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PREFACE

The work p re se n te d  in  t h i s  t h e s i s  was com pleted in  1955 

and p u b lish e d  in  OPTICA ACTA, 4 , 157 to  164, in  1957. I t  i s  

p a r t  o f  a g en e ra l in v e s t ig a t io n  in to  th e  n a tu re  o f th e  s tim u lu s  

which a c t iv a te s  th e  accommodation response  system o f th e  eye.

•However, t h i s  t h e s i s  i s  com plete in  i t s e l f  as a c o n tr ib u tio n

to  th e  e lu c id a t io n  o f th e  f a c to r s  a f f e c t in g  th e  dep th  o f focus o f

th e  eye. The s p e c if ic  q u es tio n  asked i s : -

What f a c to r s ,  p e c u l ia r  to  th e  human eye, m odify th e  

c u rre n t e s tim a tio n s  o f th e  dep th  o f focus based on 

geom etric o r  wave th e o ry  o p tic s ?

The te ch n iq u e  developed to  in v e s t ig a te  t h i s  q u es tio n  i s  a 

sim ple one, a lthough  i t  i s  p re c is e  and ex p e rim en ta lly  v e r s a t i l e .

The r e s u l t s  ob ta ined  a re  c l e a r  cut and le a d  to  d e f in i t i v e  co n c lu s io n s .

At th e  end o f  th e  th e s i s  two b r i e f  p u b lish e d  summaries o f 

work a t  p re se n t in  p ro g re ss  a re  appendaged to  in d ic a te  how th e  

work p re se n te d  here  in te g r a te s  w ith  fu tu re  developm ents.



INTRODUCTION

I f  th e  eye i s  focused  f o r  a  g iven  d is ta n c e ,  th e n  an o b je c t 

e i t h e r  n e a re r  o r  f a r th e r  away w i l l  p roduce a  b lu r re d  image on th e  

r e t i n a .  W ith in  a  c e r t a in  range , c a l le d  th e  dep th  o f  f i e l d ,  th e  

o b se rv e r  i s  unab le  to  d e te c t  t h i s  b lu r r in g .  I t  fo llo w s th a t  any 

o b je c t w ith in  t h i s  range w i l l  be p e rce iv ed  w ith  maximum v is u a l  a c u i ty .

The dep th  o f focus i s  th e  e q u iv a len t range in  th e  image p la n e , 

a lth o u g h  t h i s  term  i s  o f te n  used when r e f e r r in g  to  th e  dep th  o f  f i e l d  

in  th e  o b je c t p la n e .

Many te x tb o o k s  d e a lin g  w ith  p h y s io lo g ic a l o p tic s  c o n ta in  ta b le s  

g iv in g  th e  dep th  o f f i e l d  o f th e  human eye. These t a b le s  a re  c o n s tru c t

ed by c a lc u la t io n  based on th e  p r in c ip le s  o f geom etric o p t ic s .  F o r 

example, Campbell and W eir (1953) p u b lish e d  such a  t a b le  b as in g  t h e i r  

c a lc u la t io n  on th e  assum ption th a t  th e  o b se rv e r can ju s t  d e te c t b lu r r in g  

th a t  sub tends 1 m inute o f v is u a l  a n g le . The ta b le  i s  g iven  below :-

T able 1.

d iam ete r Depth o f f i e l d Range o f focus (cm) when focused on:

mm. in  d io p t r e s . I n f i n i t y 100 50 25

1 t  0 .29 I n f .  to  350 60 15 3 .6

2 + 0 .15 I n f .  to  700 30 7 .5 1.8

4 ± 0.075 I n f .  to  1,400 15 3 .8 O.S

8 t  0 .038 I n f .  to  2,800 7 .5 1.9 0 .5

I t  can be seen from ta b le  1 th a t  th e  depth  o f f i e l d  v a r ie s  

in v e rs e ly  as th e  p u p il  diam £er and approx im ately  d i r e c t l y  as th e  square 
o f th e  d is ta n c e  focused . S im ila r  ta b le s  have been p u b lish e d , a lthough  
a value  o th e r  th a n  1 m inute o f  a rc  may have been chosen as th e  b a s is  o f 

th e  c a lc u la t io n .

The range o f va lu es  chosen by d i f f e r e n t  au th o rs  may re a d i ly  be 

seen by in s p e c tin g  ta b le  2.



T ab le  2 .

A uthor Depth o f  fo cu s w ith  H yperfoca l d is ta n c e

2 mm p u p il  in  d io p t r e s .  in  m e tre s .

A d ler (1950) t  0 .067  15

Von Bahr (1952) + 0 .1 5  6 .7

Campbell & W eir (1953) + 0 .1 5  6 .7

Davson (1949) + 0 .2 5 + 4

Emsley (1952) t  0 .0 9  11.1

Le Grand (1952) 1  0 .1 5  6 .7

H art r id g e  (1952) "t 0 .063  16

H elm holtz (1909) t  0.O83+ 12

■Present in v e s t ig a t io n  -  0 .43  2 .3
+

P u p il s iz e  not s ta t e d .

I t  i s  c l e a r  th a t  th e r e  i s  a  c o n s id e ra b le  d if f e r e n c e  o f o p in io n  

about th e  amount o f b lu r r in g  th a t  th e  o b se rv e r  can d e te c t  between th e s e  

a u th o rs .  F u rth erm o re , a l l  o f  them have assumed th a t  th e  eye i s  a 

p e r f e c t  o p t i c a l  in s tru m en t w ith o u t a b e r r a t io n s .  But th e  eye has many 

a b e r r a t io n s ,  some o f  them o f c o n s id e ra b le  m agnitude, and th e  r e s u l t in g  

c a u s t ic  a t  th e  r e t i n a  i s  complex. T h is  makes an a c c u ra te  c a lc u la t io n  

o f th e  dep th  o f  f i e l d  so fo rm idab le  th a t  even G u lls tra n d  (1909) a b s ta in e d  

from a tte m p tin g  i t s  s o lu t io n .  I t  i s  th e re f o r e  s u r p r is in g  th a t  no 

a ttem p t has been made to  v e r i f y  e x p e rim e n ta lly  i f  th e  computed v a lu e s  a re  

c o r re c t  f o r  th e  norm al o b se rv e r . A lthough not b e a r in g  d i r e c t l y  on th e  

problem  th e r e  a re  a number o f  c l i n i c a l  r e p o r ts  re c o rd in g  th a t  c l e a r  v is io n  

may be p re s e n t  over a c o n s id e ra b le  range in  th e  aphakic o r  c y c lo p le g ic  

eye. B ric k e lp y  and Ogle (1953) have r e c e n t ly  review ed th e  c l i n i c a l  

l i t e r a t u r e  and a ls o  have m easured th e  dep th  o f f i e l d  o f 100 s u b je c ts  

under h o m a tro p in e-co ca in e  c y c lo p le g ia .

The d e te rm in a tio n  o f an a b so lu te  v a lue  f o r  th e  dep th  o f f i e l d  

must depend upon a d e f in i t i o n  o f  v is u a l  a c u i ty  and such a  d e f in i t i o n  

must in v o lv e  a r b i t r a r y  s ta n d a rd s  o f measurement and t a r g e t  d e s ig n .

Thus, th e  e x is te n c e  o f an a b so lu te  dep th  o f  f i e l d  i s  p ro b le m a tic a l .

The experim en ts h ere  d e sc r ib e d  have been designed  no t to  de term ine  th e  

m agnitude o f  th e  d ea th  o f f i e l d  a c c u ra te ly  under a l l  v is u a l  c o n d itio n s



bu t to  e s t a b l i s h  what f a c to r s  p e c u l ia r  to  th e  eye m odify any tre a tm e n t 

o f th e  su b je c t based on geom etric  o r  wave th e o ry  o p t i c s .

METHODS

A diagram  o f  th e  a p p a ra tu s  used i s  shown in  F ig u re  1, a lth o u g h  

i t  i s  no t drawn to  s c a le .

