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4 e 99 AT dolobeel Y HEE ANT = Ak 7 @&

ftlo

average Fitts distance®} layer change rate® % ¢] 3t}

average Fitts distance: E [10g2 (1 — %)]
(4.3)

layer change rate: P[l(z) 1) # l(zr)] (4.4)

average Fitts distance®} layer change ratee]t}. & F A &2 #lolo}

o
%
Ao} A 7F "B ZA HlE(bigram frequency)’F T A

T Adrk FAH R, Fojx Holokx LI FAE WL fregoll df
S F EAe the Aol ofs) AT,
D . DL(S,t)
E [log2 (1 + W)} = 3; log, (1 e 0 ) - freq(s, t) s
Pll(zk-1) # Uzr)] = ) 1[ln(s) # Lu(2)] - freq(s, t)
sten (46)

where ¥ ={a,b,...,y,z}
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Aol kel elvle Bou Pk s A= ZARAA 727 9 Al
B 225 dEt Dis 0% doloks LA W J(s7h 58 79

=3 () &3 7)) e 2ed A, WHE B¢ 79 FAH =2

B o Fag NEE el ofUth &, freq(s, O = freq(s, )7 4
2 et wEbA sob o SAE o Folok vk el ils)
o Lo #oleks LellA s ¢ Z47e] #leolojs yvERdth B, B

A gides 18T BRE 229 JFS St 2 AdFoAE g

o
-
>

O

Ful, 715 5 U we A7 3el oy

L* = argminloss(L) , L : collection of possible layouts
Lel
loss(L) = E[Fitts distance] + v - P(layer change) , v = % (4.7)

oA7IA v k2 dolol d3 Alg(c)et Fitts distance Al (b)e] H =
Al o€ A st4A loss function #k¥ Hir 7] 48 L8 AFke] A

97 poAE b4 AA8 Bk fasA w.

2. Human factorE W3t /A d HZ3 EF

M ANG AH3 HEe el HHsE dolole oeHor



Ao 9 £EZ AT ok, AAZ AST Wi 184 R 9
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ol
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rlo
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%
0
o)
o
o
ba
=
4
P2
ol
o
H>
%
2
hosd

SAW R AHgAES A 7R dolobs e weE del we
=

N
it

b
>

= AT E71E 7HAA QA weH24], MER 7
2 JRE dolobs wiglor & WA A ¥
Follvt = welope SFTh o= AMFEA AtE FIRE #olo}

o] AgASo A BolEdAE dol APER ey, NuE

Nis)
rob
o

olo}% HZA sl gt A7} o] EASIY I ATFEZFH AotH
TEAQA 71HE #oloko] WaolXE[15] thFEe] AnA AFEo] o
A3 qwerty 7| BEE 2 EAEI 9 o7} & Aot}

Qwerty dissimilarity

1

Z =L A
=11

AAZ 71RE gofolx #Hd w2 Ay <

(o]
4
il
©
©
M
)
il

o2 myEsta =, gwerty #ololRe] FAIEE A2 Hololx
o AP s Hrtste ¢ JlEo R AR&stal AAWHIS] gwerty 9t Al

3l go]o}utS search space® 3¥A3F] H A IS Fdsi17, 25].

AbEAFES HY 9Y £E7F v Wi de

2 fFAgE 7| REE HEE Aolr] witolth
mebd 2 =Rl gwerty  dlolobatel  FAME S FAdhe

qwerty similarity metrice 43} Hid F7IAT. B =FdAs

_lO

]s38k gqwerty o] o}

1

A3 AF[18]9kE tE qwerty similarity metricS g 2ldle] AlEFE

4], o= ¥ =59 target layoute] gwerty2} t}Z dimension< 7}3 t}
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A<

= #olo 7Idt 7R o]l [18]o A 9] metrics U= A& 4 gl
7] wj&Eoltt, E =FoixE gwerty #olofeo HolE Yeh =

qwerty dissimilarityE ol e} o] A ols} 3t}

gwerty dissimilarity: n(horizontal inversion) + n(vertical inversion) (4.8)

n(horizontal inversion)< qwerty #|o]o}%3} target layoutol]l 412 7]
] Zo A w2 Ho| dE A8 /NS, nlvertical inversion)
2] Zo A Wi 2 Fo] = A J¢E YERdY o] metric
< 7} ZA7F gwerty #lolobx Y FHddA Eol "ol YSTEF,
gwerty deololxy & FJ¢ dv SA9 MUt BESTE ko]l A

3= 54 oA Ak (17 4119 NS BW 9% oo}

7}

ke
) .

