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TESTING METHODS OF ESTIMATING RANGE AND 
BEARING TO CETACEANS ABOARD THE R/V D. S .  JORDAN - -  

T i m  D. Smith 
Southwest F isher ies  Center 

Nat ional  Marine F i s h e r i e s  Service, NOAA 
La J o l l a ,  C a l i f o r n i a  92038 

I NTRODUCT I O N  

There have been several at tempts t o  apply 1 ine- t ransec t  dens i ty  
es t imat ion  theory t o  shipboard cetacean s i g h t i n g  data. The pr imary i n t e r e s t  
has been i n  o b t a i n i n g  absolute o r  r e l a t i v e  est imates o f  t h e  dens i ty  o f  
cetaceans. L ine  t r a n s e c t  techniques use i n f o r m a t i o n  on t h e  d is tances a t  which 
cetaceans are  s igh ted  t o  account imp1 i c i  t l y  f o r  v i  s i b i l  i ty 1 i m i t a t i o n s .  I n  
general,  a decreasing f r a c t i o n  o f  t h e  cetaceans i s  detected w i t h  d is tance from 
t h e  sh ip  and i t s  t r a c k l i n e .  The r a t e  o f  decrease o f  t h e  p r o b a b i l i t y  o f  
d e t e c t i n g  cetaceans w i t h  d is tance v a r i e s  w i t h  v i s i b i l i t y  cond i t ions .  

L i n e  t r a n s e c t  theory was developed w i t h  t h e  assumption t h a t  a l l  o f  t h e  
o b j e c t s  o r  animals which are d i r e c t l y  on t h e  t r a c k l i n e  being searched are  
detected. When s i g h t i n g  cetaceans from a ship, t h i s  assumption can be 
v i o l a t e d  if some of t h e  animals a re  missed because they are  submerged, o r  i f  
they simply a r e  n o t  seen as t h e  s h i p  approaches. An a d d i t i o n a l  assumption 
made i n  l i n e - t r a n s e c t  theory i s  t h a t  t h e  animals do n o t  move away from t h e  
t r a c k l i n e  p r i o r  t o  being detected. I f  e i t h e r  o f  these assumptions i s  
v i o l a t e d ,  t h e  nunber o f  animals s igh ted  d i r e c t l y  on t h e  t r a c k l i n e  w i l l  n o t  be 
representa t ive  of t h e  number which were a c t u a l l y  on t h e  t r a c k l i n e ,  and t h e  
d is tance t o  t h e  animals w i l l  n o t  be representa t ive  o f  t h e  t r u e  d is tances from 
t h e  t rack1 i ne. 

An impor tan t  aspect o f  l i n e  t r a n s e c t  theory i s  t h a t  t h e  l o c a t i o n  o f  t h e  
s igh ted  animals r e l a t i v e  t o  t h e  s h i p  must be determined. E a r l y  developments 
o f  the  theory assmed t h a t  t h e  d is tance from the s igh ted  o b j e c t  t o  the  
observer o r  t o  t h e  t r a c k l i n e  being t raversed was determined w i t h o u t  e r r o r .  I n  
p r a c t i c e  aboard ships, t h e  d is tance and t h e  bear ing  t o  s igh ted  cetaceans a r e  
determined a t  b e s t  inexac t ly ,  and w i t h  crude prec is ion .  

I f  the  assumptions o f  l i n e  t r a n s e c t  theory a re  met, i t  i s  t h e o r e t i c a l l y  
poss ib le  t o  o b t a i n  est imates o f  absolute abundance o f  cetaceans s o l e l y  from 
shipboard s i g h t i n g  data. T h i s  has been attempted recent ly  by Best and 
But terwor th (1980) and Horwood (1980) f o r  southern hemisphere minke whales, 
u s i n g  data from Japanese whale scout ing vessels. These authors had 
d i f f i c u l t i e s  i n  f i t t i n g  l i n e  t r a n s e c t  models t o  t h e i r  s i g h t i n g  data and they  
specul a ted  on several  p o s s i b l e  v i o l  a t i o n s  o f  t h e  theory 's  key assunptions. 
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Smith (1975l) used s i g h t i n g  data c o l l e c t e d  aboard tuna f i s h i n g  vessels i n  
1974, i n  con junc t ion  w i t h  s i g h t i n g  data from an a e r i a l  survey, t o  ob ta in  an 
abso lu te  abundance est imate o f  spo t ted  and spinner dolphins,  conc lud ing t h a t  
absol t e  est imates from the  sh ip  data alone were n o t  poss ib le .  Hammond 
(1981 1 used s i g h t i n g  data c o l l e c t e d  aboard tuna f i s h i n g  vessels from 1974 
through 1979 t o  examine possi  b l  e t rends  i n  abundance o f  do l  phins, concl  udi  ng 
t h a t  several  quest ions must be answered be fore  absolute abundance est imates 
a re  poss ib le  f rom these data. Both authors used t h e  a v a i l a b l e  data pooled f o r  
a l l  c ru i ses  w i t h i n  years. A reassessment o f  t h i s  data s e t  i s  c u r r e n t l y  
underway, s t a r t i n g  w i t h  a by-cru i  se examinat ion o f  da ta  consi  stency , accuracy, 
area sampled, and sea s tate,  and i n c l u d i n g  data on o ther  aspects o f  the  
f i s h i n g  t r i p .  

H o l t  and Powers (MS3) analyzed s i m i l a r  do lph in  s i g h t i n g  data c o l l e c t e d  
aboard research vessels,  conc lud ing t h a t  i t  was n o t  poss ib le  t o  use those da ta  
i n  l i n e  t r a n s e c t  models. They noted an unexpected shape o f  t he  frequency 
d i s t r i b u t i o n  o f  r i g h t  angle distances, poss ib l y  due t o  schools avo id ing  t h e  
s h i p  as noted above. I n  l i e u  o f  us ing  l i n e  t ransec t  methods i n  a r e l a t i v e  
contex t ,  H o l t  and Powers used nunbers o f  s igh t i ngs  per  t rackmi le  searched, 
s t r a t i f i e d  by sea s ta te ,  as a measure o f  r e l a t i v e  dens i t y  o f  schools. 

c1 

The r i g h t  angle d is tances (D) from the  t r a c k l i n e  t o  t h e  cetaceans have 
genera l l y  been est imated from est imates o f  range (R) and bear ing  (B) a t  t h e  
t ime o f  s igh t i ng ,  as D = R Sin (B). The est imates o f  R and B have u s u a l l y  
been v i sua l ,  made w i thou t  an ac tua l  measuring device. In the  A n t a r c t i c  minke 
whale s tud ies,  ranges t o  s igh ted  whales were est imated from t h e  t ime needed t o  
approach the  s igh ted  whale and the vessel speed. These est imates do n o t  
appear t o  be very  prec ise,  genera l l y  w i t h  angles recorded t o  5 o r  10 degrees 
and d is tances t o  h a l f  m i l e  i n t e r v a l s ,  and are proper ly  t r e a t e d  as grouped 
data. The s t a t i s t i c a l  p roper t i es  o f  t h e  der ived  r i g h t  angle d is tances D a r e  
unknown. Add i t i ona l  l y  , v i  sual est imates o f  d is tances a t  sea a re  genera l l y  
d i f f i c u l t ,  w i t h  l a r g e  d i f fe rences  between observers, low p rec i s ion  and 
poss i  b l  e b ias.  

