA: DO CÂPR0B=CÀPST TO CAPEN BY CAPIN¡
ANS r FSC ÂP; FNCAP=0;
TGCAP rÏSTAY=0;

SIAM: D0 NSIM=l TO Ni
GCAP'ESTAY=O;
SCAPTNCAP=0i

ORI: 0O NAN=l T0 POPSIZE;
ANS ( NS IM¡ 1 ¡=¡¡5 {NS IM' 1 l+l;
CALL R,ANI]OM (INTIREALIi
SPAN = MEANL*LUG(REAL¡¡
IF SP^N )= I fHEN
DO;

IF SPAN > SAMPLE ThEN SPAN = SAHPLEi
CALL 0CNE ( tNI tSPANtCAPRCBTSCAPIIICAPTGCAPr ESTAYT

I NTr PERI CD t T ¡ l¿E t PTRt JP¡ ;
END;

END OR¡ i
ITO=l; TZ=l;

AGAIN: CALL RANDCII I¡NT'REÄLI¡
Tl=ARRIV*L0G (REALI;

3
4

5

ó
7

8
9

l0
ll
L2
t3

L4
t5
ló
l7
l8
l9
20
JI

22
23

24
25
26
27
28
29
30
3l
32
33
14
35
36
38

39
40
4l
43
44
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45
46
48
50
52
54
55
56
57
58
59
ól
62
é.4

65
66
67
ó8
ó9
70
71
74
75
76
77
?8
79
80
8l
82
83
84
qC

8ó
8?
88
89
90
9l
92
9Z
94
95
ç6
97
98
99

100
l0t
LO2
103
104
105
loó
tc?

tZ=TZ+Tt;
IF TZ > SA¡IPLE THEN GO TO FINI;
IF ITZ,-ITO) > 1 ThEN ITO=FLCOR(TZI¡
IF I I0 = SA¡1PLE THEIr J=Tl PE:

EL SE IF I TO < .JP THEN J=I i
ELSE J=( TTO-JP+PER TOC I /PERIOD+1 ;

ANS( NSIM ¡ J )=¡¡5¡ NSIH' J l+l¡
CALL RANDOM ( fNT,REAL );
SPAfi =ME ANL*L0G ( REALI ;
SAM= SP AN+TZ ;
IF (SAM-ITOI < T TI.EN GO TO AGATN¡
II'tC=lT0+1i
IF SA¡4 > SAMPLE THEN SAM = SA[|PLE i
CALL DCNE i T ITO'SAII'CAPF.OBISCAPTNCAP IGCAPTESTAYT

I NTTPERICDTTIMETPfRTJPI i
GO TO AGATN;

FINI : TGCAP=TGCAP+GCAP;
TSTAY=TSTAY+ESfAY;
MrNl=0i
DO J=l T0 TIME;
IF J =I THEN C=I; ËLSE C=(J-2I+PERIOD+I+JP;

s=PE R I CD* ( J-1, +J P;
Do Jl=C TC S;

M=SCAP(Jll+M;
trt=NCAp(J t ) +Nl;

END;
FSCAP(NSIM'Jl=H;
FNCAP{NS TM'JI=N1i
MUC=FL0aT(M¡ /Nl;
C=PTR(Jl;
S=PTRIJ+1);
PH0 { NS I M r J I =GC ÂP f C+ I I ;
VARTQQ=O3
DO G=C+l TG S3

MU= ( G-C I-MUO;
VAR=VAR+MU+MU*GCAPI G I ;
Q8=QQ+ (G-C-t !*ESTAY (Gl ;

END;
T¡1E(NS It4rJ l=ltlU0i
TVE ( NS I¡ T J I=VÂR/N1 i
Mtì(NSIMTJI=aQ/Nl¡

ÉND;
END SIA¡¡;

M1=13
MCAR=0i
D0 J=l TO TI l,E;

CALL PRTR ( JICAPROB, PERIODINT JPI i
PUT SKIP(5t EDIT (rTOTALrrtMEANtrrVAR.rl

( x (7t) tAl5l,2(X( t4f rÂ{4ll I ;
NSTZER0TSTC=0;
D0 Jl =l TC Ni

MDAR ( Jl I =ti{DAR( J I ¡ +ANS( Jlr J I 3

NS=NS+PIDAR(J II;
NDAR ( Jl I =FNCAP( J¡. 'J l;S= S+NDAR { J tl ;
SEÂR ( J I l=FSCAP( Jlr J I ;
c=c+s0AR(Jll;
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t08
109
ll0
trl
LL2

