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Summary 

Measurements of th resho ld con t ras t requ i red 
f o r var ious r e s o l u t i o n tasks a t var ious back
ground l i g h t l eve l s are repor ted . The p r e d i c 
t i ons of a simple s t a t i s t i c a l model based on 
photon-noise l i m i t e d de tec t ion are compared w i t h 
the emp i r i ca l observa t ions . Correspondence is 
encouraging prov ided care is taken to account f o r 
the v a r i a t i o n of a l l important parameters such as 
s p a t i a l and temporal i n t e g r a t i o n , p u p i l area, e t c . 

I n t r o d u c t i o n 

Since the ea r l y work of Konig in 1879, i t has 
been known t h a t v i s u a l a c u i t y , i . e . the a b i l i t y 
t o d i sc r im ina te f i n e d e t a i l i n an o b j e c t , p r o 
g ress i ve l y de te r i o ra tes as the l eve l o f i l l u m i 
n a t i o n f a l l s . Shlaer1 has shown tha t t h i s f a l l 
in v i s u a l acu i t y is dependent on the type of 
acu i t y p a t t e r n used. Thus at background 
luminances above 100 t r o l a n d s , the gap in a 
'Landol t C' p a t t e r n is eas ier to see than bars of 
a s i m i l a r w id th in a p a r a l l e l bar r e s o l u t i o n 
p a t t e r n . At lower luminances, the reverse is 
t r u e . The u l t i m a t e l i m i t o f acu i t y under 
optimum v iewing cond i t ions depends c r i t i c a l l y on 
the nature of the task . For ve rn ie r a c u i t y , a 
displacement of 2 seconds of arc between the top 
and bottom halves of a t h i n v e r t i c a l b lack l i n e 
has been de tec ted . For the Landol t 'C' and the 
p a r a l l e l bar p a t t e r n , gaps and bar widths of the 
order of 25' are the best t h a t have been reso lved . 

I t i s genera l l y agreed tha t the f a l l i n 
v i s u a l acu i t y a t low l eve l s o f i l l u m i n a t i o n i s 
connected w i t h the changeover from using the smal l 
cone summation areas of the fovea at h igh adapta
t i o n l e v e l s , to us ing the l a rge r rod summation 
areas of the per iphery at low l e v e l s . A l so , 
these summation areas are known to increase in 
s ize w i t h decrease in the background l e v e l , to 
which the eye is adapted. This w i l l a lso reduce 
a c u i t y . 

Th is account is concerned w i t h the recog
n i t i o n o f simple pa t te rns o f va ry ing con t ras t a t 
r e l a t i v e l y low l i g h t l e v e l s and is an extension 
of work on de tec t i on p rev ious l y descr ibed by the 
a u t h o r s 2 . The emp i r i ca l observat ions of de tec
t i o n th resho ld descr ibed in t h i s reference have 
been compared w i t h the p red i c t i ons of a simple 
s t a t i s t i c a l model f o r a photon-noise l i m i t e d 
de tec to r . This work, which is to be publ ished 
elsewhere, showed an encouraging correspondence, 
and the present paper descr ibes the a p p l i c a t i o n 
of the same technique to r e s o l u t i o n th resho lds . 

The Ideal Detector 

The or ig ina l idea of comparing the actual 
performance of the human visual system with an 
' Ideal Detector' is due to Rose3, although 
similar theories were developed independently by 
de Vries and also Pirenne. An ideal detector (or 
ideal picture pickup device) is one whose 
performance is l imi ted only by the s ta t i s t i ca l 
f luctuations in the number of incident photons 
picked up by the device. Presented with the task 
of detecting a pattern distinguished by a small 
luminance, A I , superimposed on a uniform background 
of luminance I, th is detector can do no better 
than count the photons arr iv ing wi th in the area 
where the pattern is ant ic ipated, and compare this 
with the mean density of a r r iva l of photons in the 
background I. Background photons are considered 
indistinguishable from target photons, and a l l 
these incident photons are given equal weight in 
the output of the device ( i . e . , it is l i near ) , so 
that every ef fect ive ly absorbed quantum is taken 
into account in the f i na l decision. 

In adapting th is concept, the ideal detector 
has been assumed to be subject to certain l i m i 
tat ion analogous to those of the eye. For 
example, it is taken to have the ab i l i t y to 
integrate temporally for a period which is assumed 
to vary as empirical observation suggests it does 
for the eye. Then again it is assumed that 
there is spatial integrat ion over an area the 
extent of which depends on the background l i gh t 
leve l . Some assumptions must be made about the 
method of determining I. For example, it may be 
assumed that the background can be sampled on a 
suf f ic ient number of occasions or over a su f f i c 
ient area by the ideal detector for the back
ground luminance I to be known precisely. 
A l ternat ive ly , it may be assumed that the measure
ment of I is subject to error in the same way as 
the measurement of 

