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Abstraet  We  cxamincd  Eminert's law by measuring  the

pcrceivcd size  of  an  aftcrimage  and  the per¢ eived  distance of

thc surfacc  on  which  thc afterimagc  was  projected in actual

and  virtual  environments,  Thc actual  cnvironmcnt  consisted  of

a  corridor  with  ample  eues  as  to distance and  depth. The
virtuul  envirunment  wus  mudc  frem thc CAVE  of  a  virtual

reality  system,  The uftcrimage,  disc-shapcd and  one  degree in

diumetcr. was  produced by 1]ashing with  an  clcctric  photoflash.
Thc observers  were  askcd  to cstimatc  thc pcrccived distance to

surfaccs  located ut  varjeus  physica] distanccs {1 to 24m)  by
thc rnagnitudc  cstimatjon  mcthod  and  to estirnate  the perceived
sizc  ofthc  aftcrimagc  projcetcd on  the surfaces  by a  rnatching

method.  Thc rcsu]ts  show  that thc percejved size  of  the

aftcrimage  wus  dircctly preportiona] to thc  perceived djstance
in both envirenmcnts;  thus, Emmcrtis law holds in virtua]  as

well  as  actual  environmcnts.  Wb  suggcst  that Emmert  

's
 law is a

specific  ease  ot'a  funetienaL princjplc ot' distancc scaling  by the

visual  system.  J Ph.vsiot AntirJvpot .dlpi Huinan Sci 23(6).'
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Introduction

  In genera], the 
.areater

 the physical distance of  the surface

upon  which  an  afterhnage  is projected becomes, the greater the

size  of  t]ie at'terimage  appears.  The relationship  between the

perceived sizc  of' the afterimage  and  distance of  the surface  is

knowm  as  Emmcrt's lasiv'. ALthough there has been some

controvcrsy  ubout  what  Emmcrt's ]aw means  (e.g., Edwards

and  Boring, 1951; Ybung, 19SO, 1951), we  herc interpret it tQ

mean  that the perc'eii,edsiie ofan  aftcrimage  is proportional to

the perc'eii,ed distunc'e of  the surface  on  "･hich  the afterimagc

is prQl'ected. This interpretation means  that Emmertis law is

psycho-physical-, not  optical-.  and  is equivalent  to the size-

distance invariance hypothesis,

  According  to the  above  interpretation, the law can  be

represented  fbrmally by the fo11owjng equation:

s=dXtana (1)

  w]iere  s is the  perceived size  of  an  afterimage.  d is the

perceived distance of  the surface  on  which  the afterimage  is

projected and  a  is the visua]  ang]e  subtended  b>, the

afterjinage  <Hershenson, l999). Therefbre. the law can  be
verified  by measuring  the perceived size  of  the afteriinage  and

the  perceived distanee to the surface  on  which  the afterimage  is

projected fbr a given vjsual  angle  of  the afteriniage.  This was

done in this  study.

  Although a  number  of  studies  on  Emmert's law have been
conducted  so  far, the viewing  distances to which  Emmertts law

can  be applied  are,  as  yet, unclean  In addition.  several studies

examining  the relationship  between viewing  distance and

apparent  si7e of an afterimage  have not inctuded to rneasure

the  pereeived distance (e.g., Dwyer  et aL.. 1990; Price, 1961:

Weintraub and  Gardner, [970). Furthermore, as  far as  we

kno",, no  one  has examined  whether  or  not  Emmert's ]a", can

be applied  in a virtual  reality  environment.  Since the perceived
distance ofa  surface  usually  differs from the  physical distance
of  that surface  in a  virtua]  environment,  it seems  to be

appropriate  to test whether  Emmert's law can  be applied  to the

pcrccivcd distance or  physica] distance.

