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W??,J,& . ’
“ ‘ B - PREFACE o
| In view of the fact that this thesis dﬁscusses keyboards and
3 typewriters,‘ the author felt a moral obllgation to do his
| own typing.i In order to ~'achie:ve ,tth das'/efficiently} as

5ppoSSib1e, this‘ thesis"was' composed 'th an ,LinteraCtived‘

computer terminal using the Western Electrlc Strlng Language

T 77 Processor. A string language can be thought of as the most

R ..‘“flex1b1e of all p0551b1e text ed1t1ng 1anguages and ”enables

the user to deflne his own. procedures for whatever unlque

G | ' | BN | |
“ requirements he might have. R . -

-Unfortunately, short of us1ng plotter, computer outputc-

‘conventional7scientific,and mathematical n°tati°nal‘33hemes"

‘Therefore the author was forced to use the standard -

notatton'used'by‘most programming languages for subscripts.

In‘othertwords, X(I,J) does not mean that X is a function of

fdevices ~are not suited for the pr1nt1ng of text contalnlng.

paramenters I and J.»-It is hoped that this 'notation_fwill”

L T

-

programming experience.

SR — 'ng_and~J,, but rather that X is an array with address

‘not’ be tOO confusing to the reader with no computer




1

?

' be interested in string language processors.

| Yo

-

The following fefereﬁcés'are given'foxlfhe’réader who might

Kagan, C.A.R., "Dictionary of Built-in Functions for String o
| Language Processors'", IEEE Computer Society Repository, .
Ref. R73-1, 1972 | | o “ a

“

Kagan, C.A.R., "A String Language Processor for -Small

© Machines", Proceedings of the ACM, SIGPLAN Symposium on :
... +the Pedagogical Applications -of = Small Computers, —

University of Kansas, 1972 | | |

Ea




-~ % . ABSTRACT

{
| i)

rmdgThis ,thesis investigates ﬂthe’ design 'ofkan'ﬂoptimal'
‘."typewriter like keyboard ~ An optimal keyboard is defined as_

| One'ywhOSe- deSign. is based upon the statistics of usage ofd;‘
the Engllsh Language and the human factors of gthe’ typists,_~

The Qdesign ”gOal '9f~ suCh a keyboard is to minimize an }j‘y

“ﬁbjeCtive- function' Which *relateS"the relative digrapht.y:q

frequenc1es (two letter combinations) and the stroking tlmesg

of two key comblnations..

After rejecting standard mathematical programming techniques
fbecause:the_objectiveffunCtion.lacked'_the required ;"nice"g

ﬁroperties, simulation was attemptedu While simulation Was~"

successful in that it d1d find several "better keyboards it

was rejected because the size’ ‘of the population is such that_,

the probabillty of flndlng a keyboard near the lower ‘bound

of the dlstrlbutlon ,is [approximately ‘zero fogipractical"

- sample sizes. S S

A‘tsimple"branChing ‘algorithm was.ﬁthenﬁgdeveIOPedi which
oevaluates all poss1ble exchanges of pairs of as31gnments of‘

- a glven layout and chooses the best as 'the.~inputu for theb-

o

_next 1teration.*' The algorlthm is st0pped when ‘no further

seemS'”to. be independent of the value of the 1nput keyboard_ 

hnarrow-range.;

' y_1mprovement is pOSSlble-:-The performance”of' theg'algorlthmfsTV’y”

~£” f«'and converges in an exponentlal 11ke manner to W1th1n ‘a veryfejfgjgf




‘¥
[

-

IAfter fan examination of the':mechgpisms goverﬁing the~
performance of'the"algorithm,=?it is concluded -that ,fhe
algorithm 1s' converging to a value near the loﬁer.bound of

“

the distributioﬂ'of,keybOardfvaluesﬁand thﬁs; -represents ‘a.

.)viable tééhnique. for 'develbping a neér+0ptimal.keybdard;

provided accurate data i$ available.“"
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R CHAPTER ONE

Introduction to Improved Keyboards .

In 1873 Christopher -Latham _Sholes and the Remington Arms

" . [

'A;Company 1ntroduced the first typewriter capable of being
masslprOduced; Wlthin a few years the typewrlter had become

'an 1nd1spen51ble tool of our society-—as it remains today.

The keyboard de31gn of the Sholes Remington typewriter (Seei
Figure 1. 1) is essentially 1dent1cal to ~that wused on our

typewriters today. Figure'l.ZWShows the current typewriter

‘keyboard as standardized by the American National Standards

-

~InStitute."[l]_ The intentOf this work is to examine in.

detail, not the mechanical de51gn of the keyboardp‘(44p"heys

,xarranged in  four rows) ‘but the ‘assignment of graphic -

- symbols or characters to the key positions.

o

-Legend has it that Sholes had to' design "his keyboard 'to

cichmvent- the .mechanical» limltatlons of hlS machlne. [2]:.

Even though it was 1ntended that the typist would type 'with's.

only two fingers (touch- typlng was not developed until they
.,twentleth century), the Sholes prototypes tended _tob jam-
"frequently. : Jammlng was caused by adJacent typebarsbelng..
activated too‘qurckly.i Jams mere difiicult ‘to clear because<fiiyivm
the typebars were located beneath ithe ycarrlage and. as :h”;;«@'
ng“/ result Sholes reacted byt developlng a laYOut which hedrdltdb

\ yfffthought would minimize Jams by forc1ng thc_operator tO slowflV]Tf

’ : oL R ,
. T R I *
: . - N ' .
. . '
* P ),
N EOC -
. '




REMINGTON-SHOLES KEYBOARD (1873)

FIGURE 1.1




I

ANSI X4.7 STANDARD TYPEWRITER KEYBOARD

FIGURE 1.2
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down .on those two-letter combinations\assigned to adjacent

typebars. An éxamination“of an  early typewrlter supports .

[ ) A)

g:the 1egend and makes it .appear qu1te reasonable._

.;leegardless of why Sholes designed his keyboard as he d1d

;'dthe fact that the same keyboard des1gned 1n 1873 1s st111 in

-use€e 'a hundred years later, in Splte of signlficant advances

%1 3 machlne technology, typewrltlng techlnques; and knowledge

of human factors, must appear as an anomoly in the hlstorylfyftﬂ"

of soc1a1 and scientlfic progress. 'Jd

Even before the advent of touchétyping,“seVera1  typéwfiter~'

manufacturers- attempted. to marketmachines With,different-

keyboarddlayouts (the reasons for the'changes.,are ‘unknOWn)~

- but the market position~ of "Remington was such that the

Sholes keyboard rapidly became the defacto standard

-----------

| In.thepearly twentieth.century the all-fingerk~typewritinggf.

,technique was developed and typing became a popular courseﬁ,pw<f

in h1gh schools and colleges. Unfortunately, educatOrs:soqn[;f;j€'

Wlearned that typing was - a'-difficultl skill to teach ,fff;

'effectively., By the 1920's, the d1chotomy between the ever

“7in°r6351ng POPU1ar1tY 'Of' typing. ?COurses and the obvipuSl'ﬁ”l“

J difflculy StUdentS had in aCQUIrlng gcommErcialY“laccePtablefﬂfa

' T ' e o . T AN N LTl ot 2l o [ .
' A . K R . L - e )
' . . ' : . Lo . - e o . X
. - -_— o . .
. . ) ’
' ' C 1
. ) .
' : R
e .
.