Now, it is generally accepted that the num
bers of absorbed quanta f luctuate according to a 
Poisson d i s t r i bu t i on , the deviations from an 
average absorption of ft quanta thus having a root 
mean square value of n° • Thus if i quanta are 
absorbed from the background, it is these 
f luctuations that interfere with the detection of 
a small change AI in i l luminat ion. If th is small 
change in i l luminat ion, or ' s igna l ' , yields An 
absorbed quanta then, for a given r e l i a b i l i t y , the 
threshold of detection is given by 

where k is a constant ca l l ed the th resho ld s i g n a l -
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to -no ise r a t i o , i t s exact va lue depending on the 
requ i red degree o f c e r t a i n t y in d e t e c t i o n . 
Equat ion (1) is the bas ic equat ion of the 
f l u c t u a t i o n theory o f Rose. I t i s , however, an 
approx imat ion, f o r i t ignores the f l u c t u a t i o n s i n 
the s i g n a l . Thus, a more r igo rous form of the 
equat ion i s 

For a l l except the lowest background l e v e l s , t h i s 
equat ion approximates to ( 1 ) , s ince An >> n, but 
at very low background l e v e l s when t h i s c o n d i t i o n 
does not app ly , equat ion (2) must be used. 

In the experiments on d e t e c t i o n , i t was shown 
des i rab le to assume t h a t in what has been c a l l e d 
a pr imary r e c i p i e n t u n i t 2 the s e n s i t i v i t y va r i es 
r a d i a l l y over the e f f e c t i v e summation area over 
which s p a t i a l i n t e g r a t i o n takes p lace , a f a c t 
which has been recognised in the l i t e r a t u r e 4 , 5 . 
The assumed v a r i a t i o n is shown in F igure 1 , 2 , 5 

t h i s curve rep resen t ing a r a d i a l v a r i a t i o n of the 
form 

where rm is a f u n c t i o n of the background luminance, 
as shown in Figure 2. The adopt ion of t h i s 
expression has been j u s t i f i e d merely f o r con
venience i n c a l c u l a t i o n . I t g ives a good f i t t o 
the range o f e m p i r i c a l r e s u l t s which i t represents, 
but there is no reason to t h i n k t ha t i t has any 
b i o l o g i c a l s i g n i f i c a n c e . The summation t ime T 
and p u p i l area, ap, were assumed to vary w i t h 
background luminance in accordance w i t h the curve 
shown in Figure 3 and the data g iven in Table I . 

Wi th t h i s knowledge of the s p a t i a l and 
temporal summation c h a r a c t e r i s t i c s of the r e t i n a , 
i t now becomes poss ib le to c a l c u l a t e the number 
of photons An in a s ing le sample taken by the eye 
from a p a t t e r n i l l u m i n a t e d by A I . The mean 
number of quanta n from the background I may 
s i m i l a r l y be c a l c u l a t e d . S u b s t i t u t i o n of these 
in equat ion (1) now gives an equat ion f o r AI in 
terms of background luminance I. As a rough 
approximat ion t h i s i s o f the form 

but the prec ise r e l a t i o n s h i p i s apprec iab ly 
a f f ec ted by the v a r i a t i o n w i t h l i g h t l e v e l o f rm, 
T and a p . Since the technique of c a l c u l a t i o n is 
summarised in more d e t a i l in a companion paper 8 , 
i t i s no t proposed to e labora te f u r t h e r on the 
d e t a i l s here. 

I t was found t h a t f o r la rge ob jec ts a t h igher 
l i g h t l e v e l s the pr imary r e c i p i e n t de tec to r was 
inadequate to exp la i n the r e s u l t s , and i t was 
e s s e n t i a l a lso to assume the ex is tence of 
e longated l i n e a r "edge" d e t e c t o r s 2 . The evidence 
suggested t h a t these had a t ransverse v a r i a t i o n of 
s e n s i t i v i t y s i m i l a r t o the v a r i a t i o n across the 
diameter o f the u n i t s a l ready r e f e r r e d t o . This 

could be the r e s u l t of combining the output of a 
l i n e a r a r ray o f pr imary summation u n i t s . There 
was a lso evidence f o r a drop o f f in s e n s i t i v i t y 
towards the ends of these long summation areas 
and a law s i m i l a r to equat ion (3) was assumed, 
r ep lac i ng rm w i t h a leng th constant 1^ which was 
a lso found to be a s i m i l a r f u n c t i o n of background 
l e v e l . Values assumed f o r a l l these parameters 
are g iven in Table I which a lso gives ap the area 
of the n a t u r a l p u p i l assumed in these c a l c u l a t i o n s . 

Since the d e t a i l e d r e s u l t s of these exper i -
ments are to be publ ished elsewhere, i t w i l l 
s u f f i c e here merely to say t ha t f o r the pa t te rns 
t e s t e d , d i s c s , annu l i and p a r a l l e l b a r s , the 
correspondence between emp i r i ca l th resho lds and 
p red i c ted thresho lds was encouraging, d i sc repan
c ies being t y p i c a l l y less than 0 .2 in l o g a r i t h m i c 
u n i t s to the base 10. 

Resolu t ion Measurements 

The experiments repor ted here were designed 
to compare the th resho ld con t ras t f o r r e s o l u t i o n 
a t va r ious l i g h t l e v e l s o f the f o l l o w i n g p a t t e r n 
shapes: 

r a r a l l e l bars 
The "Foucau l t Fan" p a t t e r n 
The double d isc p a t t e r n 
The 'Lando l t C' 
A square equal to the gap in the ' Lando l t C' 
A v e r n i e r acu i t y p a t t e r n 

The shapes of these pa t te rns are shown in Figure 4. 
Three d i f f e r e n t s izes of each p a t t e r n were used, 
and the ob jec t was to see whether the v a r i a t i o n s 
between r e s o l u t i o n thresholds f o r d i f f e r e n t 
pa t te rns could to any ex ten t be accounted f o r by 
the a p p l i c a t i o n of the photon noise theory o u t 
l i n e d above. 

