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is Purse seine fishing in a two-species fishery is viewed as a semi-Markov
process. Activities of a  vessel during a  fishing day are assigned to  five 
states : searching, successfully setting on either species, and unsuccessfully 
setting on either species. Searching for fish schools is assumed to  be a 
Poisson process. Transition probabilities are defined in terms o f species den­
sities in the fishing area, the chance that a  sighted school is captured, and the 
chance of relocating an escaped school. Waiting time in the search state 
is determined by school density in the fishing area and search rate  o f 
the vessel. Waiting times in the remaining states depend on numerous 
factors such as vessel characteristics and weather. W ith results from 
renewal theory, expectations of the num ber of successful sets on each 
species during a  time interval of arbitrary length are approximated.
Numerical comparison with exact results from  a  simpler fishing model 
indicates the approxim ation from  renewal theory for the expectations 
to  be excellent. Several examples are given to dem onstrate the m odel’s 
utility. It can be used to  develop abundance measures for the two species 
which account for tem poral changes in efficiency of the vessels, dead time 
after a  school is encountered while the vessel is not searching, and the 
fact that two species are being exploited simultaneously.

1. Introduction

1.1. THE PURSE SEINING PROCESS FOR TUNA

T he p u rse  seine fishery in  th e  easte rn  trop ica l Pacific O cean p rim arily  exploits 
th e  yellow fin an d  sk ip jack  po p u la tio n s. These tu n as occur in  schools n ear 
a n d  a t  the  ocean surface in  a t  least a  coasta l zone extending from  th e  B aja 
C a lifo rn ia  peninsu la to  P eru  a n d  Chile. D ensities o f the  tw o species vary  
tem pora lly  an d  geographically  fro m  tim e-and-area  s tra ta  con tain ing  one 
species alone, to  o thers con ta in in g  m ixtures o f the  species.

A  p u rse  seiner seeks s tra ta  in  w hich tu n a  are expected to  be ab u n d an t. 
U p o n  entering  an  area  th e  vessel travels along searching fo r fish, usually  
d u rin g  only th e  daylight hou rs. W hen a  school o f  significant size is sighted, 
th e  vessel a ttem pts to  encircle it w ith  a  net. T he school m ay be cap tu red
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by  the  set o r escape. T h e  te rm  ‘set’ used  in  th is  p ap e r  refers to  th e  activity 
o f  a  vessel w hen a ttem p ting  to  cap tu re  a  sigh ted  schoo l o f  fish. T he tim e 
spen t in  a  set depends, am ong  o th er things, o n  success or fa ilu re  o f the 
set, size o f the  school cap tu red  (Bayliff &  O range, 1967), an d  p ro b ab ly  on 
m ultifarious factors such  as w eather, ocean  cond itions, th e  vessel crew  an d  
vessel characteristics such as speed, n e t leng th  a n d  size. I f  th e  school escapes, 
th e  vessel retrieves the  n e t a n d  pursues th e  school, p rov ided  it is sighted 
again . O therw ise the search  fo r a  new  school begins unless there is insufficient 
ligh t to  continue. I f  a  schoo l is cap tu red , th e  vessel rem ains in  th e  se t un til 
th e  catch  is on  b o ard  even th o u g h  n igh tfa ll is pas t. P u rse  seining in  th is tu n a  
fishery is conducted , rou g h ly  speaking, in  the  m a n n er described above b u t 
h as  m any  varia tions n o t m entioned . T h e  ac tu a l fishing process p robab ly  
does n o t deviate sufficiently fro m  th e  idealized version  to  inva lida te  the 
stochastic  m odel o f p u rse  seining developed o n  th e  basis o f  th is  conception  
o f  the  process.

1 .2 . MOTIVATION FOR THE MODEL

In  a  general sense m o tiv a tio n  fo r developm ent o f  a  stochastic  m odel o f 
th e  fishing process k n o w n  as p u rse  seining stem s fro m  tw o observations. 
F irs t, the re  is a  need to  develop im proved  indices o f  th e  density  o f  fish stocks, 
fo r  fisheries in  w hich g ear is inactive fo r significant p o rtio n s  o f  th e  fishing 
day  w hile engaged w ith  th e  catch . T h e  usua l density  m easure is ca tch  p er 
u n it tim e, w here tim e com prises b o th  active an d  inactive periods. Such 
m easures do  n o t index  tru ly  th e  abundance  o f  fish, since p ro p o rtio n s  o f 
active an d  inactive tim e change w ith  density. Second, th e re  is increasing 
aw areness th a t in  m ultiple-species fisheries currently-em ployed abundance 
m easures a re  inadequa te . R o thsch ild  (1967) has developed im proved  p o p u ­
la tio n  density  m easures fo r a  m ultiple-species long line fishery, b u t little 
else has been accom plished in  th is  d irection .

Specifically, th is  m o d e l w as developed because o f  a  need fo r im proved 
m easures o f  yellowfin a n d  sk ip jack  ab u n d an ce  in  the  easte rn  tro p ica l Pacific 
O cean. T h e  m on ito ring  o f  these tu n as’ p o p u la tio n  densities from  d a ta  o f the 
b a itb o a t an d  p u rse  seine fleet shares th e  above-m entioned  difficulties. T his 
study  was p rec ip ita ted , how ever, o n  discovering th a t  the  efficiency o f  purse 
seine vessels generally  ap p eared  to  be increasing. Im provem ents in  th e  purse 
seine fleet w hich have com e to  o u r a tten tio n  are tw o : a  tren d  to  reduction  
o f  tim e spent in  sets, i.e. inactive tim e; a n d  a  trend  to  increasing p robab ility  
fo r vessels to  cap tu re  schools o f  tu n a  once sighted.

A s evidence fo r  the  red u c tio n  o f tim e in  sets, we p resen t here tw o figures 
ta k en  fro m  a  rep o rt b y  B ayliff & O range (1967). T hey  sam pled  fro m  log 
b o o k  records o f IA T T C  (In ter-A m erican  T rop ica l T u n a  C om m ission) paired
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observa tions o f  tim e spent in  a  set on e ith e r  species, an d  th e  ca tch  size. 
T im e spen t in  a  se t fo r either species seem ed to  be a  linear fu n ctio n  o f  the  
ca tch  size. H ence th e  linear regression eq u a tio n s illu stra ted  in  F igs 1 an d  2
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w ere com pu ted  fo r the  tw o species. A nalysis o f  covariance ind icated  the 
ap p a re n t differences betw een years w ere  h igh ly  significant (P  <  0-01) fo r 
b o th  species. In  general, tim e in  sets ap p e a rs  to  have decreased in  recent 
years fo r a t  least large catches.

T he tren d  to w ard  higher p ro b ab ilitie s  o f  se tting  successfully on a  sighted 
school o f  tu n a  is ind icated  by  IA T T C  log  b o o k  records w hich  include d a ta  
o n  num bers o f  successful a n d  a ttem p ted  sets. T hese d a ta  can  b e  stratified by 
num erous classifications. W e have chosen , fo r illu stra tio n , tw o p o rtio n s: 
first, fo r  fishing area  2 (defined by  S h im ad a  & Schaefer, 1956) the  ra tio  o f 
successful sets to  to ta l sets a ttem p ted , regard less o f  species, has been com ­
p u te d  fo r  each  year from  1962 th ro u g h  1966 (T able 1); a n d  second, fo r all 
fishing areas, th e  ra tio  o f successful to  to ta l sets a ttem p ted  on  yellowfin 
associa ted  w ith  porpo ise has been co m p u ted  fo r  the  sam e years (Table 2). 
Im provem en t in  vessel efficiency over th ese  years is p a te n t fro m  these ratios.