%ffffh]ftyplng sklllsf motivated the»;Carnegie Foundatlon for the:;¥473~-¢
,T“”UfﬂgAdvancement of Teachlng to Prov1de funds in 1929 to .enable'”fl”’

~""‘,‘,""'.rDl:s.' August Dvorak and Wllllam Dealey to StUdY the teach1ngjﬂnfh d




“Dr. Dvorak worked with TFrank :andiiLillian«'Gilbrethfyin o

‘;yconducting micromotiont.studiesi of..ltypewriting.~ :?fThell_

—®

- micromotion studies"suggested;~n and  analysis of the

. frequeneiesy of'usage of letters and oombinations of‘letters‘
‘M. in ¢t hl English language confirmed,_,thatfithe ~standard
"keyboard (commonly known as the QWERTY  keyboard)'"Was an

extremely. poor design' for the typing of English language

btext}ﬁ Whlle the detailed faults of the QWERTY keyboard Will-.d’

be dlscussed in deta11 in the next chapter,'the QWERTY ‘was

inadequate because high,frequency letters and-conbinations'

of letters were assigned in a manner that required awkward

and inefficient finger movements. - _ _

Pl -
C— . , B

fDr. Dvorak -then- developed what has since become known as the;

Dvorak Slmpllfled Keyboard (DSK) Figure 1.3 shows the DSK |

Although the DSK haS .not. been widely accepted or evenbgvu

- adopted by any large organizatlon, there can be no doubt7-
that it is 1ndeed vastly superlor to the QWERTY in terms of

ease of learning, eff1c1ency, throughput and even inherent

| speed capabllitles.v

7:?«""

‘_NOTE;. Even though' what'», follows -cannot fail to beb

7,interpreted as an ‘enthusiastic; endorsement -ofj°the‘;«bbu

.MDSK--WhICh ditb'really -is—éthe:author"contendS‘that ty5y

.ﬁ;¢*7aant'even' better keyboard is P0331ble., The emergencee_”f**

,,,,

1Q T}.of electric typewrlters and elect10n19 keYboards 'has ifﬁf7ﬁ

“ .. - R . . . N R P . L P e T Do e
< . : : . N T R e B EE P T ! '
) . . Ll ; S . SRR f
. i *
\
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Wil

~ Typing Contests. [5]

) -'sufficiently altered “the " i‘telativeli difficultiesjrfigofhﬁ

f

of stroklng_ patterns to allow even more opportunity-,fhhygy

"_for improvement.

As part of the Carnegie Study, the DSK ‘was testedii'the7“'
Tacoma; Washington. schodls in”l9311and'1932 [4] The 250d. yp»
junior high school students 'trained on the‘ DSK achlevedjjiﬁr

_ﬁtypingwngkilis in,qoneﬂwsemester »@anf-vaverage "of 27.1

wOrds—peréminute) that took QWERTY students three semesters

"to attain (26.8 wpm) . In-two 'semesters, the juniOr ,high

students outperformed--four semester”QWERTY students (36.l~
wpm-vs-33.4 me);uﬁThe 110 senior high students performed

even better. - After  one semester they‘i outperformedpra

.three-semester QWERTY studentsh (37.5 wpm—vsJ35.0wpm)and

L S——

after two semesters had outperformed 'six-semesterh!QWERTY"

students (48.wpm—vs~47 wpm)., : | -

Priori to World ,War 11, the International Typlng Contestsf;

achleved a high degree of pqpularlb  .Most'major typewriter

manufacturers.maintained "stables"-of’ professional typlstsf?“'d.

who gave demonstratlons and competed in contests in order to"

demonstrate the superiority of the mach1nes~manufactured by

their sponsors. :Between 1933 and 1941 DSK' typlsts won . 119}

o firSt,d;second, and th1rd place awards at the Internatlonal ijh;d,_

f)
b




The f1nal evidence of the superiorlty of the DSK ,overf‘the
QWERTY are=the'results'of retraining experiments. Only two

signiflcant experlments have been conducted - which attempted

to determlne what happened When QWERTY tralned typlsts were ‘

e retrained on the DSK

¢

N
mL944‘ Brlefly, ~dn - the Navy Study, 14 QWERTY trained typlsts

!

Were“glven an averagei%f 83 hours of'training on the DSK.-

After completionm of their .training,' the typiets :had‘f

increased their performance‘from 32;9,net’mevon the QWERTY
to 57.1 net wpm on the DSK, a..74%’ increaae.: ‘ThiSﬁ.was
composed of a 257 increase in gross sneed and a 68/ decrease
in errors. In_ga companlon experiment, 18 QWERTY typlsts
'freceivedhan average.of 158 hours of add1t10na1 training on°
the QWERTY. They;achieved~an_increase of 17% in'gross-epeed

Nt

and: a 17% decrease in errors for an increase of 43% 1n net

speed. [6] |

]

In 1956, the Government Supply‘Agency (GSA)'commissioneder{f

Earl -Strong to conduct a comparative experiment: with ten

i

typists retraining on - the DSK and another ten typists

i.receiving‘additionai training on the QWERTY. Unfortunately,,»fHW”

this.JStudy..hasl become ’the -Stumbling block toc serious

Jf%;ij'consideratiOnA:of the DSK and is mentloned only to p01nt out

why it is better forgotten. [7];’

The first hwas~~an exPeriment performed by the U S. Navy in~?

A : . s o el Y A [P TIN R L PR . S . ' L :
. . A 3 RIPTIU N T - R IR . ¥ . Lo ., . . .
X . B . S e . oo S T Lo T T
e . . . : . . s o . . . ' . ..




. ggAs a detailed analysis of the GSA Study is inappfopiate in

'.this paper the follow1ng comments are offered to refute thent

findings nof':the study. If'interested, the reader is urged

to'obtain.a copy of the.report_from the,,GSA'-for,ydetailed_ﬁ

e T4

analysis.

"

~a )

'TheﬁfGSA.TStudy 'subjects» spent four hours each day 1n.f55‘

-;clags.- ‘Lhis is in opp031tionvto -standard practice‘fofV

»

a110W1ng a maximum of two hours per day. - S

" e

The .SSA ﬂStudy :showed. the QWERTY subjects 1ncrea51ng

*their average gross speed from 83.5 wpm -~ to 113 wpm,

typing education believes these gains are possible in

 the maximum of nine months the subjects could have ‘had

= for retraining, (The actual tlmes are mnot specified 1n
the.report. However,_the report.does state that"the
QWERTY students began‘ on March .5,A31956~anda§;the
report ..was released inﬁ 1956,"nine months%}ié*
reasonable maximum.)' | - o :
Nodetailed'datacollectedduring"the ’course’ of the

)study has ever been made avallable by e1ther the GSA or.

\

Dr. Strong. In'fact Dr. Strong had 1nd1cated that allg‘}rfy

lyzlehrecords from the study have been destroyed

P

With ‘the exception of Dr. Strong, no one involved in

oy v
77!“: a . v ’ .
.




e

'""jﬂpkdﬂupon the QWERTY

’”'5.Finally, ‘Dr. Strong s inSiStenoe~'that he ‘'was = an

impartial conductor of the experlment must be subjected"

to scrutlny.' On September 13 1949 Dr. Strong wrote,

»

purehasing'”new”keyboards*and retraining;typiStsdon the_f"
- new . keyboard when. we can 'easily”‘get_'increased

production on ourfpresent keyboard' I strongly feel_

'

hthat the present keyboard has not been fully exp101ted
and I [an~ out to' exploit . it to'itsvvery utmost;in

opposition to the change to new keyboards." [8]

——

Lara
i

Could Dr,. Strong have been the 1mpartial reporter he clalms
- o |

to have been seven years 1ater7 This- author ‘doesn't -know

but surely,, sufficient doubt about_the'validity of'the_GSA:"

‘Study exists in order to reject it as relevant to the:

subject of theWDSK,.

AAnother; highly regarded.keyboard is f the': Minlmotlon,
developed by mR.T. Griffith in 1949, (See Flgure 1. 4) [{}
_.Mr,Griffi*h attempted to sequentlally Optinize"a .set 'of:y;p?h.
u_°rder3d ObJeCtiveS wandl is wauiten explioit:about'thé7’”
‘Procedures iWhiChfhe nsed; As no evidence canbe‘found rhatd°?:
'Q;the ,Minlmotion keyboard h. f everw been tested it'is‘if

Presented here as another example of the attempts to 1mprovej«tfr-

. . . s S . . L ) »
.

. have developed a great deal of material on how to k_h‘
- get increased productlon on the part of typists on thed;fjf

standard keyboard | Conseqnently’pl am'notpin’faVOr_,of.'“




GRIFFITH MINIMOTION KEYBOARD

FIGURE 1.4




.A. __!-'A' “ ‘ '

A
N

‘ A good example of the uneXpected pitfalls in keyboard de31°n

A

’.“1s the alphabetlc keyboard Intended fra--stockmarket

hQuery. system, _an‘ alphabetic layout (See Flgure 1.5) waS‘ i”m

chosen because the system users had llttle,.or ‘no 'keyboard.

