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ABSTRACT 

The ü(,"t:omllloJa tive mcchanislll uf lhe eye appears lo fU llcti oll al! 11 servome· 
chaniSIll . an error·aelualed, self· regula ling, feedback cuntrol dev iee. Cybernctk 
approaeht.~ were a pplied lo the ocular accommooati ve mechanism in an atlempt 
10 define various syslem parameters. 

The most sal isfaclory mooe! of Ihe human aeeornrnooa tive mei:han ism seems lo 
be Il fir l!l order servo wilh a lime deJay of a pprox imaleJy 25~ milliS(.'Conds and 
a <lead l one. It has a lime consta nt of approxilllatel}' 275 milliseconds. 

Satisfactory open. loop data eould 1I0t be obta ined !!ince ga in changcd with 
vol ilion. I{epcatablc closcd·loop daha were obtained and un atlempl was made to 
formula le a lransfer e<lualioll for the aeeommooalive syslem. uli lizillg cOlIslanls 
consista ni wilh tholle derived from transiellt rt.'Spoll!;e da la. Although all e<luatioll 
was deri ved yieldi ng a satisfactory Ji l of the cmpirical frcq ucJlcy response curve. 
il clefim:d a rcgcl1crative sy!!tcm ami therefore had lo he re jected . 
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When, under open-Joop eond iliolls, a Ilcgalive nccommodalive slimuJus was 
provided, Ihe subjt.'C1 rcsponde<l wilh posilh'e accornrnodaliol1. This suggests Ihal 
the subject 's eye was 1101 able lo recognizc the poJa ri ly of the slimulus. 

Thc influence of volilioll upon accommodalive responsc alld the inabil ity o f 
lhe subject lo respond differenliall )' lo prc·focal Plld post-focal bl ur ( in lhe a bsence 
oí accommodali\'e lracking) lend lo Ihrow comiderahle doubt UpOI1 Ihe a~sumpliun 
lhal lhe IIccQmmodalive 11l<.'Chanism is purel y refleJ( . 

INTnODUCTlON 

Accommodalioll is the (Iioplric adjuslmell l of Ihe eye lo IItllli ll maximal sharp. 
ncss of relina l imagery for 811 obj<.'C l of rega rJ . Thc prescnl invesligalion is baSt-'(1 
upon lhe premise thal the accommoda lh'e mechunism fUll ctions as a servomecha· 
nism . an error actuated feedback cont rol llcvicc. 1\5 such, il is suhj<.'Ct 10 inves­
ligalion usi ng servoanal)'tic melhods. & !>it:all y, Ihese melhods consisl oí Ilua llli­
lalive invesliglltioll of Ihe mechunism's Iransienl response ~ response lo u slep 
inpul ) and frequel1ey respúnse (response 11.1 a slead y.slnle sinusoida l input ) . 

Indced, it was found Ihal ~ uch iIlclhod~ of tt.'!! ling are applicable lO Ihe human 
accommodalive mechan ism, a lthough Ihe resllOllse uf Ihis mechulliSIlI cloes 11 0 1 

appea r lo be fully automatic a Ílcr the fa shiol1 o f the pupil. 

EQU IPM ENT 

Gem:ral l"slru"..~"IOIioll: 

The prescul inve¡;ligalion ulilized un in frared optomdcr lo rnonilv r 8t:COIII­
mo<laliolL, together ""ilh a num bcr o f pi l'CCS of a UJ(iliary equ iplllcut. Figure 1 show!! 
lhe master control secliún for equipmenl useO in this sludy, logclher wi lh a Tek­
lronix NV 502 duul-bca m calhode ray osc illoscope ami ils associated Hew:ell pac­
kanl record camera. 

The upper dcck of Ihe ma~ lc r c(.111 lrol uuil consists of a secl iolL II' hich providcs 
regulaled ami unregulaled voltages 11.1 the remaining scclions. Thc second seclion 
hou§eS a Tensor Arbil ra r)' FUllctioll Ccncrator, Modd 5U46. In acldi liOIl. il 
conlllil1S clt.'Clronic filten and Iwo 50 K precision potcl1tiúrnelers for volta¡;e ad­
juslment. The third sectiol1 of Ihe ma~lcr cOl1lrQI unil t:ontains Iwo precision re~is· 

lance deca(lt.'!! and ga m alld zcrQbalance conlrols fM Ihe Arbitrary Funcli oll Ballal 
Oplomeler. 
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The fourth deck of Ihe masler conlrol Ullíl eonlai ns a prec lSlon vollage eali· 
brlllo r a nd n high. impedcllce \'Ollmeter, use<! lo moni lor Ihe aclion of Ihe Arhitrary 
FUllelioll Badal Optomeler la rget. 

Thrt!t: ullil~ for providing a(:commodalive stimulí ""ere ul iiized ""ith the infra red 
oplomeler. The firsl of these was Ihe Arbitra ry FUJlclion Badal Oplometer un it fo r 
thc leh ere, cons isting of a high.!peed rectilinear gal\'anomeler wh ich controls Ihe 
posili on of u Snellen turgel lI'i th respt:(;1 lo a (;olor·(;orreelc(1 len dioplcr len5. It 
WIIS lIw d in Ihe presenl slud )' lO provide sinusoidal di oplri(; signa ls. 

Fi". l . Maolo:r ,·"nlr,,1 ~o:..(i (1n ror Fi ll. 2. The Allen inrn rcII opio lile­
Cllui¡lnltlOt ulilized in Ihe lerhull l o~'·o l'c. 
..., rvoll nul y~ i ~ uf li,e human 
a"r"mmu, l ~tive me ..hani ~m. 

The 5eCond auxiliary uníl employed was Ihe Badal Slep-fulLclioll Oplolllclc r for 
¡lIe le h ere. This Ullil was use<! fOf Ihe ana lysis of Ihe open.loop Irans ient r~pollse 

of Ihe accommodal ive mechanism. 

The thi rt! slimuJus unit empl oyed was Ihe Badal Slep·fu llclioll oplomctcr fO f 
Ihe righl ere. This oplomeler was used in the investigation of Ihe dose<!-Ioop 
tra nsíent n..'!!I'0nse of the accommooutive mechanism. 

rhe Sel¡-recordillg 1,,¡rarc(1 Optome/cr: 

The self-recordi n!; oplomcter 1 uscd In Ihis slud y was ¡¡art 1) ( a haploscopc 
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Jesigll l.-d for lhe Air Foree by Allen 2. lu lhc prt."Scnl illvesliga lion, slighl lIIo<li fi· 
ealion of lhe previ ousl)' exisling inslrumenl .....as made lo renJer il more 5uitable 
for o blainillg frequene)' response informalioll. Figure 2 !;S how" Ihc Allen haploscopc­
oplomeler eombinal ion a nd fi g:ure 3 shows Ihe Iran~ i C I\I response o f lhe infm rcd 
a pl omeler. Figure 4 is a sehcmulic eye ea lib ratioll curvc a nd fi gure 5 is a calibra­
lioll c urve for sub ja:t J. S.. obtaincd hy fi xing Ihe refmclive power a f Ihe e)'e b), 
means o f cycloplegia ami provid ing incrementa l changes in effec live refractive 
slate b), mea liS of triar lenses. 

r/¡e Slcp-/llllcliofl O¡JlOIIIC/er lar Ihe Rig/¡t Ere: 

A Sa(lal optomcter s)'slem ea puhle o f presen li ng a lternald)' 1\'0'0 diffcrt'1l1 d iol}­
trie sli muli lo Ihe righl e)'e was used in '!!l ud )'i ng lile closcd .laop trllnsienl res· 

Fi H. 3. 	l'ra ni ie nt re~I'0" SOI ul Ihe Allen ;nlrared 
01,IOInde r. 20 f.I' .... tim" mark. 

ponse o f lhe ere, as wdl as lhe rCSIJO lLse of tlle human ¡Ieeommodalive nlt.'chanism 
lo s n oplica l rectang ulur input. Figu re 6 is u photog raph of the slep. funcli oll 
oploml:ler usee:! ror Ihe ri,:::hl eyc. A dicroic mirror defla:ls visible I huI nol 
infrarW ¡ ra rl ialioll from Ihe slimulus Illrgel inlo Ihe suhja:l's righl eye. 

The step·funclion optolllclcr for Ihe righl e)'e canlllins 1\'0'0 !:lelrura le targel 
s)'slems. The upper s)'slems lUls u ten diopler ra nge .. nd is uS(:d lo projccl a 
Sncllcn largel inl o lile Ballul Oplollleter below. A removltble lar~et in Ihe lower 
s)'slcm wit ll a scvell diopter Tllllge is ust:d lo suddenl)' inlrOfluce a stimulus al a 
(Iifferen l dioplric levcl. Whcll this Sl:cond largel is hroughl within lhe lube of Ihe 
Jower oplomclcr by Illeuns uf a solenoid. a d iHusing scrt."C1I ubsc urt:ll Ihe proja:le(1 
¡mllge from Ihe upper s)'slem. The action lime o f Ihe rotary soJenoid eontrolling 
lhe relllovable largcl is 20 millist:conds. 