A.R
T

; T -  / 1 \ i >
i

w.s.

N.vy. FI
 ̂ B C

U4 1
F i g . 1. — Diagram of the apparatus. Not to scale. 

A. P. — artificial pupil. N. W. — neutral wedge. F. — 
colour filter.

A, B and C — glass plates carrying the target spots 
shown above the diagram. W. S. — white screen floodlit 
to 5,000 m l.

The equipment was mounted on a s ta n d a rd  1 m etre o p t ic a l  bench 

to  perm it easy  ad justm ent o f  th e  com ponents. The s u b je c t 's  head was 

s te a d ie d  by means o f a ch in  and fo reh ead  r e s t  and one eye was c e n tre d  

on th e  a r t i f i c i a l  p u p il  (A .P .) p la c e d  as c lo se  to  th e  eye as p o s s ib le .

The o th e r  eye was co vered . I f  th e  su b je c t was am etrop ic  he wore h is  

c o r r e c t io n .  The su b je c t could  th e n  view a w h ite  sc re e n  (W.S.) p la ced  

a t  th e  f a r  end o f th e  bench th rough  th r e e  g la s s  p la t e s  A, B and C. The 

sc re e n  c o n s is te d  o f a la y e r  o f  magnesium oxide d e p o s ite d  on an a lum in ised  

m ir ro r  th a t  was evenly  l i t  to  a lum inance o f 5 ,000 mL w ith  two f lo o d l ig h ts  

o f  c o lo u r  te m p era tu re  -3,000° K e lv in . The m iddle g la s s  p la te  (B) c a r r ie d  

a  v e r t i c a l  row o f th r e e  d is c s  seen dark  a g a in s t th e  d ark  background.

P la te  A c a r r ie d  a  s in g le  d is c  s i tu a te d  so th a t  i t  appeared  to  th e  l e f t  

o f th e  v e r t i c a l  row and p la te  C c a r r ie d  a s im i la r  d is c  d isp la c e d  to  

th e  r ig h t  o f th e  row. The s iz e  o f each d is c  was a d ju s te d  so th a t  i t
subtended an ang le  o f  101 a t th e  eye and each was p la c e d  about 20 ' from



i t s  n e ig h b o u r (se e  u pper p o r t io n  o f  f ig u re  1 ) .  A squ are  s to p  surrounded

th e  t a r g e t s ,  each s id e  o f w hich subtended 6 ° . These g la s s  p la te s

were mounted on o p t i c a l  s a d d le s  r id in g  on th e  bench . P la te  B was 

f ix e d  a t  50 cm from th e  eye . P la te s  A and C were f r e e l y  moveable 

a long  th e  bench and t h e i r  p o s i t io n  cou ld  be determ ined  from a  s c a le  

a t ta c h e d  to  th e  bench .

To de term ine  th e  d ep th  o f f i e l d ,  th e  su b je c t was asked to  f i x  

and accommodate on th e  m iddle spot o f  th e  v e r t i c a l  row on p la te  B.

P la te s  A and G c a r ry in g  th e  n e a r  and f a r  sp o ts  were th e n  moved s e p a ra te ly  

tow ards p l a t e  B u n t i l  th e y  appeared  in  sharp  fo c u s . Judgement o f  

sharp focus was g r e a t ly  f a c i l i t a t e d  by com paring th e  appearance o f th e  

sp o ts  w ith  th e  upper and low er sp o ts  on p la te  B known to  be in  sharp  

fo cu s . S u b je c ts  were p e m i t t e d  to  g lan ce  q u ic k ly  from one spo t

to  an o th e r to  en su re  th a t  each had an id e n t i c a l  ap p ea ran ce . The dep th  

o f  f i e l d  cou ld  th e n  be determ ined  by m easuring  th e  s e p a ra t io n  o f  p l a t e s  

A and C. T h is  method has th e  advantage th a t  a c c u ra te  accommodation

on th e  t a r g e t  a t  50 cm i s  u n n ece ssa ry . As long  as s u f f i c i e n t  accommodat

ion  i s  e x e r te d  to  b r in g  th e  n e a r  p o in t  o f  th e  dep th  o f  f i e l d  c lo s e r  th a n  

about 45 cm i t  w i l l  be d e te c te d  by p l a t e  A. A f te r  a  sh o rt t r a i n in g  

p e r io d  an i n t e l l i g e n t  s u b je c t c.an o b ta in  read in g s  d i f f e r i n g  on ly  by 

0 .02  d io p tr e s  from each o th e r .  O b se rv a tio n s  a re  f a t ig u in g  and a 

b r i e f  r e s t  p e r io d  i s  re q u ire d  a f t e r  each m easurem ent.

The lum inance o f  th e  t e s t  f i e l d  was a d ju s te d  by means o f a  n e u t r a l  

d e n s ity  wedge (N.V/.), s i tu a te d  c lo se  to  th e  a r t i f i c i a l  p u p i l .  To v a ry  

th e  c o n tra s t  o f  th e  t e s t  s p o ts  a g a in s t th e  background, each p la te  was 

s e p a ra te ly  i l lu m in a te d  w ith  a sm all lamp f i t t e d  w ith  a  condensing  le n s .
The beam o f l i g h t  from th e s e  lamps was focused  on th e  sp o ts  which c o n s is te d  

o f  a spot o f w h ite  p a i n t .  The lamps were a t ta c h e d  to  th e  o p t i c a l

sad d le s  so th a t th e y  moved a long  th e  bench w ith  th e  s a d d le s .  Luminance 

urns measured w ith  an S .E .I .  pho tom eter ( I l f o r d )  and t h i s  in  tu r n  was 

checked a t  freq u en t in t e r v a l s  a g a in s t a s ta n d a rd  lamp c a l ib r a t e d  by th e  

N a tio n a l P h y s ic a l L ab o ra to ry .

The hue o f  th e  t e s t  f i e l d  was a l t e r e d  by means o f  I l f o r d  spectrum



6

f i l t e r s  p la c e d  a t p o s i t io n  F on th e  bench . To o b ta in  a f i e l d  o f 

d i f f e r e n t  hue bu t o f  th e  same b r ig h tn e s s  a  sm all f l i c k e r  pho tom eter 

was p la c e d  on th e  bench and th e  n e u t r a l  wedge was used to  a d ju s t  th e  

in t e n s i t y  o f th e  co lo u red  f i e l d .  M atches were made w ith  a  c i r c u l a r  

f i e l d  su b ten d in g  2° a t  a  lum inance o f  1 mL.

M y d rias is  was ach ieved  w ithou t i n t e r f e r in g  a p p re c ia b ly  w ith  

accommodation by i n s t i l l i n g  1% aqueous s o lu t io n  o f  p-hydroxyam phetam ine 

hydrobrom ide (P a re d rin e  h y d ro c h lo r id e , P arke D avis) in to  th e  c o n ju n c tiv a l  

sac a t  5 m inute i n t e r v a l s  u n t i l  th e  p u p il  was s u i ta b ly  d i l a t e d .

The ch rom atic  d if f e r e n c e  o f  fo cu s o f  th e  eye, a f t e r  hom atropine

m y d ria s is , was m easured by p la c in g  a  +2 d io p tr e  le n s  b e fo re  th e  eye w ith

a 3 mm a r t i f i c i a l  p u p il  and m easuring th e  f a r  p o in t o f b lu r r in g  w ith  each 

o f th e  spectrum  f i l t e r s  in  p o s i t i o n .

The v e r n ie r  v is u a l  a c u i ty  was determ ined  by m odify ing  a s p e c tro 

m eter s im i la r  to  t h a t  d e sc r ib e d  by W right (1946). The e x i t  s l i t  o f 

th e  sp e c tro m e te r  was re p la c e d  by an a p e r tu re  o f 2 mm d ia m e te r  th ro u g h  

which th e  o b se rv e r  viewed a  v e rn ie r  t e s t  o b je c t 50 cm from th e  eye a g a in s t 

a  c i r c u l a r  co lo u red  background 2° in  d ia m e te r . V isu a l a c u i ty  was 

measured a t  s te p s  o f  10 toJjl from 430 to  710 m/J|p.t a  lum inance o f  1 mL.