DAR( Jl I =t'DAR{Jr l-NCAR( Jl I ;
ZER0=ZER0+CAR( Jl I ¡

END i
CÀLL MV(¡/DÁRrNrMUtVARl ;
puT sKIt,(2¡ EDIT ( rp0puL. I TRUE )r TNSTMUTVÂRl

( x( 20 ) rA I l5l r X ( 29),F ( 12l r 2( X{ ó ) rFl l2t4ll I i
CALL MV( DAR'NtMUtVAR) ;
puI sKIp(21 EDIT (TZERO I TRUE ).rZER0rMUrVAR)

( x ( 20 I I A { 13 I' Xt 3l I' F ( 12 l' 2( X{ 6l rF( L2'4, I I ;
CALL MV( ND¡lRrNrMUrVARf i
puT sKIp(21 EDIT ( !INDIVIDUALS.TSTMUTVARI

( x ( 2Ol ¡ A( I I I r X { 33 I r F( LZ',l t zlX ( ó I rF I LZt 4l l t 3

CALL HV( SDAR rN rMUrVÂRl i
puT SKIp(2) EDIT ( TCApTURESTTCTMUTVAR'

( Xl20l ¡ A ( 8l rX (361' F ( 12l r 2lX (6) r F( l2r 4) l l;
PUf PAGE;
PUf SKIP(5} EDIT I ICBSERVED RÉCÁPTURE FQ.II

(x(5) 
'Al24lliM=PTR(J¡+l;

N1 =PTR I J+I } ;
LLEN=N1-M+1i
DO Jl=M fO Nl¡

IF TGCAP(Jtl > 0 ThEN LAST=Jl;
END;
PUT SKtP(31 EDIT (r(rtZEROI'lrl

{X14} rA(1 ) rF{B) rX( ll'A( ll I ;
PUT SKIP(2) EDIT {(TGCAP(Jll DO Jl=M TO LAST¡l

( 10( x( 4t,F( 8) l ¡ ;
STU=FLOAI( Sl i
NG=STU*( C-Ll /l C-STUI ¡
P=STU/Ci
Q=I-Pi
ESTZ=NG-Si
MUC=C/STU i
VAR0=0;
DO JI=I TO LAST-M+T;

AIlr=Jl-MU0i
VARO=VARC+AT N*A I N*TGC AP ( H+¡1-1 ¡ .

END;
VARC=VARO,/STUi
PUT SKIP(4¡ EDIT ('MEANT 

'rVÂR.' ¡ {X17Ol'2(X(f0l'A(4lll;
PUT SKIP(2I EDIT ( IZ€RO CLÂSS EXCLUDFDI 

'MUO'VAROI(X(30t'A(19)'Xl2l)'2(X(61 rFf 8r4l I I ¡
CALL tlv0 ( TGCAP'MrNlrCrESTZrMUOrHUrVARli
PUT SK IP f2 ) EDIT ( IZERi] CLASS INCLUDEDI 

'MU'VARI(X (30 ) rÀ ( 19 ! rX (21 I tZlX16 f¡F (8r4, I I ;
PUT SKIP(4) EDIT (IMAXIMLM LKD. FITI} (X(5I'A(T7¡I;
PUT SKIP(3t EDIT (r(r'ESTZtrlrf

( X (4t rA (tl rF(81 rX( 1l 
' 

A( I I l;
LAST=LLEN;
A I N= P*NG;
D0 JZ=l T0 LLEN;

A IN=A IN*Q i
lF AIN >= 1.0 THEN AEXP(J2l=AIN;

E LSE
D0¡

LAST=J 2- 1;

113
r l4

tl5
116

tt7
lr8
Il9
120

l2l
L22
123
L24
1,25
t27
L28

L29

130
t3l
Lt¿
I33
L34
t35
l3ó
L37
138
I39
140
14l
L42
143

tq4
L45

l4ó
L47

148
149
150
l5t
L52
154
t54
155
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l5ó
L57
t58
159

GO TO ¡{UM;
E ND;

END;
MUM: PUT SKIPl2l EDIT ({AExP(Jl) Do Jl=t To LASTI¡

(t0tx(4lrF(8'll)l;
CALL CHIIEST (TGC11PTAEXPTLAST?CHlVrNl rMrGl i
pUT SKIp(2) E0IT (rP = rrPl (X(5lrA(6lrX(8lrF(StZlli
pUT SKIp(2) EDIT (rO = rrÇl (Xl5l'A(6)rX(8lrF(8r2ll;
PUT SKIP(4' EDIT ( ICHf VALUÉ IS I 