T a b l e  1

R atios o f  successful to to ta l se ts  in area 2 regardless o f  species

Y ear R atio

1962 0-515
1963 0-516
1964 0-566
1965 0-607
19 66 0-626

T a b l e  2

R atios o f  successful to  to ta l se ts  over the entire fishery  
fo r  yellowfin associated with porpoise

Y ear R atio

1962 0-455
1963 0-485
1964 0-533
1965 0-655
1966 0-655

In  this p ap e r  abundance m easures a re  developed w hich ta k e  in to  considera­
tio n  im provem ents in  th e  p u rse  seine fleet, the fac t th a t th is  is a  m ultiple- 
species fishery, and  th e  observa tion  th a t  pu rse  seiners spend  a significant 
a m o u n t o f tim e in  sets.
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2. Á  S em i-M arkov Process M odel for P u rse  Seining

A ctiv ities o f  a  tu n a  purse  seine vessel m ay  b e  d ivided in to  five operations 
o r s ta tes: S 0  =  searching, S ± =  being  in  a  successful set o n  yellow fin tu n a , 
S 2  =  being  in  a n  unsuccessful set on  yellowfin tu n a , S 3 =  being  in  a  success­
fu l set on  sk ip jack  tu n a , and  S 4. =  being in  a n  unsuccessful set on  skip jack 
tu n a . Possib le  tran sitio n s betw een sta tes w h ich  a  vessel m ay  assum e during 
a  d ay  are  in d ica ted  by  arrow s in  F ig. 3. E very  possib le sequence o f fishing 
activ ities ca n  b e  ob ta ined  fro m  Fig. 3. F o r  instance, a  vessel cou ld  begin

Fig. 3. A  schematic representation o f the two-species purse seining process. (S 0 =  search 
state, Ax =  state o f successfully setting on yellowfin tuna, S 2 =  state of unsuccessfully 
setting on yellowfin tuna, S 3 =  state of successfully setting on skipjack tuna, =  state of 
unsuccessfully setting on skipjack tuna.)

searching, d iscover a  yellowfin tu n a  school a n d  set unsuccessfully, be unab le  
to  relocate the escaped  school, re tu rn  to  the  search  state , d iscover an d  cap tu re  
a  sk ip jack  school, a n d  thereafte r con tinue search ing  w ithou t finding any 
m ore schools. T his p a rticu la r sequence o f activities can  be represen ted  
sym bolically  :

S o ~ y S 2 - ^ S 0 ^>-S3 - ^ S 0.

2.1. WAITING TIMES IN THE STATES

T im e spen t in  a  sta te  is considered a  ran d o m  variab le  w ith  d istribu tion  
depend ing  on  th e  sia te  occupied  and , in  som e cases, th e  nex t sta te  entered . 
In  th e  m odel, tim e spen t in  S 2  an d  »S4  m ay  depend  n o t only o n  these states 
b u t a lso  on  w hether the  process p roceeds to  th e  search  state , to  the  successful 
set s ta te , o r even rem ains in  th e  unsuccessful se t s ta te , th u s  allow ing fo r 
changes in  behav io r o f  e ither fish o r fisherm en afte r en try  in to  a n  unsuccess­
fu l se t state . F isherm en  m ay decide, fo r instance, to  m ake a  m o re  cau tious 
an d  tim e-consum ing  ap p ro a ch  to  th e  next set on  a  re located  school, follow ing 
a  failure.

T h e  density  fu nction , m ean, an d  variance o f  tim e spen t in  th e  search 
state , d en o ted  b y  / ,  p 0  an d  Oq, respectively, a re  ob ta in ed  by  th e  follow ing 
theo re tical considerations. C onsider a  large a re a  o f  size A  in  w hich there
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a re  K  schools o f  fish d istribu ted  ran d o m ly , i.e. if  a  vessel can  search  th ro u g h  
a n  a re a  o f  size a  o f  A  p e r u n it o f tim e  an d  finds all schools in  a, we say 
th a t  schools a re  random ly  d istribu ted  i f  in  search ing  tim e t th e  p robab ility  
th a t  k  schools a re  discovered, is g iven by  the  fam iliar b inom ial density 
function ,

= i - /
fo r  0 <  k  <  K . I f  K  is large and  (a /A )t is sm all,

r i D s f e - 1', (2 )

w here A =  (a /A )K . F ro m  w ell-know n resu lts  o f th e  P oisson  process,

E (k)  =  At (3)

V ar(k ) =  At. (4 )

W aiting  tim e betw een discoveries, u, is a  ran d o m  variab le  w ith  the  negative 
exponen tia l d istribu tion . A gain  from  stud ies o f th e  P oisson  process, it  is 
know n  th a t

f ( u )  =  A e~ *u u >  0 (5 )

ko =  \  (6 )

”l  =  j r  (7 )

T hus if  schools a re  random ly  d is trib u ted  in  the  a re a  o f size A ,  d istribu tion
o f  w aiting  tim e in  the  search  sta te  is negative exponential w ith  m ean  and
v ariance  determ ined  by school density in  the  area  an d  the  vessel search rate.

D istribu tions, m eans an d  variances o f  w aiting  tim es in  th e  set sta tes fo r a
given tim e-and -area  s tra tu m  seem  to depend  on  m an ifo ld  fac to rs  such as 
ocean  cond itions, w eather, vessel p ropertie s, an d  th e  fish them selves. These 
d is trib u tio n s an d  th e ir  m om ents c a n n o t be determ ined  fro m  theoretical 
considerations b u t m ay be determ ined  by sam pling d u ra tio n  o f sets from  
vessel log  b o o k  records. T o com plete th e  n o ta tio n  on  w aiting  tim es, le t the 
density  fu n ctio n s, m eans, an d  variances o f  w aiting tim es sp en t in  S t an d  S 3 

be deno ted  by g lf g 3, ¿í3, o \  a n d  a 3, respectively. F u rth e r, we denote
th e  density  fu n ctio n  o f  w aiting  tim e sp en t in  S 2 given S¡ is the  nex t state, 
b y  g 2 i w ith  m ean  n 2i an d  variance o2i fo r  i =  0 ,1  an d  2. S im ilarly  the  density 
fu n c tio n  o f  th e  w aiting  tim e in  S 4  g iven S i is next visited  is g 4i w hich has 
m ean  fi4i an d  variance a4i fo r i =  0, 3 and  4.
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2 .2 . TRANSITION PROBABILITIES

T o  com plete th e  m odel we need th e  p ro b ab ilitie s  o f passing fro m  one 
sta te  to  a n o th e r  given a  tran s itio n  has occu rred . F o r  unsuccessful set states, 
a  tran sitio n  m ay  occur w ith o u t th e  process h av in g  le ft these states. W e shall 
deno te  the  tran s itio n  p ro b ab ility  o f  passing  fro m  sta te  i to  sta te  j  by  n y . 
I f  we let

vz =  p ro b ab ility  o f  successfully se tting  o n  a  school o f  species z  once 
sighted,

K z =  n u m b e r o f  schools o f  species z  in  th e  area  o f  size A , 
z  =  1, 2

an d  K  =  K t +  K 2, th e n  p rov ided  the  purse seine vessels a re  n o t selective 
fo r e ither species

_ K X
^o i — vi>

% 0 2  =  ~ K ^ ~  Vl^’

(8)
* 0 3  —  g  V2J

7C° 4  =  ~k ^

I f  a  school o f  species z  escapes a  set and  is relocated  w ith  p ro b ab ility  rjz,