In these experiments the sub jec ts were g iven 
adequate t ime to adapt to an evenly i l l u m i n a t e d 
background, and the r e s o l u t i o n p a t t e r n was super-
imposed on t h i s , the co lour temperatures being 

r e s p e c t i v e l y . The r e s o l u t i o n 
th resho lds were determined by the s u b j e c t , who had 
c o n t r o l of the i l l u m i n a t i o n of the p a t t e r n . He 
was asked to s t radd le the po in t at which the 
r e s o l u t i o n fea tu re o f the p a t t e r n was j u s t v i s i b l e . 
I t is thus poss ib le to make a d i s t i n c t i o n between 
the " d e t e c t i o n " th resho ld a t which i t i s poss ib le 
to see the p a t t e r n as a who le , and the r e c o g n i t i o n 
th resho ld a t which is is poss ib le to see the reso 
l u t i o n fea tu re ( e . g . the bars in the p a r a l l e l bar 
r e s o l u t i o n p a t t e r n . With the except ion o f the 
square a l l the pa t te rns have such a f e a t u r e , e . g . 
the gap in the "Lando l t C", the ex is tence of two 
separate d iscs and the d i s c o n t i n u i t y in the v e r t i 
ca l l i n e . The square was inc luded f o r comparison 
w i t h the Landol t C where the task might be des
c r i bed as " see ing " the "miss ing square" where the 
gap is p resen t . 

The Resul ts 

The averaged increment th resho lds f o r the 
three sub jec ts are g iven i n Table I I . For 
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s i m p l i c i t y , the thresholds fo r the pa t te rns w i l l 
be compared two at a t ime. 

One s i m p l i f y i n g fea ture of the r e s u l t s is 
t h a t the corresponding bar and fan pa t te rns (as 
def ined in Figure A) have v i r t u a l l y i d e n t i c a l 
increment th resho lds . This i s t rue fo r a l l 
th ree s izes and a l l background luminances. This 
i s because the po in te rs i n d i c a t i n g where ' z ! i s 
measured are c e n t r a l l y placed on the fan p a t t e r n . 
I t has been found t ha t i f the po in te rs are used 
too near the top , the increment th resho ld f o r the 
fan is h igher than f o r the bars . Thus, w i t h the 
p rov iso t h a t the po in te rs are used in the cen t ra l 
r e g i o n , the comparisons of performance that w i l l 
be made w i t h the p a r a l l e l bar pa t t e rn would be 
the same if the comparisons had been made w i t h 
the fan p a t t e r n . 

In F igure 5, the f i r s t comparison is made 
between the increment thresholds f o r r e s o l u t i o n 
of the Landol t 'C' and the p a r a l l e l bar p a t t e r n s . 
I t i s f i r s t noted tha t the increment thresholds 
f o r the bar pa t te rns are considerably lower than 
the equ iva len t Landol t 'C' as def ined in terms of 
z in Figure 4. There are major d i f f e rences 
between the thresholds f o r these two p a t t e r n s . 
For the la rge and medium sizes of both p a t t e r n s , 
the increment th resho ld p rogress ive ly decreases 
as the background l e v e l is lowered, but f o r the 
smal l p a t t e r n s , the increment th resho ld is 
constant fo r background luminances of 10~4 mL and 
below. 

I t w i l l be seen tha t v e r t i c a l displacement 
of the curves f o r the bar p a t t e r n by 0.7 log u n i t s 
gives reasonably c lose f i t s to the curves f o r the 
Landol t C. This is t rue to some extent f o r a l l 
the p a t t e r n s , exc lud ing the squares, and might 
suggest t ha t once some allowance has been made f o r 
the o v e r a l l i n e f f i c i e n c y f a c t o r o f each p a t t e r n , 
they would a l l g ive much the same r e s u l t s . This 
i s , however, be l ieved to be an over 
s i m p l i f i c a t i o n , and indeed is only a rough approx i 
mat ion . Compared d i r e c t l y , there i s l i t t l e 
s i m i l a r i t y between the r e s u l t s . For example, 
the la rge Landol t C and the smal l bar pa t te rn 
requ i re the same con t ras t th resho ld f o r r e s o l u t i o n 
at a background l e v e l of -1 .80 Log mL. Below 
t h i s adapta t ion l e v e l , the thresho ld o f the la rge 
Landol t C becomes p rog ress i ve l y lower r e l a t i v e 
to tha t of the smal l bar p a t t e r n , wh i le above 
t h i s l e v e l , the reverse i s t r u e . Also f o r the 
h ighest background l e v e l , a con t ras t can be found 
f o r which a l l the bar pa t te rns but none of the 
Landol t C's can be reso l ved , whereas at the 
lowest background luminances a con t ras t l e v e l 
which j u s t a l lows a l l the bars pa t te rns to be 
reso l ved , on ly leaves the smal l Landol t C 
unreso lved. This again shows t h a t the bar 
p a t t e r n becomes more v i s i b l e in r e l a t i o n to t h i s 
' w h i t e ' Landol t C i f the background l e v e l is 
r a i s e d , at l eas t f o r the range of background 
luminances used here. I t w i l l be suggested 
l a t e r t h a t t h i s is because the Landol t C is 
reso lved us ing pr imary r e c i p i e n t u n i t s , wh i l e 
the bar p a t t e r n is resolved by l ine /edge 
d e t e c t o r s . 