The lum inance o f  th e  co lo u red  f i e l d  was a d ju s te d  to  a b o lis h  f l i c k e r  

when matched a g a in s t a  w h ite  f i e l d  o f  1 mL.

The chrom atic  d if f e r e n c e  o f focus o f th e  eye was c o r re c te d  by

p la c in g  an ach ro m atiz in g  le n s  im m ediately  beh ind  th e  2mm view ing  a p e r tu re  

c lo se  to  th e  ey e . The le n s  was k in d ly  le n t  by P ro fe s s o r  W. D. W right 

&nd i s  id e n t i c a l  to  th a t  d e sc r ib e d  by Thomson and W right (1947).

RESULTS

In  t h i s  t h e s i s  th e  m agnitude o f  th e  dep th  o f  f i e l d  i s  exp ressed  

in  two ways to  s im p lify  p r e s e n ta t io n  o f  th e  r e s u l t s .  The v a lu e s  a re  

g iven  e i t h e r  a s  t  h a l f  th e  t o t a l  dep th  o f  f i e l d  in  d io p t r e s ,  o r  as th e  

h y p erfo ca l d is ta n c e  in  m e tres  w hich i s  th e  re c ip ro c a l  o f  h a l f  th e  dep th  

o f f i e l d  exp ressed  in  d io p t r e s .



The e f f e c t  o f  lu m in o s ity  on th e  d ep th  o f f i e l d .

The d e te c t io n  o f  o u t-o f - fo c u s  b lu r r in g  should  depend upon th e  

r e s o lv in g  power o f th e  r e t i n a l  r e c e p to r s .  Thus any f a c to r ,  such as 

lu m in o s ity , w hich a l t e r s  r e t i n a l  form d is c r im in a t io n  cou ld  a f f e c t  th e  

th re s h o ld  f o r  b lu r  d e te c t io n .

The e f f e c t  o f  v a ry in g  th e  lu m in o s ity  o f th e  t e s t  f i e l d  on th e  

d e te rm in a tio n  o f th e  dep th  o f  f i e l d  w ith  a  2 mm d ia m e te r  p u p il  i s  shown 

in  f ig u re  2 .

o>

Hyperfocol Distance in Metres

F ig . 2. —  The effect of varying the luminance of the j
test field on the determination of the depth of field with 
a 3 mm diameter artificial pupil.

I t  can be seen  th a t  th e re  i s  a l i n e a r  r e l a t io n  betw een th e  lo g  

o f th e  lum inance and th e  h y p e rfo c a l d is ta n c e .  As expec ted , th e  h ig h e r  

th e  lum inance th e  more r e a d i ly  does th e  o b se rv e r  d e te c t  o u t-o f - fo c u s  

b lu r r in g .  O b se rv a tio n s  could  no t be c a r r ie d  out a t lum inance le v e ls  

low er th a n  0 .1  mL as th e  10' d iam ete r t e s t  sp o ts  could  b a re ly  be d e te c te d  

below t h i s  l e v e l .  The h ig h e s t lum inance which could  be o b ta in ed  w ith  

th e  ap p a ra tu s  was 2,000 mL, which i s  n e a r  th e  lum inance o f  a n ie c e  o f  

w hite  p ap e r viewed in  f u l l  s u n l ig h t .

Lvthgoe (1932) found an app rox im ate ly  l i n e a r  r e l a t io n  between 

fo v ea l v is u a l  a c u i ty  and th e  lo g  o f  th e  lum inance o f  th e  t e s t  o b je c t 

over t h i s  range o f lum inance. I t  th u s  seems p ro b ab le  th a t  th e  r e s u l t s



o b ta in ed  h e re  can be ex p la in ed  on th e  b a s is  o f change o f  r e t i n a l  

re s o lv in g  power w ith  lum inance, a lth o u g h  th e y  cannot be a c c u ra te ly  

p re d ic te d  from th e  r e s u l t s  o f  L ythgoe. I f  t h i s  be t r u e ,  th e n  dep th  

o f  f i e l d  m easurem ents shou ld  a lso  v ary  w ith  th e  c o n t ra s t  o f th e  t e s t  

o b je c ts  a g a in s t t h e i r  background, f o r  c o n t ra s t  i s  known to  e f f e c t  v is u a l  

a c u i ty  m easurem ents.

The e f f e c t  o f c o n tra s t  on d ep th  o f f i e l d .

The r e s u l t s  in  t h i s  experim ent w ere o b ta in ed  w h ile  u s in g  a  3 mm 

d iam ete r a r t i f i c i a l  p u p i l .  The 10' sp o ts  were -white and kep t a t  a  c o n s t

ant lum inance o f lOOmL w h ile  th e  lum inance o f th e  background was v a r ie d .  

C on trast was exp ressed  as fo llo w s

n + + • -  T est spo t lum inance -  Background lum inance
T est spo t lum inance

The r e s u l t s  a re  shown in  f ig u re  3 .

0-8

gO -6

0 -4

0-2

Hyperfocal D is tan ce  in Metres

F ig. 3. — The effect of varying the contrast between 
the test objects jand their background on the determina
tion of the depth of field. Pupil diameter was 3 mm.

I t  can be seen from f ig u re  3 th a t  a  l i n e a r  r e l a t i o n  i s  found 

between c o n tra c t  and h y p e rfo c a l d is ta n c e  over th e  range t e s t e d .  The 

g r e a te r  th e  c o n t ra s t  th e  e a s ie r  became th e  d e te c t io n  o f o u t-o f - fo c u s  

b lu r r in g .  D ete rm in a tio n  o f th e  dep th  o f f i e l d  became d i f f i c u l t  below 

a c o n tra s t  o f  0 .2  as th e  t e s t  sp o ts  merged w ith  th e  background.



The e f f e c t  o f  p u p il  s iz e  on dep th  o f f ie ld . ,

The r e l a t i o n  betw een p u p il  s iz e  and dep th  o f  f i e l d  has been

in v e s t ig a te d  over th e  p u p il  range 0 .7 5  to  7 ran d iam eter#  Over t h i s

range th e  p u p il  a re a  a l t e r s  by a  f a c t o r  o f 87 tim e s , so th a t  th e  r e t i n a l
1.94i l lu m in a t io n  a l t e r s  by 10 . R eference to  f ig u r e  2 w i l l  show

th a t  such a change o f  r e t i n a l  i l lu m in a t io n  w i l l  have an a p p re c ia b le  

e f f e c t  on any e s tim a te  o f d ep th  o f  f i e l d .  To i s o l a t e  th e  e f f e c t

o f  change o f  p u p il  s iz e  i t  i s ,  th e r e f o r e ,  n e c e ssa ry  to  keep r e t i n a l  

i l lu m in a tio n  c o n s ta n t .  S t r i c t l y ,  th e  b r ig h tn e s s  o f a  p h o to p ic  f i e l d  

v a r ie s  on ly  app ro x im ate ly  w ith  p u p il  a re a ,  f o r  w ith  la rg e  p u p i ls  th e  r e t i n a l  

d ir e c t io n  e f f e c t  d im in ish es  th e  ap p aren t b r ig h tn e s s  o f  l i g h t  ray s  re a c h in g  

th e  r e t i n a  th ro u g h  th e  p e r ip h e r a l  p a r t s  o f  th e  r e t i n a  ( S t i l e s  and Craw ford, 

1933). U sing th e  d a ta  p u b lish e d  by S t i l e s  and Craw ford, th e  s u b je c t 

iv e  b r ig h tn e s s  o f  th e  t e s t  f i e l d  was h e ld  c o n s ta n t w ith  change o f  p u p il  

s iz e  by a d ju s t in g  th e  n e u t r a l  wedge im m ediately  in  f ro n t  o f  th e  a r t i f i c i a l  

p u p i l .

