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Se ns is , Javastraat 104, 6524 MJ Nijm e ge n, th e  Ne th e rlands

M.A. H oge rvorst, W .J.M. van D am m e , Visualiz ing visual im pairm ents. Ge rontech no-

logy 2006; 5(4):208-221. W e  de ve lope d and e valuate d m e th ods  to visualiz e  th e  

lim itations  of visually im paire d pe rsons. Th re e  type s  of s im ulation w e re  de -

ve lope d: (i) fixation inde pe nde nt, s h ow ing w h ich  e le m e nts  re m ain vis ible  afte r 

am ple  inspe ction, re late d to obje ct re cognition, (ii) fixation de pe nde nt, s h ow ing 

w h ich  e le m e nts  re m ain vis ible  in th e  e ntire  visual fie ld w h ile  fixating one  part of 

th e  im age , re late d to s e arch , and (iii) th e  e ffe ct of glare , an im portant factor of 

low  vis ion in for instance  cataract patie nts. In e xpe rim e nts  w ith  im paire d and un-

im paire d subje cts  w e  de te rm ine d th e  e xte nt to w h ich  a natural im age  can be  

blurre d be fore  it can be  discrim inate d from  th e  original, and h ow  th is  is  link e d to 

Landolt-C visual acuity. Th e  re lations h ip be tw e e n blur th re s h old and m inim um  

angle  of re solution was  found to be  inde pe nde nt of th e  caus e  of re duce d vis ion: 

visual im pairm e nt, re duce d contrast, or e cce ntric vie w ing. Bas e d on th is  finding 

w e  propos e  a fixation inde pe nde nt s im ulation in w h ich  th e  local blur varie s  w ith  

local contrast, link e d by th e  s ubje ct's  contrast s e ns itivity function. Th e  fixation de -

pe nde nt s im ulation type  is  de rive d from  th e  pe riph e ral acuity us ing th e  re lation-

s h ip be tw e e n blur th re s h old and acuity, and pe rim e te r data de scrib ing visual fie ld 

de fe cts. Th e  glare  s im ulation is  bas e d on a validate d CIE m ode l de scrib ing th e  ve il-

ing lum inance  due  to a ligh t source , tre ating all pixe ls  as  inde pe nde nt ligh t 

source s. Th e s e  visualiz ations  s h ould give  unim paire d pe rsons  ins igh t into th e  

proble m s  face d by pe rsons  w ith  low  vis ion. Th e  fact th at th e  visualiz ations  are  val-

idate d by h um an obs e rve r e xpe rim e nts  m ak e  th e m  suitable  for e valuating and ad-

apting de s igns  of arch ite cture , public (road) infrastructure , and products  to th e  

ne e ds  of th e  low  vis ion com m unity.  

K e yw ords : im pairm e nt, s im ulation, glare , contras t, acuity, e cce ntric vis ion

Th e  goal of our study was  to de ve lop 

m e th ods  to visualiz e  th e  visual lim ita-

tions  of visually im paire d pe rsons  in 

orde r to give  unim paire d pe rsons  in-

s igh t into th e  proble m s  face d by visually 

im paire d pe ople . Th e  visualiz ations  

s h ould be  a good q uantitative  de scrip-

tion of th e  m ain visual lim itations  and 

pre dict pe rform ance  in im portant tas k s  

s uch  as  obje ct de te ction and obje ct 

s e arch  for various  type s  of visual im pair-

m e nts; th e  visualiz ations  can e ve n be  

tailore d to th e  individual. Th e  visualiz a-

tion m e th ods  are  partly bas e d on e xist-

ing k nowle dge  of th e  visual syste m  and 

partly bas e d on ne w  e xpe rim e nts. 

D ue  to ne w  te ch nology applications  

s uch  as  inte rne t, cas h  dispe ns e rs , and 

m obile  ph one s , visual inform ation h as  

be com e  m ore  and m ore  im portant. 

Me anw h ile , a not ne gligible  proportion 

of th e  population (about 1.2% in th e  

Ne th e rlands) is  to be  re giste re d as  'par-

tially s igh te d' or blind, and th e  num be r 

is  grow ing e ve ry ye ar w ith  de m ograph ic 

de ve lopm e nts. Most visual im pairm e nts  

are  acq uire d late  in life ; about 2% of 

th os e  s uffe ring from  im pairm e nts  are  

unde r th e  age  of 16, 10% be tw e e n 16 

and 59 , and 88% ove r 60 ye ars  old

1

. 

Give n th e  age  distribution of th e  popula-

tion it can be  e xpe cte d th at in countrie s  
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s im ilar to th e  Ne th e rlands  th e  num be r 

of visually im paire d pe ople  w ill double  

in th e  ne xt tw e nty ye ars. It is  th e re fore  

incre as ingly im portant th at both  lim ita-

tions  and re m aining pos s ib ilitie s  of visu-

ally im paire d pe ople  are  re cogniz e d and 

tak e n in cons ide ration w h e n de s igning 

products , infrastructure  (for instance , 

road de s ign, cros s ings), arch ite cture , 

and so forth .

Various  m e th ods  can be  us e d to gain in-

s igh t into th e  pos s ib ilitie s  and lim ita-

tions  of visually im paire d pe ople . O ne  

way is  to us e  visualiz ations. An e xam ple  

is  th e  color de ficie ncy s im ulator de -

ve lope d by W alrave n and Alfe rdinck

2

. 

Bas e d on k nowle dge  about th e  s e ns itivit-

ie s  of th e  h um an color re ce ptors  and 

th e  spe ctral filte ring of th e  e ye  le ns  and 

m acular pigm e nt, spe cific type s  of color 

de ficie ncie s  can be  s im ulate d. Th is  s im u-

lation can be  us e d as  a diagnostic 

de s ign tool and also provide s  th e  m e ans  

for adjusting th e  colors  to th e  individual 

ne e ds  of spe cific color-de ficie nt vie w e rs. 

A s im ilar s im ulation tool would be  us e ful 

for oth e r form s  of visual im pairm e nts  

s uch  as  in m acula de ge ne ration, catar-

act, glaucom a, and diabe tic re tinopath y. 

H e re  w e  w ill pre s e nt various  s im ulation 

m e th ods. Th e s e  are  bas e d on q uantitat-

ive  lim itations  in visual functions , rath e r 

th an on oph th alm ic de scriptions. Th e  ap-

plication is  not lim ite d to visualiz ing th e  

lim itations  of visually im paire d pe rsons , 

but it also visualiz e s  th e  e ffe ct of m y-

opia and visual lim itations  due  to large  

vie w ing distance , e cce ntric vie w ing, and 

low  contrast. O ur study th e re fore  also 

give s  ins igh t in th e  lim itations  of unim -

paire d subje cts  and s h ow s  h ow  s e ns itiv-

ity to s im ple  te st patte rns  re late s  to th e  

pe rce ption of natural im age s. 