* 2 1  =  *7i vi>

* 4 3  V25

* 2 2  = r¡1 ( í - v í ),

f t  4 4  =  ^ 2 ( 1  V2)>

ft2 0  =  1  — 1 »

f t 4 0  =  ^ - ~ rl2 -

T h e rem ainder o f  th e  tran s itio n  p robab ilitie s  all have a  value o f  zero.
F o r  a  given density  co m b in a tio n  o f  th e  tw o species, values fo r  the  

param ete rs o f  th e  w aiting  tim e d istribu tions, a n d  values fo r  the  tran sitio n  
probab ilities, w e sh o u ld  like to  com pu te  the expected ca tch  o f  th e  tw o 
species fo r a  g iven a m o u n t o f  fishing tim e. W e shall deno te  by  N ¡(t) the  
ran d o m  n u m b er o f en tries in to  S t d u ring  a  tim e in terval o f  leng th  t given 
th a t th e  process s ta rts  in  th e  search  state . N ow  N x( t)  a n d  N z(t)  a re  o f 
p a rticu la r in te res t since they  rep resen t th e  num ber o f  schools cap tu red  by  
th e  seiner d u rin g  th e  in te rval. I t  seems difficult to  derive exact expressions 
fo r the  expectations o f  N t ( t)  a n d  N 3 ( t). H ow ever, i f  one considers the
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sequence o f recurrence tim es fo r S¡, [ T ^ ,  T¡(¿2), . . . ]  w here T W  is the  random  
leng th  o f  tim e betw een th e  rath  an d  ( r a + l ) s t  en try  in to  sta te  i, these 
ran d o m  variab les fo rm  a  renew al p rocess (Sm ith , 1958). I f  we augm en t the 
sequence w ith  th e  first passage tim e fro m  S 0  to  S h \_Toi, T f1}, T^2), . . . ]  we 
have a  general renew al p rocess as P errin  &  Sheps (1964) n o ted  fo r a  som ew hat 
sim ilar process. F ro m  the  study  o f th e  cum ulan ts o f the  general renew al 
process by  M u rth y  (1961), the  m ean  o f  N ¡(t)  g iven the  process begins in 
S 0  is given by  th e  app rox im ation ,

t  t ( 2 )  t

E m o ]  =  -  +  f -2 -  - ,  d o )
¿'Zii %

w here x u is the m ean recurrence tim e to  S¡,

x0i is the m ean first passage tim e from  S 0  to  S t 

an d  is th e  second m o m en t a b o u t th e  orig in  o f  T u.

T h e ta sk  o f  com pu ting  the  expected num ber o f  entries in to  S¡  given the 
process begins in  S 0  is reduced  to  determ in ing  x ti, x0i an d  r (2i). Pyke’s 
m ethod  (196la ,6) is u sed  to  com pu te  these expectations. W e begin  by 
d isplaying Pyke’s Q -m atrix  fo r th is p roblem .

0 ^ o i ( l - e  Xt) 7 1 0 2 ( 1 - e Xt) ^ 0 3 ( 1 - e  A')

r—
—

-<10)1OK

t

ƒ  g x( u ) d u  
0

0 0 0 0

t

n 2o j  g 20( u ) d u  
0

t

n 2 i ƒ  9 2 i ( « ) d w  
0

t

n 22 ƒ  g 22(11) d u  
0

0 0

t

[ 0 3( w ) d u  
0

0 0 0 0

t

7140 ƒ  0 4 o(« )  d u  
0

0 0
t

n 43 ƒ  ö,4 3( u ) d u  
0

t

7r44 ƒ  g . i M  du  
0

(11)
w here q u  =  p ro b ab ility  th a t, given the  purse seiner is in  sta te  i — 1 , it  will 
pass d irectly  in to  sta te  j — 1 w ith in  t u n its  o f  tim e afte r en tering  sta te  i — 1 

fo r i =  1 , . . . ,  5 an d  j  =  1 , . . . ,  5.
L e t us deno te  by G 1 an d  G 3 th e  L aplace-S tieltjes transfo rm s o f g x an d  g 3 

an d  by  G20, G2X, G22, G40, G4 3  an d  G44, the  L aplace-S tieltjes transform s 
° f  # 2 o> ff2u  &2 2 > i?4 o» ff4-3 and  ^ 4 4 - T h e  Laplace-S tieltjes tran sfo rm  o f  the 
negative exponen tia l d is trib u tio n  w ith param ete r X is designated  by  F  and 
equals X/(X + s)  w here s is th e  variab le o f  th e  transform . W e now  define the 
m atrix  R  (scrip t g  in  P y k e’s no ta tio n ) a s  follow s:
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'  0 * 0 1 F ^ 0 2 ^ 7Î03 F 7C04 F

Gi 0 0 0 0

R  = ^ 2 0 ^ 2 0 ^ 2 1  ^ 2 1 n 2 2 ^ 2 2 0 0

C 3 0 0 0 0

7T4 0 G4.0 0 0 TC4 3  G4 3 7Î44^44.

(12)

Pyke has show n th a t the L ap lace-S tieltjes tran sfo rm s o f th e  p robab ility  
d istribu tions o f  th e  first passage tim es fro m  S i _ 1 to  S j _ u  an d  o f  the recur­
rence tim es fo r S ¡ - i  a re  given by  th e  elem ents h tj an d  h u, respectively, o f the 
m a trix  H  (his m a trix  scrip t g) w here

H  =  R ( / - Ä ) - 1 [d( / - R ) - 1] - 1 i =  1 ..........5 ; ;  =  1 , . .  . ,5 ,  (13)

w here dA  =  (<5y a¡y) an d  ô tJ is th e  K ro n eck er delta . So, fo r exam ple, h t l  is 
th e  L ap lace-S tieltjes transfo rm  o f  the  p ro b ab ility  d istribu tion  o f th e  recu r­
rence tim e fo r S 0, while h 1 2  is the  L ap lace-S tie ltjes tran sfo rm  o f the  p ro b a ­
b ility  d istribu tion  o f  the  first passage tim e from  S 0  to  S t . F ro m  the p roperties 
o f  the  transfo rm s we can  com pute the  m om ents o f  the  recurrence an d  first 
passage tim es as follow s:

X ;  ;  =

T<?> =  LiJ

ds

d 2  u 
ds 2  ij

(14)

T hese expressions are som ew hat leng thy  b u t a re  p resen ted  in  an  appendix  
as a  com pu ter p ro g ram . A  d ic tionary  is included to  tran sla te  Fo r t r a n  nam es 
in to  sym bols used  here.