& 1

'experlence. What would seem"” - be a logwcal and sound
. ffchoice has been shown by lesch to be a poorer' cholce:lthanm.f

);rthe .QHERmxuﬁorwhuntmandnpeek:typistsw [lO] EV1dently, he  5jﬂ

operator tends to determlne the p031tlon of the character in

the alphabet before he attempts to locate it and strlke; the

" key, .The' p01nt is that many, - not necessarily obvious

factors influence the eff1c1ency of a keybOard and:novamount‘

of logic can supercede'testing with operators.,

In fact, there have been so many attenpts to develop

improved“~keyboards‘ that the U.S. ©Patent Officﬁ-«fhas-
established a ' separate sub-groupw~“classification'j'far*w¥v*w'

typewriter keyboard patents. This means that several

.fhundred,} patents have been granted:- for . different |

'in use today is often c1ted as a reason for not adoptlng a

“~7.jrad1cally dlfferent keYboard On the'fother hand: SeVeral_ﬂjf”

ydehould :thls tremendous ;1ncrease in the number of keyboard

.‘““[:‘factors% are beglnnlng to assume an important role in

"rexploding that ten mlllion to well over a; hundred miliion;h'uh

(PN
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HIRSCH ALPHABETIC KEYBOARD

FIGURE, 1.5
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e e e el .

S oY typists? | -

.....

"be " an insane mistake. The factors are 31mply listed below
and any speculatlon about their importance is ;1eft ‘to‘~rhet

"reader, e B e

»

=

~in computer-aided instruction -ahd*:as'a‘motiVator.in“

'”Elementaryleﬁucafioh;“

e

“The increasing,application of onfline data collection,

networks -in industry and government is requiring ever

_1ncrea81ng numbers of Reople to use keyboards--even if

{

‘they have had no formal keyboard training.

\ . ) - -

The increasing 'probability’ that” homesfof thefuture'

will contain a data terminal cOnnected to some form of

timefsharing‘ computer network. When 1t will happen

depends upon whose crystal ball you gaze 1nto, ‘but 'no

one is predicting that it~Won't'happen.

|

riod

,ﬁseré Occur, the failure to adopt an optimal keyboard would“j

If all 'three‘ factors achieve the degree of utilization

predicted'by_experts in theirespective fields, there Willl

eventuallydbefew; if any, persons left who Wlll not utllize“

l

. designed in 1873 w1th the goal of slow1ng down two- flnger

T
ki

 a keyboard in their normal day-to-day;liveso“DOES itAmakef

,d7”;any sense_tohlnflictn upon that many People,"ad keybbard‘

o .
I I PR

. ‘,l”‘-‘ B w . . .- o A . . . L . . .
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,7.'i~f'd  CHAPTER Two

Mathematlcal Programmlng Models

In the first chapter, the case for an.improved'keyboardkwas:;T”“'"

establlshed Apparently, Dr. Dvorak has come the closest tokhflm

the optlmum keyboard " In his book TYPEWRITING BEHAVIOR,_'

~ Dr. Dvorak llStS the defects of the QWERTY and def1nes .the.”'x
de31gn goals of the DSK as the mlnlmlzatlon or elimlnatlon.,ﬁ'”

-of those defects. The defects he discovered were°

i
|

L.

"I. The QWERTY keyboard overloads the commonly weaker left

hand : _ | | t
2. The QWERTY keyboard overloads certain f1nger and does
not a351gn enough work to others., o

3. . Too 1little .typing: is . done on the home row ~and
' conversely, * to much work is done on .the upper and
“lower rows. | |

4, The QWERTY . requires- the fingers to ‘execute too many

"hurdles" over the home row and too many "reaches" from
the home row. | |

o

5. Too few words can be typed exclu51ve1y on the home row,
requiring a reach or hurdle for almost every word
typed. | - | |

6. The QWERTY keyboard: requires that“too’many_wordé-bék_}

.~ typed using only one hand.

A study by Provins and Glencross,supports Dvorak's findings

!

and‘ explains the vsignificantly better~ learning times

obsErved in the Tacoma Experlment. [lﬂ] In a study of théh hhi
‘V?5;°dexter1ty levels- of{»theV handsr0fwtrainéd,‘tYPiStsx-andf'[',

"L subjects withf.no ~typing =~ experience = when - performing

[ e RN R . . . . . R . L, Cy . o N | L Yo s . . .
I PR AR - RERI . : : . . . . . b s v . o B S S :
H . . - . . e . P .. : s Lot . . o I <y EREN ’ '
¥ ST e - ’ S TS (R : ! '
: c - N D L . B RS . . e .
' A vle . ’ a . LN G
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'typing-likertasks, the.f01lowing resultS~Were observed. .

.
. ) . .
. . - ' » .
' L e : : : . e o i
N _" . ) ) '. ' o " . " ._ '.‘ ' : - ' !
. t . ' I v‘ ) . o - ' :

| For 71etter' and tapping exercises, the right hand of

non-typists was 51gn1f1cantly faster than' their -lefth

hwhlle the tralned subJects showed either no difference-] t

Ty

l'or a signlflcant dlfference 1n favor of the. left hand

For-ﬂAWOrd‘-eXercises; no differences’,were" recorded -
- between sides for the untrained subjectsa whereas the

.‘ytralned subJects showed a hlghly 31gn1f1cant dlfference'

.hhln favor of the left hand. J

No significant differences_.in errors - were recorded

,_kbetween hands for either group.

P

"_The'impliCation is, of course, that the“reason-students find

tyﬁing so difficult to master is that- the emphasis the

-QWERTY keyboard places on the. left hand forces athemf;to_,i

_acquire an  abnormal level of motor skills with their

non-preferred hand,

)

An examination of the defects found by Dvorak‘and‘ Whyﬁvtheyi
| - |

'_aré; defects yields an 1nterest1ng conclus1on; Item 1 is a

.idefect because the '1eft hand dis\ less efficienthr‘a 

srright—handed ~perSo‘n. ”ItemaEZ is a defect because of thef
r_;tlrlng of overloaded fingers and the overloadlng’of fiﬂgers‘
~'”Mij1th low dexterlty while more dexterOusnfingers‘gon

underloaded.ﬂ Items ‘3,§4,_and5are undesirable becauSe:;ff°'

Yo

BT . o . . . . ) A R ' . )
. , . .
L. N A‘ N ,‘ ."‘-
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"reaching from the home row takes additlonal time. Item”6 is

undesirable because 1t .is the3 opposite of alternate hand

‘stroking, the most eff1c1ent stroking pattern avallable.«'Inl

'other WordS,, all of the QWERTY defects are defects becausesh¢“”’

high frequency 1etters and comblnatlons of 1etters muSF'be'.f~

stroked with high cost r(Or‘low;‘deXterity)‘motions'Of'~if

combinatiOns of motions.-

Unfortunately; Drf Dvorak has not dlsclosed.the procedure he«"
used' to develop the DSK .and ,one’ can"only SpeCulate.
Honever as the DSK was‘develOped in 1930- 1931 "the use of a
:mathematical programming technlque- is probably precluded

’which implies that the DSK is subopt1ma1

e

Therefore, this author has'attempted' to develop a global
optimization .technigque 1Which.isbased'upon the frequencies
ofmdigraphs(two-letter combinations).usedmin theyaEnglish
language ~and ‘a factor which is.“PrOhortiOHal .to'the
difficulty of stroking. pairs .of keys. Thedigraph was

chosen as it 1s .the "smallest unit capable of describing the

- sequential interrelationships of,~characters which make up -

 ordinary text.

-7

o«

" The factors relating to the d1ff1cu1ty of stroking the Palrs“klﬁy’

of keys might 1og1ca11y be the average'.time itp-takes ‘tohkah7

perform the two stroke sequence durlng the typlng of normal

'teXt.l The de31gn of the ufit finsignificant ~human factorsff]rfi?

g e




upper- case graphlcs) is a-probtem with 44!-orf2.66 x510

-

'

:beyond the scope of thlS work and will not ‘be addressed

i
1

i

44 keys arranged in four rows--the top row with 12 keys, the]

-4

designed for telecommunlcatlons functlons usually have 46 orfg5

more keys and whlle these keyboards will not be consideredv,

5

'expllcitly,A the procedufes could- be easily~extendedto

apply, -

The a331gnment of 44- SYmbols to 44 ‘key p031tlons -(ignoringﬂ o

54
[...