When 1\0 curren! is allowed lo How through lhe rola r)' solelloid, Ihe projecled 
lll rgel is Sl."CIl. When the solcnoid is aeliva!L'{!, Ihe lower ta rgel 1Il0Vel! inlo pluee. 
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Cu rrenl lo Ihe so lenoid ca" be swiched manuall)'. u r uUl oma lica ll )' h)' conllecti llg 
Ihe solenoid lo a cam-uctuate microswitch wil hin Ihe Tenso r GeneraloT. A simuha­
Ileous voltage presented lo olle chan ncl o f 1111 o&:illo!wo¡.Je prov idcs a si~llnl marker. 

1'1u: Slep-flHl/:liulI Op,o",l!Ie,. fur ,he Lef, Ere: 

The left -e)'e Slep-funcli on optomeler s)'stem provide<] oplicul slep signa ls for 
illvesligalion of the open-Ioop Irans ienl respollsc o f Ihe human accornmo<]a live 
mt.'Chanism. Fig ure 7 is a pholog raph und figure ij is a &:hcmulic diugram of this 
slep-function oplomeler. In fi gure 8. C is n ten dioplcr ¡Ichromatic lens siluated 
len ct!nti meters I)('fore Ihe entrance pupi l of Ihe ere. M is a bcam splitter which 
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!ra nsmits ligill or igi nating from TI uml rdk'C!s ligil! frorn T2_ TI ami '1'2 are 
Ira nsillumina!t.-d b), ligll! frolll L, pussiJlg Ihrough diHusing plutes, FG_ Each lar­
¡:.e1 assem bl}' is movuhle in Ihe direclion inclicalecl in fi p.-ure 3 by a (I ouble-heade<\ 
nrrow. 

Operu lionull )'. TI ulld '1'2 wcre posili uncd wilh rcs¡x."e l to seales ca librated in 
d ioplers. ami Ihe stimulus val ue was eha nged between Iwo desired dioptric levels 
by cnc rgiz in~ olle 0 1" Ihe ot ller ligil l 80Ul"ec. 1\ low-Icvel cu rrenl \Vas a llowec.l lo 
pass IhrouAh Ihe nOIl -iJlUllIinalc(1 filomClI1 ni IIIl limes, thcrchy kl"Cping lhe fi­
la men! suffici clIII }' wllrrn lo be harely vi sihle in an olher\Vise lotall )' (Iark rOOIll. 
This. in ns!!ocillti oll wi lh u Illodc ru!c uvervol lll ~C of lile mamenl du rill~ jls "011" 

phase. re<luc(.'"(1 Ihe illstrumclIl rise lime lo Ilpproxirnutcl )' W mill iseconos_ 

Voltage from aCTO!!!! olle bulb WIl S fed by \Ya r of un atlellulltillg potell ti omeler 
lo onc chall llel of !he Tcklronix N'l 502 osc illm.copc. therebr provid ing ti signal 
ma rker. 
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Tite Arbi/r(lry-f/lnctioll Oplome/er: 

The arbilrllr)'. funclion oplomeler consisls of a frolll -illuminah:d 5 nellcn large!. 
driven by nn IIrm cOllllecled 10 lhe ¡>en of Il ~1Pss.tl. reclilinear galv8nomeler. 
Iype, M . 133. having Il DC resislollce of 1,000 ohms. Figure 9 shows Ihe cons­
Iruclion () f Ihe Arbitra r)' function oplomeler. A supporling Slructure, which 
could be clamped 10 Ihe haploscope lable in an)' desired position. hcld a labora­
to r)' jack. On lap of Ihe laboratory jack was affixed a bnss p!alc. mille<1 wilh 
a linear grOO\'e which in lurn ",'as maled lo a co rrcsponding projection on lhe 
base of Ihe ga lvanometer carrier. The gah'llnomeler could he movt:d alon); a line 
pa rallci 10 lhe orienlalion of Ihe left haploscope armo 
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FiJ . 5. The infr. red oJllomeler fa li!.nlion <' une fo r ~ ubje t'l J, S. To derive Ihi~ fune, Ihe 
uI" 'ommodulio" ,,1 S'. ri , hl e )'e WaK 1,.... lyaed II nd Ihe rd""'li \, e 04 a lus 01 Iha! eye 
" 'aij uhere ,1 I,y mean~ of lriul tenl'C~, 

A small aluminum plnle was comenled lo the side of Ihe ~alYallometcr so Ihal 
il projecte<l paralld lo lite ~IlIVll nomeler pe no A hole drille<1 in Ihe plate ae!jacenl 
lo the pen lip hel(1 a sleeve. bear ing supporling in lum a thin roe! which was 
allached lO the tip, uf the ¡;nlvanometer pen, A reduce<! Snellen chu r! was attacheil 
lu a plate moun!ed upon lhe free end of Ihe roo. The locul! uf !he l>en tip was 
aligne<1 wilh Ihe roe! and wilh Ihe optic luis of Ihe leh hllploscope arm, An acro­

• 	 Mussu Lahorwlorie,;, lur. 

Uin j!ham, l\I a~~, 
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rnatic lens of ten <liopters was used lo complete the oplometer, and a mill imeler 
sea le ( use<! for cal ibration purposes l was a llached to the lens mounting, pa rallel lo 
Ihe locus of ¡he wduced SnelJen cha rt . The gross IDC, accommooalive slimulus 
leve! was ohla ill~1 b)' movement of Ihe gah'a nomeler carrier ac rOM ils specia ll y 
('ollsl ructctl sta¡;c, while fine IDC, accommodative stimulus leve! adjuslment was 
accomplishe<1 eleclrically. 

Fi ll. 6. 	Sle¡I· lunu ion 0l)\omel ~ r lo r Ih" 
r i¡r: hl eye. 

Figure 10 shows Ihe control circuil for lhe Arbitrary.funclion oplometer. The 
Tensor - Arbilrary function gelleralor. mo<lcI 5a46, supplics suppn~-d·carr. i e r mo· 
dulatioll of a IIh KC si ne wave. The oulpul is ( barul.pass) (¡ Itere<! a nd then 
ampli fied hy a Hea lhki l-· hi ·fidelily amplifier. model EA . 3. It is Ihen fed by 
way of a step' up tra nsformer iulo a full ,wl\\'e hridge and Ihencc lo all integraling 
circuit. The re5uhing demodulate<1 volta~e is applied belwt.'tm Ihe griJs of a <!i f· 
fe rt' lIl ial power amplifier wilh a ca lh ()(le lollo,,"'er oulput. The AC accommooalive 
sli mulus level is sd by mean!! of 11 \'cl'Uicr ¡win conlrol on Ihe heat hkil amplifier, 

• 	 TenllOr Ele"lri .. l)"n~loJlme lll 1.:orll, 

IIrooklyn, 33, N, \' . 


•• 	H""lh Cumplln)' 

Benlon Harbor. 1'I1i ~ hi l!ll n , 
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while Ihe De atimulua leve! adjustment trinei ia nuule hy me81lS of a \'Crlller'COII' 
Irollt.-d hal8nce Ildjualmenl on Ihe di fferenlilll power amplifier. 

Althougll the Tensor generator can be ust.'(1 lo pro\'ide H11 y desired fUl1cliol1 in 
Ihe frequcllcy mnge of O.{)OI lo 10.0 epa, il was US4!(1 in Ihe pressenl invesli ga. 
lion onl)' for Ihe purpose of providing sinusoida l a nd rectangular stimuli. 
When used lo suppl y a sine wave, il eJ(hibils muximunJ hUI'monie d islortiOI1 o f 
J',!,. Hum llislorli on is rated as dowlI 45 db. 

The oulpul of lhe Arbitrary. fullclioll oplomele r conlrol cireuil was monilo roo 
continuously by a high imllCdenee voltmeter. and by one chrHmel of a I vern ier,colI' 
Irollt.-d ) TektrOlli x NQ 502 dual beam eathode la)' oscilloscope. This Lallel a rra ll · 
¡;emenl permille<1 phOlo~ra phic record in~ of lhe slimu lus lo accommodalion al 
a variable Icali bratl..-d) scale faclor. 

Fi ll. ;. St"J,.fU IH" lio ll u l.tume le r ror .he ler. eye. 

EXPEB IM ENTAL SUBJECT 

11 was feh arlvisable lo oblai n ex lellsive da la wilh a single aubjl.-..:I who could 
be weH Irui ned. rulher Ihan lo obla in dala 011 a lar;;er number of lC!>s weH Irained 
suhjects. The present stud)' is concernl.'"(l \o\' ilh general ser\'o·characteristie8 of 
accommodalion ami indi \' illunl vllriatiolls were fell not lo be irnl.lOrlunl. ulthou~h 
lhey undoubledly ex isl. 

The subjecl. J $.. a 22 rea. l" old eu ueuE isn ma le. salisfied lhe criteriA Cl! lu· 
bli ~hed for thi ~ i/1\'estigalion . He hAd a eMrected visuu l ucuil y in cuch e)'e of 
20/ 20. wilh cyeloplcgic rcfra.ctivc findin gs of: 
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H ·1.25 DS e -0.25 I)C X 70 

R ·1.25 OS e -0.25 DC X 125 


His ACA nllic tbased upon blur poill~) was 3.6 lo 1, ami his amplilude 01 
accornrnodulion in eaeh ere wa5 len dioplers, measuroo by Ihe It.-<:hniquc o f Donders. 