The purpose of t h i s  DaDer i s  t o  r e p o r t  r e s u l t s  o f  a se r ies  o f  b r i e f  
experiments i made aboard ' the R/V David S t a r r  Jordan i n  October 1979, SWFC 
c r u i s e  564, aimed a t  expl o r i n g  t h e p r o b l e m s  m v i  sual est imat ion,  and 
eval u a t i n y  two methods . for  actua l  l y  . measuring angles and d i  stances t o  

'Smith. T. D. 1975. Est imates o f  Two P o w l a t i o n s  o f  Porpoise (S tene l l a )  i n  
t h e  eas tern  t r o p i c a l  P a c i f i c  Ocean. Southwest F isher ies  ken te r '  Admin. Rep. -- 
L J- 7 5-67. 

'Hammond, P. 
eas tern  t r o p i c a l  P a c i f i c  us ing  da ta  c o l l e c t e d  aboard tuna purse se iners.  
D r a f t  i n t e r n a l  r e p o r t  o f  t h e  Inter-American Trop ica l  Tuna Commission, La 
J o l l  a, Cal i f o r n i a .  

3Hol t ,  R. and J. Powers. Abundance es t ima t ion  o f  do lph in  stocks 
i nvo l ved  i n  t h e  eas tern  t r o p i c a l  P a c i f i c  y e l l o w f i n  tuna f i s h e r y  determined 
f rom a e r i a l  and sh ip  surveys (Manuscr ip t ) .  

1981. Est imat ing the  dens i t y  o f  do lph in  popu la t ions  i n  the  

1981. 
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cetaceans. 

MATERIALS AND METHODS 

The sh ip  used fo r  t he  experiments was the  R/V D. S. Jordan. It i s  1 7 1  
f e e t  long, 900 tons  displacement, and c ru i ses  a t - a p p r o x m y  10 knots. 
Searching i s  conducted from the  f l y i n g  br idge,  through two 25x s l i n g  mounted 
b inocu la rs  ( F u j i  Meibo 25 x 150) and w i t h  smal ler  hand h e l d  b inoculars .  The 
l a r g e  b inocu la rs  have a 2.7' f i e l d  o f  view. The f l y i n g  b r idge  i s  
approximately 30 f e e t  above the  water, and the  b inocu la rs  a re  mounted 
approximately 5 f e e t  above t h e  deck. The s i g h t i n g  team members a l t e r n a t e  
between searching w i t h  the  25x b inocul  a r s  and hand-he1 d b inocul  ars, and search 
f o r  do lph ins i n  a sweep from s l i g h t l y  across t h e  bow t o  d i r e c t l y  behind t h e  
sh ip.  Search pa t te rns  w i t h i n  t h i s  f i e l d  a re  determined by the  i n d i v i d u a l  
s c i e n t i s t s .  

The f ive-person s i g h t i n g  team on SWFC c r u i s e  564 c a r r i e d  ou t  th ree  
A f t e r  t h e  c r u i s e  a f o u r t h  experiment separate experiments under my d i r e c t i o n .  

was conducted on l a n d  t o  check t h e  c a l i b r a t i o n  o f  t h e  r e t i c l e s .  

To o b t a i n  more accurate measurements o f  bear ing  t o  the  s igh ted  cetaceans, 
a device c o n s i s t i n g  o f  a s t i f f  w i r e  t h a t  r o t a t e d  w i th  the  b inocu la rs  was 
at tached t o  t h e  r igh t -hand 25x b inocu la rs  stand. Paper was at tached t o  t h e  
deck around the  b inocu la rs  stand, and penc i l  marks were made t o  record  the  
p o s i t i o n  o f  t h e  wi re.  Angular measurements were made from the  paper l a t e r ,  
us ing  a p ro t rac to r .  

To o b t a i n  more accurate measurements o f  the  d is tance t o  s igh ted  
cetaceans, t h e  25x b inocu la rs  were equipped w i t h  eyepieces con ta in ing  a s e r i e s  
o f  equa l l y  spaced ho r i zon ta l  marks ( r e t i c l e s ) ,  arranged v e r t i c a l l y .  Counts o f  
t h e  number o r  f r a c t i o n  o f  marks f rom the  ho r i zon  down t o  the  o b j e c t  o f  
i n t e r e s t  were recorded. These counts can be r e l a t e d  t o  angle from the  hor izon  
t o  the  ob jec t ,  and thence v i a  t r i gonomet r i c  r e l a t i o n s h i p s  t o  the  d is tance t o  
t h e  ob jec t .  

I n  a d d i t i o n  t o  these devices, t h e  s h i p ' s  radar  was used t o  measure the  
range and bear ing  t o  some ob jec ts ,  and an a l i dade  on the  repeat ing  gyro 
compass on t h e  f l y i n g  b r idge  was used t o  measure the  angle t o  some objects.  
The a l idade i s  a s i g h t i n g  device w i thou t  op t i cs ,  and cou ld  on ly  be used f o r  
o b j e c t s  which were l a r g e  o r  a t  c l o s e  range. 