Th e  te rm  ’s im ulation’ m ay le ad to m isun-

de rstanding, s ince  it is  ill-de fine d. It m ay 

sugge st th at w e  s e e k  to visualiz e  h ow  im -

paire d subje cts  pe rce ive  th e  world. W e  

th ink  th at such  an unde rtak ing is  ve ry 

difficult, if at all pos s ible . Inste ad, w e  

w ill try to visualiz e  th e  visual lim itations  

of im paire d subje cts. W e  do not visual-

iz e  h ow  visually im paire d pe rsons  pe r-

ce ive  th e  world but w h at can be  

pe rce ive d. O ur m e th od cons ists  of de -

form ing an im age  until th e  diffe re nce  

w ith  th e  original be com e s  vis ible . It 

com e s  down to re m oving from  th e  

im age  visual inform ation th at is  invis ible  

to th e  im paire d subje ct. Th e  unim paire d 

subje ct th at is  vie w ing th e  s im ulation is  

le ft w ith  th e  sam e  inform ation, and th e  

s im ulation th e re fore  give s  a good im -

pre s s ion of th e  visual inform ation th at is  

available  to th e  im paire d subje ct. It is  

w e ll k nown th at vie w ing strate gie s  can 

be  and are  de ve lope d by im paire d sub-

je cts  to m ak e  optim al us e  of th e  re m ain-

ing visual inform ation. H ow e ve r, th is  is  

not subje ct of our study.

In contrast to so calle d ‘artist im pre s -

s ions ’ of th e  pe rce ive d sce ne  by im -

paire d subje cts  w e  sough t to de ve lop a 

validated m e th od of s im ulation th at al-

low s  one  to m ak e  q uantitative  pre dic-

tions. By pe rform ing h um an obs e rve r 

e xpe rim e nts  w e  de te rm ine d w h at inform -

ation can be  re m ove d from  an im age  be -

fore  it can be  de te cte d. Th e  de gre e  of 

im age  de gradation re fle cts  th e  inform a-

tion lost by th e  im paire d subje ct. As  

s uch , th is  s im ulation is  s uitable  for e val-

uating de s igns , e nvironm e nts  (for in-

stance , inte rior of a public building, 

road cros s ings , arch ite cture ), and re gula-

tions  (for instance , for de s igning stairs ). 

W e  de ve lope d th re e  type s  of s im ulation. 

Th e  first type , re fe rre d to as  ’fixation in-

de pe nde nt’, s upplie s  a q uick  ove rvie w  

into w h ich  im age  e le m e nts  can be  de te c-

te d and w h ich  can not, e ve n w h e n th e  

e le m e nts  are  inspe cte d. Both  sm all e le -

m e nts  and e le m e nts  w ith  low  contrast 

are  re m ove d from  th e  im age . Th is  s im u-

lation is  re late d to obje ct re cognition. 

Th e  s e cond type , re fe rre d to as  ‘fixation 
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de pe nde nt’, give s  ins igh t into w h at can 

be  pe rce ive d in diffe re nt (visual) dire c-

tions  w h ile  fixating one  part of th e  

im age . Incorporate d into th is  s im ulation 

is  th e  e ffe ct th at s e ns itivity for sm all de -

tails  de cre as e s  w ith  incre as ing e cce ntri-

city. Also th e  e ffe ct of re duce d vis ion 

due  to fie ld de fe cts  is  tak e n into ac-

count. Th e  th ird type  s im ulate s  th e  e f-

fe ct of glare , an im portant contributor to 

low  vis ion in ce rtain type s  of im pair-

m e nts  s uch  as  in cataract. 

W e  also de te rm ine d th e  re lations h ip 

be tw e e n re sults  from  standard oph th alm o-

logic te sts  (acuity, contrast s e ns itivity, 

pe rim e try) and th e  s im ulation param e t-

e rs. W ith  th is  k nowle dge  it be com e s  pos -

s ible  to de duce  a suitable  s im ulation for 

an individual from  th e  re s ults  from  stand-

ard te sts. O ur study also s h ow s  h ow  s e ns -

itivity to standard te st patte rns  re late s  to 

s e ns itivity to e le m e nts  in (m ore  com ple x) 

natural im age s  for im paire d as  w e ll as  un-

im paire d pe rsons.

FIXATIO N IND EPEND ENT SIM ULATIO N

W e  pe rform e d an e xpe rim e nt in w h ich  

w e  de te rm ine d th e  am ount of just de te ct-

able  blur in natural im age s. W e  inve stig-

ate d w h e th e r th is  can be  pre dicte d on 

th e  bas is  of th e  contrast s e ns itivity of 

th e  s ubje ct for standard Landolt-C te st 

patte rns , and w h e th e r th is  de pe nds  on 

th e  type  of im pairm e nt. W e  m e asure d 

contrast s e ns itivity and blur th re s h old 

for diffe re nt im age s  and for various  

type s  of visual im pairm e nt. W e  pe r-

form e d th e  sam e  m e asure m e nts  w ith  un-

im paire d pe rsons  unde r various  

conditions : norm al, low  contrast, and e c-

ce ntric vie w ing, in orde r to te st w h e th e r 

th e  re lations h ip be tw e e n acuity and just 

de te ctable  blur de pe nde d on th e  caus e  

of re duce d vis ion. 

M e th ods

Stim uli

Th e  im age  was  blurre d us ing a blur k e r-

ne l w ith  w idth  σ, w h ich  is  e q uivale nt to 

re m oving h igh  spatial fre q ue ncy (SF)-

bands. W e  de te rm ine d th e  75% corre ct 

score  th re s h old, corre sponding to a 

value  of σ for discrim inating th e  blurre d 

im age  from  th e  original. Initially, a Gaus -

s ian blur k e rne l was  us e d. H ow e ve r, w e  

notice d th at som e  practice d subje cts  

could subs e q ue ntly discrim inate  th e  im -

age s  on th e  bas is  of low  spatial fre -

q ue ncy inform ation (ce rtain obje cts  h ad 

a diffe re nt ave rage  lum inance ). To pre -

ve nt subje cts  from  doing so, w e  us e d a 

diffe re nce  of Gaus s ians  filte r (D O G; w ith  

profile  give n by (2*Gaus s (σ) - Gaus s (√2 

σ)) inste ad. Th is  filte r k e e ps  th e  low  fre -

q ue ncy com pone nt unalte re d as  m uch  

as  pos s ible  and h as  a ste e pe r fall-off in 

th e  spatial fre q ue ncy dom ain th an a 

s im ple  Gaus s ian blur k e rne l. 

Figure  1 s h ow s  th e  th re e  im age s  us e d 

in th e  e xpe rim e nts. Th e  im age s  w e re  

te ste d to de te rm ine  th e  e ffe ct of im age  

conte nt on th e  s im ulation param e te rs. 

Th e  im age s  diffe r in spatial fre q ue ncy 

conte nt, for instance , th e  ‘fore st’-im age  

contains  m ore  h igh  SFs  th an th e  oth e r 

im age s. 

Expe rim ental setup

Th e  im age s  w e re  displaye d on a com -

pute r m onitor (Ph ilips  Brilliance  low  

e m is s ion 2110), s iz e  37.9  x 28.4 cm  or 

1024 x 768 pixe ls  at a fram e  rate  of 75 

H z . Calibrate d lum inance  value s  w e re  

us e d ranging from  0.51 to 174 cd/m

2

. 

A slide  proje ction scre e n was  place d in 

front of th e  CRT m onitor (40 cm  from  

th e  m onitor) w ith  an ape rture  th e  s iz e  

of th e  display. Th e  proje ction scre e n 

a

Figure  1. Th e  im age s use d in th e  e xpe ri-

m ents, refe rre d to as ‘face ’ (a), ‘stairs’ 

(b) and ‘fore st’ (c)

b

c
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was  illum inate d by two slide  proje ctors , 

in s uch  a way th at a large  uniform  back -

ground around th e  m onitor was  cre ate d 

w ith  a lum inance  th at m atch e d th e  back -

ground lum inance  (87 cd/m

2

) of th e  m on-

itor. 