IIdo ubtedl)', human beings use all cues available. ind uding psychic amI "a­
rious binocula r cues, in Ihe control al focus 01 Ihe ere. When an individual is 
¡¡Iaced in a l> ilualion in whicll mosl 01 these cues are a bscn l j Badal Ofllomclerl. 
ami only retinal imuge blur and aSl!ociatcd phenomclla are present , he rreIIUenll)' 
il!- unable lo conlr'C)1 his acconllllodalion effic ient lr and musl lea rn lo do so. 

Prior lo aclua l dala laking, Ihe subj ed W8S pracliSt..J in respondin¡; lo bolh 
slep aud steady-sta te accommodulivc l>li muli. Thrt.'e tnlining sessiolls. each 01 
roughly two hours duralioll, were unde rlaken with sli muli prescnt~1 avcr 11 wide 
frecuellc)' ran¡;e, bul at fr~l uellcies nol eXL"e<ling those ul which lhe subje<:1 re· 
porte<! diHicuJty in Irackillg. It was rel l lhal in Ihe absence of su(;h tra ining, expe· 
rimenlal resulls would be influenced by progressivc changes occurrin¡:: secondary 
lo the lea rning process. It is true Ihal ¡his approach would be ullnecessa r)' ir Ihe 
accormm)(lalivc Illochunism were Irul)' rdlex in nalure. Howcver. as will be seen 

.. ¡
T 

~-~----- ------ -- --­
~ 
• 

e 
Fi l(. 8. Comlru.-t;OIl of ¡he "'-"I,·fUl", I;"" o l,tomeler of !i,l ll re 58. 
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Fi~ . 9. 	The a rh:tra ry-funr li on Hae!al oplome!e r. A hra6l; Il late. mOUIl· 
lee! UI, on a o¡andard Iahoralory jack and mi\le c! with a linear 
~ro..."e. ~ u l' I . ,-, rl s :1 o-O IllJ.lemenl:lry hra>!>! "Iule unixe'! lo the 
rectilinea r ~ a l va llomeler . The Sne llen ta r!!el i ~ r ou"le e! 1" 
Ihe Jle n lil' hy means of a moly ... · o ~ t ed h~ I .... · .. ·ood d ,,,!! 
whi r h is Jlrevented from nlO vin J! I.. te ra ll y hy a (' Io"". fillin ~ 
Ii"ear hearin J!. The IHlarin J! i ~ mounte.! ri l! itlly lo 11 Ihi" 
a luminum plale whi~h io eemented to Ihe I!lI lvanometer " odr. 
,\lthoul! h Ihe i"ol .. ntllneous diol,tri ,' vulue is identified i" 
lenns of il" e leclrical a" aloJ!. il can he ver ifie tl Io y not in l! Ihe 
Ilroje('l ion of Ibe Sne\len la ..."", Ullon B millimeler ~n l e 
;Iffixed 10 lhe le fl h" I, log"ol,e "rm . 

la ler, Ihere i~ exceJlenl reasoll lo believe Ihal Ihe hi¡:-her cenle rs pla)' a s ig.nifica nl 
role in "reflex" accomlllodali oll. 

M ETI-IOIJ . 

Ope.n. /oop Tes/in/{: 

The eonvenliona l approaeh lo Ihe ana l)'s is o r I!C Po'olllt.-.:haniSIIlS is lO in lerrupl 
Ihe servo-loop, introd uce s ignals a l a poinl ad jacenl lo Ihe break, all(l record 
respon~ on Ihe oppos ile s ide or Ihe poin l or d isconli nu il)'. The poinl or i/l lenuj>' 
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li on of the serve.loop i ~ unimpo rlanl , providing that no ~ub·loop~ exisl In purullcl 
with the maj or loop al lhe sile o f inler ru pli on. It \Vas fd l Ihat lile mO~1 conve· 
nienl po inl al ,,·hicl! lo break Ihe human accornmooali ve sern !·loop \Va s al the 
conlrolJer. 

,~~ -­

-,~ -M' _.-­J11 -no_ 

."'!!A_ 
I 


l il-' 
I , U 

~.­
1''atI'~'"Of 

N~UT.".n 
Fi ,:. lIJ . Control .. ir .. "it lor tl' e n,,,h.1 Hrhit rar )". I"l1ft ;on 01110rnele r. 

With U normul accommodalivc mechunism, the a mounl o f accomrnooalion in 
Ihe 1"·0 eyes ;s Ihe sa me. Hence. il was dt.'"C ided 10 brea k Ihe !lervo.loop by airo· 
pinizalion of Ihe le h eye. This eye i ~ Ihen inca pable of rnuk ing correclive response!!. 
Howeyer. a n e rro r-signal due lo Ihe blurre<1 retilla l imogcry in Ihal e)'e would 
ascend lo Ihe bra in and inil ia te a signa l for a n accornmodaliYe response. S illce 
no differcllce in e fferenl s ignal ex;sls belwecn Ihe ri¡:;hl snd leh e)"es, Ihe ¡lCCOm­
mo<lation measured on Ihe righl eye is a corTelule o f Ihe molor signa l lo Ihe 
sil1isl ruocu la r at."COIllmodali Ye rn t..-chonism. 

For open·loop dala, Ihe nal ure of Ihe accornrnodllliyc.convergence mocha nism 
is 811 imj)Orlulll cOllsideru lion since 8ccornmo<lalion ca uses Ihe riglll eye to IU rII 
in ward. Tlle infrared oplomeler is sensiliye lO \'igllctting of ils beam by Ihe pu_ 
pi llar)' marg in, being unable lo dislinguish between IIccommodatiye aeli Y;I)" al\(l 
dt..'Crcment of lighl ill lens il y secundary lo ahsorption by Ihe iris. The subj t..'Ct used 
in Ihis slud y exhib il! a compara li yely low ACA ratio, a nd yigllcll ing of Ihe op­
101l1t'Ier hca m rcsuhillg frOIn UII inluming uf Ihe righl eye proyed lo be u problcm 
olllr al Ihe higher accommollll ti yc IcYel~. 

To obtain vaJid open·loop dala. il is nccessal"y thal paraJysis of Ihe acconunoda­
li\'e mechanism be s.ufficienll }' complete lo preyenl aecornmooali ye Iracking. The 
5ubjecl was. inslrucled lo use 17< alropinc s ulfate in his leh ere t. i.d . for 1\\'0 
tia)"\! preced ing Ihe itn'esliJtalion as wetl as Iwice during Ihe morning of Ihe da )' 
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óf ill vestigutioll. A(lequacy of cyclopleg:ia Wa8 establisllt:d since blurring of II 

SneJlen target wa8 percei\'ed at c(lual (oioptric l distances. proximal ano dislal 
lo Ihe subjed 's far point. 

F'olJowillg atropilliza ti on of his Id l e}'c, the subj ecl was placed in his dcnlal 
•

bile aUacheo lo Ihe infrared oplomeler. The inslrumcnl aligning lighls were used 

F il!. 11. 

Fi l' . 12. 

Fi l! ure~ ]1 amI 12 j ahoye 1: O"en.loo], ~I e" re~pon.;e lO a 0.25 1) 
5timulus. In Fil[. 11 the suhjerl was in~lruded lo altem¡1 vi ¡¡;:o· 
rou. ly lo rl car Ihe pe r .. e ivetl hl .. r while in Fi,. 12 he was 
;n ~lru('l etl lo r e~lloml I la ~~ ive J y. A verli"al di"lurwe e'¡uu l lu 11It: 
hei ghl of Ihe ~timul .. " marker ;8 0.41). The ~weep rale is 

2 8t:...I('m. 

lO alig n Ihe l!ubject'l! pupil wilh reslx.'C1 lo Ihe oplomeler bearn. Thc leh.e)'e Snellell 
largel was placcd al Ihe phoria position where Ihe l!uuj ed S8 W i¡ cenlercd 0 11 ¡he 
oplomelcr souree, ma(le visible by rClIloving lhe in fTared filt er. Aher aliglllTIenl. 
all componenls of Ihc infra ren opl olllclcr a nd Badal largct s)'slcrns wcrc sccured 
and checks wcre made throughout Ihe course o f the in ves ti~atiu lL lo insure thal 
proper posili oning prevailed. 
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It was orig inull y intend!!d thal ope n·loop lesting ""ould cOlIsisl of Ifansienl n~· 

ponse ami fre<]uency respo nse lesling, a nd Ihal frcqucncy response lesling would 
be cxccuted over a range of fre<luellc ies betweell 0.01 and 10.0 cps. Fo r reUSOll lj 
which will soon be a ppa ren!. illvestigatioll lhrough the complete range of freo 
qucllcies was not underlaken. 

f·il. 13. 	C llen.loOIJ r"'~ IJO"~ lo a 0.37 t) ~inu~ojda l ~Ii· 
"ml\J ~ h~vin Jl; • Irequenty 01 0.1 q'.~. Olle m.jor 
~ fa le d¡,-ision e1101l11l 3.2 IJ 011 lhe re.pon~e tur~e 
Iml IJul.ilbry vi~"t! ui"lI- y Ihe hi,.her leve! ,¡ 
uT urred renderin~ " uunl;lal;"e IIna ly,¡ i,¡ ¡nlln·un· 
te . In Ihi fi li ~ure, Ihe ~ubjeC"1 wa. in~lrurh,d lo 
MIIO:IIII'I ,· i ,.o rou ~ l y lu d ear Ihe l>e rrei"ed hhJr. 