S _

different_posslble keyboard arrangements._.ymln- order to

‘u.reduce the problem to a more manageable size, although stlll

v v

one of immense ‘numbers of p0351b111t1es, it is not too

. e’
unreasonable to consider only .the hardcore touch-typing

region--three rows of ten keys each ‘\Thls allows for the

a331gnment of the alphabet and four punctuation marks. "vThg

numerics can loglcally be separated as there is little OTr no*
signlflcant 1nteraction w1th the alphabetlc characters. The

other four p051tions not belng con51dered are felt to have

e

Apggae,,results;'kk?Of*course, 1f one were adamant about considering

o

®

.J..

"'e'xperiment. which would be required to COlleCt thls data iS

;In this country today,,the standard typewrlter keyboard haskdhﬂf“

'keys;'f vapewriters‘ used ”in othér countries and keyboards

'”SUCh 1°W usage as - to _haVe 1itt1e or no ‘effect* on »thedm

,r'fall symbols and p031tlons, the_procedures »deSCribed, herein,~"”

S

'fQJr COUId.'be ‘eaSily ;mOdified ‘to accomodate them. Figure 2;1_[f7'
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'?;shOWs.thé;region Ofythe‘keyboard béing“conéidgred;7:'7;;%,W'

i

mThe ‘space bar'and shlft keys have alsolbeen elrmlnated jf:dm‘t'
'?'con51deration--the ~Space ,bar as it is'insensitive 'to~’bti‘
gjkeyboard arrangement and bthe ‘shift keys due to lack of‘dﬁ%
'_,Sufficient data.":In:-a‘:moref eomprehensive Teffort w1thb
adequate' dwta,.tth~,-sh1ft keys 'should be 1nc1uded as the'

little flngers, whlch ,activate, them do. not -have .equal )

.'levels of dexterlty

o

ﬁiThe. digraph frequency data used were taken from a Master s'
Thesis done by C.E.  Rowe in 1930 [ﬁZJ It should befﬂ

emphasized’ that thls data is 1nadequate for a comprehen31ve’

‘effort to de31gn ‘an 0pt1ma1 keyboard but as - the goal of

this paper is to develop the technique for de31gn1ng such a

‘keyboard, it is not felt-togbe inadequate.

The relative stroking times‘fqr each two-key'combination are

even - more | arbitrary than . the B dlgraph frequeneies.d
Unfortunately, the only publlshed reference which. inc}uded
any .stroklng times was a paper publlshed by J.E. Coover:dn
y1923 [13] His paper included the stroklng times 'for“}seven.,'ﬁ

two- key comblnatlons as achleved by an expert typlst working_jV7&

at a rate of 130 words per mlnute.vyj

‘t'”ﬁff;fln order to have somewhat representatlve data to f111 the 307""

;'bby - 30 stroklng,-tlme 1matrix, bthe mauthorQ_had'to devise,

iyl




HARDCORE TOUCH-TYPING AREA

AND POSITION NOTATION

FIGURE 2.1




\evolved for the classes of motions and are defined'below,ﬂff'

pﬂf-arbitrarily, a scheme for extrapolating those»'seven ‘Values'}J'

finto 900 values.. By itself .the Coover data was 1nadequate

_mito describe the relationships of the dexterity levels of the"h;;n:

vae sty .

ind1v1dua1 fingers._';: " - af" I-i-  ”pet$p~,i

Fortunately, Dr. Dvorak included in TYPEWRITING BEHAVIOR e

~»'the'--tapping-' rates tfor “each flnger as reported by Relmer.'

.

-w[14] This data” with the Coover data, are shown in_-Figure'

2, 2 and is sufficient for a model of the form"

; B - ._(; .. ) | T
S01,3) = k(T(1) + T(3) + c(1)) o (2.1)

.In  this arbitrarily chosen model, T(i) and T(J) arefthe

'relative tapping t1mes for finger i and finger_ j and are

wrefemenced _to the rlght'index finger-which,is.normalized'to

» .

one and were derived from the Reimer data.

The Coover data was used to determineithe values of k,' the h

~factor which converts the sum froma'relative'number.to'
seconds’, and the C(1), the:ﬁeXtrapolation -factors for the

~various classes of motions.

5",

"ThroUgh the years, a rather descriptive set of names,has |

~ TAP f'_~¢Saneihandsjsameﬁfinger;same_key.”7L“f¢f

h“‘REACH'ii..A”f;- Same hand, same finger, one stroke on

'Zﬂ;g_f‘fUﬁ;&  the home row and the other off the
R _',home row. o | " | ;

-23-
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e

. |FINGER | L4

L3

L2

Ll

R1

R2

R3

~:~'STROKES/15;SECS,'_4Q

57

66

63 |

70

69

_’62

56

 |RELATIVE TIMES |1.46

1.23

1.11

1.00

1.02

1.25

1.13

r

.2;'_

 REIMER TAPPING RATE DATA =

CLASS

3

FINGERS

POSITIONS

TIME |
(SECS)

1.2

R2

13

18

| .082

| ALTERNATE

AP

R1

R1

17

17

142

TRILL

Rl

‘R2

17

18 -

.104

ROCK

‘R3

17

19

- .098

HURDLE

R1 |

Rl

7

27

3l7l

' REACH

Rl

R1

17

27

S .161

TRILL

| r3 1

R4

19 |

20,

173

STROKING TIME DATA
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it

S

ﬂ'dHURDLE‘ [ffdf!édSame ‘hand, . same fingefavibne}Sfréke

- - below the home row.

'-tQTRILLf'f. fh-,' 'Same,hand,'adjacent"fingers; é?ﬁe“row.*ffﬁw

fROCK_iln'Lf "é-nSame hand, fingers separated by'one‘orﬁfﬂf;fiw’

two p051tions, same row.

"ALTERNATEHAND- “One stroke w1th one hand and thehother'»

Wlth the opposite hand. R

-

An examination of Figure 2, 2 shows that there 1ls only one

;ClaSS' of motion With,tmo7entriesé-the.trill. Substituting

these values 1nto Equation 2.1 and solving for & and . C(3),

get k equal to .186 and C(3) eqﬂaltw -1.45. Knowing K,

we can solve for the remaining values of C(l), which are

.8lso shown in Figure 2.2,

An  examination of the stroking < time matrix, S(i,j),

indicates that it 1is convenient to snbdiyide it'into nine

sub-matrices as shown in Figure 2.3. The center matrix,

A(C2,2), representswthose'combinations performed entirely on -

- |

the‘home row and it should»he clear that ail.of its elements
can be calculated.with‘Equation.Q}l; eLikewise; A(1,1) and

A(3,3) 'represent those 'combinations performed entlrely on;

~the top and bottom rows, respectively. Unfortunately, the

Coover data doesn t yield a clue as to what add1t10na1 costs;
- exist when Ltyping ‘a dlgraph on the t0p or. bottom row. Itdfgfigg-

”nﬁnwas ;herefore, decided to arbltrarlly 1et their entrles be a

"ﬁfa3ca1ar multiple of A(2 2) and thus'

‘!‘»— wd

above the home row and the other

a v R . . . : : . | S . . O R . A
. 0. : : o ! . e AR . N T [
A . _ i A, . . . " . . - - N 1
. 8 - . . L e R I R .
- A . . . ot oo : - e . . oo
S . PN L ‘. Do . - [ . ' ’
. A s kN T I
. . '
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,ﬁf‘A(1;1)= 1.05xtA(1,;)»m-‘(2,2)_'”

T —

‘\1‘10txA(3;3).""<2'3)'

Il e

 A(3,3)

ed . - ‘ - L i

umotibn fyield only the*‘m%jor':diagonalé“”bfAthefreméining;*

.;sub-matrlces, A(l 2) A(;;B) A(? 1) A(2 3), ’A(315* 1and

i

calculated u31ng Equation 2 1, “'The;‘Coover"data' doesn?t
expllcitly deflne .the.remaining values which~heve.h0t-been'

 calcu1ated. ‘However, the-deta does.include three‘-differehtr

'clesses- which all 1nvolve the same finger--the tap,'reach

"".
.-\.‘.h"

.,

which may or may not accurately represent the'relatlonshlps;

between YOWS. At 1east this procedure is in the~_right.