'CIIIV'GI( X( 5l r A( 14) rF (8 r21 rX ( l0l rF( 3 ) 
' 

;
puI SKlp(4) EDIT (rMEANr'rvAR.rl (x(6o) rzlxlL4¡'À(4llli
G=0;
DC Jl=l TC N;

J2=SDAR(Jll;
STU=FLoAT(NDÀR(JL,t;
I TC=JZ-STU;
tF ITo <= 0 THEN

DO;
DÂR ( J1 l=0 i
VNG(JI)=0i
G=G+li

END;
ELSE

DO¡
DAR ( J 1 l=STU* { J 2- t I / ITO;

VNG( J I l=DAR ( J I ) + I Sf U* J2-J2+STU ¡ / ( J2-STUI *+2 ;
END;

S0AR( Jl ) =DAR ( Jl,-HCAR(Jl I ;
AAXP (J I l=FL0AT(ABS( SDAR( Jt) ¡ I /HDAR( Jtl 3

END;
Q= I.CÁPRCB;
PP=KK/( t-8sK ) ;
Q C= ( l-0,*K/ ( l-Q*K I ;
CALL HV (DÄR'N'MU'VARI ;
pUT SKIP(2) EDIT ( rNGrrl4U;VARTTREJECT'rGrr/rrNl

(X ( 38 ) r A ( 2 ) r X( 20 ) ¡2lXl 6 I rF( l2r4l I r
X(5) rA(ól rX(l) tF(3) tX{1 l¡A{ Ll ;X( L¡ tF(31

CALL MV (SDARIN'MU'VAR};
PUT SKIPI2 I EDIT { ' NG-N' TMUTVAR I

{ X( 381 rA{4) 'X( 
181 12 (X(ól 

'F( 12 '41 
I l;

CALL MV (VNGTN'MU'VAR} ;
PUT SKIPI2) EDIT f.VAR. NGI TMUTVARI

( Xl 3Bl rA( 7ì rX( L5l 
'21 

X(6) 'F( L2¡41 I I i
CÂLL MIV (AAXPTNII.'IUIVÂR} ;
PUT SKIP(2¡ EDIT (I(NG-N)/NI'MU'VARI

(Xf 381 rA(81'X( l4l t?-1X16¡'F(12'4ll l;
CALL TliË0 (AEXPTSTPPtQQTLLENTLASTI ;
pLI SKIp(4) EDIT (rTt-i E0RETICAL FIT. ) (X(5¡rAllól¡¡
PUT SK¡P{ 2 } EDIT ( { AEXP{ Jl) Do J1=l TO tASTI t

(10(x(4¡rF(8'llrl;
CALL CHI TE SI{ TGCAP r ÂEXP r LASf 

'CH 
IV r N1 rMrG I 3

pùi srrpr2t EDrr (rcHI VALUE IS TTCHIVTG) lX(5lrA(l4l;
F(8r2¡'X(10¡'Fl3ll;

PUT PAGE;
DO Jl.=M TO Nl;

IF TSTAY(Jtl > 0 THEN LAST=JIi
ENO;

160
lót
162
Ió3

L64
tó5
ló6
167
lóB
169
170
171
tl2
t?3
L74
L75
17ó
L76
L77
178
179
180
l8l
t82
183
t84
185
l8ó
t87

,

188
I89

190
l9l

192
193

194
195
l9ó

197
198

199
200
20L
203
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204
2C5
206
207
2C8
209
2LO
2tL
212
213
2r4
215
216

217

TZ=FL0Ar{TGCÂP (Ml I /S¡
Tl=l-TZ;
VARTAIN=0;
DO JI=M+I TO LASTi

A Ih=A IN+ (J 1-M )*TSf AY( J I I ;
END;
A IN=A fN/ S i
D0 Jl=lt¡ TÛ LAST ¡

¡aU=(J1-Ml-AIN;
VAR=VAR+¡4U*!.4U*T STAY ( J I I ;

END;
VAR=VAR/Si
PUT SK IP( 5 ) EDIT ( T0BSERVEti DURATI0N FREOUENCY r r
(T0TALl rrrMEAN = rrAINrrVAR. - ItVARI

( X( 5l tÂ l2gl,^l tCl rX( 5l tzlK(5) tA(71 tX (2' 
'F19t6l I l;