Blur th re s h old procedure

Afte r th e  visual acuity of e ach  s ubje ct 

was  de te rm ine d us ing th e  m e th od de -

scribe d be low , th e  vie w ing distance  was  

s e t to a value  th at scale d w ith  th e  m inim -

um  angle  of re solution (i.e ., inve rs e ly 

w ith  acuity) of th e  s ubje ct, s uch  th at th e  

vie w ing distance  for a subje ct w ith  an 

acuity of 1.0 arcm in

-1

 was  700 cm  (for in-

stance , th e  vie w ing distance  for 

som e one  w ith  an acuity of 2.0 is  1400 

cm ). Th is  re lative ly large  distance  was  

ch os e n in orde r th at th e  individual 

pixe ls  could not be  re solve d by th e  s ub-

je ct. Th is  also as sure d th at th e  num be r 

of de tails  th at could be  disce rne d in 

e ach  im age  was  inde pe nde nt of th e  acu-

ity of th e  s ubje ct. 

A Que st adaptive  staircas e  m e th od

3

 w ith  

a total of 60 trials  was  us e d to de te rm ine  

th e  discrim ination th re s h old (corre spond-

ing to a 75% corre ct score ) for blurre d im -

age s. O n e ach  trial th e  re fe re nce  and te st 

im age s  appe are d s ide  by s ide , w ith  th e  

orde r ch os e n at random . Th e  tas k  to th e  

s ubje ct was  to indicate  th e  re fe re nce  

im age  by pre s s ing th e  m ous e  button 

once  or tw ice  (re fe re nce  le ft or righ t). 

Th e  im age s  re m aine d on th e  m onitor 

until th e  s ubje ct re sponde d. Auditory 

fe e dback  was  give n. Th e  m e asure m e nt 

program  was  w ritte n in Matlab us ing th e  

Psych oph ys ics  Toolbox e xte ns ions

4,5

.

Acuity m easurem ent procedure

Acuity of e ach  s ubje ct was  m e asure d 

us ing Landolt-C te st sym bols , us ing th e  

sam e  s e tup as  us e d for m e asuring th e  

blur th re s h old (s e e  above ). Th e  stim uli 

w e re  controlle d by a Cam bridge  stim u-

lus  ge ne rator (VSGcard 2/3-20 MB, m ax-

im um  lum inance  of 53 cd/m

2

), w ith  a 

fram e  rate  of 75 H z . Th is  syste m  allow s  

lum inance  value s  to be  spe cifie d w ith in 

a 12 bit re solution range . Again, th e  

stim uli w e re  s e e n th rough  th e  h ole  in a 

slide  proje ction scre e n, illum inate d by 

four slide  proje ctors , to ge ne rate  a 

large  uniform  back ground w ith  a lum in-

ance  th at m atch e d th at of th e  CRT. 

Th e  m inim um  angle  of re solution (MAR, 

i.e ., 1/acuity) was  de te rm ine d us ing 

h igh  contrast Landolt-C patte rns  (black  

against a w h ite  back ground) and corre s -

ponde d to th e  th re s h old gap s iz e  of th e  

Landolt-C sym bol. Th e s e  th re s h olds  

w e re  obtaine d at s im ilar vie w ing dis -

tance s  as  us e d for m e asuring th e  blur 

th re s h old. At e ach  trial one  out of four 

diffe re nt Landolt-C sym bols  was  s h own 

w ith  th e  gap to th e  righ t, bottom , le ft, 

or up. Th e  s ubje ct indicate d th e  orie nta-

tion of th e  gap by us ing th e  joystick . 

Th e  te st patte rn re m aine d vis ible  until 

th e  s ubje ct re sponde d. Auditory fe e d-

back  was  give n. A Que st adaptive  stair-

cas e  m e th od

3

 was  us e d w ith  80 trials  

pe r staircas e  to de te rm ine  th e  75% cor-

re ct th re s h old value s. 

Subjects

Te n visually im paire d subje cts  w e re  

te ste d w ith  a range  of (com binations  of) 

visual im pairm e nts , including m acula de -

ge ne ration, diabe tic re tinopath y, catar-

act, and glaucom a. O ne  of th e  s ubje cts  

was  te ste d us ing only one  (im paire d) 

e ye . Th e  oth e r s ubje cts  w e re  te ste d w ith  

both  e ye s . Age  range d from  58 to 9 5. 

W e  also te ste d s e ve n visually unim -

paire d subje cts  (or corre cte d to norm al) 

w ith  age s  ranging from  22 to 49 . Fi-

nally, s ix m yopic subje cts  (age s  ranging 

from  22 to 44) w e re  te ste d w ith out th e ir 

corre ction and afte r th e y adapte d a fe w  

m inute s  to th is  s ituation. W e  e valuate d 

th e  e ffe ct of re duce d contrast w ith  five  

unim paire d subje cts  us ing im age s  th at 

w e re  re duce d in contrast by a factor of 

0.5, 0.25 and 0.125. Contrast s e ns itiv-

ity for th e s e  s ubje cts  (w ith  Landolt-C 
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sym bols) was  also m e asure d w ith  te st 

patte rns  in w h ich  contrast was  re duce d 

by th e  sam e  factors. Finally, w e  e valu-

ate d th e  e ffe ct of pe riph e ral vie w ing 

w ith  th re e  unim paire d subje cts  th at pe r-

form e d th e  sam e  e xpe rim e nts  w ith  fixa-

tion 2, 4, and 8 de g in th e  pe riph e ry 

and a vie w ing distance  of 400 cm  (and 

in one  cas e  500 cm ). Th e  fixation point 

was  fixe d to th e  proje ction scre e n above  

th e  PC m onitor. Scale d ve rs ions  of th e  

face  im age  w e re  us e d (scale d by a factor 

of 70% in e ach  dim e ns ion) to k e e p th e  

im age s  at a lim ite d (sm all) range  of e c-

ce ntricitie s . 

Re s ults

Figure  2a s h ow s  th e  blur th re s h old (σ) 

ve rsus  th e  re solution th re s h old (m inim -

um  angle  of re solution, MAR), as  m e as -

ure d w ith  th e  Landolt-C te st patte rns , 

for diffe re nt groups  of subje cts. Th e  

blur th re s h old incre as e s  w ith  an in-

cre as e  in th e  MAR (th re s h old gap s iz e  of 

th e  Landolt-C), for instance , th e  am ount 

of just de te ctable  blur incre as e s  w ith  de -

cre as ing acuity. Corre lation coe fficie nt 

us ing all data is  0.9 2. A le ast s q uare s  fit 

(line ar m ode l) to all (log-) data h as  a 

slope  of 0.88 + /- 0.04. Th is  is  clos e  to 

th e  e xpe cte d value  of 1.0 if blur is  th e  

only source  of re duce d vis ion. Th e re -

fore , w e  w ill us e  and te st w h e th e r th e  

m ore  e le gant m ode l w ith  a slope  of one  

de scribe s  th e  data. Th e  ave rage  ratio 

be tw e e n MAR and blur th re s h old is  

e q ual to 1.9 4 (w ith  a 9 5% unce rtainty 

range  of 1.78 to 2.11). Th is  m e ans  th at 

th e  blur th re s h old is  about 2 tim e s  sm al-

le r th an th e  MAR, indicate d by th e  solid 

line  in Figure  2.