In Figure 6, the increment thresholds fo r the 
r e s o l u t i o n of the 'double d i s c ' and bar pa t te rns 
are compared. The comparison shows some features 
s i m i l a r to tha t between the Landol t C's and 
p a r a l l e l bars . The double disc in general has a 
higher t h r e s h o l d , and the th resho ld increases 
r e l a t i v e to the bar pa t t e rn as the background 
l e v e l is r a i s e d . At the lowest background l eve l s 
the thresholds f o r the double d isc are much c loser 
to the thresholds of the p a r a l l e l bars than to 
those of the Landol t C. Thus, if we a t t r i b u t e 
the behaviour of the double d i sc to pr imary 
r e c i p i e n t u n i t s and tha t of the bar pa t te rns to 
l ine/edge de tec to r s , we must also exp la in the 
d i f f e rence between Landol t C and double d i s c . 

The increment thresholds f o r the r e s o l u t i o n 
of the Landol t C and the de tec t i on of the squares 
are compared in Figure 7. For background 
luminances of 10"3 mL and above, the two sets of 
curves f o l l o w each o ther very c l o s e l y . This 
suggests that in t h i s r e g i o n , r e s o l u t i o n o f the 
gap in these wh i te Landol t C's is determined by 
the d e t e c t a b i l i t y of a square decrement of l i g h t 
equal in area to the gap, viewed against a s i m i l a r 
background. This presupposes tha t increment and 
decrement thresholds f o r de tec t ion of a square are 
very s i m i l a r . Below 10~3 mL, the increment 
thresholds f o r the squares f a l l p rog ress ive ly 
below those of the Landol t C. The curves f o r the 
squares are the steepest of a l l the pa t te rns at 
the very low background l e v e l s . 

In Figure 8, the increment thresholds f o r the 
r e s o l u t i o n of the broken l i n e are compared w i t h 
those f o r the de tec t i on of the square. For 
background luminances above l O - 4 mL, the curves 
are s u f f i c i e n t l y close to suggest t h a t the 
r e s o l u t i o n of the broken l i n e under these con
d i t i o n s is l i m i t e d by the d e t e c t a b i l i t y o f a 
square patch o f l i g h t o f s ide equal to the d i s 
placement between the top and bottom halves of the 
l i n e . An i n t e r e s t i n g experiment might there fo re 
be to compare the l i m i t of v e r n i e r acu i t y as i t 
is normal ly determined w i t h the s ize of the 
smal lest de tec tab le b lack square, f o r a wide range 
of background luminances. 

For background luminances above 10""3 mL, it 
w i l l be seen from Table I I tha t the increment 
thresholds f o r r e s o l u t i o n of the medium double 
d isc p a t t e r n and de tec t i on of the large square 
are very c lose . The same is t rue f o r the small 
double d i sc and medium sized square at background 
luminances above 10~2 mL. 

During the exper iment , the subjects were 
asked whether they could s t i l l de tec t the 
presence of a p a t t e r n when i t s increment in 
luminance had been lowered so t h a t it could no 
longer be reso l ved . The i r ve rba l repor ts i n d i 
cate tha t at h igh background l e v e l s , they could 
a t best on ly detec t the pa t te rns very f a i n t l y in 
t h i s non - reso l v ing c o n d i t i o n . P a r t i c u l a r l y w i t h 
the large and medium sizes of p a t t e r n , r e s o l u t i o n 
came w i t h d e t e c t i o n . At the very low background 
luminances, most of the la rge pa t te rns were s t i l l 
on ly f a i n t l y de tec tab l e , but the la rge Landol t C 
was b r i g h t enough to be r e a d i l y de tec tab le . 
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The medium s izes of p a t t e r n were a l l r e a d i l y 
d e t e c t a b l e , and the smal l s izes were very b r i g h t 
indeed compared w i t h the background, and ye t no t 
reso lved . 

Extension of the De tec t ion 
Model to Reso lu t ion 

Thus f a r , the r e s u l t s have on ly been 
discussed i n q u a l i t a t i v e terms. I n t h i s s e c t i o n , 
a more q u a n t i t a t i v e approach is taken by 
extending the model o f d e t e c t i o n r e f e r r e d to 
e a r l i e r , t o cover the c a l c u l a t i o n o f r e s o l u t i o n 
th resho lds . T h e o r e t i c a l curves of increment 
th resho ld f o r r e s o l u t i o n , A I R , against background 
luminance, I , are der i ved f o r the p a r a l l e l b a r s , 
Lando l t C and ' d i s c s ' p a t t e r n s , and the e f f e c t of 
d i f f e r e n t assumptions i s examined. 