PUT SKIP(31 EDIT ( (TSTAY(Jll Do Jl=M TO LASTtI
(Lo(x(4)'F(Blll¡

KM=l-(rllÂlN);
(ìfv= ( KM-T I )/ ( KM+T Zl ;
P!=( l-KM) /{ l-QH*KMl;
CALL HOL (AEXP'81''l tKMTPMTLLENTLASf rSl i

PUT SKIP(4) EDIT {'MAXIMUM LKD FTTII
(X(51rA(l5lr;

PUT SKIP{21 EDIT ( rQ = rrOMl ( X( 121 rA(
pu¡ sKIp(2 I EDIT (.K = r,KM' (X( t2t,Â(
PUI SKIP(31 EDIT ( (AEXP(Jll Do Jt=l TO

( r0(x(41 'F( I' ll I l;
TEPK=0;
DO Jl=I TO LAST|

TEPK=TEPX+AEXP(Jll;
END;
IF S > TEPK THEN TEPK=S.TEPK;

ELSE TEPK=O;
PLT SKIP(2I EDIT (IREMAIÀOERI 

'TEPKI(x (10) ¡A{ glrx( 5)'F( I'l) I ;
CALL CHITE ST (TSTAYt AEXP rLÂST ¡ CHIV r N1 r Mr G I i
PUT SKIP(2) EDIT ('CHl]LUE IS ITCHIVTG) fX(51rA(l4lr

F t 8t 2l ' X{ 1.0, 
' 

F ( 3l ¡ ;

DO Jl=I TO N;
STU=NDAR(JLl;
TZ=PH0l Jl 

' 
J¡ /STU;

T1=l-TZ i
A Ilr=TME ( Jl rJ )-(TVE f J I' J t*'î Zl I ( f ME ( J I' J ,*T I I ;
tF A¡N (=0.0 THEN DO;

G=G+ t;
AVN(Jlt=0i

EN D;
ELSE AvN( J 1l=FSCAPI Jl rJl /AINi

TEPK=l-(Tl/MB(Jl'J I l ;
ADAR( Jl I =sTU,/TI*TEPK;
SDÄA( J I )=aC¡lR( J I l-M0AR( J t I ;
AAXP( Jl I =ABS ( S0¡A lJt I ¡/MDÂRl Jl I ;
KAR(Jl)=IEPKi

EN D;
PUI SKIP(4¡ EDIT (rMEANrrrVAR.rtrS'D.rl

( x( 60¡ r3( X( l4l,A(41 ¡ I ¡

218
2L9
220
22L
222

221
224
225

226
227
228
229
230
232
231

5l tF
5lrF
LAST

( 816l l;
(Bró)l;
¡t

234
235

236
237
238
239
240
24L
242
244
245
246
247
248
249
250
251
252
253
254
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255
256

257
258

259
260

CALL MIV (ÂDAR'N'MU'VARI;
Þúi sxtptzl EDIT (rNHrrMUrvÂRl

(X(381 tA(21 ¡XlZ}l tZ (X(ó)rF( 12'41 ¡ I 3

CALL MIV ( SDÀAINIMUIVARI;
PUT SKIP(2 ¡ E0lT ( rNl--N'rMUrVARl

I X ( 3 B ) r A ( 4 l r X ( [ I I 
' 

2 ( X ( ó ) r F ( I 2 
' 

4 I I ) 3

CALL MIV (ÂAXPTNIMU'VAR¡ ;
PUT SKIP(2) EDIT ( I(NH-N)/NI'MU'VARI

(x{ 38¡ ¡A (8t rX ( 14} rZ (x (6¡ 
'Fl 12r4l I } i

DO Jt=[ TO Ni
ADAR( Jl l=AVN( Jr l-MCAR (J I I ;

AAXP{ Jl )=aBS{ADAR( Jtl ) /MCÂR(Jt) ;
END;
CALL MIV ( ôVNrl"MU'VARI ;
pUT SKIPI2) EDIT (rNBr tl'4UTVARTTREJECTT rGrrlrrNl

(X( 3Sl ¡A( 2l rX( 20) ' 2lXl6l rF( 12 14l I r
X (51r A (61r X ( I t ' 

F(31'x( Ll ¡A( ll rx( I I 'F( 3l I ¡
CALL MTV (ADARTNIMUIVÁR}i
PUr sKtP{2} EDtt liil;i,;Ti;lîilr,,r,X(6trF( L2,4rr t i
CALL MIV (AAXPTNIIlUTVARI ;
puT SKIp{2) EDIf (r(NB_N)/NTTMUTVAR}