Th e  ave rage  ratio be tw e e n MAR and 

blur th re s h old is  1.9  (im paire d), 2.1 

(norm al+ m yopia), 1.6 (re duce d contrast) 

and 2.1 (e cce ntric), w ith  9 5% confide nce  

inte rvals  give n by re spe ctive ly (1.6, 2.3), 

(1.8, 2.5), (1.5, 1.8), and (1.7, 2.6). Stat-

istical te sts  (one  s ide d stude nt-t te st) 

s h ow  th at th e  value s  of th e  ratio of ‘nor-

m al+ m yopia’ and ‘e cce ntric’ are  s ignific-

antly h igh e r th an th at of th e  ‘re duce d 

contrast’ group. Th e  diffe re nce  be tw e e n 

‘im paire d’ and ‘re duce d contrast’ is  

clos e  to th e  s ignificance  le ve l (p = 0.07). 

Th is  indicate s  th at th e  ratio of th e  ‘re -

duce d contrast’ data is  low e r th an th e  

ratio of th e  oth e r data s e ts. Th e  re s ults  

furth e r s h ow  th at th e  ratio value s  of all 

groups  e xce pt ‘re duce d contrast’ are  

not s ignificantly diffe re nt from  2.0.

Figure  2. Blur th re s h old (w idth  of blur k e rnel σ) ve rsus m inim um  angle  of re solution 

MAR (= 1/acuity) for th e  various groups of subjects (a), and for th e  various type s of 

im age s (b)
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Figure  2b s h ow s  th e  sam e  data, now  

groupe d according to im age  type . Th e  av-

e rage  ratio be tw e e n MAR and blur 

th re s h old is  1.9  (face ), 1.8 (stairs ) and 

2.4 (fore st) w ith  9 5% confide nce  inte r-

vals  of, re spe ctive ly, (1.7, 2.1), (1.4, 

2.3), and (1.9 , 3.0). Pair w is e  com paris -

on s h ow s  th at th e  ratios  for th e  ‘face ’ 

and ‘stairs ’ im age  are  not s ignificantly 

diffe re nt, w h ile  th e  ratio for ‘fore st’ 

im age  is  s ignificantly h igh e r th an th e  

oth e r two. All ratio value s  are  not s igni-

ficantly diffe re nt from  2.0. Th e  blur 

th re s h old for th e  fore st im age  is  s ignific-

antly low e r th an th at of th e  oth e r im -

age s. Th is  is  probably re late d to th e  fact 

th at th is  im age  contains  m ore  h igh  spa-

tial fre q ue ncie s , w h ich  m ak e s  a re duc-

tion in pow e r m ore  noticable . 

D is cus s ion

Th e  m ain re sult of th is  e xpe rim e nt is  

th at th e  re lations h ip be tw e e n blur 

th re s h old and acuity as  m e asure d w ith  

Landolt-C sym bols  is  large ly inde pe nd-

e nt of th e  caus e  of re duce d vis ion, 

w h e th e r due  to visual im pairm e nt, con-

trast re duction, or e cce ntric vie w ing. 

Also, th e  ratio be tw e e n th e  MAR and th e  

blur th re s h old is  large ly inde pe nde nt of 

im age  conte nt. O n ave rage  th e  ratio 

be tw e e n th e  MAR and th e  blur th re s h old 

is  2.0, and varie s  to som e  (lim ite d) e x-

te nt from  subje ct to subje ct. Th is  s im ple  

re lations h ip can be  tak e n (as  a rule  of 

th um b) to pre dict h ow  m uch  blur can be  

introduce d in an im age  be fore  it starts  

to be com e  notice able . Th e  fact th at th is  

re lations h ip also h olds  for low  contrast 

im age s  indicate s  th at th e  contrast s e ns it-

ivity curve  bas e d on orie ntation discrim -

ination of Landolt-C te st patte rns  is  

s uitable  for m ode lling vis ib ility of e le -

m e nts  in natural im age s.

Th e  fact th at th e  re lations h ip be tw e e n 

blur th re s h old and acuity is  th e  sam e  for 

low  contrast im age s  and for e cce ntric 

vie w ing give s  additional support to th e  

ide a th at th is  re lations h ip is  inde pe nd-

e nt of th e  type  of visual im pairm e nt. 

Th is  is  im portant s ince  m any visual 

im pairm e nts  le ad to a re tinal im age  w ith  

low e re d contrast (for instance , cataract) 

w h ile  oth e rs  w ill be  accom panie d by th e  

us e  of e cce ntric vis ion (for instance , in 

cas e  of m acular de ge ne ration). 

Th e  fact th at th e  blur th re s h old is  in-

ve rs e ly proportional to th e  acuity unde r 

various  conditions  indicate s  th at th e  vis -

ib ility of im age  e le m e nts  is  th e  sam e  for 

diffe re nt subje cts  and circum stance s  

w h e n th e  vie w ing distance  is  scale d in-

ve rs e ly w ith  acuity. Th us , a s im ple  way 

to e stim ate  w h ich  e le m e nts  can be  pe r-

ce ive d by a pe rson w ith  low e r acuity is  

by vie w ing th e  im age  from  a large r dis -

tance , for instance , th e  sam e  e le m e nts  

are  vis ible  for a pe rson w ith  acuity of 

0.1 from  a distance  of 5 m  as  for a pe r-

son w ith  acuity of 1.0 from  a distance  

of 50 m ! 

In first approxim ation th e  im age  can be  

blurre d to an e xte nt th at corre sponds  to 

th e  acuity of th e  s im ulate d subje ct. Still, 

th e  re lations h ip be tw e e n blur th re s h old 

and acuity also h olds  afte r a re duction 

in contrast. Th is  indicate s  th at parts  of 

th e  im age  w ith  low e r contrast can be  

blurre d e ve n m ore . Th e  re s ulting s im ula-

tion w ill be  a be tte r pre s e ntation of th e  

inform ation th at can be  re m ove d be fore  

it be com e s  notice able  by th e  im paire d 

subje ct. A (local) blur can be  ch os e n 

th at varie s  from  location to location in 

th e  im age  de pe nding on th e  (local) con-

trast. Th e  link  be tw e e n just notice able  

blur and contrast is  de te rm ine d by th e  

contrast s e ns itivity (th e  way in w h ich  

Landolt-C acuity de pe nds  on contrast) 

of th e  s im ulate d subje ct. 

An unsolve d is s ue  is  w h ich  (local) con-

trast m e asure  is  appropriate . O ne  pos -

s ib ility is  to us e  a localiz e d ve rs ion of 

th e  root-m e an-s q uare  (RMS) contrast. 

Th is  m e asure  is  e q ual to th e  standard 

de viation (sd) divide d by th e  absolute  
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value  of th e  ave rage  (av): C = |sd / av|, 

in w h ich  th e  standard de viation and ave r-

age  are  tak e n ove r a local (Gaus s ian) w in-

dow. It m ak e s  s e ns e  to us e  a w indow  

s iz e  th at scale s  w ith  th e  MAR at h igh  con-

trast. In our s im ulations  w e  us e  a w in-

dow  s iz e  e q ual to tw ice  th e  MAR. Figure  

3 s h ow s  th e  re s ult of th is  transform a-

tion. Th e  local ave rage  is  s im ply de rive d 

from  blurring th e  im age  w ith  a Gaus s ian 

blur k e rne l. Th e  local standard de viation 

sd can be  de rive d from  th e  (local) ave r-

age  <x>  and th e  (local) ave rage  s q uare d 

value  <x

2

>  us ing: sd

 

2

 = <x

2

>  - <x>

2

. Fig-

ure  3b s h ow s  th e  local contrast m e asure  

de duce d for th e  im age  s h own in Figure  

3a. For a give n contrast th e  MAR is  de -

rive d from  th e  contrast s e ns itivity func-

tion. Th e  am ount of just de te ctable  blur 

is  th e n give n by th e  MAR divide d by 2. 