A(3 2) They valuee_ffor the  maJor dlagonals are easilyAgfeeﬁf

gand hurdle; from whlch we can extract addltive'constants

- direction if not the"right magnitude..

P

- REACH DOWN  5(17,27) - $(17,17) = .161 - .142 ='.019 secs,

 HURDLE 8(7,27) - S(17,17) = .171 - .142 = 029 secs.

. 'REACH UP ,; - | e Jlt.ozg - ;019

L

e

~With these -constants, the remainder of the stroking time =

matrix is calculated as shown ‘below. - Excepting the major

eédiagonals,”

Ry SO L A1) = A, 2) +.029

A(2 2) +.019t

,‘.‘: ST , L _“‘,_‘ o . . ‘u ; L ) .
- , IS ST I e S e |
e PR N . LW ) . < N .
Do TR T L LT Do Y A .
R T T I
SOTE s . : S G e
.

A(Z 2) + .010

; ‘f'“:A(z 1.
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. upon thls data cannot be accurate and are presented only as,

earlier. If we let R ' o - : o~

.....

© . and

'aWA(1,3)=3A63,1)

e

L A(2,3) = A(3,2)

It .should ‘be stressed that we went through the above =

B

mmaebinations .Qtoigﬁg&t %wdata  ﬂwhich ~ would be ~somewhat7

——

-representative of what we would f1nd from ‘a*7human~,factors‘_i"

.experiment de31gned to gather thi" data. dAn& resnlts-based

- an -example of what_'mlght be found if adequate data were

.used.

‘The data elements described in detail above *311ow us to -

evaluate -any keyboard which meets the constraints discussed

Mean time to stroke keys i and j

$(1,1)

F(k,1) - Relative‘freqhenCY-Of.digraph k1l

1 When character k(1)
assigned to position i(j).

il
<
N
e
w
H
N’
"

X(i,k)

R | 0 Otherwise

—

then the figure of merlt or objective function for o'f81YEﬁii7*d

keyboard layout can be defined as

X = 2, 2 2 s(1,1) F(k,1) X(i,k) X(3,1) 2.4




b

.“fbdijtit? should be clear, by thlS ‘time, that d-a»;haereéone

Wr;fjprogramming Jmodel, haS»been'formulatedf‘ The:COnStraintsion

Qf"*fo,the model ‘are simple-—each character can be a331gned to only

', omne p031t10n and each p051t10n can have only One‘.character   rf
l"'ja531gned to . it. Ihe constraint equatiOns must, therefore,

. N v - - R 1 oy
o, N . L. . . . . . : R
X . . - C . N .
. . . * * .

I

‘iUnfortunatcly,“while the model formuiated.above,13°a-'simpleﬁl;'"'

—

]
”~N
R
=
S’
il
-
W
[

"1’2;;-°-t26 .df“.n.(Z.S)«‘*‘

_1' : . o o an @_.;'_; ~
1,2,....,30  (2.6)

)
o~
e

-~

SN
il

ot

jude
il

.....

Zero-one model, the 'objective functlon is not 1inear and B

| must be transformed to a 11near model ’ If‘wetlet‘ : _7i

CR(1,1,k,1) = X(1,0) X(3,1) . (2.7)

the.following constraints must be added to force X(i,j,k;1)--

\ e : '

~ to have the proper characteristics, 15

(2.8)

IA
[t

X(1,k) + X(J,1) - X(i,1,k,1)

SX(4,k) - X(3,1) + X(d,§,k,1) < 0. (2.9)

f,:‘ " -«_. ' .7.‘< \)i‘____l Lo

thqnation .2;8 insures that when both X(1 k) and X(J,l) are

'd"’!ié'equal to one, then X(i,J,k l) must alSO be" equal _to,‘one.

1aqd~wEQuation 2 9 forces X(lstk 1) t° Zzero when either, or bOth ”””” 3

X(i,k) or X(J,l)lls equal to zero.

‘.-r'“287




.t‘iﬁm;fh extant tOdaY°‘

'”*;}7{' ,solved.'__ <

s T S ' . | o R n».‘.‘=w“ o - SRR

,.lUnfOrtunately, the model has grown from a relatlvely small

one with 780 variables and 56 constralnt"requations;'to_'ae’

f""" - N -.~‘ e

el 5o

\

L -

-model 'é* search was begun for another model whlch could bek

P . . S . ‘-
.Q .

N R
. \ _

r_,-—!

. - ! ¢ - :

linear nor monotonlc " and thus, the technlques Whlch have 5jf:*

L 'tv been developed to solve the as31gnment problem do not apply.l

Y

A

If one examines the QWERTY deﬁectslliatedmearlaeww~tt rsnit

too d1ff1cult to conceive of a linear programmlng model 1f

- 'one is w1111ng to forego global Optimlzatlon.~ﬂ ;As fglobalV““ﬁ‘.

optimization is our Primary goal, L.P. was discarded as a -

pos31ble solution technlque. [16] ,,',,w, pr<~~;‘”

.BrahCh'and—bpund techniques don't apply for there appears to

‘be no way to calculate reasonable ,boundsz,due' to the

interaction ofe'aSSignmentsa:and fthe'1ack'of;monotonicity. of%iF*

Dynamic programming models suffer from-.the.samep;problem.~'

[17] ',‘:...v ‘hf““

‘"29e1»'*2

d'll;wmonster with ‘608;4007*variablesd aﬁa: l 216 856 constralnthwwwdw

As the more obv1ous approach has failed to yield a. practlcalﬂ

— Actually, a more obvious approach -was"considered ”firstg“
_This’,problemf is very" 31milar ‘to the cla531cal a581gnmentf°tl'

‘Problen,. Unfortunately, the obJectlve function is ne1ther5°

V- : -t

sla.
.....




gf;$* f'» Enumérétion7’was briefly'fcoﬁsideregff ﬁt*.the“ number‘7;bf' S
] . possible keyboards is 30! / 4! (The 4! term is present due
| S B S - 31 PR
B et to the four unused positions.) or 1.1 x 10 < Far—too -
: . many toLbe-examined,by.any,computerfavaiiable,; | -
| R - E . . ‘l' ) ) E | ., | . | 3,. . J- S | . - IE | ':f,i“ . .‘ * ) ; n' . - ‘.'
S bl ‘ | B ‘ , ‘:" -: ' .:I'-. ) . . : ' ‘




 CHAPTER THREE .,

il
e

I T Random Keyboard Generation

“As we saw in Chapter Two, classical optimization techniques

© simply don't apply orl are too large to be solved using
,fff'todaY-sﬂmachines;rl“ A,nofepragmaticlattitude istherefdre_t?h‘
| ‘ necessary 1fany‘eolut1on is to be found at all ulhe‘ goal
:f f1nd1ng the optimal ke&board must be mod1fied.to f1nd1ng
a’near opt1ma1 keyhoard '-The goal 'of global 'optimiZationffV‘

w1ll be unchanged as long as practical

\ '

It;'Wasm decidedr.to generate random keyboards and evaluate

them accordlng to the obJectlve functlon 'definedd_in; rgtheogﬁﬁﬁa'"

—
P

last chapter (Equation,_Z.Z), 'inforder“%6,1earn,som€thiﬁg

sample size as there was no prlor knowledge of the expected

dlstrlbutlon. [18] If we let

f(k) -prOportlon of keyboards ly1ng below k(l)

l FR—

“p~‘= probabllity of ocdprence 'of_- keyboard

with a value below X(l)

T T o

'S‘ﬁamp le size +a quired Lo TR T

i

f

1
A
)

=

)

il

! el
JONIREL M

. __e = positive error term which is allowable. .