( Xf38l rÊ (8 I rX (L4l t2(X(ó I I F( 12'41 I I ;
I,t U=KK+KK+P P i
DC Jl=l T0 N;

ADAR(Jtl=KAR{Jll-K¡
AAXP( Jl l=ABS ( ADAR Í J1¡ I /K¡
SDÁAI Jl t=SORT ( MU,/NtAR (J ll ) ;

END;
CÂLL MIV{KARTNTMUTVARI ;
l¡UC-SQRT (VÁRl;
puT SKIp(2¡ EDIT (.KHr rlúurVARrMUol

( x( 38 I 'A( 2) r X( 201 '3( 
x( 6l 'F( 12'41 I I ¡

cALL MIV (ADÁRrN¡tuUrVÂRl¡
MUO=SQRT(VAR} ¡
PUT SKIP(2¡ EDIT ( rKH-KTtMUtVARtMUOI

(x(38¡ rA(4) rX( l8)'3(X( 6l tFlL2t4l I I ¡
CALL MIV IAAXPTN'I'4U'VAR¡ ;
MU0=SQRf(VARr;
pUT SKIpl2¡ EDIT (r (KH-K,/K) | rt*,tUrVARrMUOl

( X( 38) ¡A(B) r X( 14) r3f X( 6) rF( 12 r4l I I i
CALL MIV(SDÀArNrMUrVARl ;

PUI SKIPI2) EDIT (rS' D' CF K"MUtVÂRl
(x( 38t rA( l0l,x( l2l r3l X( ó) 

'F( 
t2'9¡ I l;

CALL HCL lÂEXPrOr Kr PP'LLENtLASTtS I ;
PUT PAGE;
PUT SKIP( IO) EDIT ( IThEORETICAL FIfI )

(X(5lrÂl15¡)¡
puf SKIp(Zl EDIT (.K = t¡Kl (X(t2),4(5lrF(8tóll¡
PUT SKIP(3) EDIT ((AEXPlJll Do Jl=l TO LASIII

(LO(X(4) rF(Srlllli
TÊPK=0;
DO Jl=l T0 LASÍ ;

TEPK=TEFK+AEXP(Jtl;
END;
IF S > TEPK THEN TEPK=S-TEPKi

ELSE TEPK=O;

26L
262
2ê3
264
265
266

267
268

269
270

27L
212
273
274
2,7 5
276
277
278
279

280
2Bt
282

283
284
285

28.6
287

288
289
290

2el
292

293
294
295
296
297
299

,]i
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300 PUT SKIP(2 I EIJ IT ( I REMAIÀDERI
( X( f 0l tA( 9l t¡1f l lF{ tì I

CALL CHITESf {TSTAYt AÉXPTLASTT
PUf SKIP(2 I EDIT I ICHI VALUE

EPK 
'

rT
tl
CH
IS

30t
302

li
IVrNlrMrG

¡ rCl.lIVr (X(5lrAll4lr
Ft3t¡;

I
c
¡

303
304
3C5
3Có
30?

E ND;
END;
EN D;
E ND;
DONE:

FlSt2lrX(10

PROCEDURE ( I NI r SFANr CAPROBT SCAP TNCAP r GCAP I ESTAY r INT r PERr PERI r
PTR,JPI;

DCL ( SCAP(* l rNCÂp(*l r GCAP ('û ¡ r ESTAY{'0 I TMARKt INTtLCAPT FCAPT

PER r INl t PER t't4 t JJ' JK I t B t t JMt PTR(* ) r J r JZ I JP)
IIINARY FIXËD (3II'

(REAL'CAPRCi]TSPANI BTNARY FLOÂT (3II;
DCL RANDOM ENTP.Y (BIf\IARY FIXED (3ll TBINARY FLOAT (3f ¡l;
MARK=0;
D0 J=INI l0 SPÂN;

CALL RANIJOM ( INT 
'REALI iIF REAL < CAPROB THEN

DO;
IF MARK=O THEN

DO;
NCAP( J l=NCAPI Jl+13
FCAP=J;
tF J <= JP THEN JJ=l;

EISE JJ={ J-JP+PER_II /PER+I;
END;
ELSE
DO;

IF J <= JP THEN JK=l;
ELSE JK=( J-JP+PER-II/PER+I;

IF JK > JJ ÍHEN
DO;

H=tCAP-FCÄP+Ii
D0 JZ=JJ To JK-l;