To obta in open.loop step functiun dala, Ihe slcp funclion oplolllcler for the left 
eye was ulililC<1. The \'ertical IITm was adj usled lo place Ihe uccommooative sli· 
mulus al Ihe subjecl's far po inl ami Uu: ho rizontal a rm was adjusted lo place 
the accolOmodative slimulus 0.25 D. wilhi n his far poin!. The .oplomeler could 
be hnnd-swilched frotll distance setting lo near scUing, Of switching could be 
accompl ishe<1 aut otlluticully. 

Figures I1 a mi 12 show 5's open.loop response to I1 0 . 25 D. aecomm odatin! 
slimulus. The oecasional sharp pea ks on th t.'l!C ami sub!!t:qucnt rt.'(:on ls a re blilll.:s. 
Thc heighl of thc slimulws ma rl.:cr is 0 .4 D. Removal of thc uppc r segmcnt 01 
tite rt.'Cord in fi gure 11 resulte<! from Ihe fael Ihat viglleuing o f Ihe optomeler 
beam occur rt."(1. rcndering Ihe upper segmClL1 of the o riginal record invalid. The 
brcadlh of Ihe response li ne in Ihes 81ld subse<luent l"tX:ords i5 due lO the prcsence 
o f 60 cycle illlerference. In fig ure ¡l , Ihe subject WII S inslructe<l lo nttempl vi­
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gorously 1... dcar Ihe ¡.ICrecived bl ur, rcsulling whell lhe s limulus tar¡.;et was swileh· 

ed f rom Ihe far poinl lo a leve! 0 .25 D. wilhin il. In figure 12, lhe subject was 
inslrucled lO respond l>3sli ively lo perce ived blu r. From the~ ligurt:!!. il is apparent 

lha l lhe magnilucle o f Ihe open· loop response is delerm ined, al leasl in parl , hy 
\'olil ioll. 

In figllre 11, Ihe poslll\'e Ilt:commooa livc response ot:ellrn ..>tl f o llow in~ 8 dead 
l ime. Allhough Ihe iuililll response was rarid, Ihe accommoda lion 500n commcnce<1 

lo wayer aboul 8 drifli ng bllscl inc unl il cOn\'crgence of Ihe righl eye ca used Jlllpil 

\'ignetling a nd prevenled further eval uation. The negalive accom mooa live responsc 

fo lJ owed a dcad limc, bul did nol demoslrale apprecia blc in.!: labilil y s illce Ihe 
rc la xalioll s limulus was al Ihc zero diofller leve!. 

Fi l!. I ,l. 	O~n. I(HtI' reollUn,;" lo .. 0.37 D , inUijo itl . 1 ~Ii. 
1Il01u~ ......inl! • frequenfy of 0.05 <".1'''_ The ~"b. 
je.-I ,,'., in~lrU Cl ed 10 re~llOnd I'h~ i\·e l y lo lbe 
I",rcc: ived blor. 0"1: lU~ jor ..r .. le tli v; ,;;on re lm~· 
oent~ 3..2 d iol'leU on Ihe re~llOn"" <"lIrve. 

To oblain OIK!II. loop frl.."<lucne)' rl.."S j.lonsc info rmal iOIl_ lhe leh eye slep fu nclioll 

oplomeler was replaced by lhe arbitrary fun cl ion oplomeler syslem . A procedure 
similar lo Ihal used in open.. loop slep fun t:lion la ling was util ized lo co..aJign Ihe 

righl and leh inslrumenl UJ.CS. 

By virlue o f the variab ilil y of opell-Ioop ela la. il i ~ nol possible lo measure an y 

sySlemalic fre{IUencydependen! rd alion!:!hipbe!wt..Cllu mplilude. phase, a nd fre­

qucllcy. For this reason , lhe opcn-loop Ilula were no! subjeclc(1 lo !hc sume 50 rt 

of llnalysis as c1osed-loofl dalu. OfJCn .loop rreq uency response duta may, however. 

he analysed qualitllfively. 

On Ihe open-Ioop frequcnt:y rl!Spo lLse record8, one major :!Cale d ivisión is e(lual 
lo 3.2 (Iioplers of accommooalion. The sl imul u8 lo accommodalioll for oj.ICn-loop 

s lelul y slalc s illusoi(lal frequell t:y response f~ling was 0.37 n .. Ihe !urgel I)'ing 
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oplica ll y al Ihe ~ubjcct 's fa r point when in il ~ mosl d isla l IJ08 11101I. 111 fi gure 13 
Ihe subjecl was instructe(¡ lo uttempl vigo rously lo cJea r Ihe turgel whell il blurred. 
wherea~ in fi gure 14 the subjct:t was inslruch::o lo vie\\' Ihe la rgel passivel y. Thol 
Ihese cUr\'es were ubla ine<1 al 1\\'0 slighl ly differcnl frequencies I sa: fi gure le­
gend ) is of little signi ficance a nd Ihe exam plcs presenla l were sdccleO largely 
on Ihe ba5i5 of phologra phie qua lil )'. 

Fi ~ . 15. Ollen.]oo p respon o;e 10 • 0.37 O 6;""w idol ~I ¡. 
", u ] u ~ hu ill ,!: 11 'rc ' luenry 01 0.25 r.p.,;. Nole the 
I.re ~e llrc 01 dri lt. One m pjor ti<:D Je divi.ion e'lulI J ~ 
3.2: 1) (J 1l the rCéllOooe r "n"e. 

111 figure 15 il is aPllll renl Ih:11 Ihe subj ecl rC!>I>OlIfla ¡ al a frl:1luenc)' corres­
vonding to thal of Ihe a(;cOllllno<lotive stimulus. al though cOlIsiderable ¡¡hase lag is 
in evidellce. More intl)() rta nl , Ihe amplitudc of respOIl!;;C to ti COllslall1 stim ulus de­
creases progrCSll ivel y as a fU llclion of time Ihroughout Ihe cou r!!C of the record . 
Further, Ihe record demoslrales long.le rm drift lowo rd higher aecommodalive 
levels, similar lo that secn on the open.loop step fu nction curves. 

Ca mphell a nd Weslhe ime r 3 conducted a sludy in which Ihey fou nd Ihal "0­
flOU S eues such liS ehro rnalie a herratiulI , spherica l a be r ra tioll , ul1I l 1l8li¡.:mutism 
co ul,1 be uset! lo index li le rCI!ui rc{1 (I ircction of accommuda li vc clwnge. Subj ects 
eoul(! uti li7.c tl\{:8e elles a ft er El brief tra ini ng scssioH in which othe!' eues hal! 
becH excl uded. This su¡;gesls Ihal tlccommodat ion ma y lIot be re fl ex in Ihe striclcsl 
t ense of lhe I\'ord . a llhough suhlle Clles mighl he uliJi7.c(! IInder certuin conditi ons 
lo index Ihe re{lu ired di rectioll a nd degree of uceomomdati ve respollsc. If cero 
la in characteriSlics o f the ligth incident on Ihe retinll trigger Hccommoda\i on re· 
flexJ )'. Ihen a lIli mul us le"'cl beyond Ihe suhjccI's f/l r poinl should d ieil !lO res· 
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ponse, inuslIluch liS lllc fa r poill t represents lhe leve! of muximum II CCOlllllloOative 
relnxo tion. IL 011 Ihe olher hand, lhe sub ject responds onl)' lo blur a nd is unab!e 
11) asccrlain Ihe d irccliun uf bl ur in the absem:e of corlical IIcliv it y. a positi \'t! 
accommodalh'e respon~e would be expecled in associalion wilh a nega live stimulus 
ir nccommodalive Iracking is prevented . To ascerta in whelhe r Ihe 8ubjecl would 
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, ¡ 11 '­
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F'i 11:. 16. 	Pos ili ve re. tlOn~e to 3 0.3 7 U - neI\3 Ii"'e- \lccOlllrllodal;ve 
.Iimolu~. The suhjo:d wu nOI II dv;;¡ed . ~ lo ..he r han. 
,:e in 61i mu lu8 , ·,)I1d ; l i on ~. !'oluit, u r ~il!n a l input lo 
Ih" o,;d llosCOI>e ha~ heen rever!led. 5"'''''''1' speed ;$ 
2 ~c.lcm . ,-	­

F'iJ. 11. 	 Cloied.1ool' 1I" ronlmodalive relit",n.., 

10 11 2 O I.o~ili ve ,;I e l.·~il!na l. 5""""1' 

;¡I)d':d ;,; 0.5 ,;er.l'·III. Th" ~ i ,: n,, 1 


marker hu heen re louched . 


respond d ifferenlia ll )' lo PO!!lIIVe ulld negative hlur. data wcre obta ined without 
Ihe subjcct bc ing ¡¡Wllre o f ally change in routine. The calibrated dial rcgula ling 
Ihe zero leve! of opernlion for Ihe catllOde fo llowcr slagc in Ihe ar bilrary fu nclion 
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Fi ,:. 18. 	 Clo¡¡,ed .loo p re­
~I.o n ;oe 10 11 2 O nelalive optiu l 
~Ie l ....~ilna l. Sweep .-peed i ~ 0..5 
I!e('.!('m . T he ~; ln.t ml r ker hll ~ 
lleen retuu r hed ro r helle r rel.ro· 
<l urt ;on. 



oplomelcr s)'slcm was resel so thal Ihe targel osd llale<1 belween Ihe subject's far 
poillt ami u point 10plicaJly l 0 .37 1). beyond il. a mi Ihe 1>oIari ty of lhe signa l 
input lo Ihe oscilloscopc was reversa!. Figure 16 is a pholograph of Ihe sub j(.'(:I's 
response lo Ihis negati ve accommodati ve slimulus. 11 is apparenl thal Ihe subjecl 
responde<1 wilh pusili ve uccommodulioll . 