EXPERIMENT 1, Range and Bearing t o  a Buoy 

An anchored buoy approximately 15 f e e t  h igh  was loca ted  near Santa 
Barbara Is land. A t  vary ing  d is tances and angles o f  approach t o  t h e  buoy, t h e  
angle as i n d i c a t e d  by the  al idade, the  radar  and the  w i r e  dev ice was 
recorded. S i m i l a r l y ,  d is tance t o  t h e  buoy was measured us ing  radar  and t h e  
r e t i c l e s ,  and was est imated v i s u a l l y .  Measurements were made w i t h  t h e  vessel 
a t  complete stop, b u t  a l lowed t o  d r i f t .  The sea was completely calm w i th  no 
wind, and d r i f t  was n e g l i g i b l e  du r ing  the  course o f  a s e t  o f  observat ions.  
Rep1 i c a t e  measurements o f  angles by i n d i v i d u a l  observers were made by swinging 
t h e  b inocu la rs  away from the t a r g e t  each time, thus  min imiz ing  s e r i a l  
c o r r e l a t i o n  o f  consecut ive measurements. 
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EXPERIMENT 2, Range and Bear ing t o  Approaching Ships 

The bear ing  and range t o  t h e  bow o f  sh ips t r a n s i t i n g  a t  angles t o  t h e  R/V 
D. S .  Jordan were measured, us ing  t h e  radar  and t h e  w i r e  device, and t h e  radar  
a n h r e m ,  r e s p e c t i v e l y ,  w h i l e  t h e  R/V D. S .  Jordan was underway. There 
were some d i f f i c u l t i e s  i n  making the  r e t f i l e  measurements w h i l e  underway, 
e s p e c i a l l y  a t  t h e  c l o s e r  ranges where t h e  r e l a t i v e  mot ion o f  t h e  two vessels 
caused r e l a t i v e l y  r a p i d  changes. The angle measurements us ing t h e  w i r e  device 
r e q u i r e d  10 t o  30 seconds t ime t o  complete. Repl icates o f  t h e  measurements 
were attempted, b u t  vessel movement precluded t r u e  rep1 i c a t i o n .  

EXPERIMENT 3, Angle t o  Sighted Cetaceans 

Angles t o  s igh ted  cetaceans were est imated v i  sua1 l y  , and measured us ing 
t h e  w i r e  device. Repl icate measurements were made as r a p i d l y  as poss ib le  by 
having t h e  s c i e n t i s t  l o o k i n g  through t h e  b inocu la rs  i n d i c a t e  v e r b a l l y  when he 
was l i n e d  up on t h e  cetaceans, and having someone e l s e  mark t h e  p o s i t i o n  o f  
t h e  w i r e  on t h e  paper on the  deck. A s e r i e s  o f  r e p l i c a t e  measurements was 
made w i t h i n  30 t o  90 seconds f o l l o w i n g  t h e  f i r s t  measurement. 

EXPERIMENT 4, R e t i c l e  t o  Degree Conversion 

The r e l a t i o n s h i p  between t h e  r e t i c l e  counts and t h e  actual  angle below 
t h e  hor izon  was determined i n  an experiment conducted on shore. The 
b inocu la rs  were s e t  up i n  an empty park ing  l o t  and focused on a l a r g e  p iece o f  
paper a t  a d is tance o f  53.1 m. The top  and bottom o f  t h e  image seen through 
t h e  b inocu la rs  was marked on t h e  paper, along w i t h  t h e  p o s i t i o n  of each 
r e t i c l e  mark. Subsequently t h e  diameter o f  t h e  f i e l d  o f  view and t h e  d is tance 
between t h e  t o p  r e t i c l e  and each successive r e t i c l e  was measured w i t h  a meter 
s t i c k .  

RESULTS 

C a l i b r a t i o n  o f  Methods o f  Est imat ing Range 

Shipboard Measurements 

Dur ing experiment 1 radar measurements o f  the  d is tance t o  the  buoy, 
v isua l  est imates of t h e  d is tance t o  t h e  buoy, and r e t i c l e  counts were made 
(Table 1). Each observer made est imates independently, and none had any 
q u a n t i t a t i v e  knowledge o f  how t o  i n t e r p r e t  t h e  r e t i c l e  measurements i n  terms 
o f  d istance. 

The r e l a t i o n s h i p  between the  mean v i s u a l  est imates and t h e  radar  ranges 
i s  shown i n  Figure 1. The mean d is tance est imates f o l l o w  t h e  radar  
measurements f a i r l y  c o n s i s t e n t l y  , b u t  t h e  range o f  i n d i v i d u a l  est imates i s  
wide as i n d i c a t e d  by t h e  90% conf idence i n t e r v a l s .  The mean v i s u a l  est imates 
exceed t h e  radar  measurements s l i g h t l y  10 o f  t h e  12 times. T h i s  i s  most 
c o n s i s t e n t  a t  d is tances l e s s  than 3 nm, w i t h  8 o f  10 overest imates occur r ing  
i n  t h i s  region. Between 3 and 5 nm equal numbers o f  observat ions a r e  over and 
under t h e  radar  measurement. 

The re1 a t i o n s h i  p between t h e  r e t i c l e  measurements and the  radar  
measurements o f  d is tance i s  shown i n  Figure 2. Over t h e  range o f  0.3 nm t o  
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Table 1. Mean v i s u a l l y  est imated distance, mean r e t i c l e  measurement 
and radar  range t o  buoy, w i t h  sample s i z e  ( N ) ,  s tandard 
dev ia t i ons  (SD), and c o e f f i c i e n t s  of v a r i a t i o n  (CV) o f  
r e t i c l e  measurements. 

Radar Visual  Est imate R e t i c l e  Measurement 
D i  s tance N mean SD N mean SD cv 

(nm) (nm) (nm) 
-- 

0.29 5 0.35 0.31 5 13.86 0.89 0.06 

0.49 5 0.57 0.26 5 7.76 0.96 0.12 

0.67 5 0.81 0.23 5 5.76 0.70 0.12 

1.00 4 1.01 0.45 4 4.35 0.47 0.11 

1.06 5 1.26 0.36 5 2.54 1.59 0.63 

1.40 5 1.67 0.38 5 1.80 1.34 0.74 

1.92 3 2.07 0.40 3 1.08 0.16 0.15 

2.36 5 2.64 0.28 5 0.75 0.05 0.07 

3.16 5 3.55 0.27 5 0.40 0.08 0.20 

3.39 5 3.11 0.56 5 0.39 0.08 0.21 

4.90 5 4.50 0.47 5 0.18 0.12 0.67 

5.50 4 5.80 0.36 - - - - 
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Figure 1 .  Mean visual  es t imates  o f  dis tances  t o  buoy versus d is tances  

measured by r ada r ,  w i t h  approximate 90% confidence i n t e r v a l s  
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buoy, w i t h  approximate 95% conf idence i n t e r v a l s .  
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5 nm i t  i s  poss ib le  t o  make r e t i c l e  measurements i n  a reasonably cons is ten t  
manner, as i n d i c a t e d  by t h e  conf idence i n t e r v a l s  f o r  t h e  observat ions.  Beyond 
5 nm the  change i n  r e t i c l e  w i t h  d is tance i s  so small as t o  prec lude us ing  t h i s  
device. The d is tance t o  the hor izon  a t  the 35 f e e t  e l e v a t i o n  o f  t h e  
b inocu la rs  on the  R/V D. S .  Jordan i s  approximately 6.2 nm, suggest ing t h a t  
t h i s  device i s  n o t  l i k F l y - t o b e e f u l  beyond 5 nm. The r e t i c l e s  marked i n  
t h e  25x b inocu la rs  cover approximately one h a l f  o f  the  f i e l d  o f  view. By 
cover ing  more o f  t he  f i e l d  o f  view i t  may be poss ib le  t o  measure d is tances 
smal le r  than 0.3 nm. The p r i n c i p a l  d i f f i c u l t y  i s  t h a t  t he  observer must be 
ab le  t o  count t h e  l a r g e  nwnber o f  marks a t  a glance. A s o l u t i o n  migh t  be t o  
i nc lude  numbers near the  r e t i c l e s  t o  a s s i s t  i n  count ing.  