The e f f e c t  o f a l t e r i n g  p u p il  s iz e  on th e  h y p e rfo c a l d is ta n c e  a t  

co n s tan t s u b je c t iv e  b r ig h tn e s s  i s  shown in  f ig u re  4 .  At 1 mm p u p il  

d iam ete r th e  lum inance o f  th e  background was 100 mL.

Hyperfocal Distance in Metres

F ig. 4. — The effect of altering pupil size on the hyper
focal distance at constant retinal illumination. At 1 mm 

1 pupil diameter the luminance of the background was 
i 100 mL.



1 0 .

I t  can be seen  from f ig u re  4 t h a t  as  th e  p u p il  d ia m e te r  in c re a s e s  

th e  h y p e rfo c a l d is ta n c e  in c re a s e s .  Two s t r a ig h t  l i n e s  o f  d i f f e r e n t  

g ra d ie n t can be f i t t e d  to  th e  r e s u l t s .  I f  th e  eye behaves as a  

p e r f e c t  o p tic  system  and obeys th e  law s o f geom etric  o p t ic s  th e s e  l i n e s  

should  on e x te n s io n  p a ss  th ro u g h  th e  zero  o f  th e  a x i s .  C le a r ly  th e y  

do not do so . As judged by eye, th e  in te r r u p te d  l i n e  i s  th e  b e s t 

s t r a ig h t  l i n e  p a s s in g  th ro u g h  th e  zero  o f th e  axes which can be f i t t e d  

to  th e  r e s u l t s .  I t  r e p re s e n ts  th e  th e o r e t i c a l  r e l a t i o n  between

p u p il d im a te r  and h y p e rfo c a l d is ta n c e  and co rresponds to  a  d is c  o f 

confusion  ap p ro x im ate ly  1 /1 ,0 0 0  t h  o f  th e  p o s te r io r  nodal d is ta n c e  o f 

th e  eye. The h y p e rfo c a l d is ta n c e  i s  found to  be g r e a te r  th a n  th a t

p re d ic te d  by g eom etric  o p t ic s  a t  p u p il  d ia m e te rs  sm a lle r  th a n  2 mm and 

le s s  th a n  th a t  p re d ic te d  f o r  p u p il  s iz e s  l a r g e r  th a n  2 mm.

The d e v ia t io n  o f th e  r e s u l t s  o b ta in ed  w ith  p u p il  d iam ete rs  

g r e a te r  th a n  2 mm can r e a d i ly  be accounted  fo r  by th e  r e t i n a l  d i r e c t io n  

e f f e c t .  S t i l e s  and Crawford (1933) dem onstra ted  th a t  a  ra y  o f l i g h t

e n te r in g  a  p e r ip h e r a l  p o r t io n  o f  th e  p u p il  was l e s s  e f f e c t iv e  in  

s tim u la t in g  th e  r e t i n a l  cones th a n  a ray  o f equal i n t e n s i t y  e n te r in g  

by th e  c e n tre  o f th e  p u p i l .  Thus a t  wide p u p il  d ia m ete rs  th e  p e r ip h e r a l  

p o r t io n s  o f  th e  o p t ic a l  system  o f th e  eye do not c o n tr ib u te  f u l l y  to  

th e  f i n a l  v is u a l  p e rc e p t io n .  As th e s e  p e r ip h e ra l  ray s  produce

some o f th e  b lu r r in g  around an o u t-o f - fo c u s  image formed on th e  r e t i n a ,  

any d im in u tio n  in  t h e i r  e f f e c t iv e  b r ig h tn e s s  w i l l  reduce th e  amount o f  

b lu r r in g  p e rc e iv e d . The e f f e c t iv e  p u p il  s iz e  could  be d e fin e d  as th a t  

s iz e  o f  p u p il  which would g iv e  r i s e  to  a  g iven  s u b je c t iv e  b r ig h tn e s s  i f  

th e re  was no r e t i n a l  d i r e c t io n  e f f e c t .  F or example, a cco rd in g  to  th e  

d a ta  o f S t i l e s  and Crawford a  n a tu r a l  p u p il  o f 6 mm d ia m e te r  would have 

to  be re p la c e d  w ith  a  p u p il  o f  5 .6  mm d ia m ete r to  g iv e  th e  same s u b je c t iv e  

b r ig h tn e s s  as  b e fo re  in  th e  absence o f  th e  r e t i n a l  d i r e c t io n  e f f e c t .  The 

fo llo w in g  fo rm ula has been d ev ised  by M artin  (1954) to  f in d  th e  e f f e c t iv e  

p u p il  s iz e  and i s  th e  one used in  t h i s  t h e s i s  to  c o r re c t  th e  r e s u l t s .

y l  -  exp ( -  0 .105  R2 )

0.105

v/here Re = e f f e c t iv e  p u p il  ra d iu s
R = p u p il  ra d iu s  as measured th ro u g h  th e  co rn ea .



The r e s u l t s  shown in  f ig u re  4 have been c o r re c te d  f o r  t h i s  e f f e c t  

and a re  shown in  f ig u re  5 . The r e t i n a l  d i r e c t io n  e f f e c t  i s  to o  sm all 

to  in f lu e n c e  th e  r e s u l t s  o b ta in ed  a t p u p il  d ia m ete rs  l e s s  th a n  2 .5  mm 

and th e y  a re  no t shown.

I t  can be seen  th a t  th e  c o r re c te d  r e s u l t s  ag ree  c lo s e ly  w ith  

th e  p re d ic te d  r e s u l t s .  The r e s u l t s  o b ta in ed  w ith  th e  7 mm p u p il  

( e f f e c t iv e  d ia m e te r  5 .3  mm) does no t f i t  so c lo s e ly ,  bu t t h i s  may be 

due to  th e  p r a c t i c a l  d i f f i c u l t y  o f  c e n te r in g  th e  a r t i f i c i a l  p u p il  

a c c u ra te ly  on th e  d i l a t e d  n a tu r a l  p u p i l .

The c lo se  agreem ent o f th e  c o r re c te d  r e s u l t s  w ith  th e  th e o r e t i c a l  

r e l a t io n  betw een p u p il  s iz e  and dep th  o f  f i e l d  s tre n g th e n s  th e  h y p o th e s is  

th a t  th e  r e t i n a l  d i r e c t io n  e f f e c t  in f lu e n c e s  o u t-o f - fo c u s  b lu r r in g ,  bu t 

th e  agreem ent cou ld  be c o in c id e n ta l .  The nex t experim ent was d esigned  

to  t e s t  th e  h y p o th e s is  more c r i t i c a l l y .

The e f f e c t  o f  c o lo u r on dep th  o f f i e l d .

The m agnitude o f  th e  r e t i n a l  d i r e c t io n  e f f e c t  has been found to

vary  w ith  th e  w avelength  o f th e  l i g h t  ( 3 t i l e s ,1 9 3 7 ) . Thus, i f  th e

p e rc e p tio n  o f  b lu r r in g  i s  in f lu e n c e d  by t h i s  e f f e c t , th e  dep th  o f  f i e l d

O I 2 3 4  5 6
Hyperfocal D is tan ce  in Metres

Fig. 5.—  The results shown in figure 4 corrected for 
the retinal direction effect of Stiles and Crawford
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o f th e  eye should  a lso  vary  w ith  th e  c o lo u r  o f th e  v is u a l  f i e l d  a t 

wide p u p il  a p e r tu r e s .  To t e s t  t h i s  d ed u c tio n  th e  d ep th  o f f i e l d

was determ ined  by exam ining th e  t e s t  f i e l d  th ro u g h  I l f o r d  spectrum  

f i l t e r s  h o . 600 to  609. The n e u t r a l  d e n s ity  wedge was a d ju s te d

so th a t  th e  app aren t lum inance o f  th e  f i e l d  was th e  same f o r  each wave

le n g th  (1 mL) .