2.3. THE NEYMAN MODEL AS A SPECIAL CASE

N eym an  (1949) developed a  stochastic  m odel fo r p u rse  seine fishing fo r a 
single-species fishery. H e assum ed th a t each  sighted school w hich w as set 
on  w as cap tured , a n d  th a t tim e spen t in  th e  set s ta te  was a  constan t. The 
search ing  process w as assum ed to  be a  P oisson  process. O ur five sta te  m odel 
co llapses to  a  tw o sta te  m odel: S 0  =  search  state, S ± =  set state . T h e  process 
occurs as follow s: S 0 -*  S t -> S 0. D ensity  for w aiting  tim e in  S 0  is given 
by  eq u a tio n  (5) w here X is defined in  equation  (2) w ith  K  represen ting  the 
n u m b e r o f schools o f the  single species in  the a re a  o f  size A . T he w aiting 
tim e p ro b ab ility  density  fo r S x is degenerate  a t  ¡i, th e  co n s tan t set tim e. 
T ra n sitio n  p robab ilities a re : n 0 0  =  0, n 0 1  =  1, n i 0  =  1 an d  n 1 1  =  0. 
T h e  L aplace-S tieltjes tran sfo rm s o f  w aiting  tim e d istribu tions in  the  tw o 
sta tes a re : fo r S 0, Xf(X + s) an d  fo r  .S^, e -MS. T hen  we have
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1 —e '

Q = ƒ g(u) du  
-0

w here g  (u) =  { \  ^  is the  density  fo r w aiting  tim e in  the  set state.
0  elsewhere

R  =

H  =

r (2 >  -

Toi

0  ~ “~  
X -hS 9

_e_#iS 0

V -  . e -  —

A + s A + s

Q-HS e -
A T  s

1

ï + A

2  2 u ,

?  +  T + ^

i
X'

W hen m ean  first passage a n d  recurrence tim es are substitu ted  in to  (10) we 
c a n  com pute th e  expected n u m b er o f  schools cap tu red  by  tim e t fo r any  
p a ir  o f p a ram ete r values by th e  resu ltan t equation ,

E p V i© ]  S  p -  +  ^

I  +  /l
W e recall th a t w ith  no in te rru p tio n  in  searching, average tim e spen t between 
schoo l sightings is 1/A. T im e spen t in  the  inactive set sta te  a t  each sighting 
is ß . O ne m ight guess in tu itively  th e  expectation  o f  th e  num ber o f entries 
in to  the  set state , to  be equal to  the  firs t te rm  on th e  righ t-hand  side o f  th e  
equation . T h e  second te rm  is in  fac t insignificant w hen considering th e  
expected  num ber o f successful sets p e r day  w ith  prac tica l values fo r A an d  ß.

N eym an  developed a n  exact expression fo r the expectation  o f  th is  sim pler 
m odel. Several num erical com parisons, based  on th e  assum ption  th a t a  set 
lasts  exactly tw o hours, w ere m ade betw een the  results from  N eym an’s 
fo rm u lations an d  th o se  f ro m  the  sem i-M arkov  m odel. T h e  param ete r X 
w as allow ed to  vary betw een  0-050 a n d  0-300, a  realistic range fo r the  tu n a  
fishery in  the sense th a t  th e  expected num ber of sets du ring  a  fishing day
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co m p u ted  fro m  the  m odel covers fairly  well th e  range o f  sets p e r  fishing day 
in  th e  ac tu a l fishery. Expected  catches co m p u ted  by  th e  exact fo rm u la  o f 
N ey m a n  an d  those  com puted  by  th e  ap p ro x im atio n  fro m  general renew al 
p rocess theo ry  agree a lm ost perfectly  (Fig. 4). V alues com pu ted  by  N eym an’s

<D

V

O
À = 0-15ai

X)
E

-o

ÜJ

5 03 0 4 0200 0

Tim e (h r)

F ig . 4 . Numerical comparison o f the expected number o f successful sets predicted by 
Neym an’s model (dots) and the semi-Markov process model (lines) at three densities. 
The fixed waiting time in the set state was 2 hr.

fo rm u la  oscillate a b o u t th e  lines ob ta in ed  fro m  th e  sem i-M arkov  m odel. 
N a tu ra lly  we are  n o t in terested  in  th e  com parison  m u ch  b eyond  12 hours, 
th e  leng th  o f  th e  fishing day. I t  appears th a t  the  ap p ro x im ate  fo rm ulas fo r 
th e  expected  n u m b er o f  schools cap tu red  are  satisfactory .

3. Utility o f the M odel

T h e  m odel lends itse lf nicely to  theore tical studies o f  changes in  param ete rs 
o f  th e  process. W e consider several exam ples to  illu stra te  in fo rm ation  
w hich can  b e  derived from  the m odel.

3.1. EXAMPLE 1

W e exam ined th e  influence o f  changes in  se tting  tim e (p j)  an d  p robab ility  
o f  m ak in g  a  successful set (vt ) on  th e  first species, w hen the  second  species 
is a b se n t fro m  th e  fishing area  o r ignored  by  th e  fishing vessels. Setting  tim es 
w ere assum ed to  be constan ts ra th e r  th a n  ran d o m  variables. Setting  tim e in 
th e  unsuccessfu l set sta te  was ta k en  to  be 30 m inutes. T he p ro b ab ility  o f
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re locating  an  escaped school was ta k e n  as zero. T he expected num ber o f 
successful sets fo r a  1 2 -hou r fishing d a y  a t  a  la rge num ber o f p aram ete r 
p airs  (jiu  VjJ w as com puted by  th e  co m p u te r  p rog ram . T h e  loci o f points 
in  th e  (ß u  v1)-p lane a t w hich equal values fo r the  expected num ber o f 
successful sets w ould be ob ta ined , a r e  ind ica ted  fo r several levels o f  the  
expected  value  by th e  lines in  Fig. 5. T h e  increasing  degree o f u p w ard  tilting

0 - 9 0 0 '

0 -7 0 0 '

0 - 5 0 0 '
0  4

o  c
£  r

$ 0-2
—  0 -3 0 0 -

7 8 92 3 4 5 60 1

Mean se tt in g  tim e  on f ir s t  sp ec ie s  ( /¿ ,)

Fig . 5. Expected number of successful sets on  the first species in 12 hr, as a  function of 
the mean setting time in the successful set state and the probability o f  successfully setting 
on the first species. Additional parameter values chosen in the computation are given 
in the text.

o f  th e  lines w ith  increasing values fo r v ls an d  the  v irtua l absence o f  tilting  a t 
low  values o f vx indicate th a t th e  tim e in  a  set is relatively u n im p o rta n t w hen 
th e  p ro b ab ility  o f m aking  a  successful set is low, b u t becom es critical when 
th a t p ro b ab ility  increases.

3.2. e x a m p l e  2

W e exam ined the effect o f changes in  the  p robab ility  o f  se tting  successfully 
o n  th e  first species ( v j ,  on  the expected  num ber o f  successful sets in  a  fishing 
d ay  o f b o th  species. T he expected n u m b e r o f successful sets on  b o th  species 
as a  fu n ctio n  o f v ± was co m p u ted  u n d er tw o density  com binations: 
(Ai, A2) =  (0-100, 0-225) an d  (0-100,0-100). Setting tim e in  th e  successful 
set s ta te  fo r either species w as taken  to  be a  co n stan t o f  tw o h ou rs, and  th e  
se tting  tim e in  the unsuccessful set sta tes was taken  to  be a  co n s tan t o f one 
h o u r. E xpectations w ere com puted  assum ing th a t  an  escaped school o f 
e ither species w ould  n o t be relocated . T he expected n u m b er o f  successful 
sets in  a  12-hour day  are p lo tted  in  F ig . 6 . A lthough  th e  lines ap p ear nearly 
linear, they  are  slightly curved— those  fo r the  first species a re  convex upw ard  
w hile those  o f the second species a re  concave dow nw ard. T h e  expected 
n u m b e r o f  successful sets on  th e  first species increases nearly  in  p ro p o rtio n  
to  changes in  the p robab ility  o f  successfully setting  on  th a t species. T he
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P ro bab ility  of successfu lly  s e ttin g  o n  the firs t sp ec ies  ( v ^ )

Fig. 6. Expected number of successful sets on each species in 12 hr at two density 
combinations, as a function o f the probability o f successfully setting on the first species, 
with the probability o f sitting successfully on the second species fixed at one. 
Additional parameter values chosen in the computation are given in the text. 
---------------- Aí =  0-100, X2 = 0 -2 2 5 ;-------------- Xi =  22 =  0-100.

im p o rta n t fea tu re  is, how ever, th e  influence w hich  the  density  o f  each  species 
has o n  the  expected  n u m b er o f  successful se ts  o f th e  o ther. T h e  ap p a ren t 
ab u n d an ce  (schools cap tu red  p er day) o f  th e  first species fo r  any  p articu la r 
value o f  v t is low er w hen th e  second species is m ore  a b u n d a n t, i.e. w hen 
X2  =  0-225. F u rth e r , as the p robab ility  o f successfully se tting  on  the  first 
species increases, th e  ap p a ren t abundance o f  th e  second  species declines.