R e t i c l e  and Range Conversion 

The r e l a t i o n s h i p  between the  r e t i c l e  counts and the range t o  s igh ted  
ob jec ts  can be der ived  from the  s i g h t i n g  geometry shown i n  Figure 3 and t h e  
r e s u l t s  o f  exper iment 4. 

The r e l a t i o n s h i p  between the  range a and the  angle below the  hor izon  c 
can be de r i ved  from Figure 3 f o l l o w i n g  Heinemann (1981). Note t h a t  

a = b tan  ( d ) ,  

and t h a t  d can be obta ined from 

tan  (c+d) = (a+e)/b, 

a+e 
b 

d = a rc tan  (-1 - c. 

S u b s t i t u t i n g  t h i s  expression i n t o  equat ion 1 y i e l d s  

a+e a = b tan  (a rc tan  (-1 - c ) .  
b 

The d is tance t o  t h e  hor izon  i s  g iven by Bowditch (1966) as p ropor t i ona l  t o  t h e  
square r o o t  of  t he  he igh t  o f  t he  eye, conve r t i ng  t o  nm, 

(5 1 /2 a+e = 89.173 b . 

The r e l a t i o n s h i p  between the angle below the hor izon  t o  the  s igh ted  
ob jec t ,  c, and the  r e t i c l e  marks was explored i n  Experiment 4. The measured 
d is tances  from the  topmost r e t i c l e  t o  each successive r e t i c l e  (d)  (Table 2) 
were transformed t o  angles as arc tan  (d/53100) (F igu re  4).  These angles were 
f i t t e d  t o  the  r e t i c l e  number minus one ( r )  as 

c = fr, 
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Perceived Height of eye 
Horizon above horizon 

Figure 3 .  Diagram of relationship among horizon, sighted object, observers' 
eye and ship height, labeling angles and distances needed in 
theoretical development (see t ex t ) .  
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Figure  4. Angle ("1 from top  r e t i c l e  t o  each lower r e t i c l e  i n  25x 
b inocu la rs  w i t h  f i t t e d  regress ion  l i n e .  



11 

Table 2. Distance from t o p  most r e t i c l e  t o  each lower r e t i c l e  i n  
25x binoculars, measured i n  the f i e l d  of view a t  53.1 m. 

Reticle Distance 
(mm) 

- 
1 0 

2 78.8 

3 156.0 

4 

5 

239.9 

319.0 

6 400.5 

7 470.5 

8 540.5 

9 615.8 

10 

11 

12 

13 

14 

15 

687.8 

764.4 

845.1 

915.1 

982.6 

1051.1 
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us ing  l i n e a r  regress ion  through the o r i g i n .  The slope was est imated as 
0.0823, w i t h  a standard d e v i a t i o n  o f  t h e  est imate o f  0.00035. 

S u b s t i t u t i n g  equat ions 5 and 6 i n t o  equat ion 4 y i e l d s  the  r e l a t i o n s h i p  
between t h e  range and t h e  r e t i c l e s  as 

a = b tan  (a rc tan  (89.173/ r b )  - f r ) .  

The var iance o f  p red ic ted  ranges depends on t h e  v a r i a b i l i t y  o f  t h e  est imates 
o f  f and r approximately as 

where v(  ) denotes the  var iance o f  t he  q u a n t i t y  w i t h i n  the parentheses, r 
denotes t h e  nwnber o f  r e t i c l e s  below the  topmost r e t i c l e ,  and k = a rc tan  
(89.173/ A), 

The p red ic ted  d is tances t o  the  buoy (equat ion 7 )  a re  p l o t t e d  aga ins t  t he  
d is tances measured by radar  (Table 1) i n  F igure 5. There i s  some c o n s i s t e n t  
l ack  of f i t  a t  t he  in te rmed ia te  ranges, t he  cause o f  which i s  n o t  known. For 
i l l u s t r a t i o n ,  t he  standard e r r o r s  of  t he  p red ic ted  d is tances (equat ion 8) are  
a1 so shown, ca l cu l  a ted asswni ng the observed var iances o f  the  r e t i c l e s  
(Table 1). The range of  s izes  o f  these standard e r r o r s  r e f l e c t s  t h e  
v a r i a b i l i t y  o f  t h e  r e p l  i c a t e  r e t i c l e  readings. 

C a l i b r a t i o n  o f  Methods o f  Est imat ing Bearing 

Measurements o f  t he  angles t o  a buoy were made du r ing  Experiment 1, i n  
a d d i t i o n  t o  t h e  range measurements analyzed above. Angles were measured us ing  
t h e  w i r e  dev ice at tached t o  the b inocu la rs  stand, the  al idade, and radar  
(Table 3). A t  each o f  14 l o c a t i o n s  r e p l i c a t e  measurements o f  t he  w i re  angle 
were at tempted i n  o rder  t o  determine sampling v a r i a b i l i t y .  Unfor tunate ly ,  i n  
most o f  t h e  l o c a t i o n s  t h e  vessel i t s e l f  d r i f t e d  and/or r o t a t e d  s l i g h t l y  du r ing  
the  r e p l  i ca te ,  as i n d i c a t e d  by changing radar  angles w i t h i n  r e p l  i c a t e s  (Tab1 e 
3). Repl ica te  v a r i a b i l i t y  was examined by computing var iances f o r  t h e  da ta  
grouped t o  the  nearest  5 degrees, and does n o t  appear t o  vary cons is ten t l y  
w i t h  e i t h e r  the  s i z e  of  t h e  angle be ing  measured, o r  t h e  d is tance t o  t h e  buoy. 