Jr,,=pTR(JZl i
GCAP { JM+MARK} =GCAP ( JM+MARK, +l' ¡
ESTAY {JM+M ¡=ESTAY( JM+M ¡ + I ;

EN D;
JJ=JKi

END;
END;

MARK=HARK+ I i
scAP(J)=SCAp(Jl+1;
LCAP=J i

END;
ENO;
IFMÂRK>OTH€N

DO;
IF LCAP (= JP THEN JK=L;

ELSE JK= ( LCAP-JP+PER-L l/PER+l;
H=LCÂP-FCAP+I;
DC JZ=JK TC PERI;

JP=PTR(JZl i
GCAP I JM+MARK I=GCAP( JM+HÂRKI + 1 ;
ESTAY { JI.I +I'4 I= EST AY I JM+H I + I ¡

3C8

309
310
311
3L2
3t3
3L4
tL5
3 tó
3L1
318
3t9
321
322
323
323
324
326
327
328
329
330
3?L
332
333
134
335
33ó
33'l
338
339
140
341
l(tz
343
344
745
341
348
349
350
351
t52
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354
355
356
357
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EN D;
E ND;

END DONE;
TMV: pROCEDURE (DUMtTCLtMUtVARTLENTSfAI i

DCL (DUM(*l rTOl-tLEN'STA'Jl BINARY FIXED (3llr
(MUTVARIAINI BTNARY FLOAT (3II;

VÄR r T0L=0 ;
D0 J=STA T0 LEN;

T0L=TOL+DUM{Jl;
E ND;
¡4U=FLoAT( T0t, /LENi
D0 J=STA T0 LEN;

ÂIN=DU¡'(J¡-MUi
VÂR=VAR+,1 I N+ÄI h;

ENO¡
VAR=VAR/LENi

END TMV;
MVC: PFOCEDURE lÂRA;STTLEN'S'/¡MUTMUOtVARI;

DCL (ARA(*l TSTTLENTZTSTJ) EtNAFY FIXED (3Llt
(I',IUIMUOTVARTVALT INI IAIN) BINARY FLOAT (3TI;

1¡¡=S+Zi
MU0=MU*Si/lNI i
v AR= MUO*MUo* z i
ÀIN=0i
DO J=ST TO LEN¡

AI]r=AIN+Ii
VAL=AI h-MUO¡
VAR-VAR+VAL *VAL*ARA( J I 3

END;
VAR=VAR/INli

END MVO;
CHITEST: PROCEDURE {OBSt EXPECTTLASTIVALUETSAMITFSfTMI 3

DCL {OBS(+} TLASTtSAMI tFSTTJTJJTIUTPTTFT) BINÂRY F¡XED
(EXPECT(*I'VALUETTDIFTINTI BTNARY FLOAT {3II;

FT=FSf-l i
M=LAST;
D0 J=t To LAST;

IFEXPECT(JI<5THEN
DO;

M=J i INT=0;
D0 JJ=i4 TO LAST;

INT=I NT+EXPECf(JJl ¡
ENC;

TFINT<5THEN
D0¡

H=M-1;
E XPECT (¡4t= EXPECT I M ¡+ INT ;

EN D;
ELSE EXPECT(t'l l=INTi
GO TO BG¡

END;
E ND;

BG: PT=Î'l+FT¡
INT=O i
DO JJ=PT fC SAPI ¡
INT=I NT+OBS( JJI ¡-
END ¡

358
359
360
3ét
362
364
364
3é,5
366
367
3ó8
369
370

37L
372
373
374
375
376
377
378
379
380
38t
18?
383

384
385
38ó
38?
388
389
391
392
393
394
395
396
391
v98
399
400
401
402
403
404
405
qa6
4c7

l3tlr



408
4c9
410
4ll
4L2
413
4L4
415
416
411
4 t8
4L9
424
422
423
424
4.25

426
421
428
429
430
431
422
433
434
435
4i6

438
439

HOL:

I'US: PROCEDURE OPTIONS ( MAI NI i

THEC:

ÂRY{J)=AINi
END;

F INE : END HOL;
MV: PROCEDURE (ARY'LEN'MEANIVARI i

DCL IARY(fIILENTJ) BTN¿RY FIXED (3III
AY2 (LENI BINARY FIXED I3[I'
{MEANTVARTTEl TT$¡ BfNARY FLOAT (3II;

MEÂN rVAR=0i
IEM=AR,Y( ll i
D0 J=l T0 LEN;