For de tec t i on of an increment in luminance 
A I , on a background luminance I the response of a 
de tec to r o p t i m a l l y p o s i t i o n e d w i t h respect to the 
s t imu lus so as to sample 1+AI , was compared w i t h 
the response of a de tec to r sampling the background, 
I , a lone. I t was argued t h a t the d i f f e r e n c e 
between the means of these two responses was the 
' s i g n a l 1 , and t h a t t h i s s i gna l must exceed the 
combined f l u c t u a t i o n s in these two responses by 
a constant r a t i o in order f o r the s i gna l to be 
de tec ted . 

For r e s o l u t i o n , i t i s proposed tha t the 
responses to be compared should be from two 
i d e n t i c a l d e t e c t o r s , X and Y, which are cent red 
over d i f f e r e n t reg ions o f the r e s o l u t i o n p a t t e r n . 
For the p a r a l l e l bar p a t t e r n , one is cent red over 
a ba r , and the o ther is cent red over an adjacent 
space between the ba rs . For the Landol t C, one 
is centred over the gap, and the o ther over a 
segment of the r i n g . In the case of the double 
d isc p a t t e r n , one is cent red on one of the d i s c s , 
the o ther over or near the gap between the two 
d i s c s . Aga in , the d i f f e r e n c e between the mean 
responses of the two de tec to rs is taken as the 
' s i g n a l ' and i t i s argued tha t t h i s must exceed 
the combined f l u c t u a t i o n s of the two responses by 
a constant r a t i o in order f o r the p a t t e r n to be 
reso l ved . 

P red ic ted Reso lu t ion o f 
P a r a l l e l Bar Pa t te rn 

For reasons discussed in the l a s t s e c t i o n , 
the r e s o l u t i o n o f the bars in the p a r a l l e l bar 
pa t t e rns w i l l be assumed to be performed by l i n e 
d e t e c t o r s . F igure 9(a) represents a l i n e 
d e t e c t o r , X, cent red on a bar and a l i n e 
d e t e c t o r , Y, cent red on an adjacent space between 
bar8 . The response of each de tec to r to each 
p o i n t o f the bar p a t t e r n i s p r o p o r t i o n a l to the 
product o f the l i g h t i n t e n s i t y and the 
s e n s i t i v i t y o f the de tec to r a t t ha t p o i n t . Thus 
the e f f e c t i v e a reas , o'E(X) and o'E(Y) of the bar 
p a t t e r n in causing a response in the de tec to rs X 
and Y r e s p e c t i v e l y , may be found by i n t e g r a t i o n . 
The ' s i g n a l ' now becomes 

where C is a constant embodying geometr ica l 
f a c t o r s and the number of quanta per u n i t of 
l i g h t . The i n teg ra ted background which con
t r i b u t e s to noise becomes 

where ID rep resen t ing an "e igengrau" is 
unimportant except near absolute t h r e s h o l d . Thus 
from equat ion ( 2 ) , by p u t t i n g Ck - K' 

At a l l but the lowest background luminances, the 
terms in ID and A I R on the r i g h t hand side of t h i s 
equat ion are n e g l i g i b l e . 

The values of rm, LM , T and ap were f i r s t a l l 
considered to be set by the background luminance 
a lone. The t h e o r e t i c a l curves thus der ived are 
compared w i t h the e m p i r i c a l data in F igure 10. 
The values of K' and ID used were -1 .22 and 
7_10~7 mL r e s p e c t i v e l y . I t w i l l be seen tha t 
the t h e o r e t i c a l curves f i t the emp i r i ca l po in t s 
w e l l f o r the whole range of backgrounds. 
However, t h i s good f i t i s thought to be m i s 
lead ing f o r reasons exp la ined l a t e r . 

In the sec t ion ' R e s u l t s ' , i t was noted tha t 
at low background luminances, the smal l bar 
p a t t e r n had to be very b r i g h t compared w i t h the 
surrounding background, f o r i t to be reso l ved . 
There fo re , i n F igure 1 1 , the t h e o r e t i c a l l y f i t t e d 
curves have been ca l cu la ted assuming rm, Lm, T 
and ap are set by ( I + A l / 2 ) , the mean luminance 
w i t h i n the bar p a t t e r n . The f i t f o r the medium 
and la rge pa t te rns is ha rd ly a f f e c t e d , but f o r the 
smal l p a t t e r n at low background luminances, the 
t h e o r e t i c a l p r e d i c t i o n i s s l i g h t l y o p t i m i s t i c . 

I n Table I I I , the absolute th resho ld values 
ca l cu la ted from equat ion (4) assuming rm, L^, T 
and <xp are set by A I / 2 are compared w i t h the 
measured va lues . Aga in , the f i t i s good f o r the 
la rge and medium p a t t e r n s , and the p r e d i c t i o n a 
l i t t l e o p t i m i s t i c f o r the smal l bar p a t t e r n a t 
low background luminances. Th is w i l l be r e f e r r e d 
t o l a t e r . 