3.3. EXAMPLE 3

T h e  p rim ary  u se  o f  th e  m odel by IA T T C  will be the  developm ent o f 
im proved  m easures o f yellowfin an d  sk ip jack  abundance . T h e  basis fo r such 
indices can be in tro d u c ed  best by  a  th ird  exam ple. W e com pu ted  the  expected 
n u m b e r o f  successful sets o f  each  species fo r  m any density  com binations 
(Al 5  X2), ta k in g  th e  p ro b ab ility  o f m ak ing  a  successful se t o n  either species 
as one, an d  th e  w aiting  tim e in  the  successful set states as a  co n s tan t o f  tw o 
ho u rs  fo r e ither species (F ig . 7). T h e  lines ind icate  the  loci o f  po in ts  in  the 
(¿ 1 , 2 2)-p lane a t  w hich the  expected num ber o f  successful sets is 0-5, 1*0 
an d  1 -5 fo r a  12-hour period . O ne can  in te rp o la te  betw een  them  fo r  o th e r 
levels o f  expectation . N ow  fo r  any  pa ir o f  densities (Xt , X2),  it  is sim ple to  
determ ine th e  co rresp o n d in g  expected n u m b er o f successful sets o f  each  
species. O n th e  o th e r  h an d , i f  the  expected num ber o f succesfsul sets o f  each 
species was know n, we cou ld , say from  Fig. 7, determ ine th e  densities o f  the  
tw o species, p ro v id ed  the  m eans an d  variances o f w aiting  tim es in  th e  set
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sta tes an d  the  tran s itio n  p robabilities, w ere th o se  used  in  com puting  the 
figure.

0 - 2 2 5

0-200

0 '  175
I 5 0

• 0 0S  0 1 5 0o<D
“  0 1 2 5

0 - 5 0

Q ___0  0 5 0

0  0 2 5 0  0 7 5 0 1 2 5 0 -175 0 - 2 2 5

D ensity of seco n d  species (A2)

F ig. 7. Expected number o f successful sets on each species in 12 hr for various combina­
tions of densities Gb, A2) o f the two species. Additional parameter values chosen in the 
computation are given in the te x t.--------------- ---- species 1 ; ----------=  species 2.

T he above p ro ced u re  is essentially th a t  w hich can  b e  used  to  develop 
indices o f  ab u n d a n ce  fo r the  tw o species assum ing the  vessels operate  
independently . E stim ates o f  th e  m eans a n d  variances o f  w aiting  tim es and  
o f  tran s itio n  p robab ilitie s fo r area-tim e s tra ta  can  be determ ined  fro m  log 
b o o k  records, a n d  these  estim ates can  b e  set equal to  co rrespond ing  p a ra ­
m eters in  th e  m odel. T h e  observed average num bers o f  successful sets in  a 
fishing day  p er vessel in  the  s tra ta  m ay  be set equal to  the ir expectations 
defined in  eq u a tio n  (10). T h e  tw o eq u a tio n s fo r th e  tw o species in  each 
s tra tu m  can  th e n  be solved fo r an d  X2  by an  iterative schem e su itab le  fo r 
a  high-speed electron ic com puter, ra th e r  th a n  by  the  inverse graph ical 
app roach . T hese resu ltan t density  estim ates accoun t fo r th e  tim e spen t in 
sets, p ro b ab ility  o f  m ak in g  a  successful se t on  each species, an d  com petition  
fo r  the gear by  th e  tw o species— the so r t o f indices w ere originally  in tended  
to  develop.

The au thor wishes to  thank  Professor Gerald J. Paulik and D r James Joseph 
for their comments on the manuscript.
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Appendix

L ist o f  sym bols u sed  in  th e  te x t an d  th e ir  Fo r t r a n  equ ivalen tsf

T ext sym bol(s) F o r t r a n  nam e(s)

a  V  - V
A K l ’ A K l  
Vl, v2 

F u  A43

B2 O’ • • •> ^44
<Tq, (Tí , C3

f f 2 0 ’ • • •> ° 4 4  

n 0 1 , .  . . ,  7T4 4 

F, ( ? ! , . . . ,  G44

l ’ ; l,c'

0  ds

d r
d~sG44

ÏL
ds2

a 2

T T  ^ 1 2 ! > ■ • • ’ 0 7  ^ 4 4 ! 
O i 1 0  O S  0

Ö 2 , 
d? k 2 2

d 2 

0 ’ ds
,  „ 2  ^ 4 4

£ [ ^ ( 1 2 ) ] ,  £[JV2 (12)]

L A M D A

L A M D A 1 , L A M D A 2

N U I ,  N U 2 

M UO, M U I , M U 3 

M U 2 0 ,. . . ,  M U 44 

SGMO, S G M 1, SG M 3 

S G M 2 0 ,. . . ,  S G M 44 

P I 0 1 , . . . ,  PI44 

F , G 1 , . . . ,G 4 4

D F , D G 1 , . . .

D G 44

D 2F , D 2 G 1 ,. . . ,  

D 2G 44

D H 1 2 ,. . . ,  D H 44

D 2H 22, D 2H 44 

E N I, E N 2

t  All other F o r t r a n  names are intermediate steps in determining the expected number 
o f  schools of each species captured and are defined in terms of the above variables.
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S J R 9 S P F L L A S T / 2 T ? p / 8 O T $ S C P / C 0 0 P S I M S .
S S c T , W I D F O l l T .

P R O G R A M  S F I N F R
R E A L  L  AMD A l  * L A M D A 2  . L A M D A  » N U I  > N U 2  » M U 0 ,  M U I ,  M U 2 0  » M U 3  > M U 4 0 ,  

1  M U 2 1  ,  MI J 4 3  « M U 2 2  . M U A 4  
T Y P  F  D O I I B L F  A A 1 2 1 , A 4 7 7 1 , A A 7 2 7 . A A 1 4 l , A A 4 4 r , A A 4 4 2  , A 7 2 , A 3 2

1  , A 4 2 , > A 5 ? » A 2 4 , A 3 4 , A 4 A , A 5 4 , A 1 ? , A 1 4 , D A A 1 ? 1 , D A A 1 4 1  t  D A  A 2 2 1
2  , D A A A A Í . D A A ? 2 2 . D A A A A ? , D ? A 1 2 1 , D ? A 1 4 1 , D ? A 2 2 1 » D 7 A 4 4 1 , D ? A
3  2  2 2 > D 2 A 4 4 2 , D A 1 2 , D A 1 4 , D A 2 2 > D A 4 4 > D 2 A 2 2 » D 2 A 4 4 , D 2 A 1 2 , D 2 A 1
A 4 » D H ? 2 , D 2 H 2 2 >  D H A A  > D 2 H A A , D A 3 2 , D A 4 2 , D A 5 2 , D A 2 A . D A 3 A . D A 5 A  
5  , D H 1 2 , D H 1 4