  Thc  aim  of  this study  was  to examine  whether  or  not

Emmcrt"s law is va]id  in a virtual  environment  as  well  as  an

actual  cnvironmcnt  by mcasuring  the perceived si7e  of  an

afterimage  and  the perceived distancc of  thc surt'acc  en  which

the  afterimage  was  projected, We  compared  the mcan  slopcs  of

the Line fitted to the mean  perceived size  ofthc  aftcrimagc  as  a

function of  the percejved distance obtaincd  in actual  and

virtual  environments  with  the theoretical slope  ofEq.  (1).

Methods

  Obsen,eng Nineteen volunteers  (university undergraduate

and  graduutc students),  with  selfireported  normal  or  corrected-

to-normal visuat  acuity,  participatcd in the actual  environment

conditien  of  thc expcrimcnt,  and  six  obserN,ers  (graduate
students  and  volunteers  frem thc Nationa] Institute of

Advanced  lndustrial Sciencc und  Tcchno]ogy). also  ",ith  selfi

reported  normal  or corrected-to-norma]  visual  acuity;
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participated in the virtual  enN,ironinent  eendition  ot' the

experirnent.

Stimulus and  appareitus
  A  positive afterimage  with  a  constant  visual  anglc  (i O)

 was

induced by fiashing into the observerk  eyes  sN'ith an  e]cctric

photoflash (National NE-5651)  masked  to provide a disc-

shaped  afterimage.  There was  a  fixation niark  ut the center  of

the window  ofthe  mask,  The actual  environrncnt  consistcd  ofa

corridor,  2,06 meters  wide,  3.02meters high, and  26.83 meters

long, where  the observer  had an  unobstructed  view,  

'I'he

windows  on  the two  long sides ef the ceTridor  and  texture oi' its

flDor served  as perspective cues  to distancc. A  white  wall  at

one  end  of  the corrider  was  the surfacc  upon  whjch  the

afterimage  was  prQjected. The  corridor  was  illuminated by
fiuorescent ]amps from the cei]ing  of  thc corridor  and  by

sunlight from t]ie side  windows.  The  virtual  environment  was

made  by a CANrE virtua]  rea]ity  construeting  system  as shown

in Fig. 1. The chamber  was  surrounded  by thrce screens, each

3meters by  3meters, which  wcrc  thc front. the right  side  and

the  lefi side surfaces. fexturc patterns consisting  of

checkerboards  were  prQjected on  thcsc thrcc surfaces.  A  head-

mounted  goggle with  a  liquid-shuttcr was  sct  on  the observer's

face, for presentation ofbinocular  disparity and  for monitoring
the  tocation of  the  ebserver's  head.

Procedui?

  After the photofias]i was  exposcd  te the observer.  it was

removed  ftom the obscTi,cT's  linc of  sight.  The magnitude

estiination method  siv'as uscd  te measure  the pereeiN,ed distanee
of  the  surface  and  the matching  method  was  used  to measure

the perccivcd sizc  of  the ailerimage,  in both environment

conditions.  Thc  obscrvers  were  required  for two  tasks, The first

task was  to cstimate  the apparent  distance of  the surface by

rcporting  a  numbcr  with  a modulus  as  a unit,  which  was  a stick

onc-mctcr  leng. so  that the nurnber  corresponded  to thc

pcrccived distunce of  the surface,  The second  task ",as  to

match  the apparent  size  ofthe  afterimage  with  a length of  tapc

that the observer  held in the hand. Thc obscrvcr  adjusted  the

tength ofthe  tape  se  that it corrcsponded  to the percejved size

of  the afterimage.  Eight vicwing  distances were  used  in the
actuat environment:  1. 3. 5.73, g.59, 11,46, 13.75, 18,33 and

22.91 meters.  Seven siinulated  vicwing  distances were  used  in

the virtual  environmcnt:  1, 2, 4, 10. 14, 20 and  24 meters.  Each

observer  cornpletcd  three trials for each  viewing  distance

condition  in both aetua]  and  virtual  environment  conditions.