The radar  measurement o f  t he  angle t o  the  buoy appears t o  be c o n s i s t e n t l y  
g rea ter  than the  a l idade measurement (F igure  6) .  The s h i p ' s  o f f i c e r s  
i n d i c a t e d  t h a t  t he  radar  angle i s  known t o  be i n  e r r o r  due t o  the  i n s t a l l a t i o n  
o f  t h e  mechanism i t s e l f .  F i t t i n g  a l i n e a r  r e l a t i o n s h i p  t o  p r e d i c t  radar  angle 
from a l i dade  angle r e s u l t s  i n  a i n t e r c e p t  o f  2.92 and a slope o f  1.00. The 
standard dev ia t i ons  o f  these est imates a re  0.192 and 0.0008 respec t ive ly .  The 
f i t i s  good and the  res idua ls  show no p a t t e r n  w i t h  the  a l i dade  angle. The 
slope i s  c l e a r l y  n o t  d i f f e r e n t  from u n i t y ,  imp ly ing  t h a t  a s u f f i c i e n t  
c o r r e c t i o n  t o  the  radar  i s  t o  sub t rac t  t he  cons tan t  2.92. The w i r e  angles 
have been scaled aga ins t  t he  radar  i n  the  f i e l d  measurements, and so have 
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PREDICTED DISTANCE (nm) 

0 N P CJl 0) 0 

Figure 5. Predicted versus observed distances t o  buoy (Equa t ion  7 
and Table 1 ) ,  w i t h  + 1 standard error  (Equat ion 8)  
and the equal i t y  1 ine indicated. 
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Table 3. Wire angle, alidade angle, radar angle and radar 
distance to buoy recorded in Experiment 1. 

Radar A1 idade Wire A n i 1  e An81 e An81 e 
Rep. Di stance ( nm) 0 0 0 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 
4 
4 
4 

23 .9 
23.0 
23 .c) 
24.5 
27.5 
29.0 
29.5 
29.5 
30 .O 
32.0 
32.5 
33.5 
34.5 
35.0 
35.5 
86.0 
87.5 
88.0 
89 .O 
90.0 

100 .o 
102.0 
105 .O 

67.0 
67 .O 
67.0 
67.5 
69.0 
74.9 
79.0 
89.9 
97.0 
98.5 

3.0 
3 .c) 
3.0 
3 .O 
3.0 
5 .c) 
4.0 
3 .o 

21.8 
21.4 
20.7 
22.5 
24.8 
26.0 
27.7 
28.8 
29.7 
31.9 
29.2 
32.5 
30.7 
32.0 
34.5 
85.5 
86.5 
88.2 
83.2 
84.0 
87.5 
98.0 

102.0 
57.6 
64.3 
64.5 
65.3 
59.5 
7 1  .O 
74.0 
84 .O 
96.3 
96.3 

3.5 
3 .O 
3.0 
2 .o 
1.5 
5 .O 
4.8 
2.7 
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Table 3. Continued 

Radar A1 i dade W i  re 
Angl e Angle Angl e 

Rep. Distance (nm)  0 ( O )  0 

4 
4 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
6 
6 
6 
6 
6 
6 
7 
7 
7 
7 
7 
8 
8 
8 
8 
8 
9 
9 
9 
9 
9 

10 
10 
10 
10 
10 
11 
11 
11. 
11 
11 
1 2  
12 
12 
12 
12 

4.5 
4.5 
4.1 
4 .O 
4.0 
3.9 
3.8 
3.8 
3.7 
3.5 
3.4 
3.3 
2.9 
2.8 
2.8 
2.7 
2.6 
2.5 
2.2 
2.1 
2.1 
2 .o 
1.9 
3.3 
3.3 
3.2 
3.1 
3.1 
2.9 
2.8 
2.8 
2.8 
2.7 
2.5 
2.5 
2.5 
2.5 
2.4 
1.9 
1.7 
1.7 
1.7 
1.6 
1.3 
1.3 
1.2 
1.2 
1.2 

5.0 
3 .O 

11.0 
10.0 
10.0 
10.0 
12.0 
11.0 
12.0 
10.0 
10.0 
11.0 
21.5 
21.5 
19.0 
22 .o 
22.0 
22.0 
33.0 
33 .O 
32.0 
31  .O 
31.0 
1 7  .O 
19.0 
20 .o 
23.0 
21  .o 
44.0 
45 .O 
43.0 
44 .O 
41.0 
65 .!I 
60.0 
63 .O 
64.0 
60 .O 
13.0 

13.5 
13.5 
13.0 
7.5 
8.0 
8 .O 
7.0 
7 .O 

--- 

--- 
--- 

8 
9 
6 
6 

11 
10 
10 
7 
8 
9 

19 
19 
16 
20 
19 
19 
31 
29 
28 
28 
27 
14 
17 
16 
20 
19 
41  
42 
40 
42 
38 

57 
60 
51 
57 

9 
10 
11 
10 
10 
5 
5 
4 
3 
3 

--- 

4.0 
3.7 

11.5 
12.4 

9.0 
12.3 
13.6 
13.5 
13.5 
10 .o 
10.9 
12.5 
22.2 
21.5 
20.0 
22.6 
22.6 
22.6 
33.4 
31.5 
32.1 
30 .O 
30.5 
16.5 
19.0 
19 .o 
24.0 
22.3 
44.5 
45.5 
44.0 
45 .O 
42.1 
62.2 
60.0 
63 .O 
62.0 
62.0 
11.6 
12.3 
12.6 
12.6 
12.0 
6.4 
7.1 
7.1 
4.7 
4.6 
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Table 3 .  Continued 

Radar A I  i dade Wire 
An31 e Angl e An31 e 

Rep. D i  s tance (nm) 0 ( O )  0 

13 
13 
1 3  
13 
13 
14 
14 
14 
14 
14 

1.1 
1 .o 
1.0 
1 .o 
0.9 
0.8 
0.8 
0.8 
0.8 
0.8 

18.0 
18.5 
18.5 
18.7 
19.5 
92.5 
96.0 
98 .O 
98.0 
98.5 

16 
15 
15 
15  
16 

18.7 
18.6 
17.6 
17.1 
18.5 
89.4 
94.3 
96.8 
97.6 
97.1 
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A L I D A D E  A N G L E  

Figure 6.  Relationship between rada r  angle and a l idade  angle .  
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e f f e c t i v e l y  been co r rec ted  f o r  t h i s  e r r o r .  