One fuclor which could conccivabl y invali(la le the aboYe dalll wit h rcspt.'"C1 lo 
Ihe a pparenl inabilil y of Ihe subjecl lo disccrn Ihe direcl iolllll value uf Ihe !u;com· 
rnodati ve stimulus. is lhal norma l oscillal ions of IIccommodalioll were a bsenl duro 
in~ open·Jo01' tesling. This invesligalioll does nol establish whelher such accom· 
rno<lnli ow illlltions do or do nol serve as un illdex of lhe d irt!Cliofl of t\ccoIlJllloda · 
live er ror. However, ir lhey normally do play soch a role, Iheir abscellce in Ihis 
slud} wuuld uf i1t.'1...ess ily n:suJI in a Je!l8eIle<1 abili ly o f lhe subjecl lo apprtX: iale 

Fi ~. lil . 0.3 r .I' ''', Fij!:. 20. 0.6 c.p ..;. 

Fi~. 21. 1.2 r.I'.~. Fil!. n. 2.4 r..JI .I. 

Fiso. 19.20. 21. 22 (uhon, l. Clu~ed . IOO I I re_llO lloe of Ihe ere 10 11 olle d iol.ter rectllngular 
~timuI1l 8. Note Ihe dellenerution of the rei·ts nllular .....lIveform s nd Mttenuation ..... ith increll ;;ed 
fr" lluen,·y . TI, ,, ~ i jl: nH I murk" r ~ on li,e ahove 1 1 11Oto !!.n' l lh~ huve heen reto,... he,1 for 

hen er re ll rodu~li()n . 
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directional VIl IUl..'S. The work of Campbell and Weslheimer, previ ously cited. al! wel! 
Ul! Ihe fael Ihul normal rJuelualions of accommodal ion largel)' lie wi lh in a sensor)' 
dead zOlle would st.'c m lO make such a hypolhcsis improbable. 

Clmef/.lool' 7'rallsielll RespO/15c 7'es/¡'rg: 

Closed.loop leslillg of Ihe human ac:commodalive mcchanis.1II was. underla ken 
in Ihe absence o f cycloplcg ia. l\1 ydriasis was uliliz(,"(I, howc\'er, in Ihe righl eye 
lo millimize Ihe po&iibilil y uf vignelling uf Ihe infra red oplomeler beam, and ill 
Ihe leh lo minimize <Iepth of f úCU5. A lI ignal amplilude uf lO. wus utilized fa r 
bu lh transienl response Illla l)'sis alld slead )'·slll te frC<luency response analy!is. The 
lI ubjr..·(:( wa!! inslrucled lo respond vigorausl)' lo Ihe accomodalive slimulu!l al 
alJ limes. 

Fi tl;. 23. CJolied· loOII re~llOme uf lhe eye 10 a 1 () ,;jnUooid_1 
~Ii",ulu. 10.05 q •.•. i . Nole Ihe devialion fro", sino· 
.roidal lorm. 

In close<!. loop slep respon!\e IC!lling, lhe oplomder s)'slcm for Ihe righl ere wa8 
use<! si nce iLs al iglllllenl is JIlore rcadil)' accomplished ¡han in lhe case o f Ihe 
slep.funcli an optomeler far Ihe lefl e)'e. The solenoid acliUII l ime o f Ihill oplomeler 
is 20 millist."Cond!!. S ince Ihis vBl ue is Il ~g li ¡;ib le compurt.,<1 10 the actiun time uf 
liJe Dccolllmodali \'e 1Il(."Challis.m, correcli oll!! for oplomeler aclioll l ime were nol 
ma de. 

Figure 17 ill Ihe accommodulive responsc lo a 2 O. posilive oplica l slep ! igllBI 
and figure 18 i ~ Ihe response lo It 2 D. nega live step input. The I D. record!! were 
ulllluilable for puhlica lion due lo Ihe applica tioll uf cons. l rucl ioll lines use<1 lo 
obla in (IUlllllilllli\'e infO fm ntiOIl . The qua lilnlive aspecl!! u f Ihe response lo a Iwo 
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dioplcr Slimulus were similar 10 Ihose for a I O, slimulus. !!ave fo r Ihe flucluatioll 
note<! midwa y along the linea r 6l.'\:l ion uf the response cuo'e of fi gure 18 which 
apl>ea red olll y on this solitar)' photograph. 

The ini lial response lo a 1 D. oplical swp signa l, eilhe r positivc or negative, 
follo""ed a time delay of up lo 425 milliseconds bul Ihe corresponding value fo r 
repcliti\'e da la ",'as 240 milliseconds for IlOsitive accommodalion a nd 200 mil · 
liseconds for nega live accommodatiOIl. Transicnt accommodati ve response appears 
lo he approximatcly eXllOnenlial and the lime constant lor posilive accommodalion 
was variousl)' determined as 275 milliseconds (6.'\ % of full sea le basis) a nd 325 
milli seconds I ¡nitiol slope basis) 11lC corn..'Spond ing values fo r negative accom· 
modatioll were 250 al\(l 346 milliseconds respecti vel)', 

Fil!. 24, 	Closed·1oOII re'; I'0!U;e of Ihe <I)'e 10 n 1 1) ~ il1\l tiohlll l 
~Iimulu ~ iO.l c,p.s. " 

If maximum velocily is llefined in lenns of Ihe sleepest slupe 0 11 the accolll· 
modat ive fl.'S pOllse curve, the ma ximum vclocily for a I O. positi\'e swing was 3.08 
O./ sec. while the co rresponding \'a lue lor a unit Ilegalive excursioll was 2.89 D/sec. 

If average velocil)' is defi ned ¡n terms o l Ihe clapsed lime betwccn two successive 
ze ro·derivative points on lhe response curve, lhe average velocit y for IlOsi¡lve 
accommodatiOIl was 1.01 0 ./ 6(."C. whi le thal lor negali \'e accommooation was 
2.24 D./sec. The low average vclacit )' lor posilive accommodation is atlribulable 
lo Ihe lime re<lui red lO al.'Cornrnodale fo r Ihe last 10(;' of Ihe stimu lus. 

A frequentl)' cncounlcred, bUI nol invariable, pt."Culia ri ly o f the accommooillive 
relllXat ioll curve is noted in Hgure 18 . Bllsed upon 11 1 [). negati ve sic» slimulus, 
¡he accomrnodalioll uchieves ma xil1lum relaxalion in 0.4J.6 secoll(ls, Ihen illcreares 
lo 11 relative mu"imum positive leve! of 0.2 D., altailling lhis va lue aftcr roughly 
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275 miJlist-'COl1(ls. The Ilccommodnli on Ihen drihs slow l)' loward (l slale of more 
complete relaxnlioll. 

In a uemPling lo inlerprel Ihis phcnomell on. 1101'0 poi nls Ilrc Iloleworlh)'. Firsl, 
lhe 0.2 D. val ue is of Ihe sa me order of mugnilude as Ihe ocular depth 01 foc us. 
Second, Ihe time illlen'al bclwt.'en altain menl of Ihe inilial relaxad !lIs te ami Ihe 
relalive maximum is of Ihe sa me order of magnilude as lhe sp.lem clead lime. 
Thus, Ihe su bject appea rs lO fi rsl relo J( his nccom modali on lo the ,Iislal limil o f 
Ihe depth of focus mnge, Ihis lllell providing a ¡¡Iimulus fo r posilive accommodo lion 
whieh does nol commence until Ihe sig nal has rel ufIl t.'(1 from Ihe hroin. When Ihe 
prox imal limil 01 Ihe dcplh of foc us is reached. Ihe aecommo<lnli on drifts slowl )' 
wi thin a sensor)' dead 1.Olle unli l a suiluhlc resling level is all ai nM, Ihis leve! 
Iying in prox imit )' lo lile dislal limil l the laz)' lag of accommodslionL Such a 
h)' polhesis coul{1 he belter eva luated ir Ihe Slud}' were repcuwd cUlploy ing a lIu ll· 
seeking infra red oplomeler, ca pa ble of more aeeuralely defini ng lhe inslanlaneous 
DC aceommoda li\'e Ic\·eI . 