Th e  re s ult of th is  transform ation is  

s h own in Figure  3c. Th e  e ffe ct of th e  

im age  transform ation is  th at s h arp con-

trast e dge s  re m ain in th e  im age  w h ile  re -

gions  of low  contrast be com e  

h om oge ne ous. Be tw e e n s e ve ral m e as -

ure s , including Mich e lson contrast, RMS 

contrast and ave rage  band-lim ite d con-

trast

6

, Be x and Mak ous

7

 found RMS con-

trast to capture  de te ction of low  

contrast im age s  be st. 

Sum m ariz ing, our re sults  indicate  a 

cle ar and s im ple  re lations h ip be tw e e n 

acuity as  m e asure d w ith  Landolt-C sym -

bols  and th e  am ount of just notice able  

blur. Bas e d on th e s e  re s ults  w e  propos e  

a s im ulation m e th od in w h ich  th e  local 

blur adapts  to th e  local contrast. 

FIXATIO N D EPEND ENT SIM ULATIO N

W e  pre s e nt a way to s im ulate  re duce d vis -

ion in th e  re tinal pe riph e ry by blurring 

th e  im age  by an am ount th at de pe nds  on 

th e  re tinal location. Th e  am ount of blur 

is  de rive d from  th e  MAR at th at location 

of th e  s im ulate d pe rson. For th e  fixation 

de pe nde nt s im ulation w e  us e d and adap-

te d th e  im ple m e ntation de ve lope d by 

Pe rry and Ge isle r

8

. Th e y de ve lope d an al-

gorith m  and software  for cre ating and 

displaying, in re al tim e , arbitrary variable  

re solution displays , continge nt on th e  dir-

e ction of gaz e . Th e y de m onstrate d th at 

th e  software  can be  us e d to s im ulate  th e  

visual fie lds  of norm al individuals  as  w e ll 

as  of low  vis ion patie nts. Th e y de rive d 

th e  re solution m ap of low  vis ion patie nts  

from  Goldm an pe rim e te r data as  follow s. 

Th e  Goldm an pe rim e te r data is  us e d to 

scale  th e  re solution m ap of a norm al 

visual fie ld (for a value  of -40 dB th e  re s -

olution is  m ultiplie d by 0 and for a value  

of 0 dB th e  re solution is  m ultiplie d by 1; 

Figure  3. Th e  e ffect of applying a local blur link e d to th e  local contrast: (a) original 

im age , (b) a m easure  of local contrast th at dete rm ine s th e  am ount of blur via th e  con-

trast se nsitivity function, (c) th e  re sult of th e  local blur transform ation
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pe rsonal com m unication). Th e  norm al re s -

olution m ap is  bas e d on a m ode l fit to 

contrast s e ns itivity data from  Robson 

and Grah am

9

 for de te cting s inusoidal grat-

ings. 

W e  h ave  found th at blur th re s h olds  are  

w e ll pre dicte d by orie ntation th re s h olds  

for Landolt-C patte rns  and m uch  le s s  so 

by de te ction th re s h olds  for s inusoidal 

patte rns

10

. W e  propos e  to us e  th e  re la-

tions h ip be tw e e n acuity and blur 

th re s h old to arrive  at a s im ulation of pe ri-

ph e ral vis ion th at m atch e s  th e  vis ib ility 

of e le m e nts  in natural im age s. Give n th e  

re lations h ip be tw e e n just notice able  

blur and MAR, th e  (local) blur can be  pre -

dicte d from  (local) Landolt-C acuity. An-

oth e r advantage  of coupling th e  

s im ulation to orie ntation th re s h olds  of 

Landolt-C patte rns  is  th at th is  m e th od is  

com m only us e d to m e asure  acuity. 

As  a first approxim ation w e  us e  th e  re sol-

ution m ap of an unim paire d pe rson and 

add scotom as , m uch  lik e  Pe rry and 

Ge isle r

8

 do, bas e d on th e  s ubje ct's  pe ri-

m e te r data. Additionally, w e  im pos e  th e  

re striction th at th e  m inim um  am ount of 

blur at e ach  location is  in line  w ith  th e  pa-

tie nt’s  acuity for unre stricte d vie w ing. To 

arrive  at an e ve n m ore  re alistic s im ula-

tion in th e  future , th e  link  be tw e e n pe ri-

m e te r data and acuity could be  

e stablis h e d and incorporate d into th e  s im -

ulation

10

; th is , h ow e ve r, is  not subje ct of 

th e  curre nt study. H e re , w e  s h ow  h ow  acu-

ity (m e asure d w ith  Landolt-Cs) varie s  

w ith  e cce ntricity for unim paire d pe rsons. 

M e th ods

Th e  stim uli w e re  displaye d on a PC m onit-

or and cons iste d of a Landolt-C te st pat-

te rn displaye d in th e  ce ntre  at h igh  

contrast, dark  on a w h ite  back ground. In 

th e  pe riph e ry a fixation cros s  was  dis -

playe d. Th e  pos ition of th e  Landolt-C pat-

te rn re lative  to th e  fixation cros s  is  give n 

by th e  e cce ntricity ε and angle  φ, re pre s -

e nting th e  angle  w ith  th e  h oriz ontal (for 

instance , for φ = 9 0 de g th e  fixation 

cros s  is  displaye d be ne ath  th e  Landolt-C 

patte rn). In e ach  s e s s ion th re s h olds  for 

a s ingle  e ye  w e re  m e asure d, w h ile  th e  

oth e r e ye  was  occlude d. Th e  e ye  was  

place d in front of th e  ce ntre  of th e  

scre e n at a fixe d distance . Th e  s ubje ct’s  

h e ad was  stabilis e d by a ch in re st. At 

e ach  trial a Landolt-C te st patte rn ap-

pe are d w ith  th e  gap in one  of e igh t ori-

e ntations. Th e  s ubje ct indicate d th e  

orie ntation of th e  gap. An adaptive  stair-

cas e  8AFC m e th od (QUEST

5

) was  us e d 

w ith  50 trials  to de te rm ine  th e  m inim um  

angle  of re solution (MAR) corre sponding 

to a 75% corre ct score . Two unim paire d 

subje cts  participate d in th e  e xpe rim e nt 

(MAH , NvD ). MAR value s  w e re  obtaine d 

for e cce ntricitie s  of ε = 2, 4, 8, 15 and 

30 de g, along dire ctions  φ = 180, 225, 

270 de g for th e  righ t e ye  (MAH  and 

NvD ), and φ = 0, 315, 270 de g for th e  

le ft e ye  (NvD ). Th e s e  angle s  pre ve nt th at 

th e  te st patte rn falls into th e  blind spot. 

In e ach  s e s s ion th re s h olds  w e re  ob-

taine d for various  com binations  of e c-

ce ntricitie s  ε and angle s  φ. A vie w ing 

distance  of 60 cm  was  ch os e n for e cce nt-

ricitie s  be tw e e n 2 and 8 de g, vie w ing dis -

tance  of 30 cm  for ε = 15 de g, and 20 

cm  for ε = 30 de g. Th e  PC-m onitor was  

place d on a m oving platform . Th is  al-

low e d us  to ch ange  th e  vie w ing distance  

from  condition to condition in random  

orde r. All conditions  w e re  re pe ate d 

th re e  tim e s . Sh own are  ge om e tric ave r-

age s  ove r all conditions. 