Reso lu t ion of the Lando l t C Pa t te rn 

For reasons discussed in the l a s t s e c t i o n , 
we s h a l l take i t t ha t the p o s i t i o n of the gap in 
the Landol t C is d iscovered by l i g h t i n t eg ra ted 
i n pr imary r e c i p i e n t u n i t s w i t h r a d i a l symmetry 
as in equat ion ( 3 ) . F igure 9(b) i nd i ca tes the 
p o s i t i o n s of the centres of the two u n i t s whose 
responses are compared in order to reso lve the 
p a t t e r n . Un i t Y was centred over the gap of 
the C. In the f i r s t case, u n i t X was considered 
to be d i agona l l y opposi te Y, s ince t h i s would 
g ive the maximum d i f f e r e n c e in response. The 
e f f e c t i v e areas aE(X) and aE(Y) of the p a t t e r n 



causing responses in the u n i t s X and Y respec
t i v e l y were ca l cu la ted by numerical i n t e g r a t i o n . 

By adapt ing equat ion ( 4 ) , the increment 
th resho ld f o r r e s o l u t i o n , is given by 

At a l l but the lowest background l e v e l s , the 
terms in ID and A I R on the r i g h t hand side of 
the equat ion are again n e g l i g i b l e . 

F igure 12 compares the emp i r i ca l data w i t h 
the t h e o r e t i c a l curves assuming that rm, " T 
and oip are func t ions of I alone or of '" 
The values of K and Ip used were -1*22 log u n i t s 
and . __ mL r e s p e c t i v e l y . For both sets of 
assumptions, the theory p red i c t s thresholds con
s ide rab l y lower than were in f a c t measured. 

I t was the re fo re a r b i t r a r i l y decided to 
der ive the t h e o r e t i c a l curves assuming tha t the 
comparison u n i t , X, was located only one gap's 
w id th away from the u n i t , Y, on the Landol t C 
r i n g (see Figure 9 ( b ) ) . In Figure 13, the 
r e s u l t i n g t h e o r e t i c a l curves are compared w i t h 
the exper imental da ta . The same values of K and 
ID were used. rm, Lm, T and a were considered 
func t i ons o f I on l y . The f i t i s s t i l l not good, 
but is cons iderab ly b e t t e r than tha t found when 
the u n i t X is d iagona l l y opposi te Y. The t r u t h 
probably l i e s somewhere between, and it may be 
poss ib le to improve t h i s theory of the r e s o l u t i o n 
th resho ld of the Landol t C by more r e f i n e d 
p o s i t i o n i n g of the u n i t X. The u n i t should 
perhaps be pos i t i oned a f i x e d d is tance from Y 
ra the r than a d is tance r e l a t e d to the gap w i d t h . 

Resolu t ion of Double Pise Pat te rn 

Reso lu t ion is again assumed to be performed 
by pr imary r e c i p i e n t u n i t s . F igure 9(c) 
represents the two cases considered. In both 
c o n d i t i o n s , u n i t X was located at the centre of a 
d i s c , (see Figure 9 ) . Un i t Y was located ( i ) at 
the centre of the gap between the two d i s c s , or 
( i i ) at a d is tance of 1.64 t imes the d isc rad ius 
from the centres of both d i scs . The e f f e c t i v e 
areas aE(X) and aE(Y) of the d iscs in causing a 
response in the u n i t s X and Y r e s p e c t i v e l y , were 
ca l cu la ted by numer ical i n t e g r a t i o n . 
Theo re t i ca l increment thresholds f o r r e s o l u t i o n 
were ca l cu l a ted f o r case ( i ) and case ( i i ) by 
s u b s t i t u t i o n i n equat ion ( 4 ) . 

Case ( i i ) prov ides the la rger s igna l 
d i f f e r e n c e between the X and Y u n i t s and thus 
p r e d i c t s the h igher s e n s i t i v i t y . In Figure 14, 
the case ( i i ) p r e d i c t i o n s are compared w i t h the 
emp i r i ca l data f o r a value of K of -1 .16 log u n i t s . 
The f i t is reasonable a t background luminances 
below 10- 2 mL, but above t h i s adaptat ion l e v e l , 
the exper imen ta l l y determined increment thresholds 
are lower than those p r e d i c t e d . I t i s poss ib le 

tha t pa r t of the discrepancy at h igh background 
luminances may be due to edge de tec t i on super
seding area d e t e c t i o n . However, if K had been 
taken as 1.22, as in Figures 10, 11 and 12, the 
agreement would have been close at h igh l i g h t 
l e v e l s , but the p red ic ted th resho lds would have 
been 0.6 log u n i t s too low at low l i g h t l e v e l s . 
A poss ib le reason f o r t h i s w i l l be discussed l a t e r . 

The t h e o r e t i c a l values der ived f o r case ( i ) 
w i t h the u n i t Y pos i t i oned c e n t r a l l y between the 
two d iscs have not been p l o t t e d because the 
r e s u l t s showed no improvement. 