Thc erder  or  the viewing  distance sub-conditjons  was

randomized  fbr each  observer  and  each  cm,ironincnt  cendition.

Resujts

  Since we  analyzed  separatcly  data obtained  in the actua]

environment  and  in the virtual  environment.  -,e  report

separately  thc  results  of  the analyses.  1'he same  method  fbr

data analysis  of  analysis  for the data in the actual  environment

Fig. 1 A  phDtographic representa[ion  of  the C?YVrE virtual  realiry

   system.

was  appLied  to these  Ln the virtual  environrnent,  ""e analyzed

the perceiN'ed distance of  the surface  on  which  the afterimage

was  projeeted, the perceived size of  the afterimage,  and  the

relationship  between the perceived distance and  size.  jn orden

Actualenviionment

  Firstly, we  analyzed  the mean  perceived distances aN,eraged

across  the 19 observers. 

'1'he
 mean  perceLved distance averaged

over  three trjats fbr eaeh  observer  and  in each  viewing  distance
sub-condition,  -'as  a  basic unit  for further analyses.  A  one  way

cg viewing  distances) vepeated  measures  ANO]vL6L showed  that

the main  effect  of  viewing  distance ",as  significant  [FC7.
126)=l16.961, p<,OOOI]. This significant main  eiTect  is

i]lustrated in Fig. 2a. in which  the mean  perceived distancc

averagcd  across  aLl observers  is plotted as  a function of  thc

vicsiv'ing distancc. We  fitted a power function to thc pcrccived
distancc data. The obtained  exponent  ot' thc powcT function

was  .910, which  was  eoinparablc  to thc rcsults  ef  previous
studies (e,g,, Da  Silva, 1985; Loomis eL al,, 1`)92],

  Secondly, ",e  analyzed  the mean  perceived sizes  of  the

afterimage  averaged  across  the 19 observers, The mean

perceived size  averaged  over  three tria]s fbr each  observer  and

in each  yieifu'ing distance sub-condition  was  a basic unit  for

further analyses.  A  ene-way  (8 viewing  distances} repeated

measures  ANOVA  showed  that  the  main  effecr  of  thc vicwing

distancc was  significant  [F(7. 126)=176.770, p<.OOOI]. This
significant  main  cflZ)ct is illustratcd in Fig. 2b. in which  the

mean  perceived sizes  averaged  across  all observers  are  pLotted
as  a  function ofviewing  dLstance.

  Thirdly. we  compared  the obtained  data with  the prediction
of  Emmert's taw. Fotlo",ing Eq,{1), when  cx is one  degree.

which  was  the size  of  the afterlmage  used  in this experiment.

we  obtain the fo1]owjng equation:

    s=tan1"Xd=O.Ol75d  {2)
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   Fis  3 Thc  meun  perceived size  of  the afierimas,e  as  a  funeLien nf  the perceived distance in the  actuul  environment  (a) and  in  the virtual

      envireMmenLCb).

  Figure 3a shows  the mean  perceived size  {h') of  afterimage  analyses.  A  one  way  {7 distances) repeatcd  mcasures  ANOVdL

averaged  across  the 19 obserN'ers  plotted as  a function of  the showed  that the main  efTect  of  the simu]aLed  distunce was

perceLved distance (d), The slope  of  the ]ine fitted to the means  sjgnificant  [F(b. 30)=20.438, p<.OOI1. Thjs significant  main

was  O.O178 (SD=O.O06g}, which  is very  c]ose  to the efTect  is illustrated in Fig. 4a, in which  the mean  perceived
theoretical slope,  and  thc cocrncjent  of  dctermjnatjen (i;} was  distance averaged  across  a]1 observers  is plotted as a function
O.9g4. The  thcorctical  value  ot'  thc  slopc.  i.e.. O.O175 was  of  the  simulated  djstance. ide fitted a  power function to the

contained  within  the 95%  confidencc  intcrval caLculatcd  t'rom pcrccivcd distancc data. The  obtained  exponent  of  the power
the mcan  slope  and  the standard  deviation. which  ranged  frem functien was  ,745. which  was  sma]lcr  than that obtajncd  jn the

O.0210 to O.O145. 1'his means  that Emmert's law holds jn the actua]  environment  condition  and  alse  thosc in prcvious studics

actual  environment  ofthe  present experiment,  (e.g.. Da  Silva. 19S5; Loomis  et at., 1992).