C  S T A T E M E N T S  F O R  R E A D I N G  I N  P A R A M E T E R  V A L U E S
R E A D I 5 0 , 1 ) P I ? 1 , P I 4 3 , P I 2 2 , P I 4 4
R E A D I  5 0 . 1  > . v ; n , M U 3 » M U 2 0 , M U 2 1 » M U 2 2  » MU A O  .  MU A 3  »MUA A 
R E A D I  5 0 . 1 ) S G M 1 . 6 G M 3 . S G M 2 0  » S G M 2 1 . S G M 2 2 . S G M A O . S G M A 3 » S 6 M 4 4  
N U 2 = 0 . 9 9 0 9 9  

2 0  R E A D I  5 0 , 1 I L A M D A 1 . L A M D A 2  
D O  1 0  1 = 1 , 1 1  
R E A D I  5 0 , 1  1 N U 1  

C  E V A L U A T I O N  O F  L A P L A C E - S T I E L T J E S  T R A N S F O R M S  O F
C  D I S T R I B U T I O N S  O F  F I R S T  P A S S A G E  T I M E S  B E T W E E N  S T A T E S

L A M D A = L A M 9 A 1 + L A M D A 2  
M U 0 = 1 • / L A M O A 
D F = —MUO
D 2 F = ? . / L A « D A « * 2  
D G 1  = - M l l l
D 2 G 1  =  S C . M 1 * * 2 + M U 1 * * 2  
D G 3 = —NI J 3
D 2 G 3 = S G M 3 * * 2 + M U 3 * * 2
D G ? 0 = - M U ? 0
D 2 6 2 0 = S G M 2 0 * * 2 + M U 2 0 * # 7
D G 2 1 = - M I I ? 1
D 2 G 2 1 = S G M 2 1 * * 2 + M U 2 1 * * 2
DG?? = - M | I 7 ?
D 2 G ? ? = S G M ? 2 * » 2 + M U 2 2 * * 2
d g a o = - m u a o
D2GAO=SGm a O * * 2 + M U A O * * 2  
D C , 4 4  = - M U 4 4
D 7 G A 4  =  S G M 4 4 * » ? + M I J A A * * 2
D G 4 3  =  - M | I 4 3
D 7 G 4 3  =  S G M 4 3 * * 7 + M I J 4 3 * * 7
P  I O  1 =  L A M D A 1 * N U Ï / L A M D A
P I 0 2  =  L A M D A 1 * 1 1 . - N U I ) / L A M D A
P I 0 3 = L A M D A ? * N U ? / L A F D A
P I 0 4 = L A M D A 2 * I  1 . - N U 2 ) / L A M D A
P I 2 0 = 1 . - P I 2 ? - P I 7 I
P I A 0 = 1 , - P I A 4 - P I  A 3
A A 1 2 1  =  P I  0 1  *  I l . - P I 2 2  1 + P I 0 2 * P I 2 1
AA2 ?1 = I 1. -PI 0 2 )* 11.-P103)-P102 *P120
A A 2 2 2 = P I 0 4 * ( P I 4 3 + P I A D )

A A 1 A 1 =  P I  0 3 * I l . - P I 4 4 ) + P I 0 4 * P I 4 3  
A A A 4 1 = I 1 . - P I  A 4 ) *  1 1 . - P I  P I ) - P I 0 4 * P I 4 0  
A A 4 4 2 = P I 0 ? * (  P I . 2 1 + P I 2 0 )
A 2 2 = A A 2 2 1 * ( 1 . - P I A A ) - A A 2 2 2 * I  1 . - P I  2 2 )
A 3 2 = I - P I 0 3 # P 1 2 1  +  P I 2 1  +  P I 0 1 * P I 2 0 1 * I l . - P I A A  Ï —

I P  1 2 1 * 0  I 0 4 * P I A 3 - P I  0 4  * P I 4 0 * P 1 2 1

A 4 2  =  I P I  0 1  *  I 1 . - P I  2 2 ) + P 1 0 2 * P I  2 1 1  *  I Ï . - P I 4 A )  
A 5 2 = ( P I A F + P I A 0 1 * ( P I 0 1 * ( 1 . - P I 2 2 ) + P I 0 2 * P I 2 1 )
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c
r

A 2 4 = ( P I 0 3 * ( l . - P 1 4 4 ) + P I 0 4 * P I 4 3 > * ( l . - P 1 2 2 )
A 3 4 = ( P I 2 1 + P I 2 0 ) * ( P I 0 3 * ( ] . - P I 4 4 ) + P I 0 4 * P I 4 3 )
A 4 4 = A A 4 4 1 * ( l . - P ¡ 2 2 ) - A A 4 4  2 * < 1 . - P I 4 4 )  
A 5 4 = ( - P I 0 1 * P I 4 3 + DI 4 3 + P I 0 3 * P I 4 0  ) *  ( l . - P  1 22  ) -  

1 P I 4 3 * P I 0 2 * P I 2 1 - P I 0 2 * P I 2 0 * P I 4 3  
A 1 2 = A A 1 2 1 * < 1 . - P I 4 4 )
A 1 4 = A A 1 4 1 * ( 1 . - P I 2 2 )
D A A 1 2 1 = - P I 0 1 * P I 2 2 * O G ? 2 + P I 0 1 * < l . - P 1 2 2 ) * D F +  

1 P I 0 2 * P I 2 1 * D G 2 1 + P I 0 2 * P I 2 1 * D F  
0AA141 = - P I 0 3 * P I 4 4 * D P > 4 4 . + P I 0 3 * n  . - P I 4 4 ) * R F +

1 P I P 4 * P I 4 3 * D G 4  3 + P I 0 4 * P I 4 3 * 0 F  
D A A 2 2 1 = ( l . - P I 2 2  1 * ( - P I 0 3 * D 6 3 - P I 0 3 * D F ) + ( l . - P I  0 3 ) *  

1 ( - P I 2 2 * O G ? 2 ) - P I 0 2 * P I 2 0 * D G 2 0 - P I O ? * P I 2 0 * D F  
D A A 4 4 1 = ( l . - P 1 4 4 ) * < - P I 0 1 * D G l - P I 0 1 * D F ) + ( l . - P 1 0 1 ) *

1 ( -p  1 44 * 0 0 )4 4  ) - P  I 0  4 * P  I 4 0 * D G 4 0 - P  I 0 4 * P I 4  0*DF  
D A A 2 2 2 = P I 0 4 * ( P I 4 3 * D G 4 3 + O G 3 * P I 4 3 + P  I 4 0 * D G 4 0 ) +  

1 ( P I 4 3 + P I 4 0 ) * P I P 4 * D F  
D 4 A 4 4 2 = P I 0 2 * ( P I 2 1 * 0 G 2 1 + 0 G 1 * P I 2 1 + P I 2 0 * D G 2 0 ) +  

1 ( P I 2 I + P I ? 0 ) * P I 0 2 * 0 F  
D 2 A 1 2 1 = - P l 0 l * P I 2 ? * O 2 G 2 2 - P I 0 1 * P T 2 2 * 0 G 2 2 * D F

1 + P I 0 1 * ( l . - P I 2 2 ) * 0 2 F - P I 0 1 * 0 F * P I 2 2 * D 0 2 2 + P 1 0 2 *  
2 P I 2 1 * D 2 G 2 1 + P 1 0 ? * P I ? l * D G 2 1 * D F + P I O 2 * P I 2 1 * D 2 F +
3 P 1 0 2 * ° I 2 1 * O F * D G 2 1