Detec t ion of Squares 

Increment thresholds f o r the area de tec t i on 
of squares were ca lcu la ted using equat ion ( 5 ) , 
s i m p l i f y i n g i n t e g r a t i o n by assuming tha t a square 
is as detectab le as an equal area d isc fo r t h i s 
type of d e t e c t i o n . I t can be shown numer ica l l y 
tha t the e r r o r in the ca l cu la ted increment 
th resho ld in making t h i s assumption is less than 
0*5%. The t h e o r e t i c a l increment thresholds thus 
der ived are compared w i t h those obtained e x p e r i 
menta l ly in F igure 15. The values of K and In 
used were -0 .98 log u n i t s and 7><10-7 r e s p e c t i v e l y . 
The former was chosen to g ive the best app rox i 
mation at low l i g h t l e ve l s and f o r background 
luminances below 10~2 mL the p red ic ted values are 
in good agreement w i t h the emp i r i ca l measurements, 
but above t h i s background l e v e l we f i n d tha t the 
p red ic ted thresholds are about 0.25 log u n i t s 
h igher than those measured. To t es t whether or 
not t h i s discrepancy is due to edge de tec t ion 
predominat ing a t these l i g h t l e v e l s , t h e o r e t i c a l 
edge de tec t i on curves were der ived us ing 
equat ion ( 4 ) , w i t h the value of K' made equal to 
tha t of K used in the case of area d e t e c t i o n . 
The t h e o r e t i c a l area d e t e c t i o n . The t h e o r e t i c a l 
area and edge de tec t i on curves f o r the squares 
are shown in Figure 16. I t w i l l be seen tha t 
edge de tec t i on on ly supersedes area de tec t ion fo r 
the la rge square at the h ighest background 
luminance. Thus, the simple edge de tec t i on so 
f a r developed cannot exp la i n the d iscrepancies at 
h igh background luminances. Summation of the 
four border e f f e c t s is a poss ib le f a c t o r . 

A fea tu re o f the t h e o r e t i c a l curve f i t t i n g 
to the data of t h i s experiment is tha t the value 
of K which has been chosen f o r the squares 
(-0.98 log u n i t s ) is cons iderab ly lower than the 
value of K' used f o r the r e s o l u t i o n of the bar 
p a t t e r n (-1.22 log u n i t s ) . Indeed, i f the value 
K = -1.22 log u n i t s had been taken , the f i t would 
have been good at h igh l e v e l s of background 
luminance, at the expense of the f i t a t the lowest 
l i g h t l e v e l , which would then be o p t i m i s t i c by 
0.24 log u n i t s . 

General Comments 

We have seen t ha t depending on the choice of 
K , i t i s poss ib le t o f i t t h e o r e t i c a l curves e i t h e r 
at the upper end or at the lower end of the back
ground luminance range covered in these experiments. 
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I f K is chosen f o r a good f i t a t the lower end, 
the theory is a l i t t l e p e s s i m i s t i c a t the upper 
end. I f K is taken as -1 .22 log u n i t s f o r the 
best compromise at the upper end, the theory is 
s l i g h t l y o p t i m i s t i c a t the lower end. 

The discrepancy of up to 0.25 log u n i t s is 
in f a c t a very smal l one, cons ide r ing t h a t we are 
concerned w i t h a range of f i v e orders of back
ground luminance, bu t i t i s , neve r the less , o f 
i n t e r e s t t o consider poss ib le reasons f o r i t . 
There i s f i r s t l y the p o s s i b i l i t y t ha t the 
inheren t s e n s i t i v i t y o r photon d e t e c t i n g 
e f f i c i e n c y changes w i t h l i g h t l e v e l s . There i s 
in f a c t a change from the use of rods at the 
lower end of the range used in these exper iments , 
to the predominant use of cones at the upper end. 
This could r e a d i l y a l t e r the balance between the 
receptor s e n s i t i v i t y at the lower and upper ends 
of the range, by the smal l amount in ques t i on . 

Secondly, there is some evidence tha t the 
inverse cubic law adopted f o r convenience in 
desc r i b i ng the d i s t r i b u t i o n o f s e n s i t i v i t y 
across a pr imary r e c i p i e n t u n i t may be unduly 
sharp in the cen t re . Moreover, the use of the 
same law to descr ibe the t ransverse v a r i a t i o n of 
s e n s i t i v i t y across each component of a boundary 
de tec to r may a lso be u n j u s t i f i e d , because almost 
any means by which the outputs from pr imary 
r e c i p i e n t u n i t s were combined to form l i n e a r 
de tec to rs would in t roduce at l eas t some rounding 
of the peak. 

The data which o r i g i n a l l y j u s t i f i e d the use 
of the inverse cubic law is not very s e n s i t i v e to 
the sharpness of the c e n t r a l peak, but r e s o l u t i o n 
th resho ld d a t a , such as t ha t f o r p a r a l l e l b a r s , 
is very s e n s i t i v e to the peak when the w i d t h of 
the bar is smal l compared w i t h rm. This could 
account f o r the discrepancy between the p red i c ted 
and observed thresho lds f o r the smal l p a r a l l e l 
bar pa t t e rns a t low l i g h t l e v e l s i n F igure 1 1 . 
The m o d i f i c a t i o n to the peak of the inverse cubic 
curve necessary to a l l ow f o r t h i s i s i n d i c a t e d by 
the do t ted curve in F igure 1. Some comparisons 
have also been made w i t h pub l i shed data on 
con t ras t s e n s i t i v i t y f u n c t i o n s 6 which support the 
idea of a s l i g h t l y more rounded peak than the 
pure inverse cubic curve employed, and the 
quest ion i s be ing i n v e s t i g a t e d f u r t h e r . A t h igh 
l i g h t l e v e l s the rounding may be p a r t l y due to 
the i n f l uence of the o p t i c a l system of the eye 5 . 