Fi ~. 25. Clolied·lool' re~l'0n "" or Ihe 
ere lo 11 I 1) ~ i nu~oida l ~I i. 
n1Ulu~ 10.4 q l.J!.j. Note Ihal 
one enti re ryde ....8 ~ k il'IJoed. 

e/o.led·/ool' Response lo a Rectallgular I "[m I: 

h was desi red lo ascerla in Ihe nuture of Ihe c!osed.loop response 01 lhe e)"e 
lo Il rectangular aceommodali ve ~I ¡m u lus. h was ldl Ih u. t. due lo Ihe presence of 
~ysle lll deau li me, la¡,; o f reSI)()11!\C bchilld slimu lus should occur, ami Ihal a l lhe 
h igher fre(luencies Ihe rC!lponse should toose ils rccl8n¡,;utur form a lld (tegcllcrale 
¡1110 Sil approJ( imatel)' sillusoidal waveform. Indeed, holh of Ihese effecls were 
reaJi1:ed tSl..'e fi gun.'l:! 19 . 22), 

To leiSt Ihe closed-Ioop response o f Ihe eye lo a di llPlric ft.'Clungutar wave. Ihe 

ri¡.:hl eye slep· fu nclion optomeler syslem l elllptoyin¡.; red·f ree [ighll . und Ihe 
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accommonatioJl recording system were posilioned befo re the subj cct. A cam-ac­
tualed microswitch providt.-o in lhe Tenso r Gcnera lor II llowc{1 Ihe dioptric stimulus 
lu ulternale belween two preset levels. 

Fi l:\ urc 19 sho ws Ihe respollSC of Ihe eye to 11 olle Jiopter stimulus prcsenled 
al 0.::1 cps. lt is 11 0 100 Ihat o f Ihe Iwo cyelt:s completcl y represt:llted ill thia fi g ure, 
Ihe response 0 11 one was grealer than lhe n:spon8e 011 Ihe other. The degree o f 
,Iirrcrenee noled 0 11 Ihis phol ogf!lph was g realer filan jl1 Ihe ease of olhe r pOlho­
;:': f!Iphs 11lkcn umlcr Jike cO/ldili ons. T hc tcmlcney for uccolll moduliol1 lo rcach a ll 
in flectio n po int 111 nea r. ami Ihe coasl slowly 10war<1 a higher diopt r ic level, was 
cnco unlert.,'fl for inputs pelow the frcqucncy al whieh ro ulldin~ eOllllllcnced , pcrhaps 
rt:presenling drift wilhill a ~e llsor )' <leMI zone. Figure 20 was la kell umler !!im iJar 
conditiolls to fi gure 19 except for challge in si~I1a1 fre<luency (0.6 epsl . Marke<1 
ruul1(lin~ is in c\·i{lence. 

In fi gure 21, ( 1.2 cps. ), rounding is more complete and s iguif icunt ullenuulioll 
is ¡Ht.,';!CIII_ Roullding Ot:c urs si nce the direclion o f Ihe s timulus al len be fore the 
in itinl accommodati ve response nltaj l1s jls muimal valuc. Nole Ihc approx imutcly 
sinUSo idll1 c1l1lracleristic of Ihe response. Fig ure 22 was la ken under li ke cond ilions, 
S8"e for f req ucnc)' 12.'~ cl>sl. Here. Ihe response is ba rely <lislillguishable fraln 
nOI~· " . 

C!OSf!j/·/oop Frequetlc)' Response : 

In closed -Joop frc<luCIlC)' rcsponse lesling, lhe a rbilrar)' funcl iOIl oplameter s)'slem 
\V88 aligne<1 ""ilh respecl lo S-s Jeft ere and Ihe a ccommodati\'e stimulus was al1owe<1 
to 'lar)' il1 s il1usu iJ al fa shion he l\\'C('n lhe limils o f 0.75 D. al1(l 1.75 D. wit hin S's 
far I>oi ll l. The 0.75. 0 bias was a lJnwe<1 lo o ffset IlOS$ible effccts o f inslrulncnl 

lIl )'opia. 

As in Ihe case o f closed .loop trallsiellt response lesling, Ihe subjecl was illslruc­
letl lo exerl ma ximum eHo rl at 011 times. Muhi ple ph otographs of .'i lim ulus vs. re,.­
ponse ","erc modc a l cach frcllucllC)' sell ing alld phase and am pliluJe llleasuremel1 ts 
were mude from Ihese photogruphs. 

CJosed-loop fre1luency respvnse da lo revealcd a lorge non·rmlllmum phase shifl 
secunda r)' 10 s)'slem dcut! time. Fi~urt_ 23 011(1 24 are raw data al 0.05'lI rccordOO 
cps. IIml 0. 1 cps. reslleCtivel)'. It wi ll be observetlthal. al Ihe lowcr frcq uency, COII­
sidcra hlc dis turti un is il1 ev idcllcc, pc rhu¡Js eccomlury lu deu<l ,zollc dfccl!!. The suh­
jcet ex prcssc<1 cansidero ble <lifficult )' in responding al very Jow frequencies, and il 
is il1l e reslin~ lO 110le Illal at tllc highc r fn.'<luenc ies whole eycles were oceasionall y 
skipped ( st,'tl f i ~ure 251. 
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Al ouy givcn signal freq uency, /lol 011cycles yich.lt:d idcnlica l amplitudes, no r is 
phase shift identícal for each cycle. S uch variation is most pronounced in lhe case 
o f very high ami vt:ry low frequencies. Thís presen!s 8Omt: dífficult y in ínterpre­
ling data, lIi nce frequency n:1!I>onse ana ly!is depends upon a knowlege o f the precise 
value of relali vc omplitude and phaiOC angle al cach frcquency. Allhough Ihe in ilial 
approach was lO measure the rclative ampli lude ami phase shift for each cyde ami 
lo a\'eragc 011 of Ihe!M! va lues. íl was found Ihal Ihe dala eould be plotted more 
successfully ir a procedure werc followt:d in whieh all obviously IInomalou5 tlala 
were rejecled anrl Ihe rcmoindcr were IIvcragerl. 

Figure 26 a is a plot of alllplilude ratio againsl frefluency_ The line showlI 0/1 
Ihis fi gure has bcen conslrucled lo sho\\' a ll a llCllualioll slope of 20 d b. per freo 
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(Iuency decnde, since Ihis slope t1ypical o f a firsl-order s)'slem ) fi ts the elala beller 
Ihan Ihal fo r a higher order system. Fig ure 26 b is a plol o f pllase sh ifl Ilga inst 
frequcllcy. The phase shih is lurgel y non·mini mum since lhe max imum possible 
lag for a linea r firsl orclel' 8)'Slem, free from clead time, is 9()Q. 

In fi gure 27, Ihe umplituuc and phase responses were combined 0 11 a complex 
plllne plol in which Ihe radius vector ind icales the a mplilude ralio a l u " ivclI fre­
(Iucncy while polar a llgle dcfillt:s Ihe pllase angle. A ClllOoth curve was cl ra wn 
which a ppea recl lo fi l Ihe ex pe ri menta l da la. Some o í Ihe test fre{IUencies are noled 
IIlong Ihe curve. 

/' ­ ""­
"\/ 

\I 
\

2.S CPS Q.:j 

\ 


F; JI;. 27. 	A r um jl lc:x ¡l lune repre~ent a ti un 01 Ihe empirin l 
Ire t¡u e ney re~,>on .;e " f 1110, I .. ""un urctlmlllodalive 
med mniMII. T"e radiU fi v.lt"lur tldinu Ihe amplitude 
nl;u ~ I a given freqnenry while ¡,haO<! l u~ i ~ tlefin"d 
by Ihe ¡>o lar un gle. 

OI SCUSS ION 

The prcmise upon which lhe prcscnl ü\\'esti¡.;alion has been based is thal Ihe 
al;commodalive mechanism oí Ihe eye functiolls as a servom<.'Cha llism. BU error· 
acluBted feed back control de\'iec. It IlppeaTS Ihul Ih is original assumpli on was al 
leasl parliall )' juslified s ince nu merOUl! pa ramcle rs rela ling lO Ihe mooe o f acliOIl 
of Ihe accomoda live mechanism can be (Iefi ned in servoanal yt ie lerms. On the 
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other hand, lhe accolnln odalive rnechaniSIIl scarcel y exhibits all o f Ihe autolllatic 
prol:tCrlies ascribed to the pupillary mechanism by Sta rk.4 

The firsl suggestion of a s trong volitional demellt in acco lllmooation appeare(1 
when the loop was broken by atropinization of S's left ere. JI was found Ihal lhe 
opcn·loop gain WIlS ver)' high or very low depcnding upon the altitude o f Ihe 
subj ect. This effecl was observllble with both hoth slep and sinusoidal dioptric 
in puts. 