The r e s u l t s  a re  shown in  f ig u r e  6 . The h o r iz o n ta l  in te r r u p te d  

l i n e s  in d ic a te  th e  dep th  o f f i e l d  f o r  w h ite  l i g h t  a t  a  lum inance o f  1 mL 

fo r  th e  v a r io u s  p u p il  s iz e s  u sed .

-White
6mm 6mm

White „  
4mm
White __ 
3mm

>3mm
>2mmWhite 

2 mm

7 0 06 0 0
Wavelength in MJJ

5 0 04 0 0

F i g . 6 . — The effect of change of wavelength of the 
background on hyperfocal distance at pupil diameters 
of 2, 3, 4 and 6 mm. The horizontal interrupted line 
indicates the hyperfocal distance obtained with white 
light at these pupil sizes. All measurements made at a 
luminance of 1 mL.

W ith an a r t i f i c i a l  p u p il  d ia m e te r  o f  2 mm th e  dep th  o f f i e l d  

between 500 and 690 mp* i s  f a i r l y  c o n s ta n t and c lo se  to  th e  v a lu e  f o r  

w hite  l i g h t .  Between 410 and 500 mJU-the h y p e rfo ca l d is ta n c e  d e c re a se s , 

in d ic a tin g ' th a t  th e  eye i s  t o l e r a t i n g  a g r e a te r  degree o f  o u t-o f - fo c u s  

b lu r r in g .

However, th e  r e s u l t s  o b ta in ed  w ith  a 6 mm d ia m e te r  p u p il  a re  

q u ite  d i f f e r e n t .  The h y p e rfo c a l d is ta n c e  f o r  w aveleng th  550 nytt. i s  

g r e a te r  th a n  th a t  f o r  w h ite  l i g h t ,  in d ic a t in g  th a t  th e  eye i s  more 

s e n s i t iv e  to  o u t-o f - fo c u s  b lu r r in g  n e a r  to  th e  m iddle o f th e  v i s ib l e  spectrum .



13.

W ith b lu e  o r  red  l i g h t ,  however, th e  h y p e rfo c a l d is ta n c e  i s  l e s s  than. 

tha.t f o r  w h ite  l i g h t .  In te rm e d ia te  r e s u l t s  a re  o b ta in e d  w ith  p u p i l s  

o f  3 an 4 mm d ia m e te r .

In  f ig u r e  7 i s  p lo t t e d  th e  e f f e c t  o f  w avelength  change on th e  

r e t i n a l  d i r e c t io n  e f f e c t  as  o b ta in ed  by S t i l e s  (1 9 3 7 ). The s c a le  o f 

th e  o rd in a te  has been chosen to  g iv e  a  s im i la r  change in  m agnitude A  

t h a t  shown in  f ig u re  6 .

!

7 0 06 0 05 0 04 0 0
Wavelength in MjJ

Fig. 7. — The relationship between the magnitude 
of the retinal direction effect and the wavelength of the 
test light. Redrawn from Stiles . Tim scale of the 
ordinates has been chosen to give a similar change in 
magnitude to that shown in figure 6.

Comparison o f f ig u r e s  6 and 7 shows s e v e ra l p o in ts  o f s im i l a r i t y  

in  th e  g ra p h s . The w aveleng th  w hich p roduces th e  minimum dep th  o f

f i e l d  and th e  mimimum r e t i n a l  d i r e c t io n  e f f e c t  i s  about 580 mjt. The 

sh o rt wave end o f th e  spectrum  produces a  l a r g e r  dep th  o f  f i e l d  and a 

g r e a te r  r e t i n a l  d i r e c t io n  e f f e c t  th a n  th e  lo n g  w avelength  end o f th e  

spectrum . These s i m i l a r i t i e s  and th e  f in d in g  th a t  th e  e f f e c t  in c re a s e s  

w ith  in c re a s e  in  p u p il  s i z e ,  f u r th e r  su p p o rts  th e  co n c lu sio n  th a t  th e  

r e t i n a l  d i r e c t io n  e f f e c t  in f lu e n c e s  th e  p e rc e p tio n  o f o u t-o f - fo c u s

b lu r r in g .  C lo se r  agreem ent could  no t be exoected  as S t i le /a n d  Crawford
h

have shown th a t  some v a .r ia i t io n  o f th e  e f f e c t  occurs  between o b se rv e rs .

However, th e  change w hich o ccu rs in  th e  dep th  o f  f i e l d  w ith  wave

le n g th  cannot be e n t i r e l y  accounted  f o r  on th e  b a s is  o f th e  r e t i n a l  

d ir e c t io n  e f f e c t .  In s p e c tio n  o f f ig u re  6 show's th a t  even w ith  a 2 mm



p u p il  th e  h y p e rfo c a l d is ta n c e  d e c re a se s  p ro g re s s iv e ly  w ith  w aveleng ths 

l e s s  th a n  500 m^u At t h i s  sm all p u p i l  s iz e  th e  r e t i n a l  d i r e c t io n  

e f f e c t  i s  to o n s l ig h t  to  account f o r  th e  change found a t  th e  b lu e  end o f 

th e  spectrum . The most l i k e l y  e x p la n a tio n  o f  t h i s  d e v ia t io n  i s  a 

d ec re a se  in  retig& L re s o lv in g  power w ith  sh o r t  w av e len g th s . To t e s t  

t h i s  e x p la n a tio n , th e  v e r n ie r  v is u a l  a c u i ty  was determ ined  a t v a r io u s  

w aveleng ths a t  a  lum inance o f 1 mL.

The r e s u l t s  a re  shown in  f ig u re  8 .

• • •
• • •............

7 0 06 0 05 0 0
Wavelength in my

4 0 0

F ig . 8 . — The variation of vernier visual acuity with 
wavelength. All measurements made at luminance of 
1 mL. Chromatic difference of focus corrected with achro- 
matising lens.

I t  can be seen  th a t  a t  t h i s  lum inance th e  v e rn ie r  a c u i ty  d e c re a se s  

ra p id ly  from 520 to  430 mjUL. I t  th u s  seems l i k e ly  th a t  some o f  th e  

dec rease  in  h y p e rfo c a l d is ta n c e  w ith  s h o r te r  w avelengths, as shown in  

f ig u re  6, i s  due to  a l t e r a t i o n  in  r e t i n a l  re s o lv in g  power and th a t  i t  i s  

not due e n t i r e l y  to  th e  r e t i n a l  d i r e c t io n  e f f e c t .

A f u r th e r  p o in t  o f  i n t e r e s t  a r i s e s  from th e  r e s u l t s  shown in  

f ig u re  6 . I t  i s  c l e a r  th a t  a t  l a r g e r  p u p il  s iz e s  th e  dep th  o f  f i e l d  

w ith  l i g h t  o f w aveleng th  about 560 mjUL i s  l e s s  th a n  th a t  o b ta in ed  w ith  

w hite  l i g h t  o f  th e  same lu m in a n c e .. As th e s e  m easurem ents were made 

w ith  f a i r l y  narrow  band c o lo u r  f i l t e r s ,  any c o lo u r f r in g e s  around th e



r e t i n a l  image due to  ch rom atic  a b e r r a t io n  would be e l im in a te d . But 

th e  f r in g e s  would be p re s e n t  in  th e  measurem ents made w ith  a  w h ite  

background. The nex t experim ent was th e r e f o r e  d esig n ed  to  t e s t  i f  

th e  e l im in a tio n  o f ch rom atic  a b e r r a t io n  m o d ifie s  th e  d e te rm in a tio n  o f  

th e  d ep th  o f  f i e l d .

The e f f e c t  o f  chrom atic  a b e r r a t io n  oh th e  d ep th  o f f i e l d .