T h i r d l y , there is the quest ion of boundary 
d e t e c t i o n t ak i ng over from the r a d i a l l y 
symmetr ical pr imary r e c i p i e n t u n i t s . This has 
been considered e a r l i e r in r e l a t i o n to the square 
p a t t e r n , bu t there is some u n c e r t a i n t y regard ing 
the r e l a t i v e s e n s i t i v i t y o f the two processes 
and t h i s can i n f l uence the balance between 
r e c o g n i t i o n th resho lds at the two ends of the 
sca le . 

Discussion 

The ou ts tand ing f a c t about the r e s u l t s 
repor ted here i s t h a t , w i t h i n the l i m i t s o f the 

s l i g h t d iscrepanc ies which have j u s t been 
d iscussed, i t i s poss ib le to work on the 
assumption of such a un i fo rm s e n s i t i v i t y of 
photon d e t e c t i o n . Thus, once one has recognised 
the l i m i t a t i o n s of temporal and s p a t i a l summation 
i n the r e t i n a , the e f f i c i e n c y o f u t i l i s a t i o n o f 
the i n fo rma t i on in the incoming photon f l u x 
appears to be very nea r l y un i fo rm over a very wide 
range o f l i g h t l e v e l s . Consider ing the v a r i e t y 
of v i s u a l tasks inc luded in these experiments the 
u n i f o r m i t y o f behaviour is s u r p r i s i n g . Thus the 
theory g ives some i n s i g h t i n t o the reasons f o r the 
c h a r a c t e r i s t i c d i f f e rences i n observed th resho lds 
between the d i f f e r e n t forms of r e s o l u t i o n t e s t 
p a t t e r n . 

The theory and i t s a p p l i c a t i o n to the e x p e r i 
mental data is aimed at d i scove r ing how 
e f f i c i e n t l y the eye uses the l i g h t in the r e t i n a l 
image. I t has not p r i m a r i l y been concerned w i t h 
the d e t a i l e d nature of the mechanism by which the 
eye performs the o p e r a t i o n . Thus, there is no 
attempt to i d e n t i f y the cause of the v a r i a t i o n of 
rm, Lm, e t c . as a f u n c t i o n of l i g h t l e v e l . Nor 
has there been any attempt to exp la in what neura l 
mechanism would prov ide such un i fo rm e f f i c i e n c y 
of e x t r a c t i o n of i n fo rma t i on from the incoming 
l i g h t . This i s a n i n t e r e s t i n g f i e l d f o r con
j e c t u r e , but there are many a l t e r n a t i v e p o s s i 
b i l i t i e s to choose f rom, and a proper d iscuss ion 
of these must await a l a t e r occas ion. 

I t i s encouraging to f i n d in the need to 
invoke l i ne /edge or 'boundary' de tec to rs some 
measure of correspondence w i t h recent phys io 
l o g i c a l f i n d i n g s 7 . For the p resen t , whatever 
may be the b i o l o g i c a l s i g n i f i c a n c e of the summa
t i o n areas and edge d e t e c t o r s , t h e i r p r a c t i c a l 
s i g n i f i c a n c e as parameters determin ing the 
performance of the eye is a r e a l one. They 
i n d i c a t e c l e a r l y the nature o f the l i m i t a t i o n s 
under which the eye operates when d e t e c t i n g 
pa t te rns under cond i t i ons o f poor v i s i b i l i t y . 
Moreover, the concept of a photon no ise l i m i t e d 
th resho ld is supported by f u r t h e r experiments 
repor ted separa te l y 8 i n which a r t i f i c i a l n o i s e , 
d e l i b e r a t e l y in t roduced i n t o r e t i n a l images, 
appears to have an analogous e f f e c t on d e t e c t i o n . 

The work repor ted here has been on 
r e l a t i v e l y simple pa t t e rns and, perhaps in con
sequence, f a i r l y simple d e t e c t i n g mechanisms have 
come to l i g h t . The s i t u a t i o n may w e l l be 
compl icated when one considers more complex 
p a t t e r n s , e s p e c i a l l y i f these are seen aga ins t an 
inhomogenious background. I t may w e l l be t h a t 
there e x i s t more spec ia l i sed de tec to rs f o r 
p a r t i c u l a r pa t t e rns o r fea tu res o f p a t t e r n s . 
Indeed, recent p h y s i o l o g i c a l evidence suggests 
there may be , bu t t h e i r ex is tence cannot be 
deduced from these exper iments. Then aga in , 
bo th types of de tec to r d iscussed here are taken 
to represent the mean performance averaged over 
a l l the de tec to rs which take p a r t i n the recog
n i t i o n o f d i f f e r e n t pa t te rns on d i f f e r e n t 
occas ions. I t i s , however, c lea r from phys i o 
l o g i c a l evidence t h a t there i s apprec iab le 
v a r i a t i o n between the response o f d i f f e r e n t 
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ganglion cel ls and this may make the concept of 
an "average" detector shape of less value when 
more complex patterns are considered. The 
problem may resolve i t s e l f round the question 
of connectivity between less and more complex 
detectors. If the more complex detectors are 
formed by combining the outputs if simpler 
detectors then the former may be expected to be 
subject to the inherent l imi tat ions of the 
l a t t e r . I f , on the other hand, more complex 
detectors can obtain thei r information d i rec t ly 
from receptor ce l l s , these l imi tat ions may not 
apply. The facts w i l l only become apparent 
with further work. 
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