TM=ARY(Jl-TEl,1;
AY2( J l=TM 3

MEAltr=HEAN+ÏH;
END;

AG: TF INT < 5 THEN
DO;

PI=PT-l;

Jll:iT'.ous(PTr 
;

E XpECT {M I =EXpECT { M I +EXpECT f t4+t } ;
GO TO AGi

ENO;
OBS( PTI=INT¡
VALUE=0;
D0 J=l TC M;

I DI F=0BS( J+FT)-E XPECf ( Jt ;
TF IDIF-= O THEN VALUE=VALI.¡E+( TDIF*TDIFI/E XPECTÍJ¡;

END;
END CHIlEST;

PROCEDURE (ÁRY,NUMIPPTOQ,LEN'NI ;
IICL {^RY(+l rPPr0QrVALl UfNARY FLCAI (311r

(NUM,LENTNIJI BINARY FIXED (3I¡;
ÂRY{ I I rVAL=NUM*PPi
N=LEN;
Do J=2 r0 LEN;

VAL=VÄL*QQ;
IF VAL < I.O ÏHEN

DO;
N=J-l i
GO TO FINI;

END;
ARY( Jl=VALi

END ¡
ÉÀr ll 1L Cñ .LIIU II LU'

PRTICEDURE ( ARY TQ rK rKKr LENr LAST rNl ;
DCL (ARY(*l rQrKrKK'AIN) BINARY FLOAT (3tl r

(JILENILASTIN) BINARY FTXED (31I¡
LAST=LENi
ARY( I l=KK+Ni
ARY l2 l=ARY ( t,*( l-Q¡ *K ;
DO J=3 T0 LEN;

AIN=ARY(J-ll*Ki
IF AIN < 1.0 TIIEN

LAST=J-1 i
GO TO FINE;

E t\D;

440
441
442
443
444
445
446
441
448
449
450
45L
452
453
454

455
456
457
458
459
4ó0
46L



472
473
474
415
476
477
478
479
480
481
482
483
484
485
486
487
488

462
46)
464
465
466
467
4ó8
469
470
471

497

498

499
500

489
490
49L
492
493
494
+95
496

i,IUS: PROCEDUR€ OPTIONS (MAINI:

MEAN=MEAN,/LENi
D0 J=t TO LEN;

TM=¡Y2 ( J 
'-FE^N;vÂR=vAR+TM*Tf.t;

END;
¡4EAN=MEAN+TEM¡
VAR=VÂR/LEN;

END MV;
¡4IV: PROCEDURE (ARY,LEN,MU,VÂR) ;

DCL ( ARY(*)TAINTVARTMUTfMtTEMI BINARY FL0AT(3llr
YY(LEN) BINARY FLOAT (3T)'
(J,LEN) BTNARY FIX€D I3T¡'

lEr^4=ÂRY{ t l;
ÀIN'VÂR=Oi
D0 J=L TO LENi

TM=ARY{ J l-TEM;
YY( JI=TMi
ÄI N=A IN+¡¡'1 ;

END;
MU=ÂIN/LEN;
D0 J=l T0 LENi

AIN=YY(J l-r,'lu¡
VAR=VAR+ÂIN+ATNi

ENO ¡
MU=MU+Ï EM;
VAR=VAR/LENi

END MIV'
PRTR: PROCEDURE { I rCÂrSA¡4rNrJPl i

DCL ( I rNUfarSAMrNrJP) ßINARY FIXED Í3ll r
CA ßfNARY FLNAÏ I 3I I;

NUl\4=(I-tl*SAM+JP;
PUT PAGE;
PUT LINE (10¡ EDIÏ { 'MODELII (X(64',AI5II3
puT sKlplol EDtT (,_____,1 {x(6+,rA(51¡;
PUT SKIP{ 3) EDIT { IIMI\4IGRATTON AND DEÂTH" IXI55ITA(23I I;
PUI SKIPf3} EDIT ('PAR/\METERSII (X(ó2)'A(TOI);
puÏ sKfp{0) EDIT {'_----') fx(62lrAllOll;
PUT SKIP( 3I EDIT ( INO. OF SAMPLING PERIODS : ¡ TNUH}

(x(5ll ¡A(2'l I,F(4,1;
PUf SKIP(21 EDIT ( 'NO. 0F SIllt-t¡¡¡19¡¡S : 'rNltxl5t) ¡Al27l,F(4¡l;
PUÍ SKIP(2I EDIT ( ICÂPTURE PRORABTLTTY : 'TCAI

( X( 5t ¡ | 
^127 

I ¡F14¡21 I ?