I t  has lo n g  been known th a t  th e  norm al human eye i s  myopic to

l i g h t  from th e  b lu e  end o f  th e  spectrum  and hyperm etrop ic  to  l i g h t  from 

th e  red  end . The m agnitude o f t h i s  ch rom atic  d if f e r e n c e  o f fo cu s i s

c o n s id e ra b le  and i s  sh^own f o r  th e  a u th o r 's  l e f t  eye in  f ig u re  9 .

3+ 0-5

0-0

, -0 -5

7 0 06 0 05 0 0
Wavelength in mjj
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F ig. 9 .—  •  chromatic difference of focus of author’s 
left eye. O chromatic difference of focus after correction 
with the Thomson and W right lens.

The m agnitude o f th e  chrom atic  d if f e re n c e  o f focus  ag ree s  w e ll 

w ith  th e  e s tim a te s  o f  H art r id g e  (1947) and Iv a n o ff  (1947 ). The 

chrom atic  d if f e r e n c e  o f focus does no t vary  w ith  p u p il  s iz e ,  bu t th e  

s iz e  o f  th e  co lo u red  f r in g e s  around an image does d e c re a se  w ith  d im in u tio n  

o f p u p il  s i z e .  That i s ,  l a t e r a l  chrom atic  a b e r r a t io n  i s  m od ified

by p u p il  a p e r tu re  bu t no t chrom atic  d if f e re n c e  o f fo c u s .

The s im p le s t and most e f f e c t iv e  way o f  e l im in a tin g  chrom atic  

a b e r ra t io n  i s  to  use monochromatic l i g h t  b u t ,  as may be seen  from th e  

p rev io u s  ex p erim en ts , t h i s  would in v o lv e  a lso  a change in  th e  e f f e c t iv e  

p u p il  s iz e  due to  th e  h e t in a l  d i r e c t io n  e f f e c t .  To overcome t h i s



co m p lica tio n  an ach ro m atiz in g  le n s  desig n ed  by Thomson and W right (1947) 

was u sed . Due to  th e  sm all d im ensions o f  t h i s  l e n s ,  a  3 mm d ia m e te r

a r t i f i c i a l  p u p il  was th e  la r g e s t  th a t  cou ld  be used* I t  can be seen

from f ig u re  9 th a t  t h i s  le n s  e l im in a te s  th e  chrom atic  d if f e r e n c e  o f  focus 

in  th e  l e f t  eye o f th e  a u th o r .  I t  does n o t,  however, e n t i r e ly  a b o l is h

th e  c o lo u r  f r in g e s  around an image f o r  i t  in co m p le te ly  c o r r e c t s  th e  

ch rom atic  d if f e r e n c e  o f  m a g n if ic a tio n , bu t t h i s  w i l l  be o f sm all m agnitude 

i f  th e  le n s  i s  p la c e d  c lo se  to  th e  eye and i s  c o r r e c t ly  c e n tre d .

The e f f e c t  o f e l im in a tin g  th e  ch rom atic  d if f e r e n c e  o f focus on 

th e  dep th  o f  f i e l d  in  4 s u b je c ts  i s  shown in  t a b le  3 . I t  can be seen  

in  a l l  c a se s  t h a t  th e  dep th  o f  f i e l d  exp ressed  in  d io p tre s  i s  d im in ished  

when th e  s u b je c ts  use  th e  ach ro m atiz in g  le n s .  That i s ,  th e  su b je c t 

p e rc e iv e s  o u t-o f - fo c u s  b lu r r in g  w ith  g r e a te r  ease  when th e  chrom atic  

f r in g e s  around an image a re  d im in ish ed .

T ab le  3 .

Depth o f  focus in  d io p tre s  w ith  3 mm p u p il

S u b jec t W ithout W ith
achrom atic  l e n s .  achrom atic  le n s .

F . W. C. t  0 .34  t  0.31

A. M. G. + 0 .43  t  0 .36

H. C. t  0 .56  t  0 .51

+ 0 .38  t O . 35

R e su lts  o b ta in e d  w ith  o th e r  s u b je c t s .

W ith th e  e x ce p tio n  o f  some r e s u l t s  shown in  t a b le  3 , a l l  th e  

f in d in g s  were o b ta in ed  by th e  a u th o r, who to o k  p a r t i c u l a r  ca re  to  c o r re c t  

an a s t ig m a tic  e r r o r  o f  0 .7 5  d io p t r e .  H is c o r re c te d  v is u a l  a c u i ty  

m easured w ith  a b roken  C t e s t  was 6 /4 . The experim en ts were p a r t i c u l a r 

ly  f a t ig u in g  as  accurate, judgement o f p re sen ce  o r  absence o f  b lu r r in g  

r e q u ire s  c a r e fu l  ad justm en t o f th e  a p p a ra tu s . F o r t h i s  reaso n  i t  has 

no t ye t been p o s s ib le  to  re p e a t a l l  th e  experim ents in  f u l l  w ith  o th e r  

s u b je c ts ,  b u t a  number o f l im ite d  co n firm a to ry  experim en ts have been



c a r r ie d  out and some o f  th e  r e s u l t s  a re  shown in  t a b l e  4 .

T ab le  4 .

S u b je c t . 
*

Depth o f  fo cu s w ith  3 mm 
p u p i l  a t  1 ,000 mL.

Depth o f  focus 
p u p i l  a t  1

0o0• i  0 .3 3  D ± 0 .52

H. M. C. t  0 .4 5 i  0 .53

A. M. C. t  0©43 ± 0 .62

A. S. ± 0 .54 ± 0 .63

H. S. t  0449 -

T . C. D. W. ± 0 .3 8 -

T . A. S . B. ± 0 .4 5 —

I t  can be seen  th a t  th e  a u th o r  (F.W .C.) was ab le  to  d e te c t  o u t-  

o f - fo c u s  b lu r r in g  w ith  g r e a te r  ease  (0 .3 3  D) th a n  any o f  th e  o th e r  

s u b je c t s .  T h is  may w e ll be due to  p r a c t ic e  and f a m i l i a r i t y  w ith  th e

ap p ara tu so  I t  may be s ig n i f i c a n t  th a t  th e  nex t low est r e s u l t  (0 .3 8  D) 

was o b ta in ed  w ith  s u b je c t T .C .D .W ., who has had e x p e n s iv e  ex p erien ce  

o f  t h i s  ty p e  o f  o b s e rv a tio n .

DISCUSSION.

I t  i s  c l e a r  from th e s e  r e s u l t s  th a t  no a b so lu te  v a lue  can be 

g iven  f o r  th e  dep th  o f  f i e l d  o f th e  human eye, f o r  th e  m agnitude depends 

upon such f a c to r s  as th e  lum inance, c o n tra s t  and c o lo u r  o f th e  t e s t  

t a r g e t  and a lso  upon th e  ex p erien ce  o f  th e  s u b je c t . .  Throughout t h i s  

in v e s t ig a t io n  th e  l i m i t s  o f  th e  dep th  o f  f i e l d  have been determ ined  by 

f in d in g  th e  th re s h o ld  o f  p e rc e p tio n  o f  th e  b lu r r in g  o f  th e  m argins o f 

a  10’ b la c k  d is c  on a -b r ig h t  background. T h is  ty p e  o f t e s t  o b je c t 

was used to  p erm it s im u ltaneous com parison o f s im i la r  t e s t  o b je c ts  

p la ced  a t th e  f a r  and n e a r  p o in t o f  th e  d ep th  o f  f i e l d  w ith  t e s t  o b je c ts  

known to  be n e a r  th e  co n ju g a te  focus o f th e  r e t i n a .  The s iz e  o f th e  

t e s t  o b je c t was a r b i t r a r i l y  chosen to  be 10’ a f t e r  a  few p re lim in a ry  

t e s t s  had shown th a t  sm a lle r  d is c s  were d i f f i c u l t  to  d e te c t  a t low 

lum inances and c o n t r a s t s .  I t 'a s 'p r o b a b l e  t h a t  M s t  <9bpbts 6$



d i f f e r e n t  s iz e  and shape would g iv e  d i f f e r e n t  v a lu e s  f o r  th e  d ep th  o f  

f i e l d ,  bu t l i t t l e  d i f f e r e n t  in fo rm a tio n  o f  p h y s io lo g ic a l  i n t e r e s t  

would acc ru e  from, th e s e  o b s e rv a tio n s .