The w i r e  angles agree very  c l o s e l y  w i t h  the  radar  angles, as shown i n  
F igu re  7. F i t t i n g  a l i n e a r  r e l a t i o n s h i p  y i e l d s  an i n t e r c e p t  o f  0.247 and a 
s lope o f  0.968, w i t h  standard dev ia t i ons  o f  0.292 and 0.006 respec t i ve l y .  The 
f i t  i s  reasonable, w i t h  one apparent o u t l i e r  a t  100 degrees. The i n t e r c e p t  i s  
n o t  s i g n i f i c a n t l y  d i f f e r e n t  from zero, ( ~ 0 5 1 ,  suggest ing a regress ion  though 
t h e  o r i g i n  may be appropr iate.  The slope est imate then i s  0.972 w i t h  a 
standard e r r o r  o f  0.004, and i s  s i g n i f i c a n t l y  d i f f e r e n t  from u n i t y  ( P < . O l ) .  

Appl i c a t i  on o f  Methods 

Dur ing Experiment 2 the  radar  angle, w i r e  angle and a l i dade  angle were 
measured as a sh ip  approached (Table 4).  The w i re  angles were rep1 i c a t e d  i n  
o rder  t o  exp lo re  the  p r e c i s i o n  o f  t h i s  method of measuring angles. Dur ing the  
t ime needed t o  complete the  r e p l i c a t e  w i re  angle measurements there  was 
de tec tab le  change i n  the  angle t o  the  approaching s h i p ' s  bow, as r e f l e c t e d  i n  
the  general tendency f o r  t he  r e p l i c a t e  angles t o  increase. Thus the  
r e p l i c a t e s  do n o t  y i e l d  i n fo rma t ion  on the  p r e c i s i o n  o f  t he  measurement. The 
r e l a t i o n  between t h e  f i r s t  o f  t h e  r e p l i c a t e  w i r e  angles and t h e  radar  angle i s  
q u i t e  good (F igu re  8) .  

The tendency f o r  t he  radar  angles t o  be grea ter  than the a1 idade angles, 
noted above, i s  de tec tab le  i n  these data also.  Greater v a r i a b i l i t y  i s  
r e f 1  ected i n  these observat ions,  which i s  cons i s ten t  w i t h  the general 
d i f f i c u l t y  o f  o b t a i n i n g  a1 idade angles c o n s i s t e n t l y  dur ing  the  experiment. 

A lso du r ing  Experiment 2 the  d is tances t o  the  approaching ships were 
measured us ing  the  radar  and us ing  t h e  b inocu la r  r e t i c l e s  (Table 5). 
Measurements were d i f f i c u l t  t o  make us ing  the  r e t i c l e s  due t o  the  vessel 
mot ion and the  r a t e  o f  changes of  d is tances as the  two vessels passed. The 
mean r e t i c l e  counts show the  same general r e l a t i o n s h i p  t o  actual  d is tances 
obta ined from the  radar  as seen i n  Figure 2. The p red ic ted  d is tances froln 
these mean r e t i c l e  counts us ing  equat ion 7, w i t h  standard dev ia t i ons  from 
equat ion 8 where mu1 t i p l e  r e t i c l e  readings al lowed es t ima t ing  t h e  var iance o f  
t h e  mean r e t i c l e ,  a r e  a l so  shown i n  Table 5. 

Dur ing Experiment 3 v i sua l  est imates o f  bo th  range and angle, and w i r e  
measurements o f  angle were obta ined f o r  f i v e  s igh t i ngs  o f  cetaceans 
(Table 6 ) .  The s igh t i ngs  were o f  a few t o  many animals o f  4 d i f f e r e n t  
species, and were made a t  ranges v i s u a l l y  est imated t o  be 2 t o  5.7 nm. The 
w i re  angles were r e p l i c a t e d  2 t o  6 tiines. The r e p l i c a t e  angles tend t o  
inc rease cons is ten t l y ,  suggest ing a change i n  the  angle due t o  the s h i p ' s  
motion, and perhaps, i n  p a r t ,  due t o  t h e  cetacean's motion. The two Tursiops 
schools even tua l l y  approached the  ship,  and no i n fo rma t ion  i s  a v a i l a b l e  on the  
poss ib le  movement o f  t h e  Grampus school. 

There i s  general agreement among the  v i sua l  est imates o f  t he  bear ing  t o  
t h e  cetaceans, except f o r  t h e  Grampus s i g h t i n g  (F igure  9 ) .  The f i e l d  notes 
suggest t h a t  t h i s  group o f  an i5G'hTas only  observed b r i e f l y ,  then l o s t  t o  
s igh t .  Another s i g h t i n g  was made very soon af terward,  so i t  i s  poss ib le  t h a t  
t h e  est imated and measured angles a r e  f o r  two d i f f e r e n t  s igh t ings .  

I 
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Table 4. Angular measurements (degrees) t o  bow of passing 
ships, w i t h  m u l t i p l e  r e p l i c a t e s  of t h e  w i r e  angles. 

Radar A1 i dade Wire Angle 
1 2 3 4 5 6 7 

351 

354 

357 

27 

7 

350 

345 

355 

3 38 

35 

346 

353 

352 

24 

--- 

340 

--- 

35 

349.9 

355.5 

355.9 

27.5 

6.8 

349.4 

340.5 

358.4 

328.9 

38.9 

350.4 

356.4 

355:9 

28.4 

7.4 

349.4 

341.1 

358.9 

330.2 

39.3 

350.4 

356.6 

356.6 

29.2 

8.4 

349.4 

341.1 

358.9 

330.4 

39.6 

350.7 

356.9 

356.9 

29.7 

8.9 

349.9 

341.4 

359.1 

330.9 

40.4 

351.1 351.4 352.4 

357.3 357.5 357.9 

357.9 358.6 358.9 

9.5 

349.1 350.4 

341.9 342.6 343.1 

359.5 

330.9 331.4 333.4 

40.8 41.4 41.9 
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Table 5. R e t i c l e  measurements (number below hor izon)  t o  bow o f  
approaching sh ips  w i t h  radar measurements o f  d istance. 
Means, standard dev ia t i ons  (SD) and p r e d i c t e d  distances 
(D) w i t h  standard d e v i a t i o n  (SD(D)) a re  given. 