                                                      Secondly, ",e  analyzed  the mean  perceived sizes oC the

lfi'i'tttatenvif'onment afterimage  averaged  across  the six  observers,  The mean

  First]y, we  analyzed  the mean  pevceived distance averaged  perceived size averaged  over  three trials fbr each  observer  and

acress  the six  observers.  The  rnean  perceived distance in each  simulated  distance sub-condition  was  a  basic unit  for

averaged  ovcr  threc trials for cach  observer  and  in each  further analyses.  A  one  way  (7 distances) repeated  measures

viewing  distancc sub-conditien.  was  a  baslc unit  tbr furthcr ANOivldL showed  that the inain  effect  ofthe  simulated  distance
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Fig, 4 The obtained  perceived disLance and  size oftlic aficrirnage  in  the virtual  envirenment.  ca)/ The mean  perceived disLance a) a I'unclion ef

   thc simulatcd  distance, (b): The  mean  perceived size ot' the afterima.gc  as  a  fimction Dfthc  siniulatcd  distance.

was  significant  [F(6, 30)=19.189, p<.OOI]. Thc significant

muin  effect  is illustrated in Fig, 4b, in which  thc mean

perceived sizes  averaged  across  all observers  arc  plottcd us  a

functionofthesimulateddistance.

  Thirdly, we  compared  the obtained  data with  thc prediction
of  Ernmert's law, Figure 3b shows  thc incan  perceived size

averaged  across  the six  obserN,ers  p]otted as  u 1'unction of the

perceived distance. The s]ope  of  thc fittcd line to the means

was  O,02 19 (SD=O,O033) and  the coeficient  of  deterrnination

was  O.980. The theoretical slope  O.O175 was  not  contained

within  the range  of  95g,6 confidence  interval calculatcd  from
the rnean  slope and  the standard  deviarion, which  ranged  frorn

O.0254 to  O.Ol84.

  Next, "'e  calcutated  the slope efthc  fitted line to the means

obtained  frDm 1 m  to 20 m  simu]atcd  distance; the obtained

mean  slope  was  O,0206 (SD=O.O068). The 95%  cenfidence

interval ranged  from O,0280 to O.O137, containing  the

theoretical slope O.Ol75. This means  that Emmert's taw holds

in the virtual  environinent  up  to thc 2emeters of  the present
expenment,

Discussion

  Emmcrt"s law for the perceived size  of  an  afteriinas,c  as  u

function of  thc perceived distance of a surface on  ",hich  the

afterimage  is projected holds in both actual and  virtuaL

environments.  
'rhe

 appticability  of  the law, hewever. differs
slightly  between the actual and  virtual  environments;  in that in
the actual  emrironment  the law holds at  lcast te 24m  of  the

physicaL distance, but ln the virtua]  cnvironment  the Law does

not  hold in that simulated  distance. This small  differenee might

be due to incomp]ete simulation  ofthe  virtual  space.