Further ev idenee that the accommodativc !m.'Chal1ism is 11 01 full y a utomalic 
appcared when. ullder opell· loop condit iolls. the su bject responded lo a ne;!ativc 

J 

Fig. 28. A comllJex I,tane rellre>'enlalion of rhe fre1luency re· 
sponse uf HnhYllulhelicHI ~y~lem uperHling accordin¡l: 
10 Ihe formul~: 

O.6c- j 10.3",) 

<lioptric stimulus wilh a positi\'e accolllllloda tive response. This 5uggesl$ lhat Ihe 
requircd direction uf change of accommodative posture is not coded in tenns of Ihe 
ph)'s ica l characterislics of light incident on lhe retina. Howe\'er, il has been shown 
thal a subj ect can learn to utilize chromat ic aberration , spherical a berration. and 
astigmlltism to provide dirt-'Clional cues whcn p!aced in an artificial environment 
such as a Badal oplumeter. Und oubtedly, under normal environmentaJ conditi ons, 
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lillle difficult y aUtl l1\ls !!ellsi ng thc retluirt:d dircctioll o r IIccommuclali ve cha nge 
sillce mun y cut:! to reln ti ve dislance a re present h:g. monoculur IIml binocula r pn . 
ralJax. supt!rpOSi lion. (Iirecli on of convergCllce change, rc!llIi ve sizc. d C. 1 

The avoiJability of open-loop dala greu lJy fac ilitates servou nnl ysis since it pe rmils 
ready ioenilficatioJl o f certain s)'slem pararnctcrs, silllp!i ri~ malhemalical 8n81)'sis. 
and permits the pred ictioll o f closed. !oop slability. It ¡s poss ihlc, however, lo e\'8' 
Juate Ihe perfo rmunce cha rac le ri ~ ti es of u ;rivcn servom(.'(;hanism in Ihe ah!;.cncc of 
vali,1 opclI·loop data, 

The cloR,<I·lnop frequenc y responSt! eharaelcrislics meu6Ur~1 fol' subjccl. J. S.. 
were presentefl ill figures 26 lIud 27, Undcr lhe assumptiUll tha! Ihe accnmmodalive 
Illt"Chunism ca n Le Ireate,1 as u firsl oroer servo embracing dcad time, the gellcrul 
open.loop ei!ua lion was fonllulaled liS foll ows; 

.j w TI 
k e 

111 
t- jw T.. 

where: 
~ I w I 15 lhe open.loop sy!ótclTl ¡':UIII 

k is a gi,i " constant 
'1', is Ihe s)slem ,Icutl time 
T~ is lile system lime COl1slanl 

'l'he dosed.loop response is relah.'{1 lo Ihe opcn.loop rt.-sponse by meuns of Ihe 
formula: 

121 el w) 

+ e" H 

GIW) is the clo!!(.'{I.loop ga in 

is the open.loop gaill 


H is Ihe syslcm fee<l back ruclu", 


Formu la ( 1) was inscrtcd illl u formula (21 lo jJrúv ide a general e<lualiúll for 
lhc clused ·loop responsc uf Ihe eye. 1-1 , Ihe ft.-e<l haá faclor. ",as assuIlw<! lu he a 
com~l all l ddining the atlcnua lioll produce,1 by dcal! :wne. It corresponde lo a Ileplh 
of f()Cus o f roughly ± I/ G !l. Valuc:s o f T, and T~ were selccled lo be consislenl 
wi lh experimenlal1 y derived values ami lo pcrmit G{w) lo define a curve si mila r 
lO tha! of fi gure 2i. A value of k was sele<: led which prov ided unily ga in a l zero 
fret¡uenc)'. 
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Fi¡;ure 28 is 11 complelt plane plot conslrucle<1 according lo Ihe resultant formula. 
Allbough lhe general furm of lhe curves in fi gures 27 and 2B are similar, mooerate 
di yergcnce of rrecucllci t.~ for corresponding seIs of poi nI is in ev idence. 

The equation upon which fi gure 28 is based is as follol'l's: 

0 .6 e ·j (0. 3 w) 
G(wl 


. O.4(c~ 0 .:1 w.' j (0.27w 0 .4 sin 0.3 w 


Whe re: ·0.4· rcprt.'!!C/lls Ihe producl or k ami H. 

Sincc kH is negalive, Ihe eq ualion aboye defines a syslem which is regenerati\'e 
amI. as such, wou ld nol be error - correcling. Similarly, Ihe open.loop gain of a 
regcneraliyc syslem is lcss than Ihe dosed· loop gllin. We ha\'e preyiously seen that 
lhe upcn.loop ga in or Ihe human accommooalive syslem Cltcec<ls the dosed .loop 
ga ill whcn Ihe subject makes a yigorous attcmpl lo clcar a pe rcciyt.'(1 blur. 

Frum Ihc aboyc, it is apparcnl thal Ihe c ill'd fo rmula ca llnol represent Ihe 
lIclual Iransfe r fUllclion for the human accommodalive mecha nism. HCllce, il 
is or iflleresl lO speculale concerning poss ible mea ns or or,tllilling un equalion 
rur a degellerali ve s)'stem which is compalible wilh Ihe empirica l frec¡uency res· 
ponse of the human accommooaliye mechanism. 

Convenli onal servo rormulae presuppose that lhe ga in eonstant, k. <loes nol 
Yary. However, il has OC'e1l seen Ihal Ihe Opell·JOOp ga in va ries mark t.>d ly dependo 
in:; Jargely upon expended eHor!. If we call assume Ihol Ihe subj ecl " tries hard· 
er" in one frequency Tange than another, il is possi ble Ihal k may bc frt.'<lueuC}' 
(lclJeudenL ' n lC /Ilallncr in ""hich k, varying UI! a fu nction of frcqucncy , would 
influence Ihe c1osed·loop syslem gain woul<1 nol be simple. illasmuch as il appears 
in Ihe dellominalor of Ihe close<I.loop Iral1sfer fUIl Clioll as weJl as in ill! Ilume· 
ralor. Likewise, il mighl be poss jble thul Ihe nccommooa live syslem is higher 
Ihan firsl order. Unfortulla lel y, changes in ga jn .... ilh frequellcy ","ould alter thc 
aUenuation \l lape .... hilc Ihe uti lit.alioll or a 5eColld time conslanl ....ould increa\le 
the Iheo relical slope lo 40 db. l)Cr decade. Ne jther of Ihese effects a re readjly 
recollciled wilh Ihe attenualion curve of rigure 26. Auempts were 1101 mude <Iur· 
in:; lhe presenl illyes li~olion lo ulilizc e(IUOliolls hav ing more Ihan a single lime 
conslanl . 

One furlher IKlssibilil y e:<i~ tll l ince jt is knowll lhal a salisfaclory fil of Ihc 
cltperilllcnlal cun'c ,·an be obta ined if Ihe Ilulllerica l value of Ihe syslcm lime 
constant is increase<l. A value of 1.5 seconds yie1dll a reasonobly satisfactory fil. 
bul this voJue seems unJikely since il excecds Ihe experimcntaJly derivcd yalue 
by a faclor of fi ve lo six times. 
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Figure 29 il! a block diagram of the human accommoda tive scrvonu.'chanislII 
showing its relationship to the experimental condiliOlls of the presenl im'eslign­
lioll _ Sources of lime dcla)' a re nol nole<1 expl icilly 0 11 Ihe diagram bUI are un­
derslood lo exisl Ihroughoul Ihe s)'stem in the forrn of nerve conduclion al\(l ~}'. 
naplic Ilclays, as wcll as neuro-muscular lags allo ocla ys associated ,,' ith Ihe 
muscle·lellS dyuamics_ Under Ihe condiliolls of open -loop lesting, lhe lu:cornmo· 
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Fil!_ 29_ 	 A blo,-k di llJ: rurn uf lil e l,tlUlwtl a r'-UIIl IIl<>tI ,lIh-e • .,rvII ",.,rhllni om " b rel"Ied lo Ih", 
..ondilion~ or Ihe p r elioe lll inv"' ",I;!!lIlion. 

tlative servo-loop was inlerrupled al X 1 by alropi llizalion of lhe left e)'e, while 
110 lighl was available lo the right eye by virlue of the IIbsence of visible radia· 
lion in Ihe infraroo oplomele r syslem. This had Ihe effecl of break ing: Ihe servó­
loop al X2. Oplica l readout was takell ot H. 

In Ihe brain , some para meler of the cortical " image-' rela ling to perceptual 
cla rit y is aceepted for olle o r Ihe other eye al1<l compare<1 at summing jUllcl ion . 
S, wilh a referell(''e input. The precise nuture of the reference input is unknown . 
Perhaps the oulput oí Ihe retinal derivuli\'c fi bcrs is inv"lved sinee this relates 
lo lile cont rast ¡au<lient at the irna:,:e bo rde r. 

We ma y assume lhul ga in is uelluired in lhe forwurd loop while lile action oí 
lhe feedbuck loop is pussive. lt muy be furl her uS! umed that the forwa rd palh 
"inverts" the signal so as lo make the s)'stem degenerative_ Consider the forwa rd 
puth lo contuin a single opera tionul amplifier and a time dela)' , and lhe feedback 
palh lo conlui n only a time dela}'. It i~ likel )' thut Ihe lime constant of the ae­
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cOllunodali vc s}slcm is rclaled lo lhe musde·lell5 d )'lIa mics. a: lhough i15 precise 
silc is of liule iml>orlanct: lo the prescnt problcrn. 