Re s ults

Figure  4 s h ow s  th e  th re s h olds  as  a func-

tion of e cce ntricity for angular dire c-

tions  (φ) for e ach  e ye , along w ith  th e  

data from  e xpe rim e nt 1, obtaine d w ith  

a diffe re nt s e tup. In th e  first e xpe rim e nt 

th e  re lations h ip be tw e e n blur th re s h old 

and MAR was  e stablis h e d. In th e  s e cond 

e xpe rim e nt a diffe re nt, for th is  purpos e  

m ore  conve nie nt, s e tup was  us e d to 

m e asure  acuity in th e  pe riph e ry. To e s -

tim ate  th e  blur th re s h old for a give n re t-
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inal location it is  ne ce s sary to de te rm ine  

w h e th e r and h ow  th e  diffe re nt m e th od 

and s e tup affe cte d th e  re s ults. Th e  e xpe r-

im e nts  diffe re d in a num be r of ways. 

First, in e xpe rim e nt 2 an 8AFC m e th od 

was  us e d to arrive  at stable  th re s h old re s -

ults  w ith  fe w e r m e asure m e nts. Se cond, 

th e  data w e re  obtaine d w ith  a s ingle  e ye  

inste ad of w ith  both  e ye s . Also, a m uch  

s h orte r vie w ing distance  was  us e d in th e  

s e cond e xpe rim e nt. Th e  th re s h olds  ob-

taine d h e re  diffe r on ave rage  by a factor 

of 1.5 (MAH : 1.50; NvD : 1.55) from  

th os e  obtaine d in th e  first e xpe rim e nt. 

In a control e xpe rim e nt w ith  a s ingle  sub-

je ct (NvD ) th e  e ffe ct of us ing an 8AFC-

m e th od inste ad of a 4AFC-m e th od was  in-

ve stigate d

10

. Th is  s h ow e d th at us ing a 

4AFC proce dure  th e  th re s h olds  w e re  

still about 1.3 tim e s  h igh e r th an in th e  

first e xpe rim e nt. Th is  is  lik e ly due  to 

th e  fact th at h e re  a s ingle  e ye  is  us e d in-

ste ad of two. W e  m e asure d MAR value s  

of 0.66 arcm in (MAH ) and 0.47 arcm in 

(NvD ) in th e  m ain e xpe rim e nt (ce ntral 

fixation, two e ye s ). Th re s h olds  

m e asure d h e re  w e re  1.5 (MAH ) and 1.55 

(NvD ) tim e s  large r, and th e re fore  

corre spond to th e  e cce ntric acuity curve  

of a pe rson w ith  ce ntral acuity of 

1.5*0.66 = 1.0 (MAH ) and 1.55*0.47 = 

0.73 arcm in (NvD ). To m ode l e cce ntric 

acuity of a pe rson w ith  ce ntral acuity of 

1 arcm in w e  th e re fore  fitte d a 2nd orde r 

polynom ial fit (m inim iz ing th e  log-

diffe re nce s ) to th e  data of th e  righ t e ye  

of subje cts  MAH  and NvD *1.4 

(=1/0.73). Th is  m ode l curve  is  s h own in 

Figure  4a. Th e  m ode l corre sponds  to 

th e  acuity of a pe rson w ith  ce ntral acu-

ity of 1.0. Th e  follow ing e q uation de -

scribe s  th e  re lations h ip be tw e e n acuity 

(=1/MAR) and e cce ntricity (ε):

M AR (ε) = aε

2

 +  bε +  c,         (1)

in w h ich  a = 0.01, b  = 0.67 and c = 1. 

Since  th e  acuity of th e  righ t e ye  of sub-

je ct MAH  is  1.5 tim e s  th e  acuity of both  

e ye s  in th e  first s e tup, be ing 1, th is  h ap-

pe ns  to coincide  w ith  th e  th re s h olds  of 

th e  righ t e ye  of subje ct MAH . 

Figure  4. MAR as a function of eccentricity for th e  tw o subjects, for diffe rent angle s 

(φ) and e ye s (righ t = RE, left = LE); th e  dotted line  repre se nts th e  average  over all 

value s. Also s h ow n are  th e  th re s h olds from  th e  fixation independent e xpe rim ent 

(setup 1); th e  draw n line  repre se nts th e  m odel for an unim paire d subject w ith  acuity 

of 1.0. Th is  (accidentally) coincide s w ith  th e  righ t e ye  data of subject MAH , but is  

h igh e r th an th e  data of subject NvD . Also, s h ow n w ith  subject MAH , is  th e  standard 

m odel use d in th e  visual field sim ulator of Perry and Ge issler

8
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D is cus s ion

W e  us e  th e  Visual Fie ld Sim ulator

8,11

 to 

m ode l e cce ntric vie w ing. W e  m ak e  us e  

of th e  ‘space  variant im aging-toolbox’ de -

ve lope d by Ge isle r and Pe rry

12

. Th e  re sol-

ution m ap de scribe s  th e  way in w h ich  

th e  re solution varie s  acros s  th e  re tina. 

Pe rry and Ge isle r us e  a re solution m ap 

for unim paire d pe rsons  bas e d on a 

m ode l fitte d to th e  data from  Robson 

and Grah am

9

 corre sponding to de te c-

tion of s inusoids. W e  h ave  found th at 

contrast s e ns itivity bas e d on orie ntation 

discrim ination of Landolt-Cs  accurate ly 

de scribe s  s e ns itivity to blur in natural im -

age s. Th e re fore , w e  us e  a re solution 

m ap de rive d from  th e  Landolt-C acuity 

data obtaine d in th e  pe riph e ry. 

Th e  re solution m ap is  de rive d as  follow s. 

First, for e ach  pixe l th e  e cce ntricity is  cal-

culate d. Th e n e q uation (1) is  us e d to de -

rive  th e  MAR for e ach  pixe l. Ne xt, th e  

re lations h ip be tw e e n MAR and just de te ct-

able  blur (s e ction 2) is  us e d to de duce  

th e  blur th re s h old. Th e  ratio be tw e e n 

th e  MAR and th e  w idth  of th e  (Gaus s ian) 

blur th re s h old (σ) is  2.0. So, to arrive  at 

th e  am ount of (Gaus s ian) blur σ for e ach  

pixe l th e  MAR is  divide d by 2. Finally w e  

de duce  th e  re solution from  th e  blur 

th re s h old, in w h ich  th e  re solution as  

us e d in th e  Visual Fie ld Sim ulator corre s -

ponds  to 0.6418 / σ (pe rsonal com m unic-

ation w ith  D r. Pe rry). For th is  value  of 

th e  re solution param e te r, th e  point at 

w h ich  th e  atte nuation factor e q uals  0.5 

is  e q ual for th e  Visual Fie ld Sim ulator 

and a Gaus s ian blur k e rne l.

Us ing th e  sam e  form ula th e  pre dicte d 

MAR can be  de duce d from  th e  re solu-

tion m ap. Th is  h as  be e n done  for th e  

standard re solution m ap us e d in th e  

Visual Fie ld Sim ulator. Th e  m ode l is  

s h own in Figure  4a. Th e  MAR pre dicte d 

by th is  m ode l is  m uch  h igh e r th an th e  

m e asure d th re s h old data, e spe cially for 

low  e cce ntricitie s . 