0 2 A 1 4 1 = - P I 0 3 * P I 4 4 * D 2 G 4 4 - P I 0 3 * P I 4 4 * D G 4 4 * D F  
1 + P I 0 3 * ( 1 . - P I 4 4 ) * 0 2 F - P I 0 3 * 0 F * P I 4 4 * 0 G 4 4 + P I 0 4 *
2P  T4A *D ?G43+d t  0 4 * P ! 4 ' :1*0G43*r>F + P I 0 4 * P I  4 3 * 0 2 F+
3P 10 4 * P I 4 3 * 0 ^ * 0 0 , 4 - 3  

^  0 2 A 2 2 1  = ( I . - r>I ? 2 ) * ( - P I 0 3 * 0 2 G 3 - P I 0 3 * O G 3 * D F  
1 - P I 0 3 * O p F - P I 0 3 * D F * D G 3 ) + ( - P I 0 ? * D G 3 - P I 0 3 * D F ! *
2 ( - P 1 2 2 * 0 0 2 2 1  + <l . - ° I 0 3 1 * ( - P I 2 2 * D 2 G 2 2 ) +  ( - P I  2 2 *
3 D G 2 2 ) * ( - P I 1 ’ * D G 3 - P I 0 3 * D P ) - P I 0 2 * P I 2 n * D 2 G 2 0  
4 - P I 0 2 * P I 2 0 * r ) G ? 0 * P F - P I 0 2 * P I 2 0 * D 2 F - P I 0 2 *
3 P I 2  0*O F*D G2 0 

0 2 A 4 4 )  = (1 . - o 1 4 4 ) * ( - D I O l * 0 2 G 1 - P I  0 1 *RG1*DF 
1 - P I  0 1 * i > 2 F - P  I 0 1 * 0 F * D G 1  ) + ( - P  I 01*D G  1 - P I O  1 * D F ) *
2 ( - P  144 *00-44 ! + ( l . - P  101 ) * ( - P I 4 4 * D 2 G 4 4 )  + ( - P I 4 4 *
3 D G 4 4 ) * ( - P I 0 1 * O G 1 - P I  P I * 0 F ) - P I 0 4 * P I 4 0 * D 2 G 4 0  
4 - P I 0 4 * P I A 0 * 0 G 4 O * R F - P l 0 4 * P I 4 0 * R 2 F - P I 0 4 *
3 P I 4  0 * D F * 0 G 4 0  

0 2 A2 2 2  = P I » 4 *  ( P I 4 3 * D 2 G 4 3 + P I 4 P * r ) G 4 3 * D G 3 + 0 G 3 *
I P  14 3 * D G 43+  0 2 G 3 * P I 4 A  + P I 4 0 * D 2 G 4 0 )  + ( P I 4 3 * D G 4 3  
2 + 00)3*P I 4 3  + P ! 4 O * 0 G 4 n  ) * P I n 4 * 0 F + (  P I 4 3 + P I 4 0 ) *
3 P 1 0 4 * 0 2 F + D I 0 4 * 0 F * ( P I 4 P * 0 G 4 3 + P I 4 3 * 0 G 3 +
4 P I 4 0 * 0 G 4 P )

D 2 A 4 4 2 = P I 0 2 * ( P I 2 1 * D 2 G 2 1 + P I 2 1*DG21* DG 1+DG1 *
I P  1 2 l * D G 2 1 + 0 2 G l * P I 2 1 + P I 2 0 * 0 2 G 2 0 )  + ( P I 2 1 * O G 2 1  
2 + 0 G l * P I 2 1  + P I 2 0 * D G 2 0 ) * P I O 2 * D F + . [ P I 2 1  + P I 2 0 ) *
3 P I 0  2 « 0 2 F + d I O 2 * D F * ( P I 2 1 * D G 2 1 + P I 2 1 * D G 1 +
4 P I 2 0 * 0 G 2 0 )

0 A 1 2  = - P I 4 4 * 0 G 4 4 * A A 1 2 1  +  ( ) . - P I  4 4 ) *0 A A 1 ? 1 
DA I4  = - P I 2 2 * O G 2 2 * A A 1 41  +  1 1 . - P I  2 2 ) *DAA141
DA2 2 = - P I 4 4 * 0 G 4 4 * A A 2 2 1  + ( 1 . - P I  4 4 ) » O A A 2 2 1 +  P I 2 2 * O G 2 2 * A A 2 2  2 -  

1 ( ) . - P I 2 2 ) * D A A 2 2 2
D A4 4 = - P I 2 2 * D G 2 ? * A A 4 4 1 + ( 1 . - P I  2 2 ) * D A A 4 4 1  + P I 4 4 * 0 G 4 4 * A A 4 4 2 -  

1 ( 1 . - P I 4 4 ) * 0 A A 4 4 2 -
D 2 A 2 2 = - P I 4 4 * 0 G 4 4 * 0 A A 2 2 1 - P I 4 4 * A A 2 2 1 * 0 2 G 4 4 + ( l . - P I 4 4 ) * 0 2 A 2

1 2 1 - D A A 2 2 1 * P I 4 4 * D G 4 4 + P I 2 2 * D G ? 2 * D A A 2 ? 2 + P I 2 2 * A A 2 2 2 * P 2 G 2 ?
2 —( 1 ■ —P 1 2 2  Î * D 2 A 2 2 2 + 0 A A 2 2 ? * P I 2 2 * 0 G 2 ?

C
C
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2 2 6 J .  J .  P E L L A

c-
c

D 2 A 4 4 = - P I  2 2 * 0 6 2 2 * D A A 4 4 1 - P  I  2 2 * A A 4 4 1 * D 2 G 2 2 +  < 1 . —P I  2 2  ) #1)2A4
1 4 1 - D A A 4 4 1 * P I 2 2 * D G 2 2  +  P I 4 4 * 0 6 4 4 * D A A 4 4 ? . +  P I 4 4 * A A 4 4 2 * D 2 G 4 4
2 - ( l . - P I 4 4 ) * 0 2 A 4 4 2 + D A A 4 4 2 * P I 4 4 * 0 G 4 4  

0 2 A 1 2 = - P I 4 4 * D 2 G 4 4 * A A ] 2 1 - P I 4 4 * 0 G 4 4 * D A A l ? l + ( l . - P I 4 4 ) *
1 0 2 A 1 2 1 - P I  4 4 * 0 6 4 4 * 0 A A 121 

D 2 A 1 4 = - P I 2 2 * D 2 G 2 2 * A A I 4 1 - P I ? 2 * O G 2 2 * D A A 1 4 1 + <  l . - P  I  22  ) *  
1 D 2 A 1 4 1 - P I 2 2 * D G 2 2 * D 4 A 1 4 1  

D H 2 2 = ( 1 . / A 2 2 ) * ( A 1 2 * D G 1 + 0 A 1 2 - A 1 ? * 0 A ? 2 * { 1 . / A 2 2 ) )
D 2 H 2 2 = ( A 1 2 / A 2 2 ) * D 2 G 1 + D G 1 * ( 1 . / A 2 2 * * 2 ) * ( A 2 2 *  

1 0 A 1 2 - A 1 2 * O A 2 2 ) + <  l . / A ? 2 ) * D ? A 1 2 + D A 1 2 * < l . / A ? ? * * 2 )
2 » ( A 2 2 * D G 1 - 1 . * D A 2 2 ) - ( 1 . / A 2 2 * * 2 ) * ( A 1 2 * 0 ? A ? ? +  
3 D A 2 2 * 0 A 1 2 ) - A 1 2 * D A 2 ? * ( 1 . / A 2 2 * * 4 ) * < A ? 2 * * 2 *
4 D G 1 - ? . * ’  . * A ? : > * D A ? 2 )