  The notjon  that the law mcaiis  that the perceived sLze of  an

afterimage  is proponional te the  perceived distance was

strengthened  by Pricc (1961) and  Dwyer  et al. (1990). Both

studies  examined  the apparent  size  ef  an  afterimage  under  the

condition  in which  apparent  distance appeared  differently from

the actuaL distance, i.e.. distance illusion. Price (1961)
observed  quaLitatively that the apparent  size of  the afterimagc

was  dependent upon  the apparent  clistance when  it sN'as

pro.iected onto  two  surfaces  at  different physjcaL distanccs of

which  the physically further surface  appeared  pcrccptuully Le

be nearer, Whereas, Dwyer et al. <l990) cxumined

quantitatively the perceived size ofthe  afteritnage projectcd on

the two  surfaces  in Ames's  distorted rDom,  The  distance of  onc

rear window  ofthe  room  appeared  to be equal  to t]ie distance

ofanother  rear  window  ofthe  room,  irrespectjve of  differcnees

in the actua] distances of  the two  windows  in Ames's

demonstration, Consequently, they found that thc pcrceived
size  of  the afterimage  pro.jected ontQ  one  window  was  ulmost

equal  to that prQ]'ected onto  another  window.  Thcsc findings

c]early indicate that the  perceived sizc  uf  an  afterimage

depends on  the perceived distance of  the surfacc  on  which  the

afterimage  is projected,

  The present finding. that Emmert  

's
 ]asiv' holds for the limited

range  of  thc sirnulated  distanccs in the virtual  environment

mcans  that thc pcrecivcd size  ol'  the afterimage  is not

depcndent on  the physieal distance ofthe  surface on  NN'hich  the

afterimage  is projected, but on  the perceiN,ed distance of  that

surl'ace.  In the experiment  reported  here, the physical distance

of  the surface  simulated  virtually  was  always  approximatc]y

2m  from the observer's  eyes,  The surface,  however, appcurcd

virtualiy  as much  as 24ni away.  The perceived sizc  of  the

afterimage  pro.iected onto  the surface increased lincaTly us  the

perceived distance of  the surface  increased.

  Emmert's ]aw, which  states  that thc perccived size  ef  an

afterimage  is proportiona] to thc pcrccivcd distance, is

equiii'a]cnt  to thc sjzc-distance  invariance hypothesis. One

formu]ation ot' thc hypothcsis states  in a more  generaL fbrm
that thc ratie  of  the perceived size  (s') of  an  object  to the
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perceivcd distance (d) is a  constant  for a gii'en constant  visual

angle  of  the ubjcet  {c.g., Hcrshenson, [999: IIoward and

Rogers, 2003), This statement  is tbrmally equivalent  to Eq. c1)
as  descrLbed in the  introduction scction  ifs js replaced  by s',
i.e., the perceived size ol' thc actual  objecr  instead of  the

afierimage,

  Some  experiments  (c,g,. Folcy, t96g; Oyama,  1974) have

confirmed  the hypothesis but other  cxperiments  (e.g., Goge] et
al,, 1963) have disconfirmcd it. The confirmation  or

disconfirmatien ef  the hypothesis depends on  the instructions,

the tnethods  of  mcasurcmcnts,  fu1]-cues or  reduced  cues  to

distance and  depth, and  so  on.  The  results  of  the present
experitnent  conl']rm  the hypothcsis in the  virtual  environment

as well  as in the actual envirenment  within  the limited range  ef

thevie",ingdistance.

  Emmert's law cun  be thought  of  as  a specjfic case  of  the
functiona] principle of  distancc scaling  by t]ie visual  system.

Distance scaling has been rcpertcd  in the domains of

stereoscopic  depth and  motion  parallax depth {e,g., Nakamizo

and  Shimono, 2000; Ono  and  ComeTtbrd  l977). That is. the

visual  systern  can  yi'eld veridEcal  depth perception by
calibrating  the depth produccd by binocular disparity or

motion  parallax by using  the pcrccii,ed distance infbrmation.

Ihis process could  a]so  occur  in the dornain ofsize  perception.
When  one  views  the afterimages  pro.jected on  surfaces  at

various  distances in the actual  cnvironment  and  even  Ln the
virtual  environment.  the visuaL  systcm  yields an  apparent  size

by ca]ibrating the proximat sue  using  thc perceived djstance

infbrmation.
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