“"h7TheﬁLawA0f Large Numbers can then be rEPresented Withh“"h




Q;Asf'we‘ are prlmarlly 1nterested 1n the extreme lower values

of the dlstrlbution, we arbltrarily let :;'

“evaluate the objective function.

o
m

_PROB = .95

chosen;tO'be'SO0,000;

P

Equation 2.2 in N the last hCﬁaPtEf_ iS'ePfOHibitiveI§ff ”
inefficient Whenrapplied to sample sizes Of‘fhiS;magnitudefj 

. | - | * .h e f‘ .o | - . 20 .‘ : | | : :
Therefore, a  more efficient technique was devised “to

r’ e

The digraph\ffeqﬁency data used in this. effort{_hes  &aluesa,f

.. ’ . . . . . A , E. L N . . oo . v . N B :
. ' 3 P c . : L ; D PP S
. - . \ L TP [P SR e .
. . . - I Y SV 2 : . i
° - * . . . J S R A i TSR IS ] T N .
. . . b e e 8 . R N o . R >
Vo .
)

‘must ‘be .greate;‘ than' 400 ooo | Tﬁe:efore,ftheqsémple,ig;,¥?;~"

for only 250 dlgraphs whlch were 51gnif1cant in the sample.efe7'

Ift-ﬁe define a table which-contains the,position to whiChj:f

-

eaeh character‘ismassigned"~the evaluation can 'be reduced

from 608,400 1terat10ns to onlyl250 in tﬁE£gliowing~manner.‘5'

et i e o b e

e F(k,1)

J7S(i5j) StrOking1t1me matrix

R ».L’ [y

1
1
1

1 First eharacterof'digraph‘
2. " Second character of digraph.
3. The relative frequency of the digraph

P(1) ‘Positidn that character i has been assigned

32




[
[T

s

S[ P(F(k,1), P(F(k,2)) ] . F(k 3) (3 z)

k=1

than Equatlon 2 2 would be.

'“foBViou31y,” this method of evaluatlng the obJective functlon 

—

2500 000 keyboards rwere then“;igeneratedf -and ‘evaluateo'

1s much more eff1c1ent in terms of computer executlon ~ times

'~according;.to»Equatioﬁ‘3;2, F18ure 3.1 shows a hlstogram of,;f hb”"

e s e (e

e o

"shows the DSK and QWERTY values.

Vzerobwhep compared to the size of the population.

1the values of the objective function for the sample and also

LY

— e

—

It‘WéStthennotéd that if one was really interested-biﬁ ‘the =

several. keyboards which are '"better" than Ithe DSK and
*~—l~—-QHE3IYf¥£hﬁmPIObabili¢¥*9£%£i&diﬁg~a—value"very~inearfjtﬁg'

- lower bound of the distribution-is so low as to approach

t

13

Fittlng a curve to the left portion of the dlstributlon ,was;"'

;‘con31dered but reJected because a contlnuous model wouldn' t

help estlmate the lower bound of" a discrete dlstributlon._k

e
o

e

Tt B -

' ) ! ' R e ’ Los ' ’ B ) AR : . . : PR . . ’ : LTS : A N R
. . . . ! e ‘, . R . B . i 3 v . St : ! . . )

extreme values of the»distribution, the sample of 500,000_'

'was.inadequate. In other Words, Wnile s1mulatlon has found;f'

‘b_However, the value of the lower bound is 1mportant even if -

h‘we' are. unable”;to- f1nd 'the_lcorrespoﬁding' keyboard<'1orffaff‘
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R v

;Ufkeyboards; 'asr_it can be used to determlne the val1d1ty of‘

'lheurlstlc search technlques and also ald in determlning when

,"further searchlng would be uneconom1cal e

e e e e e e e e

As the theory off'Extreme_AValue  StatiStiCSphas“jreceived .

~attention “ the last few years, an attempt was made to\

e

_determ1ne if the theory could ‘be applied to the problem _bf:_

determlnlng the lower bound of the dlstr1but10n of keyboard;

—rw

'.'values._[lQ 20] A.cursory examlnatlon"of the l1terature'

wfseemS-to indicate,that the theory has been developed for thev

- case when elther the distrlbutlon is known or at least is

»

Yerirena

known to be_Symmetrical. As we don t know the distrlbutlon,

B e Ly

;lew;Qf—fmmee_e%and"FIguré J I 1nd1cates that the dlstrlbutlon is. deflnltely

,r'

., not symmetrical, it would seem that Extreme Value Statlstlcs

| offer ‘Nno solution to our problem. . 0f course, one =could

that would seem to be aamajor'effort in itself.
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'aliﬁmpIwwiﬂ-£xiead——themwtheory to cover .this situation. but
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In Chapter Three, 51mu1ation y1elded several keyboards which 'ffh

..‘-.‘.,

B R Were better than ‘the DSK QWERTY - The shape of the

.a,hiStogramjshown in@~Figure.‘3;l ‘1mp11es that even better yffk

"v‘ B t

'keyboardsteXist.' However, we have been unable to predict or

,calculate what the lower bound of the,distribution_would_be;lﬁ

We can, however, compute the absolute lowest bound (ignorlng

,feasiblllty) which is possible w1th the data belng used .

&

One 31mply selects the lowest 250 entries 'inu'the.'stroking

- Development of;BranchiE&jAlaorithm'lsfﬁ‘“wli“”?' ‘

,timewimatrixemandewrank—orderswthemTWMSimilarly, the dlgraph

L3

.frequencies are ranked. Multiply 'the' highest dlgraph

}gfrequency by ‘the lowest stroking time, continue the process

-untll all 250 products have been computed ‘and then.Sumf theo'

Lproducts. ThiS"value, for the data belng used is'238.

- ._}

While this bound has no statlstlcal value, it can be used to

lend credence to the results of a branching algOrithm;p

——
.

~ When the decision was made to apply some type of branchingidfﬂfV'

algorithm to the problem of findlng a near opt1mal keyboard

it was decided to initially use the s1mp1est approach in

§ g

‘order to eliminate the coding problems inherent‘;in_ the 

.. complex file’ostructures necessary §'to~-3imp1ement" moreV

t"

sophistlcated branchlng algorlthms. The branching technlque

'-c;chosenfgwas' to start Wlth an 1n1t1al layout evaluat% all

/

\ . : o
N L ‘ . .
. . . D T ' -
| ! T 36—
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'fmwposSiblerinterchanges oflpairs“of assignments;_ehoosinngthe “
’vbest’ as che"initial~;1ay0ut for thernext'iteration.f Thea

_— e

;Jfl. process continues until no further improvement 1s possible.,

; —,

'A :program _was‘ written to implement the algorithim and the pgfnj

best keyboard found durlng the 51mu1ation was entered "Thle;
‘routine halted after-.reaching.a keyboard‘with japvalne ofl

v e

- Next, a small sample , of keyboards was entered and the

swapping seemed to be-equally'suceesSful,_regardless,offﬁhe"

-~ value of the inpqt.keyboard. .So"far, 29 different keyboardS;'

raﬁgingf“thfoﬁghoﬁff”thefﬁofigina1

R .. : “"‘f‘i:t'h*4~“-~~*~or'i_8 in'a‘i'f f ““values
distributionfhavebeenJapplied to the 'afgorithm., (See
w@igure_wﬁ;lmforws@atterpplot) ‘The best keyboard found has a
value of-BAO and the-worst; after the algorlthm, has a value,'
of 353. There is no‘ significant Acorrelation _between the

original values and the final values.

-

Next, d1in an attempt to learn more about how the algorithm«'q

,,,,,

progresses,'the algorithm was modified  to ‘print*}OUt” the

pere

+ . value of the best ‘keyboard at each iteration. Several

o - R mkeyboardswere.thenhrun with the_modifiedf algorithm,'_‘;Ihed;f d

B - . .