D H 4 4 = ( l . / A 4 4 ) * ( A 1 4 * D G 3 + 0 A 1 4 - A 1 4 * D A 4 4 * ( l . / A 4 4 ) ) 
D 2 H 4 4 = ( A 1 4 / A 4 4 ) * D 2 G 3 + D G 3 * < 1 . / A 4 4 * * ? ) * ( A 4 4 *  

1 0 A 1 4 - A 1 4 * D A 4 4 ) + ( 1 . / A 4 4 I * 0 2 A 1 4 + D A 1 4 * ( 1 . / A 4 4 * * 2 !  
2 * ( A 4 4 * D G 3 - l . * D A 4 4 ) - ( l . / A 4 4 » * 2 ) * ( A 1 4 * D 2 A 4 4 +
3 D A 4 4 * 0 A 1 4  ) - A 1 4 * D A 4 4 * ( 1 , / A 4 4 * * 4 ) « ( A 4 4 * * 2 *
4 0 6 3 - 2 . * ! . * A 4 4 * 0 A 4 4 )

0 A 3 2 = ( - P I 0 3 * P I 2 1 * O G 2 1 - P I O 3 * P I 2 1 * D G 3 - P I 0 3 * P I 2 1 *
Í D F + P I 2 1 * 0 G 2 1 + P I 0 1 * P I 2 0 * D G 2 0 + P I 0 1 * P I 2 0 * D F  Î  *
2 ( l . - P 14 41 + ( - P 1 4 4 * 0 6 4 4 ) * ( - P I 0 3 * P 1 2 1 +  P I  2 1 +  P 1 0 1 * P I  2 0 )  
3 - P I 2 1 * P I 0 4 * P I 4 3 * D 6 4 3 —P I 2 1 * P I 0 4 * P I 4 3 * D G 3 —P I 2 1 * P I 0 4 * P I 4 3  
4 * D F - P I 0 4 * P I 4 0 * P I 2 1 * 0 G 2 1 - P I 0 4 * P I 4 0 * P I 2 1 * 0 G 4 0 - P I 0 4 * P I 4 0 *  
5 P I 2 1 * D F - P I 2 1 * P I 0 4 * P I 4 3 * D G 2 1  

D A 4 2 = ( l . - P I 4 4 > * ( P I 0 1 * ( - P I 2 2 * D G 2 2 ) + ( l . - P 1 2 2 ) * P I 0 1 *
1 D F + P I  0 2 * P  I 2 1 * D C - 2 1 + P I 0 2 * P I 2 1 * 0 F  > +  ( P l 0 1 * (  l . - P  1 2 2  )
2 + P I 0 2 * P I 2 1 ) * I D 6 3 - P I 4 4 * 0 6 4 4 - P I 4 4 * 0 6 3 )  

D A 5 2 = ( P I 4 3 + P I 4 0 ) * ( P I 0 1 * ( - P I 2 2 * D 6 2 2 ) + ( l . - P I  2 2 ) *
I P  101 *  D F + P I  0 2  * P  I  2 1 * 0 6 2  1+P I  0  2 * P  I 2 1 * 0 F  ) +  (P 11)1*1 
2 1 . —P I 2 2 ) + P I 0 2 * P I 2 1 ) * ( P I 4 3 * D G 4 3 + P I 4 3 * 0 6 3 + P I 4 0 * 0 6 4 0 )

D A 2 4 = ( 1 • —P 1 2 2 ) * ( P 1 0 3 * ( —P I 4 4 * D G 4 4 1 +  ( 1 • —P 1 4 4 1 * P I  0 3 *  
1 0 F + P I 0 4 * P I 4 3 * D G 4 3 + P I 0 4 * P I 4 3 * D F ) + < P I 0 3 * ( l . - P I 4 4 )  
2 + P I 0 4 * P I 4 3 ) * ( 0 6 1 - P 1 2 2 * 0 6 2 2 —P I 2 2 * 0 G 1 ) 

D A 3 4 = ( P I 2 1 + P ! 2 0 ) * ( P I 0 3 * ( - P I 4 4 * O G 4 4 )  +  ( l . - P I  4 4 ) *  
1 P I 0 3 * D F + P I 0 4 * P I 4 3 * 0 6 4 3 + P I 0 4 * P 1 4 3 * O F ) +  ( P I  0 3 * (
2 1 . —P I  4 4 )  +  P ! 0 4 * P 1 4 3  Ï  * ( P I 2 1 * 0 6 2 1 + P I 2 1 * 0 G 1 + P I 2 0 * 0 6 2 0 1

D A 3 4 = ( - P 1 0 1 * P I 4  3 * D 6 4 ’ - P i m * P I 4 3 * 0 6 1 - P I 0 1 * P I 4 3 *  
l D F + P I 4 3 * D G 4 3 + P I 0  3 * P I 4 O * O G 4 O + P I O 3 * P I 4 O * O F ) *
2 ( 1 . - P I 2 2 l + ( —P I 2 2 * D 6 2 2 ) * ( —P I 0 1 * P I 4 3 + P I 4 3 + P I 0 3 * P I 4 01  
3 - P I 4 3 * P I 0 2 * P I 2 1 * 0 G 2 1 - P I 4 3 * P I 0 2 * P I 2 1 * 0 G l - P I 4 3 * P I 0 2 * P I 2 1 *  
4 D F - P I 0 2 * P I 2 0 * P I 4  3 * D G 4 3 - P t O ? * P I 2 O * P I 4 3 * D G 2 0 - P I 0 2 * P I 2 0 *
5 P I 4 3 * 0 F - P I 4 3 * P I 0 2 * P 1 2 1 * 0 6 4 3  

0 H 1 2 = P I 0 1 * D F + ( l . / A ? ? ) * C P I 0 2 * 0 A 3 2 + P I 0 2 * A 3 2 * D F  
l + P i n 3 * D A 4 ? + P ! 0 3 * A 4 ? * D F + ° ! 0 4 * D A S ? + P I 0 4 * A S ? * U F )
2 - Í  P 1 0 2 * A 3 2  +  P 1 0 3 * A 4 2 + P I 0 4 * A 5 2 I * ( 1 • / A 2 2 * * 2 ) * D A 2 2  

0 H 1 4 = P I O ? * D F + ( 1 . / A 4 4  Ï  *  I P I O l * 0 A 2 4 + P I 0 1 * A 2 4 * 0 F  
1 + P I 0 2 * O A 3 4 + P I 0 2 * A 3 4 * D F + P I 0 4 * D A 3 4 + P I 0 4 * A 5 4 * 0 F 1 
2 - ( P 1 01 * A 2 4 + P I 0 2 * A 3 4 + P I 0 4 * A 5 4 ) * l 1 . / A 4 4 * * 2 ) * D A 4 4  

C E V A L U A T IO N  OF THE EX PE CTED NUMBER OF SUCCESS FUL SETS
C FOR FACH S P F C I F S

F N 1 = - 1 2 . / 0 H 2 2 + 0 2 H 2 2 / ( 2 . * D H 2 2 * * 2 ) - 0 H 1 2 / O H ? ?  
F N 2 = - 1 2 . / D H 4 4 + D 2 H 4 4 / ( 2 . « D H 4 4 * * 2 ) - D H 1 4 / D H 4 4  

C STATFM FN TS FOR P R I N T I N G  R FSU LT S
W R ITE I 5 1 » 2 1 E N I >EN2 »M U1» N U I 

1 0  CON TINU E
I F I F O F . 5 0 ) 3 0 . 2 0  

1 FO RMAT( 8 F 1 0 . 0 )
C
C

I  FORMAT ( 4 F 1 0  . 6  1
3 0  END

F I N I S