Ret i c l  e 
D i  stance Measurement 

(nm) 1 2 3 Mean SD D SD(D) 

4.5 0.25 0.20 0.20 0.22 0.03 5.0 0.18 
3.4 0.50 0.60 0.55 0.07 3.6 0.22 
2.3 0.90 0.80 0.85 0.07 2.8 0.14 
1.8 1.80 1.60 1.70 0.14 1.8 0.11 
1.3 3.30 3.30 --- 1.1 --- 
1.1 3.50 3.50 --- 1.0 --- 
0.9 4.20 4.20 --- 0.9 --- 
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D ISCUSS ION 

The experiments on the  R/V D. S. Jordan suggest t h a t  improvements i n  
e s t i m a t i n g  range and bear ing  o f  ceTacGnsTk$Eed du r ing  surveys a re  poss ib le  
w i t h  new measuring devices. It i s  n o t  c lea r ,  however, what t h e  l i m i t s  o f  
p r e c i s i o n  a re  which can be obta ined by technique and equipment ref inement,  b u t  
a t  t h e  very l e a s t  one cou ld  expect some improvement w i t h  est imates and some 
in fo rma t ion  on the  v a r i a b i l i t y  o f  t he  est imates.  Th is  would be a subs tan t i a l  
a i d  i n  eva lua t i ng  the  p r e c i s i o n  and b i a s  i n  absolute o r  r e l a t i v e  abundance 
es t imates  which may be der ived  from shipboard s i g h t i n g  survey data. 

The u l t i m a t e  l i m i t a t i o n  i n  reducing the  var iance o f  the  est imates o f  
d is tance t o  s igh ted  cetaceans i s  the  v a r i a b i l i t y  o f  t he  r e t i c l e  readings 
themselves. The c o e f f i c i e n t  o f  v a r i a t i o n  was around 28% on s igh t i ngs  under 
i d e a l  cond i t ions ,  and can be a n t i c i p a t e d  t o  be h igher  under l e s s  than i d e a l  
cond i t ions ,  e s p e c i a l l y  where t h e  s igh ted  o b j e c t  may be v i s i b l e  f o r  o n l y  b r i e f  
per iods  and where the  hor izon  may be d i f f i c u l t  t o  determine due t o  vessel 
mot ion and sur face swe l l .  Some improvement can be a n t i c i p a t e d  by hav ing t h e  
r e t i c l e  scales rearranged f o r  eas ie r  use. For instance, f o r  the  c l o s e r  
ob jec ts  many r e t i c l e  marks must be counted; so sequent ia l  nunbering o r  
o therwi  se d i s t i n g u i s h i n g  the  successive marks may make count ing  easier.  A1 so, 
some observers had d i f f i c u l t y  seeing t h e  r e t i c l e s  because they are  t o  t h e  s ide  
o f  t he  f i e l d  o f  view. The p o s s i b i l i t y  o f  p l a c i n g  the  marks i n  the  center  o f  
t h e  eyepiece should be explored. 

The p r e c i s i o n  o f  t he  est imated bear ing t o  s igh ted  cetaceans can be 
improved by us ing  a measuring device. This has a l ready been explored i n  a 
p re l im ina ry  fash ion  on a subsequent s i g h t i n g  c r u i s e  aboard the  R/V D. S. 
Jordan. The b inocu la rs  Mere mounted on stands w i t h  an etched angu lar -scare  
XfZEFed.  The angles t o  the  s igh ted  cetaceans were read from these scales 
r a t h e r  than v i  sua1 l y  estimated. Unfor tunate ly  t h e  scales were etched t o  o n l y  
f i v e  degree increments, b u t  t he  r e s u l t s  a re  encouraging. The frequency 
d i s t r i b u t i o n  o f  the  actual  recorded values f o r  t h i s  l a t t e r  c r u i s e  and f o r  a 
comparable e a r l i e r  c r u i s e  a re  shown i n  F igure  10, where i t  i s  c l e a r  t h a t  t h e r e  
i s  a reduced tendency f o r  est imates t o  clump a t  favored values. 

It i s  poss ib le  t o  use l a r g e r  and more f i n e l y  c a l i b r a t e d  angular sca les t o  
f u r t h e r  reduce t h e  clumping aspect o f  these observat ions.  However the  a b i l i t y  
o f  the  s c i e n t i s t  making a s i g h t i n g  a c t u a l l y  t o  read an angular sca le i s  
l i m i t e d  due t o  t h e  necess i ty  t o  ma in ta in  v i s u a l  c o n t a c t  on t h e  animals and due 
t o  the  mot ion o f  t he  ship. Repe t i t i on  o f  angular measurements over several  
seconds, a t  l e a s t ,  would reduce v a r i a b i l i t y .  

There are  some p o s s i b i l i t i e s  f o r  equipment improvement which may he lp  
reduce t h e  v a r i a b i l i t y  o f  t h e  measurements o f  bear ings and ranges. For 
angul a r  measurements the  most obvious i s t o  determi ne mechanical ly t he  angle 
o f  t he  b inocu la rs  and en ter  t h i s  i n t o  the  s h i p ' s  computer. Add i t iona l  
i n f o r m a t i o n  such as t h e  compass heading, t he  engine revo lu t i ons ,  t he  t ime and 
t h e  s h i p ' s  p o s i t i o n  from s a t e l l i t e  f i x e s  and ex t rapo la t i ons  cou ld  a l so  be 
en tered  f o r  ass is tance i n  computing exact  s i g h t i n g  geometry. It would be 
impor tant  f o r  t h e  s c i e n t i s t  t o  be ab le  t o  t r i g g e r  such record ing,  and a l so  t o  
have such in fo rma t ion  recorded au tomat ica l l y  a t  i n t e r v a l s  t o  study searching 
pa t te rns .  
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One approach f o r  improving the  r e t i c l e  measurements would be t o  mount a 
camera i n t o  t h e  b inocu la r  o p t i c s  t o  reco rd  photograph ica l l y  what t h e  s c i e n t i s t  
i s  seeing. It may be poss ib le  t o  measure the  angle below t h e  hor izon  froin the  
photographic image. An a l t e r n a t e  approach would be t o  mount a camera w i t h  a 
separate o p t i c a l  system on the  b inocu la rs  t o  accomplish t h e  same end. The 
f e a s i b i l i t y  o f  t h i s  would, o f  course, depend on t h e  v i s i b i l i t y  o f  t he  s i g h t i n g  
cue which i s  be ing observed. The human eye i s  capable o f  focus ing  on a 
p a r t i c u l a r  p o r t i o n  o f  t he  image i n  t h e  b inocu la rs  and d e t e c t  cetaceans which 
may n o t  be de tec tab le  i n  the  photographic image. One poss ib le  approach might  
be t o  mount a camera ex terna l  t o  t h e  b inocu la r  o p t i c s  w i t h  an even h igher  
power lens,  a1 though t h i s  may r e s u l t  i n  aiming problems. 