T here a re  good grounds f o r  b e l ie v in g  th a t  th e  method used  in  

t h i s  I n v e s t ig a t io n  i s  a s e n s i t iv e  one w hich g iv es  low v a lu e s  f o r  th e  

d ea th  o f  f i e l d .  Von Ba.hr (1952) has used a t e s t  in v o lv in g  th e  

measurement o f  v e r n ie r  v is u a l  a c u i ty  to  determ ine th e  l i m i t s  o f  th e  dep th  

o f  f i e l d  and has ob ta ined  v a lu e s  s u b s t a n t i a l l y  h ig h e r  th a n  th o se  o f th e  

p re s e n t in v e s tig a tio n ^ ' fu rth e rm o re , th e  l i m i t s  o f h is  ex p erim en ta l e r r o r  

ap p ea r to  be la rg e  and he was unab le  to  dem onstra te  a  c o n s is te n t  change 

o f dep th  o f  f i e l d  w ith  c o lo u r .  B r ic k le v  and. Ogle (1953) have t e s t e d  

s e v e ra l methods and conclude th a t  a. t e s t  based  on th e  re c o g n itio n  o f  

b lu r r in g  o f  a p o in t source  o f  l i g h t  was a more c r i t i c a l  method th a n  a 

t e s t  in v o lv in g  measurement o f  v is u a l  a c u i ty .  Oshima (1958) on th e  

o th e r  hand has r e c e n t ly  p u b lish e d  a p a p e r g iv in g  v a lu e s  f o r  th e  dep th  

o f  f i e l d  some 10 to  15 tim es  sm a lle r  th a n  found in  t h i s  in v e s t ig a t io n .

H is method was to  have two p la n e s  a t d i f f e r e n t  d is ta n c e s ,  one p la n e  

b e in g  f ix e d  and th e  o th e r  m oveable. By means o f m ir ro rs  th e s e  p la n e s  

were mixed so th a t  a sharp  boundary l i n e  formed where th e  p la n e s  m et.

I t  i s  d i f f i c u l t  to  u n d ers tan d  why t h i s  p a t i c u l a r  ty p e  o f  t a r g e t  p r e s e n ta t 

io n  should  be so much more s e n s i t iv e  to  b lu r r in g  to  th e  ex ten t o f  a t 

l e a s t  a f a c t o r  o f  10. From h is  d a ta  i t  i s  p o s s ib le  to  c a lc u la te  th a t  

th e  b lu r  o f th e  boundary l i n e  became apparen t when i t s  b re a d th  was sub

te n d in g  an ang le  o f on ly  12" o f a r c .

In  t h i s  in v e s t ig a t io n ,  th e  low est v a lu e  o b ta in ed  under optimum 

c o n d itio n s  o f lum inance and c o n tra s t  f o r  th e  dep th  o f  f i e l d  i s  about 

± 0 .3  D f o r  a  3 mm d ia m e te r  p u p i l .  I f  such an eye i s  assumed to  be 

a p e r f e c t  o p t i c a l  system  w ith o u t a b e r r a t io n s ,  a  p o in t source  would sub
te n d  a  b lu r  d is c  ap p ro x im ate ly  3 ’ in  d ia m e te r  when p la c e d  a t  th e  l im i t s  

o f  th e  d ep th  o f  f i e l d .  T h is  v a lue  i s  about 2 to  3 tim es  g r e a te r  th a n  

th e  f ig u re  co n v en tio n a lly "u d ed  f o r  c a lc u la t in g  th e  d ep th  o f  f i e l d  by 

means o f  geom etric  o p t i c s .  On th e  o th e r  hand, th e  d a ta  o f Oshima 

i s  about 5 tim es  l e s s  th a n  th e  c o n v en tio n a l f ig u r e .



F ry  (1955) appes.rs to  be th e  o n ly  w orker who has  c a lc u la te d  

th e  dep th  o f  f i e l d  by c o n s id e r in g  th e  o u t-o f - fo c u s  image in  te rm s o f  

d i f f r a c t i o n  and wave th e o ry .  He c a lc u la te d  t h a t ,  when th e  eye i s  

out o f  fo c u s , th e  g eo m e tric a l image can be regarded  as a  c lo se  approx im at

io n  to  th e  p h y s ic a l image determ ined  by wave th e o ry .

S ev era l f a c to r s  ap p ea r to  c o n tr ib u te  to  th e  r e l a t i v e  i n s e n s i t i v i t y  

o f th e  eye to  o u t-o f - fo c u s  b lu r r in g .  F i r s t l y ,  th e  r e s u l t s  o f  t h i s  

s tu d y  in d ic a te  th a t  when th e  chrom atic  a b e r ra t io n  o f  th e  eye i s  d im in ished  

th e  o b se rv e r  can d e te c t  o u t-o f - fo c u s  b lu r r in g  w ith  g r e a te r  e a se . Ohm an

(1949) a lso  n o ted  t h i s  e f f e c t  and fu rth e rm o re  claim ed th a t  th e  d ep th  o f  

f i e l d  was in c re a se d  i f  a le n s  was used w hich in c re a se d  th e  amount o f  

a b e r r a t io n  p re s e n t  in  th e  norm al eye . However, von Bahr (1952) was

unab le  to  confirm  t h i s  f in d in g  u s in g  Oilman’ s own h y p erch ro m atiz in g  le n s .
Focus

F ry  (1955) c a lc u la te d  th a t  th e  dep th  o f  o f th e  eye should  be g r e a te r

w ith  w h ite  l i g h t  th a n  w ith  monochromatic l i g h t .  Now in  t h i s  t h e s i s

th e  r e s u l t s  were o b ta in ed  by m odify ing  th e  chrom atic  a b e r ra t io n  o f th e  

eye by means o f  monochrom atic l i g h t ,  and by th e  use o f  an ach ro m atiz in g  

le n s ,  and a ls o  by means o f  a  sm all p u p i l .  These th r e e  methods a l l  

d im in ish  th e  s iz e  o f ch rom atic  a b e r r a t io n  f r in g e s  around an i§HTige a lth o u g h  

th e y  have v a ry in g  e f f e c t s  on th e  chrom atic  d if f e re n c e  o f  focus and on th e  

chrom atic  d if f e r e n c e  o f  m a g n if ic a tio n  o f  th e  eye. Thus i t  may be 

concluded th a t  i t  i s  th e  f r in g e s  n o rm ally  found around a  r e t i n a l  image 

which in c re ^ e  th e  th re s h o ld  o f p e rc e p tio n  o f o u t-o f - fo c u s  b lu r r in g .

The r e t i n a l  d i r e c t io n  e f f e c t  o f  S t i l e s  and Crawford a ls o  h e lp s  

to  in c re a s e  th e  dep th  o f  f i e l d  o f th e  eye, e s p e c ia l ly  when th e  p u p il  

i s  l a r g e .  The norm al range o f p u p il  d iam ete r th a t  w i l l  occu r under

p h o to p ic  v iew ing c o n d itio n s  i s  2 to  6 mm. Over t h i s  range th e  dep th

o f f i e l d  was found to  vary  from -0 .4 3  to  *0.21 D ., th a t  i s ,  a  change by 

a  f a c to r  o f two ap p ro x im ate ly . But f o r  th e  r e t i n a l  d i r e c t io n  e f f e c t  

t h i s  change would be by a f a c to r  o f th r e e .  In  c a lc u la t io n s  to  determ ine

th e  d ep th  o f  f i e l d  i t  i s  th e re f o r e  n e c e ssa ry  to  use  no t th e  apparen t 

s iz e  o f th e  p u p il  as viewed th rough  th e  co rn ea , bu t th e  e f f e c t iv e  p u p il  

d ia m ete r w hich may be o b ta in ed  from th e  d a ta  o f S t i l e s  and Craw ford.