END PRTR;
END;
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SAMPLE OUTPUT FROM TIIE

IMMIGRATION AND DEATH MODEL



üODT.L

II T'TIGRATTON AND DEATH

PAßAI'ETEß5

NO. OF SAMPLING PERIODS

NO. 0F SI t,tULAT I(lNS

CAPTURE PROBABII,.ITY

: 80

!50
: o.05

POPUL. ( TRUE

ZERO ( TRUE I

TNOIVIDUÀLS

CAPTURES

TOTAL

44905

310t3

L389?

t9ó30

M EAN

898. I 000

620.2600

277.8400

392.6000

VAR.

916.3300

614.99 24

260.6L44

602.9200



OESERVED RECÀPTURE FQ.

3t013 I

9808 2899 842 243 77 20 3

ZERO CLASS EXCLUDED

ZERO CLASS INCLUDED

¡'t E AN

l. 41 30

0.5208

VAR.

o.5704

o.5277

HÂXI I4UM LKD. FTT

33630 I

9830.6 2873.6

o.7t

0.29

840.0 245.5 7l .8 2L.O 6.t 1.8

P

a

CHI VALUE IS t .90 6

NG

NG-N

VAR. NG

{ NG-N¡ /N

MEAN

955. 0600

56. eó00

821ó.9200

0.o923

VAR.

9 L94.2 564

7 3L4.L544

4819107. I l3ó

0.0042

REJECT O I 50

THEORET¡CAL FIT

9415.6 3034.0

CHT VALUE ¡S 7T.44 6

97 7.6 3t 5.0 10t.5 12.7 10.5 1.4 l.l



OSSERVED OURAT IOI.¡ FREQUENCY (TOTAL I MEAN 2.684855 VAR. 38.602526

9808
16t

39
l5
I
I
o

439
Ltz

44

398
ll4
48
ll

5
I
o

342
13r

30ó
85
35

9
I
I
0

277
63

270
6B
2t
t5

2
0
o

2+3
78
20

4
t
0
t

2rl
66
26
I
I
0

l.8ó

L2
4
3
o

38
9
2
t
o

22
6
2
3
o

54
t7

6
0
z

t,IAXII.tUM LKD FIf

Q = 0.948800

K = O.890504

9808.0
157.5

49.4
15.5
. 4.9

1.5

447.2
[40. 2
4+.0
13"8
4.3
L.4

798.2
L24.9
39.2
L2.3
3.9
L.2

354.6
1t r.2
34.9
10.9
3.4
l.l

315.8
99.0
3t.t
9.7
3.L

28L.2
88.2
27.7
8.7
2.7

250.4
78.5
24.6
7.7
2.4

22 ).0
69.9
21.9
ó.9
2.2

198.6
62.3
t 9.5
ó.1
1.9

t7ó.I
55.5
17 .4
5.5
1.7

REt.IA TNDER 8.7

CHI VALUE ¡S 55.96 4l

I.IEAN

848.3024

-49 .791 6

o.0933

99 1.9 I 54

93.8 I 54

o.2988

0.8898

-0.01 5 t

0.01ó8

o.004706 I 39

VAR.

10571.6L25

8723.78 10

0.o050

L45984.9566

140135.0987

0.0883

o.0 0 0l

0.000 I

0.0001

0.00000001e

s. D.

NH

NH-N

( NH-N I /N

NB

NB-N

{ NB-N ¡ /N

KH

KH-K

( KH-K/K I

S.D.OFK

REJECT O I 50

0.0102

0.ol02

0.01 l0



THEORET T CAL FIT

0.904837K

9415. ó
L71.2
63.7
23.4

8.6
1.2
t.2

426.O
15ó.7
57.7
2L.2
7.8
2.9
l.t

385.4
l4t.8
52.2
L9.2
7.1
2.6

348. I
128.3

47.2
L7 .4
6.+
2.3

315.ó
1ló.1
42.7
L5.7
5.8
2.1

285.5
105.0
38.ó
L+-2
5.2
1.9

258.4
95.0
3 5.0
L2.9
4.7
1.7

233.8
86.0
31.ó
lI.6
4.7
l.ó

211.5
71 .8
28.6
l0 .5
3.9
L.4

l9 1.4
7 0.4
25.9
9.5
3.5
1.3

REMAINDER

CHI VALUE IS 26L.67

¡.o.o

47
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