1\lIhouSh bOlh Ihe supra.n uclear accomlllo(lali\'e ccnter ami Ihe E. W. !luclei 
mu y be tll uughl o f IU! contrihuling gain . il is likel y Ihal voli lional conlrol exi.. l!! 
on lr in ¡he supra·nuclear cellter. An alterll lllive 10 !!upposillg that ga in \'aries ""i tl, 
\'olitioll in 8 "refl cx" system is lo imag ine Ihal ti true re fl ex S)'Slclll (witl! constan! 
gainl ex ist.'!. "",hicl! ca n be o\'crri<I(len by im pulses ori ginaling nI a cenler for \'0· 
IUllluq' accollullOduli oll. The more rensonuble assulIlption. huwc\'cr. would scem 
lO he Ihe former and il is likcly lhal the corlical ·' imag.e" is in some manner eva· 
lualal wilh rl'..5 lteCl lo clnrity ond. should u eorrecli\'e aeeommodativc ae! he ne· 
cessar)'. direcliolllll CU<:1I are pro\'idell frOIll an external source. 

Ahhoug:fl 1101 allatomieall )' esta blishcd. lhe possi hili ty of ki neslhelic fee<l hack from 
Ihe c iliar)' musclc or associated slructure5 must be cOlIsidcft,,<1 in the alla lysis 01 
Ihe accommotluti \'c mt,"'Clutn ism. Such auxiliar)' loops. should Ihe)' ex isl. could 
be either rep;encra ti"c or de¡.:ellernti ve. In Ihc formcr case. Ihe)' woulJ serve lo 
increase sa in whi le in Ihe laler Ihe}' wou ld lend 10 renuce ¡;ai n ..... hile expandinp; 
Ihe Hat portion of Ihc fr(.'(lucnc)' respOllse cur\'e. 

The dottcd Hnes in fi gure 29 ind icale possiblc ~ il e~ of propr ioce jlli\'c loop!!. 
Undcr Ihe con<litions of ·'opc n·loop" tC5ting. toop Kl «(1) ond/ o r loop K2 la ) 
would be <Icaclivllted. wi le loop Kt (!J i a ndj or loop K2 ( b) would he unaffecte<l. 
Such interna l loops coul<1 shifl Ihe freq uenc}' break poilll a lld a ltcr Ihe forwan) 
gain uf Ihe syslem. S illcc. howcver. the cOlIslanls from such sub.s)'slems wou ld 
he lumped wilh Ihose from the remoinder o f ¡he mcchanism. presen(,'c or a bsc/lce 
of su..:h auxiliar}' 100llS ('ould not lit! in fe rre<1. 

SUMMAHV ¡\N D CONCLUS IONS 

The purpose of Ihc prcscnl ill\'esligat ioll has b~'t:1l lo analyze ¡he :lccommo<lali"e 
mechanislll as a feedhack control <le\' ice. AccorlHlloda tive rcspollses lo holh sillu, 
so idal ltlld step slimuH were rt,"t:onlctl h)' mea ll !! of un i"frarCfl opl omeler. The 
responscs were, in each case, compure!l with Ihe stimuli ami the dala wcrc sub· 
jt,'Clc{1 lo ser\'oana l)' lic Icdllliques. 

TI1C more significanl f indin~s of Ihc pr~'!Ienl invC;¡ligalion follo\\' : 

l . The closed.loop Ira nsient response of Ihc human accommooali \'e mechanism 
O(."t: urs fo llo..... ing a time delar and is approx imatel)' exponential. Wilh non·repe· 
lili\'e signa ls, Ihe lime dela)' is approximalel y 425 milliseconds for bolh posi ti\'c 
accIHluJlodation amI al;('ommodati\'e relaxa lioll . Wilh repet ili \'e sif:. nals. Ihe lime 

1M 



dd a y averagcl 240 milJ iseconds for posilive accommodalion 8ml 200 milli5CConds 
fo r accommodal ive rela xa lion . 

2. The lime consla nl o f Ihc accornmooalive mcc::hanism was cstímuh ..'1:1 Dccord · 
irlg lo 1 ..... 0 a ilcria. The resultll fo llow: 

Posilive AccommodntiOIl : 

63 % of full ·scale basís: 2í S tIl i1I i!\ef;otlds 
Inil ial slope ha!!i!!: 325 rnilliSl..'Co nds 

Accommoda livt: Hcl.llx ulion : 

63% . r f ull·scale ba~is: 250 ll1i llil!ecumls 
Inilial slope hasis: 346 mi llis(.:comls 

3. The dOsell .. lo .." fre<luenc::y response data c::ould be fit rcasona bly wcll by U H 

3t1enu3l ioll curve having a constant !llope uf 20 dI,. per rrequency dt:C::¡Hle. Such 
a slopc tr pirics JI fir sl ordt: r s)'slem. Phase anal rsis reveals a ver)' la r;!;e non-mi­
nimum componenl which is relale<1 lo sys!em dead lime. 

4. The II cc::ommodlll ivt: servo-loop wa s opened by a tmpinization of S's leh 
ere. A negalivc accomlllodative stimulus ( Le. a prc- focal blur ) was provided ror 
Ihal t:ye. The righl eye uf Ihe subjecl respondefl in lh t: manller which would be 
expecled for a posl.focal hlu T. This suggesls Ihal d in:ctionul cues are probab!)' 
/lO! provid ....'1:1 by ph ys ica l characlerislics of Ihe stimu]uling: ligh!. As sueh. il i~ 

likcl )' Ihal u subjecl. under norm3] environmenlal cond ilions. learns lo ulilil.t: 
numerous I inclu{lin¡,! ps}'chicl eues lO ind ica le Ihe r......!u iretl ,Ii reclioll a f accolll· 
1I101lal il'c chan~c. 

5. Opt:n-Ioop ga in appcared hi gh under Ihe cumlil iun thal Ilu: suhjecl was 
instrucle<1 lo allcmpt vígoro usly lo clcar any I~rcc i l' ....-d bl ur. Unde r Ihe conditi OIl 
Ihal lhc subject WH S inslrucled lo respond pass ively. opcn.loojJ ga in W88 10 10'. An 
ahcrnalive lo a8sum ing Ihal cha nges in gll i!! CIIll be iuduced I'ol untaril y in u ·' re· 
flex" met:hanism is tllc assumplioll thut a refle x mech,mism ex isl!! which CUII 

he ol'erridflen hy im pu lses o riginaling at a "I'olunlary control cenler" . 

6. Under Ihe assumplion Ihal Ihe human accomm(}(lalil'e mechanism is a fi esl 
o rder sen'o embracing dead lime a nd llead 1.one. 811 allempl was m8(le lo foro 
muiste Ihe sy!lelll trallsfer Ctlualion . WhclI a formula was eOllstruclt:d which 
prOl'ide<1 a sa tisfaclo rr fil of Ihe emJliriea l frequency response da ta I u!iing cons­
hUl ls compatible wilh ex experimelllall y dt:r ivt..J I'alues / _ il was foune! that Ihe 

(1resulliug c<lualion define<! a regellerali l'c !iyslem. Since such syslem .....uu ld not 
he error·cor recting. lhe e(luatioll must be rejt;d t.'( l. 
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7. While il il! appa ren! !ha! voli !ion plays a n essential role in accommoda!ion, 
under norma l ellvironOlcn!ul eond itiOlls ul."commooa lion !cem! lo be a utomatic 
(in Ihe sense Ihal conlrol il! nol al a conscious leve]) . /\ian)' persons Illaced in 
un cll vironmcnl in I'I'hich fel'l' of Ihe norma l e ues lo dista nee are prc!Cnt (cg. 
Badal Oplometer) musl Icarll lo rcspond lo differenl eOe!! Ihan Ihose lo which 
lhe)' II rc Itceuslomed. This aceou nls for Ihe di ffic ulty o ftcn cncounlered in measur· 
iu!; acconullOflalive chull~es in !he eye of 11 /1 unlra illcd subjt.'Ct I'I'ho is allempling 
lo respone! lo accommocla li ve slimuli pregenled in a Badal syslcrn. 

!:l. Further resca rch is in{liculc<l, ulilizing a g realer number of subjects, lo derive 
a rca lislic Ira nsfer c<¡ull li on fo r Ihe huma n accommodalivc med18llism. A majo r 
obslacle in Ihe "reselll illvesligalioll has been Ihe facl Ihal Ihe allenualiOIl curve 
shows fI slope charflclerilllic o f a firsl orde r s)'slcm. while allclluation commences 
(\\ ti vcr)' low fl'cq ucllcy. This 5U!;Et."l:iIl! ¡he presence of a regenc rali \'c s)'slem 
f 11 0 1 possible sinl.:C il woul(1 nOl be c rror.co rrt.'Cling ), or a syslem having a time 
consla nl Ivo lon¡:: lo be rcconcilt.-d with ex pcrimenlall y derive<! values. Perhaps 
volunlary factors enler strongly ¡nlo fre(luenc)' response data, or perhaps lhe me· 
chl1l1is//l o f /jl.:co//l//lodali oll is loo complcx to be accounled fo r on the basia of 
ü //locleJ which is ü firsl order M:rvo containing a single loop und embracillg 
lime deJa)' ami deud zonC. 

The Pellll, Slale College of OptomelT)' 
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