An a l t e r n a t e  approach t o  improving the  r e t i c l e  measurements i s  t o  
g y r o s t a b i l i z e  the b inocu la rs  themselves, thereby e s t a b l i s h i n g  a hor izon  
re fe rence po in t .  It would then be poss ib le  t o  i n p u t  t h e  v e r t i c a l  angle o f  t h e  
b inocu la rs  r e l a t i v e  t o  t h i s  hor izon  d i r e c t l y  i n t o  the  computer. The 
f e a s i b i l i t y  o f  t h i s  i s  unknown, b u t  would depend i n  p a r t  on t h e  response t imes 
o f  a g y r o s t a b i l i z e r  o f  s i z e  s u f f i c i e n t  f o r  t he  50 t o  70 kg weight  o f  t h e  25x 
b inocu la rs .  

Improved equipment o f  these types would probably r e s u l t  i n  g r e a t l y  
improved est imates o f  range and bear ing  t o  s igh ted  cetaceans. I n  add i t i on ,  
such equipment cou ld  a l low o the r  quest ions t o  be approached. Automatic 
reco rd ing  o f  t h e  bear ing  o f  t h e  b inocu la rs  cou ld  be used t o  examine t h e  search 
p a t t e r n  employed by the  s c i e n t i s t s .  Doi (1974) demonstrated the need t o  
understand t h i s  process. Best and But te rwor th  (1980) d iscuss t h e  
p o s s i b i l i t i e s  a t  some length,  w i thou t  be ing ab le  t o  determine the  r e l a t i v e  
searching e f f o r t  expended by the  fishermen a t  d i f f e r e n t  p o i n t s  o f  t h e  compass 
f rom t h e  s i g h t i n g  data. Add i t iona l  i n fo rma t ion  was c o l l e c t e d  aboard Japanese 
s i g h t i n g  vessels  i n  1980, suggest ing t h a t  most searching occurs forward o f  45' 
(Doi, Kasamatsu and Nakano, i n  press) .  

The t r e n d  i n  t h e  r e p l i c a t e  measurements o f  t h e  angle t o  approaching sh ips 
and t o  s igh ted  cetaceans by t h e  w i r e  device, suggests t h e  p o s s i b i l i t y  o f  us ing  
t h e  sh ip  i t s e l f  as a range f i nde r ,  as i t  progresses a long i t s  t r a c k l i n e  f o r  a 
s h o r t  p e r i o d  a f t e r  s igh t ing .  Using the  vessel f o r  t h i s  purpose would be 
g r e a t l y  enhanced w i t h  t h e  automat ic record ing  o f  t h e  angle o f  t h e  b inoculars .  

One problem w i t h  us ing the  sh ip  as a range f i n d e r  i s  t he  poss ib le  
movement o f  t he  s igh ted  cetaceans. Th is  has been i d e n t i f i e d  as a poss ib le  
problem i n  general w i th  a p p l i c a t i o n  o f  l i n e  t ransec t  theory,  especia l  l y  i f 
such inovement i s  d i r e c t i o n a l  w i t h  respec t  t o  the ship. Au and Perryman ( i n  
press) i n i t i a t e d  work on t h i s  problem from a h e l i c o p t e r  assoc iated w i th  a 
research vessel. Using equipment as descr ibed above, i t  may be poss ib le  t o  
cont inue such inves t i ga t i ons ,  a t  l e a s t  i n  terms o f  movement a f t e r  s igh t i ng ,  
f rom ships alone. 

CONCLUSIONS 

1. Visual  est imates o f  t h e  range t o  a buoy a t  sea averaged over severa l  
i n d i v i d u a l  s are  reasonabl e, b u t  t he  range o f  est imates among i n d i v i d u a l  s i s 
l a rge .  There i s  a s l i g h t  tendency t o  overest imate,  as measured by t h e  mean 
est imates,  a t  d is tances l e s s  than 3 nm. 

I 
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2. Range t o  s igh ted  o b j e c t s  can be est imated from measureinent o f  the  
angle below t h e  hor izon  through 25x b inocu la rs  over a range o f  0.3 t o  5.0 
nm. A c t u a l l y  making these measurements i s  d i f f i c u l t  i n  p rac t i ce ,  espec ia l l y  
i n  l e s s  than i d e a l  v i s i b i l i t y  cond i t i ons .  

3. The r e l a t i o n s h i p  between r e t i c l e  marks i n  the  o p t i c s  o f  F u j i  25x 
b inocu la rs  and t h e  d is tance t o  t h e  o b j e c t  i s  g iven i n  equat ion 7. The 
equat ion does n o t  f i t  t h e  a v a i l a b l e  data very we l l ,  and needs a d d i t i o n a l  
study. It was v a l i d a t e d  w h i l e  t h e  sh ip  was underway by es t ima t ing  d is tances  
t o  the  bow o f  approaching ships. 

4. P r e d i c t i o n  of  t h e  d is tance t o  an o b j e c t  from the  r e t i c l e  measurelnent 
i s  g iven  by equat ion 9. It was t e s t e d  us ing  r e t i c l e  measurement and radar  
measurements t o  the  bow o f  approaching ships. An expression f o r  t he  var iance 
of  t h e  p r e d i c t e d  d is tance s g iven  (equat ion 10) i n  terms o f  t h e  var iances o f  
t h e  est imates of t he  parameters f and g, t he  covar iance o f  these two 
estimates, and t h e  var iance of  t h e  ac tua l  measurement o f  t he  r e t i c l e .  The 
s t a t i s t i c a l  p r o p e r t i e s  of  t h i s  es t ima to r  need t o  be examined f u r t h e r .  

5. The b i n o c u l a r  w i r e  angle can measure t h e  bear ing  t o  a buoy w i t h  h i g h  
p rec i s ion .  The v a r i a b i l i t y  i s  independent o f  t he  ac tua l  bear ing  and the 
d is tance t o  t h e  ob jec t .  

6. The rada r  on t h e  R/V D. S. Jordan has an approximate 3 degree angle 
measurement e r r o r ,  independent Cf a n g l e .  

7. The b inocu la r  w i r e  angles underestimate the  radar angles, a f t e r  
A s imple c o r r e c t i o n ,  s l i g h t l y ,  e s p e c i a l l y  a t  angles g rea te r  than 60 degrees. 

mu1 t i p 1  i c a t i v e  constant  i s  s u f f i c i e n t  t o  c o r r e c t  f o r  t h i s .  

8. Development o f  new equipment t o  improve 
o f  angle and d i  stance measurements, i n c l u d i n g  
improve the  p o s s i b i l i t i e s  of a p l i c a t i o n  o f  1 
s i g h t i n g  data. 

t he  p r e c i s i o n  and r e l i a b i l i t y  
poss ib le  automation, should 

ne t ransec t  theory  t o  s h i p  

I 
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