The same q u a l i f i c a t io n  a p p l ie s  to  an a r t i f i c i a l  p u p il  i f  i t  a c ts  as 

th e  e n tra n c e  p u p il  o f  th e  eye o r  to  th e  l im i t in g  p u p il  o f  an o p t i c a l  

in s t  rum ent.

F le tc h e r  (1951) ap p ea rs  to  have r e a l i s e d  th a t  th e  r e t i n a l  d i r e c t io n  

e f f e c t  shou ld  be co n sid e re d  when d is c u s s in g  th e  dep th  o f  focus, fo r..he  

s t a t e s : -
"The S tile s -C ra w fo rd  e f f e c t  has a  b e a r in g  on p r a c t i c a l  

a p p l ic a t io n s  o f  o c u la r  dep th  o f  fo c u s . The eye p ro b ab ly  ig n o re s  

some o f  th e  b lu r re d  a re a  o f  a r e t i n a l  image because o f  th e  l a r g e r  

an g le s  o f  in c id e n c e  a s s o c ia te d  w ith  b lu r r in g .  A u s e fu l  range o f 

to le r a n c e  may be ex tended  th u s  to  a s t ig m a tic  e r r o r s ,  p a r t i c u l a r l y  

to  sim ple a s tig m a tism ."

A lthough he does no t p re s e n t  any ex p erim en ta l r e s u l t s  to  s u b s ta n t i a te  

h i s  s ta tem en t th e  r e s u l t s  p re se n te d  in  t h i s  t h e s i s  do confirm  h is  d ed u c t

io n .

A ll human eyes have some deg ree  o f  s p h e r ic a l  a b e r ra t io n  a lth o u g h  

th e r e  a re  la rg e  in d iv id u a l  v a r ia n t io n s  in  i t s  m agnitude. At wide p u p il  

a p e r tu re s  t h i s  a b e r ra t io n  might a f f e c t  dep th  o f  f i e l d  m easurem ents.

However, i t  has no t been n e c e ssa ry  to  p o s tu la te  th e  o p e ra tio n  o f  t h i s  

f a c t o r  to  account f o r  th e  r e s u l t s  in  t h i s  in v e s t ig a t io n .

F o r p r a c t i c a l  g u id a n ce  t a b le  5 i s  p re s e n te d . To c o n s tru c t t h i s  

t a b le  i t  has been assumed th a t  th e  eye can ju s t  d e te c t  a  v a r ia t io n  o f  

i  0 ,3  1 w ith  a  3 mm p u p il  under c o n d itio n s  o f  h ig h  lum inance and h ig h  

b la c k  and w h ite  c o n t r a s t .  The v a lu e s  f o r  o th e r  p u p il  s iz e s  have been 

c o r re d te d  f o r  th e  r e t i n a l  d i r e c t io n  e f f e c t  u s in g  th e  f a c to r s  g iven  by 

M artin  (1 9 5 4 ). No c o r r e c t io n  has been made f o r  th e  e f f e c t s  o f  

ch rom atic  a b e r r a t io n  o r  v a r ia t io n s  in  r e t i n a l  i l lu m in a t io n .
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T a b le  JfS

Pupil 
diam e

ter 
in mm.

Depth  
of focus

Depth of field, when focussed on :

Infinity Hyperfocal
distance 25 cm

1 ±0.85 a to 1.18 m a to 0.59 m 31.8 to 20.6 cm
2 ±0.44 a to 2.27 m a to 1.13 m 28.1 to 22.5 cm
3 ±0.30 a to 3.33 m a to 1.67 m 27.0 to 23.3 cm
4 ±0.24 a to 4.17 m a to 2.08 m 26.6 to 23.6 cm
5 ±0.20 a to 5.00 m a to 2.50 m 26.3 to 23.8 cm
6 ± 0 .18 a to 5.56 m a to 2.28 m 26.2 to 23.9 cm
7 ±0.16 a to 6.25 m a to 3.12 m 26.0 to 24.0 cm
8 ±0.15 a to 6.67 m a to 3.33 m 26.0 to 24.1 cm

Depth of field if the eye based on the detection of ±  0*3 D 
with a 3 mm diameter pupil and corrected for the retinal direc
tion effect.

ACKN OVv LEDGEMEKT S

The o p t i c a l  a p p a ra tu s  used in  t h i s  in v e s t ig a t io n  was kindly- 

su p p lie d  by th e  W. H. Ross Foundation  (S co tlan d ) . I  would l i k e  

to  th a n k  P ro fe s s o r  W. D. W right f o r  th e  lo a n  o f  th e  ach ro m atiz in g  

le n s  and f o r  i n t e r e s t  in  t h i s  work. My th an k s  a re  due to  Dr 

W. S . S t i l e s  f o r  h is  i n t e r e s t  and c r i t i c i s m  o f th e  r e s u l t s  o f  t h i s  

work.

SUMMARY.

1. A sim ple bu t a c c u ra te  method o f  m easuring th e  dep th  o f 

focus  o f  th e  human eye i s  d e s c r ib e d »

2o At a  f ix e d  p u p il  s iz e  th e  h y p e rfo c a l d is ta n c e  was found to  

in c re a s e  d ire c tT y  w ith  th e  lo g  o f  th e  background lum inance over th e  

p h o to p ic  ran g e .
3 . I f  th e  lum inance and p u p il  s iz e  i s  h e ld  co n s ta n t th e  h yper

fo c a l  d is ta n c e  i s  found to  vary  l i n e a r l y  w ith  th e  c o n t r a s t .

4 .  I f  th e  c o n t ra s t  and th e  r e t i n a l  i l lu m in a tio n  i s  h e ld  c o n s ta n t ,  

th e  dep th  o f  f i e l d  v a r ie s  app ro x im ate ly  in v e rs id y  v /ith  p u p il  s i z e .

5 . W ith p u p il  d ia m ete rs  g r e a te r  th a n  2 .5  mm th e  observed  d e v ia tio n  

o f th e  h y p e rfo c a l d is ta n c e  from th e o r e t i c a l  e x p e c ta tio n  can be accounted 

f o r  by  th e  o p e ra t io n  o f th e  r e t i n a l  d i r e c t io n  e f f e c t  o f  S t i l e s  and 

Craw ford.
6 . F u r th e r  ev idence th a t  th e  r e t i n a l  d i r e c t io n  e f f e c t  m o d ifies  

dep th  o f f i e l d  has been o b ta in ed  by measurement w ith  f i e l d s  o f d i f f e r 

ent c o lo u r  bu t s im i la r  lum inance.



2 2 .

7 . C o rre c tio n  o f  th e  ch rom atic  a b e r r a t io n  in  th e  eye by means o f  an 

achrom atizing* le n s  d e c re a se s  dep th  o f  f i e l d .  The reaso n  f o r  t h i s  

ap p ea rs  to  be th e  re d u c tio n  o f  th e  co lo u red  f r in g e s  around a  r e t i n a l ,  

image r a th e r  th a n  th e  d e c re a se  o f  th e  chrom atic  d if f e r e n c e  o f focus 

produced by th e  ach ro m atiz in g  le n s .

8 . The minimum e s tim a te  f o r  dep th  o f  f i e l d  o b ta in ed  in  th e s e  experim en ts 

under optimum c o n d itio n s  o f  c o n t ra s t  and lum inance was about t  0 .3  D a t

a  p u p il  d ia m e te r  o f 3 mm.

9 . The r e s u l t s  o b ta in ed  by o th e r  w orkers in  t h i s  f i e l d  a re  d isc u sse d  

in  th e  l i g h t  o f  th e  p re s e n t  r e s u l t s .
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