Figure  5 s h ow s  a transform e d im age  cov-

e ring an angle  of 54 x 42 de g (w ith  fixa-

tion at th e  ce ntre ). Figure  5a s h ow s  th e  

re s ult us ing th e  standard re solution m ap 

propos e d by Pe rry and Ge isle r

8

. Figure  

5b s h ow s  th e  re s ult de rive d from  th e  acu-

ity th re s h olds  for Landolt-Cs. Both  m od-

e ls  de scribe  th e  pe riph e ral re solution of 

an unim paire d subje ct. Th e  are a around 

th e  fixation point for w h ich  th e re  is  no 

blur is  m uch  large r in th e  latte r cas e . For 

large r e cce ntricitie s  th e  re solution falls 

off m ore  rapidly, and for large  e cce ntricit-

ie s  th e  re solution is  about th e  sam e  for 

th e  two m ode ls  (Figure  4a). 

Th e  re solution m ap of low  vis ion pa-

tie nts  can be  de duce d from  th e  norm al 

Figure  5. Com paring diffe rent re solution m odels of unim paire d subjects; re sult of th e  

transform ation m eth od base d on th e  Pe rry and Ge isler

8

 m odel (a), and th e  re sult of 

our m odel de rived from  Landolt-C acuity (b); th e  im age  spans a visual field of 54 x 42 

degre e s
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re solution m ap us ing th e  sam e  m e th od 

as  follow e d by Pe rry and Ge isle r

8

, or by 

s im ply adding th e  scotom as. To arrive  

at an im prove d s im ulation w e  us e  th e  

e xtra re striction th at th e  m inim um  re sol-

ution of th e  re solution m ap can not be  

low e r th an th e  one  de rive d from  acuity 

during fre e  vie w ing.

Th is  s im ulation is  bas e d on our findings  

th at th e  am ount of de te ctable  blur is  dir-

e ctly link e d to th e  Landolt-C acuity and 

th at th is  re lations h ip is  inde pe nde nt of 

th e  caus e  of re duce d acuity (including 

pe riph e ral vie w ing, at le ast for e cce ntri-

citie s  up to 8 de g). W h e th e r th is  as sum p-

tion is  true  s h ould be  th e  s ubje ct of 

furth e r te sting. 

SIM ULATING GLARE

D isability glare  is  glare  th at im pairs  vis -

ion. It is  large ly caus e d by scatte ring of 

ligh t ins ide  th e  e ye  be caus e  of th e  im pe r-

fe ct transpare ncy of th e  optical com pon-

e nts  of th e  e ye . It re sults  in a k ind of 

ve iling lum inance . O ur s im ulation of 

th is  ph e nom e non is  bas e d on validate d 

form ulas

13 

de scrib ing th e  re lations h ip 

be tw e e n th e  ve iling lum inance  and th e  lu-

m inance  of th e  ligh t source  and th e  

angle  be tw e e n th e  vie w ing dire ction and 

th e  ligh t source . W e  add a ve iling lum in-

ance  th at varie s  ove r th e  im age . W e  

start w ith  an im age  of lum inance  value s. 

W e  th e n calculate  th e  contribution to 

th e  ve iling lum inance  re sulting from  any 

oth e r pixe l, for instance  th e  oth e r pixe l 

is  re garde d as  th e  ligh t source  caus ing 

th e  ve iling lum inance . Th e  total ve iling 

lum inance  for any give n pixe l is  calcu-

late d by sum m ing ove r th e  contribution 

of all oth e r pixe ls. 

Th e  contribution of e ach  pixe l to th e  ve il-

ing lum inance  is  calculate d us ing th e  

e q uation de scrib ing th e  illum inance  dE 

re s ulting from  a ligh t source  w ith  lum in-

ance  L spanning an angle  α :

dE = L*dα         (2)

Each  ligh t source  caus e s  a ve iling lum in-

ance  de scribe d by CIE Ge ne ral D isability 

Glare  e q uation

13

:

in w h ich  p re pre s e nts  th e  e ye  pigm enta-

tion factor (0 for black , 0.5 for brown, 1 

for ligh t and 1.2 for ve ry ligh t e ye s ). 

Th is  form ula is  valid for angle s  θ 

be tw e e n 0.1 e n 100 de g.

Th e  form ula s h ow s  th at th e  disability 

glare  rapidly incre as e s  w ith  an incre as e  

in age . For an age  of 62.5 ye ars  th e  

s e cond te rm  is  tw ice  as  large . A good 

approxim ation for angle s  θ b e tw e e n 1 

and 30 de g is  give n by:

Th is  e q uation is  th e  so calle d CIE Age -

adjuste d Stile s -H olladay D isability Glare  

e q uation. Th is  ve iling lum inance  can be  

m ultiplie d by a factor κ th at de pe nds  on 

th e  am ount of ligh t scatte r in 

som e one ’s  e ye . For cataract patie nts  κ 

lie s  be tw e e n 2 and 8

14

:

(3)

(4)

(5)

Figure  6. Sch em atic repre se ntation of th e  

vectors involved in th e  calculation of th e  

ve iling lum inance : th e  norm al vector 

connecting th e  centre  of th e  scre e n w ith  

th e  e ye  (V

e ye

), th e  fixation point (V

fix

), and 

th e  position of th e  ligh t source  (V

ligh t

)
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In th e  s im ulation for e ach  pixe l w e  as -

s um e  th at th e  s ubje ct fixate s  one  pixe l 

and w e  calculate  th e  ve iling lum inance  

for th is  pixe l by sum m ing ove r th e  ve il-

ing lum inance  contribution of all oth e r 

pixe ls  us ing e q uations  (5) and (2). 

Figure  6 s h ow s  th e  ve ctors  involve d in 

th e  calculation. For e ach  fixation point 

(V

fix

) th e  contribution to th e  ve iling lum in-

ance  of e ach  oth e r pixe l (V

ligh t

) is  calcu-

late d and sum m e d. Th e  illum inance  E

glare

 

of th is  ligh t source  is  calculate d from  th e  

lum inance  of th e  pixe l and th e  vie w ing 

angle  (w h ich  follow s  from  th e  pixe l are a 

and th e  angle  be tw e e n e ye  and ligh t ve c-

tor), us ing e q uation (2). Ne xt, e q uation 

(5) is  us e d to calculate  th e  ve iling contri-

bution from  th is  ligh t source  to th e  fix-

ate d pixe l. Th e  angle  θ e q uals  th e  angle  

be tw e e n th e  fixation (V

fix

) and th e  ligh t 

ve ctor (V

ligh t

). Th e  contribution of all 

pixe ls  is  s um m e d, and th e  calculations  

are  re pe ate d for all pixe ls. 

Figure  7b s h ow s  th e  re s ult of th e  glare  

s im ulation w ith  κ = 8 applie d to Figure  

7a. Since  th e  lum inance  value s  are  un-

k nown, as sum ptions  h ave  to be  m ade  

about th e  conve rs ion of lum inance  val-

ue s  (L) to pixe l (x) value s  (as  w e ll as  th e  

conve rs ion on th e  display). Com m only 

us e d is  a gam m a function (L = x

γ

, w ith  a 

γ of around 2). In som e  cas e s  th e  calib-

rate d lum inance  value s  w ill be  available  

and can be  us e d to obtain a m ore  re alist-

ic s im ulation (for instance , in a virtual 

de s ign re sulting from  ray tracing te ch -

niq ue s ). 