\

results for some e 0of the trials are shown in Figure 4 2°,
Three parameter, exponential models were fitted to a few :of5
*bthe curves with 'excellent results, | usingh;onon—linear-F':

5;; ?932935ionf techniques.; [21] The results for two ofAthese

) "&
A

--37~"'
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i

??fw{gposﬁibility, the gnumber"ofpchafacfers whose position

fact, near 540: o | L o _

i

N «
"""‘f"“‘;" N

. non-linear regression models are shown in Figures 4.3 and

'

ithe algorithm was, in fact conVerginggnear.the lower'hodnd‘

of.the distrlbntlon of possible keyboards. '-Regardless \off’
the;'value' of the keyboard 1nputted 1nto the algorithm, the
algorithm converged to‘ W1thinp a relatively ,narrow'_band}

After_’considerahle, thought,i'it' appears that only - two

,,,,,,,,,,

inherent limit or the.lower bound of the distribution is, .in

Asaﬁming' the algorlthm is self limiting, the only apparent

mechanlsm of the 11m1tat10n could . take is that duplicate

keyboards . are 'heing.evaluated'bx subsequentfiterations and

o

each eucceeding iteration"has dfewer new keyboards to

evaluate and, hence, a lowver probabllity of f1nd1ng a better‘-

keyboard. But this 1s-possible only if-a;vsmall‘ number of

assignments, say four or flve, are belng permuted Wlthln

- fixed for  most of_ithe iterations;g p To check  this

i AR - PR . . . o7 : (. « . : . .
. e L L B Lo ."-1»..."1‘ ~ v e : : ) . o
. - . . AN . .
RN ) ’ ’ ! I' i .‘ c ) ’ E ! o ,. ‘.

. e Lot A . LR . T e . . . .

. R ta B o . . . : B R ) e P

! A .

(Y

~

At thist‘point,\:the apparently overwhelming success of the .

palgorlthm made it 1mperat1ve to take .a hard look at “Whetherif”*w

A

’themSelVes'with all of the other 'assignments' being heldﬁwfﬁli‘

7?‘d'7changedby~thé.'algorithm Waghicounged'afbr 'each-“keYboardi |

;Wﬁ""s“bmittéd*ltO‘the'algorithm.fg-lt'was détermined‘that?anyffV”
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average of 26.4 characters changed positions and since the

vaVerage'number'of’iterations was only 26 it is reasonable to

conclude that a mechanism of this sort is not occuring and

that the algorithm ddeswndt appear to befself-limiting.

As the algorithn’dOesn't-appear Jto be self limiting, fthe

I
-

fonly; conclusion p0331b1e is that the algorithm 1s, in fact

converging to near the lower bound, which Seeisto be 1near

340, . As a fimnal check, the seven best'keybOardS~found'by

the algorithm (those with ~values 1less than 343) were

"averagedﬁ_-on.,their assignments. ~ Figure 4.5’shows;the.

assignments of the seven keyboards, the "average" keyboard,

~ and the7‘fipal ‘keyboard after tHE algorithm was applied
to'the "average" keyboard That the value of the "averEEE"'

keyboard after swapplng is 339.913‘ can only~ support the

conclusion that the lower bound of the d1str1but10n is about

340 ThlS conc1u31on is also supported by the fact that the

lowest possible bound with this data'is 288,
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CHAPTER FIVE

B O P o ~Sensitivity To Data . o

! e . ._L~ .
i .

The procedures »developed in ‘the last chapters are based on;

g

two classes of data, the digraph data and the stroking time
bmatrix;“— An implicit assumption which has been made is thataﬁh:

the process is sen51t1ve to the data. A S

While the‘digraph frequencies were taken from‘ a thesis , .
written in 1930 and while this data might not be complete
enough for a really comprehensive effort to..develop‘ an

timal keyboard the fact remains that the useage of the

| Engllsh language hasn't changed so radically in the last 40

- years as to.alter the structure‘of’the.data significantly,-
MGnZQEhe-foeher'vhand, the sanme ﬁannot be sa1d about the \
stroking time data. The extrapolatlon procedures  described
R - in Chapter Two are,'to sap.the least arbitrary; and if this '
! pProcedure is xto yield an optimal keyboard when used w1th. o
I valld‘data, 1t had certalnly better.be sen31t1ve to changesf -

in the structure of ‘the data.

L | —;‘*‘—ﬁ , - o . - L '
© Unfortunately, there doesn't appear to be a simple metric
. e o , . . : ) » . : ' { A

- which  could be used to demonstrate or measure this = -

sensitivity, or lack thereof. ~ As the data is wused to

.”AJ“%”"FI‘evaluaté.keyboards‘andthus.trank‘theﬁ;”:-af‘freasonab1e‘,«ﬁf

."'techniqueimight"befto take a sample of keyboards, evaluatetpiofn

i

ﬂljﬂ{eland'fankjthembefgreand after modlfylng the data.

o . . - ’ e . X 3'. toede S . [ . R - [N
L Sl RGN o A - § o= SRR o »,
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e 1

’ multipliers.

Figure 2.3 indicates how this qmightfbe implemeénted in a

. results for several sets of multipliers,

",tabulates the results for several sets of column factors.pw'.'

Thetechnique-used to extrapolate the 'stroking time data’

implies that" there are two basic relationships which might'.i
affect the outcome of the search for- an optimal keyboard.:
The.relationships arethef interrelationships_ among 'the.‘h-V
fingers and the interrelationships ‘among Tthe~ rows. 1‘ The,;

simplist method of varying these relationshlps is the ‘use of

-

D

simple manner. To vary the row relationships,' all entries

in sub-matrices A(L 1),”A11 2), A(1,3), A(2,1), and A(3, 1)
. are mu1t1p11ed by the selected multiplier for the upper row.
'YSUb matrlces A(2, l), A(2, 2) A(Z 3) A(l,Z), and A(3,2) are'

wmultrpli@d by the selected home'.row multiplier, vand‘

_sub-matrices A(3,1), A(3,2), A(3 3), A(1,3), and A(2, 3) are

§ o @ R
multlplied by the lower row factor. F1gure-5.1 presents_the

it

Similarly, a set. of column (or finger) factors ‘can be chosen75we'

rand each element 1n the rows and columns correspondlng toi‘

each finger, multlplled by the approplate factor.  For the‘fi.;f7* 
sake,vof accuracy, the three p051tions 1nboard of each index 'ilw

finger were treated _as different flngers. N Flgure ~3.2fﬂpfiiﬁl

Lo LT [ T g
) P S - s
' \’J - Jr ot ‘v”,.v.‘,x'v.'

;1;'fm?'TheSampleof.keybOard€7which was chosen for the semsitivity -

. g . . . o . . . . . K . SR R :
~ e L 1 : B v . R . . . . . . Loe B B K : e NS

. o . Lo _ S ', . o ’ P '-l
.
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l
L

»,
:

Al . 1.0 1.1 1.1 1.2 | 1.2

A2 - 1.0 1.0 1.0 1.0 1.1.ﬁ

A3 1.1 1.1 1.2 1.2 | 1.3

_ ’ | ORIGINAL | INITIAL

| KEYBOARD VALUES [ RANK | RANK | RANK RANK_ RANK | RANK

1 | 389.47 | 1 1 | 1 1|2 1

2 395.50 | 2 4| 4 | 6| 6 | 6

3 | 397.52 | 3 | 2 2 3 3 2-

A w0072 | 4 | 3 | 5 | g4 LA

5 | 405.37 | -5 7 { 8 | 8 8 8

6 409,03 6 51 6| 5| s 5

7 412,59 | 7 9 9 | 9 9 | 9

R 8 | 415.00 | 8 8 7 7 | 7 | 7

9 | 418.41 | 9 11 | 10 | 11 | 11 | 11 |

10 | 420,29 | 10 | 10| 11 | 10 |~10 | 10

- . _ _ v —
DSK 424,62 11 6 3 | 2 1 3

CQUERTY | 453,37 | 12 | 12 | 12 | 12 | 19 12
+ ‘ ' —

_ ; a - | N S
DSK/QWERTY RATIO | .935 .924 | .869 | .858( .814 [ .875 e

——

ROW FACTOR SENSITIVITIES
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s available.

analysis included éieven- keyhdards with vaiues evenlyié

distributed in the lower'tail the DSK which fit on the high

end of the eleven;"and the QWERTY which was included for

B

’f_curiosity's sake; Itgshould be pointed out that ‘since~ the

value of the QWERTY is substantially higher than that of the.

'other keyboards, no inferences should be drawn from its 1ack“

of movement in the rankings.

s

'Figure 5.2 vindicates that thef evaluation'technique.isf

insensitive to changes in the- relationships of ‘the ?ingers
in the stroklng tlme-data. On the other hand, Figure 5. i_ﬁ
indicates that the technique.is very sensitive to changes in
the row re1at1°n5hiPS-}.Note thath:the ﬁSé"r?nklng 'rangésf:-'

from twelfth with the original data; ail the way*up7to first

position. 'Since the tests of the - DSK seem to indlcate that

the DSK's margin of superiority over the QWERPY is 'greaterfh

sub-matrix in _.Figure 2.3 to . the other ‘sub-matricésgis
probably too_conserVative,' T C o,

K

——y - . . [—

hhplg“res 5.1 and 5.2 do seem to suggest that 'this-téchhiqﬁé‘u'
for' evaluating‘ keyboards-'sycapable:jqf discriminating‘.v.
Bétﬁeen "8096“ ~and "bad",kefboardsf,Furthermore,itis
hsf‘reasonable to expect this technlque to prove g Valldnethod

lifiﬁdfﬁf]of ‘measuring the worth of a keyboard AprOvided-accuratefdata ;ﬂ*l

than Figure 3.1.ind1cates, the extrapolation from the A(2 2)_1




Qon the *drgraph frequencies -ﬁf ‘the usage of the English“

;

f
L

—~ -~ fact that the objec.ti_ve f'unc'ti;on“ *"re.r;uiffe's ~ that 11-

L. . CHAPTER SIX

'NfdynamicSmOf-keyboardYOPeratibn'.

; ) ' P ' . v '
_" . ‘ . ! ' ek

e | I
Conclusions and Recommendations for Further Work .

CONCLUSIONS e .

—ya

In ~review, -~ a zero- one assignment model was formulated forf

the Optimal ass1gnment of graphics to key positions,, based

\

language'and the stfoking-times- for two key combinations.‘-

Unfortunately, the obJective functlon has none of the nice

properties required for the solutlon of the problem. The

~assignments be .made before - the cost accrulng to a s1ng1e

assignment can be computed | eliminates /all classical
‘mathematical . programming models as possible solution

techniques,

o —

Furthermore, the only way this technlque could be validated

.is to collect valld stroklng t1me and dlgraph data, design_a

rnear 0pt1ma1 keyboard u51ng._thls _data,‘,and'.pErformh 'a

.comparative test with at bleast 4one,¢other' keyboard and

AN
£
2

preferably, several keyboards in order to be able to‘ relate

1,0perator performance w1th the objectlve functlon values for

the keyboards.t At thlS point it 1s possible to accept “thislf57dl 

! B
b
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ﬂfjftechnique only v hthe *basls,Ofgan intuitiveffeel,fOr_thcﬁfffi
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.Simulation'wasitried}and as it yielded several - keyboards
'which were "better" than the,DSK and QWERTY' it was somewhat
“successful. However, the extreme size of the pOpulation and

'correspondingly small,~probability of. frandomly | finding

| -
keyboards near the lower bound with a pract1cal sample size,

-

‘obviates the need 'for>'a 'more practical ;approachf‘iﬁ-a B

near-optimal keyboard is to be developed

o
~

Therefore, a simple swapping algorithm was 1mp1emented 7Th§:
success of the swapping. algorithm was Surprisingg The

performance of the algorithm with the.keyboards to which it

has- been_applied __seems to be 1ndependent.oftthe or1g1nal“

_.L

value of the keyboard and the algorlthm always converges in

an exponent1a1 like 'manner to within a very narrow range.

> -

“As ‘there appears to be no reason why the algorlthm could _be

self 11m1t1ng ~and as the 1owest p0551ble bound (1nfea31ble)v
Wlth this data is 288 it is-not‘ unreasonablei to conclude

thath the swapplng algorithm is converglng to neéar the lower

bound and that ‘the bound.,is.*approximately. 340. Given

accurate,. representative data, ther'application‘pof the

g, LW

algorithm to "a random sample of keyboards should yleld a:a”jwﬁ

l

near-optimalr keybOard.- Agaln, éven ;'f good data' was

availablé, 'thervalidation  f. the keyboard thus deve10ped LT

Ry

~would requlre exten81ve (and expen51ve) testing with ‘actual

?

keyboard operators. ff:]fcce,;g5;vg,;q; Lk T
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: :'OPPORTUNITIES FOR FURTHER WORK

'obvious,. of course, is the collectlon of the stroklng time~'

[t

| .

. i '

‘The opportunities for further study' of keyboards-.seem'

‘-endless,land manyi“éould-'be quite rewarding. d‘Thea mostﬁ”

I

data for applicatlon W1th this algor1th1m.

(

Another partlcularly interestlng area 1is ‘the geometry of

keyboards-—is there any reason, o‘t:h’c-:er-than-h:;’.s_tor.‘jic:al,'for"~

- 4:

continulng to use the'four-row,layout used today? t'Kroememw
has exnerimented -with a keyboard which was,SPIit into twolgj
halves - which were hinged' to allow them to. be angled:{_

downwards for operator comfort. However, his. tests seem to

indicate that the only gains._in_ioperator"performanoe

- S 4

.reallzed W1th thlS de51gn is a reduct1on in error rate. [2{]

i

L

Perhaps“a better design would be 31m11ar to " that ‘shown in

i

Flgure 6 1. The keys are_arranged to minimize strainin ‘the

arms and shoulders resultlng from the-four -row arrangement

Also, the keys more nearly f1t the natural paths the flngers'

can 'travel Wlth -ease. Thls arrangement' could also be

m'configured anatomlcally in the vert1ca1 d1rection, somewhat_lh*‘

like Kroemer- attempted ‘but probably not: as radlcally. Theng“

'75evaluat10n technlque and swapplng algorlthm would be Just as[jf

-~ applicable,  provided adequate ‘Str°king"time-ldata:dw#sF d

o eollected. ... o
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FIGURE 6.1
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’fPerhaps, the optimum in keyboard design would be a'-cuStOmh

"_Adesigned keyboamd for each 0perator. His keyboard would be;

# hands and designed for the nature of the material he would-

|

and testing technologles; the operator might be f1tted fork

-

- measured for size  and mobility of his digits. Next, the

—

~which was set 'to__his SpecificatiOns- an&s.his _personal

tailored to the shape, mobility, and "motor - skills of hisl,: o
l‘be keyboarding .*Given appropiate advances in manufacturlngf;ﬁ5wp
hlS keyboard as. fOllOWS(\u The operator s hands Would' be:r”

‘subject would be tested on"an adjustable, test keyboard

stroklng time data would be'cOllected. His keyboard 'WOuldv'

l

then be _designed_ based upon the appropiate ‘set of dlgraph ,f,];

frequenc1es for his expected application ‘and his. keyboard

T -

would be manufactured W1th a totally automated process. Thel

' 'f

operator would then haVe a personalized- keyboard whleh wasl

s

keyboard 1nterface on any equlpment he might be us1ng. Blue“f'

sky? Maybe,-but it certainly isn t 1mpos31ble.“

i\

AN

-keyboard standards. _ One has to attend only one meeting of}

Institute to appreciate the fact that When keyboard layoutsyn d'p

¥

N optlmlzed for his use Wthh could be plugged into a standarda'

.F1nally, substantial work needs to be done in Jthe‘ area -of
,): the X4~ AlS Subcommlttee of the American National Standards'?

.‘h_,_p.are,' being d1scussed (not ”QEEY. Within,dANSI)yf“everyone e
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‘opinions in

:'Unfortunately;: the

‘no. industrial
c'in'fact
'outsidebwofr the
'.Countries’haye.
r\”keyboards,f

‘U{S; to develop a standard Wthh is

| onnthe»keyboard

.SituatiOn_ is

o R 'l L o . . ,‘ 7 .A .‘ ) , -. N . o . N " '. ST 'v - . .
L e Lo A A PRI S '(» .
T

what. would seem .to be a logical manner,

X4-A15 subcommittee is the major

~influence on keyboard standards and its membership includes

psychologlsts,~no human factors experts, and
no one. representlng fa major ‘user of keyboards

Federal Government.,' Sincewthe‘EurOpean‘"

fin311Y; agreed. to Aa Jstandard family off |

4 N LEEEE - ol

much diécu551on centers about proposals for the

U

COmpatible :with the

-~

Europeans, regardless of any possiblelhuman factors;ﬁmpacts'

users in this cOuntry. -~ At best, the

deplorable and unfortunately, it isn t 11ke1y

to change in the forseeable future.
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