Th is  s im ulation is  bas e d on th e  stand-

ard CIE (validate d) m ode l of glare

13

, de -

rive d from  h um an obs e rve r e xpe rim e nts  

w ith  a s ingle  ligh t source . O ur m ode l e x-

te nds  th is  m ode l to an array of ligh t 

source s. Give n th at th e  ve iling lum in-

ance  is  large ly due  to scatte r in th e  e ye  

it s e e m s  plaus ible  th at th e  individual 

contributions  of th e  various  ligh t 

source s  can s im ply be  s um m e d as  our 

m ode l doe s. Th e re fore , w e  e xpe ct th at 

th e  s im ulation give s  an accurate  de scrip-

tion of th e  pe rce ive d ve iling lum inance . 

W h e th e r th is  is  inde e d th e  cas e  can be  

te ste d by pe rform ing e xpe rim e nts  in 

w h ich  various  im age  e le m e nts  s h ould 

be  de te cte d, and com paring th is  to th e  

m ode l pre dictions. 

GENERAL CO NCLUSIO N

To goal of th is  study was  to find and im -

ple m e nt ways  to visualiz e  th e  lim ita-

tions  of visually im paire d pe rsons. W e  

im ple m e nte d th re e  type s  of s im ula-

tions : (i) fixation inde pe nde nt, (ii) fixa-

tion de pe nde nt, and (iii) th e  e ffe ct of 

glare . Th e  first type  s h ow s  th e  inform a-

tion th at is  available  w h e n a pe rson in-

spe cts  th e  sce ne  w ith  h is  or h e r be st 

part of th e  visual fie ld. Th e  s im ulation 

s h ow s  w h ich  e le m e nts  are  and w h ich  

are  not vis ible  w h e n atte ntion is  fo-

Figure  7. Exam ple  of disability glare; (a) original im age; (b) transform ed im age  to 

w h ich  a ve iling lum inance  is  adde d for a glare  factor of κ = 8
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cus e d on th at part of th e  sce ne . As  

s uch , th e  s im ulation is  re late d to h um an 

pe rform ance  for re cognis ing obje cts. 

Th e  s e cond type  s h ow s  th e  inform ation 

th at is  available  e ve ryw h e re  in th e  visual 

fie ld w h e n a pe rson fixate s  a particular 

part of th e  sce ne . Th is  s im ulation give s  

ins igh t into visual s e arch  for an ite m , 

for instance  th e  s im ulation is  re late d to 

th e  conspicuity of e le m e nts  in th e  

sce ne . It also s h ow s  w h ich  inform ation 

is  available  w h e n th e  tim e  to inspe ct a 

sce ne  is  s h ort. Since  s im ulations  (i) and 

(ii) give  ins igh t into oth e r aspe cts  of visu-

al proce s s ing (obje ct re cognition vs. ob-

je ct de te ction) th e y both  are  valuable  

s im ulations , and de pe nding on th e  tas k  

one  or th e  oth e r w ill be  m ore  s uitable . 

An e xpe rim e nt w ith  im paire d and unim -

paire d subje cts  was  pe rform e d th at 

s h ow e d a s im ple  re lations h ip be tw e e n 

acuity and am ount of just noticable  

blur. More ove r, th is  re lations h ip was  

found to be  large ly inde pe nde nt of th e  

caus e  of re duce d vis ion (visual im pair-

m e nt, low  contrast, e cce ntric vie w ing). 

Th e  fact th at th is  re lations h ip h olds  for 

low  contrast im age s  indicate s  th at a con-

trast s e ns itivity curve  bas e d on discrim in-

ation of Landolt-C sym bols  is  

appropriate  for m ode lling visual lim ita-

tions. Bas e d on th is  finding w e  propos e  

a fixation inde pe nde nt s im ulation in 

w h ich  th e  (local) blur adapts  to th e  

(local) contrast. Th is  com e s  down to a 

dire ct (local) im ple m e ntation of th e  re la-

tions h ip be tw e e n am ount of just de te ct-

able  blur and th e  acuity (at th at contrast 

le ve l).

Th e  re lations h ip be tw e e n acuity and just 

de te ctable  blur in natural im age s  is  also 

us e d to m ode l th e  fixation de pe nde nt 

s im ulation. Th e  s im ulation m e th od is  

bas e d on th e  as sum ption th at th e  re la-

tions h ip be tw e e n just de te ctable  blur 

and Landolt-C acuity is  inde pe nde nt of 

e cce ntricity (as  found in th e  m ain e xpe ri-

m e nt) and also h olds  for e cce ntricitie s  

large r th an 8 de g (th e  m axim um  e cce nt-

ricity us e d in th e  m ain e xpe rim e nt). W e  

m e asure d Landolt-C acuity in th e  

pe ripe ry and from  th is  w e  de duce d a 

m ode l de scrib ing th e  acuity of an (unim -

paire d) s ubje ct w ith  acuity of 1.0. Th e  

re lations h ip be tw e e n blur th re s h old and 

acuity is  th e n us e d to de rive  a m ode l of 

th e  just de te ctable  blur in th e  pe riph e ry 

of an unim paire d subje ct. Th e  re solu-

tion m ap of an im paire d subje ct is  th e n 

de duce d from  th e  re solution of an unim -

paire d subje ct, th e  pe rim e te r data of 

th e  s ubje ct, and th e  ce ntral acuity of 

th e  s ubje ct (im pos ing a low e r re solution 

lim it). It is  cle ar th at in re gions  w ith  an 

absolute  scotom a th e  s ubje ct is  not 

able  to pe rce ive  anyth ing. It is  still un-

cle ar w h at th e  blur th re s h old is  in re -

gions  in w h ich  th e re  are  re lative  

scotom as  (i.e ., w h e re  th e re  is  re duce d 

vis ion). In a future  study th e  re lation-

s h ip be tw e e n th e  pe rim e te r re sults  and 

blur th re s h olds  s h ould be  e stablis h e d. 

Still, th e  s im ulation w ill be  corre ct in 

m any re spe cts  (for instance , re garding 

th e  m inim um  acuity, m inim um  de cre as e  

in acuity w ith  e cce ntricity, absolute  

scotom as). 

W e  also inve stigate d ways  to s im ulate  

th e  e ffe ct of glare , s ince  for ce rtain 

type s  of im pairm e nts  th is  h as  a b ig im -

pact (for instance , cataract). For th is  s im -

ulation w e  re sorte d to w e ll-validate d CIE 

e q uations

13

. A ve iling lum inance  is  cal-

culate d for e ach  part of th e  im age  th at 

re sults  from  th e  ligh t originating from  

oth e r parts  of th is  im age . Th e  ve iling lu-

m inance  is  th e re fore  re pre s e ntative  for 

th e  s ituation th at an obs e rve r look s  at 

th at part of th e  im age . Th is  s im ulation 

can also be  us e d in com bination (as  a 

first ste p) w ith  th e  fixation inde pe nde nt 

and fixation de pe nde nt s im ulations.

Th e  s im ulations  de scribe d in th is  study 

are  im ple m e nte d in software

15

 . Th is  

tool allow s  one  to de grade  an im age  

s uch  th at it visualiz e s  w h ich  inform ation 
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is  available  to a low  vis ion patie nt us ing 

th e  patie nt's  re s ults  from  oph th alm olo-

gic te sts  (acuity, pe rim e try, and ligh t scat-

te ring data). Th e  ide a is  th at by us ing 

th is  tool, pe ople  w ith  norm al vis ion gain 

m ore  unde rstanding of th e  abilitie s  and 

inabilitie s  of visually im paire d pe rsons. 

Th e  h ope  is  th at th is  w ill (e ve ntually) 

le ad to an e nvironm e nt th at is  be tte r ad-

apte d to th e  ne e ds , abilitie s  and lim ita-

tions  of visually im paire d pe rsons.
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