&b

Az o 2 g AlE (Y, T)= horizontal inversion, 3t&+2 2] (S, O)+=
vertical inversion, H.2F4¢] (A, P):= horizontal inversion¥} vertical
inversion & U= count®t}. $H FHA do]ol inversion©] §l&

g o oFz-ol ot

KXY ALC TWH Qw TER UPY
MBP ESR DNI SAD HGF ILO
1Q FOU VGZ Xz VBN MKJ

a9 4-10 #lofobx oA
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%9} gwerty dissimilarity &

A AgtE A% AHH B et 2ok

loss(L) = E[Fitts distance] + v - P(layer change) + ¢ - (qwerty dissimilarity)

L" = argminloss(L) , £ : collection of possible layouts

her (4.9)

ol v g= ARV A A AS F+ hyperparametero] k. Y&
kAl =9l nle} o] golo] 3k A4 Fitts distance A2l H| =

el A1, ¢ HE R qwerty FAR=C vl #lEte] ghol A H
Al 3 A Simulated Annealingg ©] &3 %3 H A3
MR e 71HE gololL9o 7AFE 26! =~ 4.03x10%7) ol o=,

HA3E Y] BE A9 = SHAE B AL intractable 3tk A
FAF[19] A= o] =AE MNZAs7] Hsl) Wyt =& dIu &

=

R
=

2 fgolojE I3} heuristicE AFE3Fe] search spaceE +31

(eF 3x9! = 1,088,640 7}#]) brute force search® # %9 #o|olxS 3+

it}
=2

Xt} o] heuristics wzt BAE Holof=& layer change rate’}

rlo

J[m

S 7HA 3L, % ZF #o]o]9] average Fitts distance”} Al #o
ob- Zto} FHHo| 77k #olobs S F AUAAT sHARE 2
ANA AAG 71R= J¥ WA A9 7S BAH gE2A o]
of 28%= ARte] glon, wela Y& WAS adE w2 24

—_

(e
2

2
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E T8bA et o] ARl thE XA £4 2 e

719 heuristico] & =wollA AAE dH WAl thSH= FHA
olo}-& AAEA EtrE B =Fo = APAT9 heuristicol A H
oy ZAH HAHME et Sl FEA FHAs dugsdd

simulated annealingS ©]83}e] dolo}xS  ®AITE Simulated

i

annealing©| 4 genetic algorithm 59 &% HA 3 duglsS 2t
71HE gololy HAsl HES 7|E ATELE, 18, 261 Fadtd,
B =R s 9lojo] NxMxL(Z7FExAl&x#olo]) 2¢e] AR v ¥
ojo] F|H =0 thel tF HiE 9 HASE T A "A
Al F gk,

Simulated annealing> w4 7} 7]'H<l &3 4 (annealing)ol A X E]

HE Qe HH3} Po A

il

TZzo] o eng ylddE H A 2

’

o] 7hie= HAoA tAE EA FRE FddE B34S 2wt o)
ol E A FExH JdUAZF e B2 FRE S simulated

annealingo| A= o] #AHES FAFSe] A&7 A A3 energy function
ol HAaslHEs HAIE TS S AMEAE HA S Sl ot
FA3s}stara &= loss functione A A3] A2k Ho| o]E energy

function®. & ZFF3F S0 24 simulated annealing®] &3] HA3 HXE

glojob-y el A A gL v 2o WA, F29] glolobx
S QAT a8l3 7 EE Hololee A uly BEA v #o

ol%& A TA](accept) ©]A dolof-o MFEEA (reject) & loss # 9]
Halo] we} FdE5EHox AASE acceptance functions 7 X HA] BHA
H#AS HaPsth Acceptance functionS loss el W3 oz &%

(temperature) & "iI7lW T2 P, 227 =255 loss7F 571

=)
rir
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dolole® AFHoR Ads G4 FUe Wiy, LErh %esE

loss7b #ashs dololxrt Adulxow AEs] =42 % 3Hlocal

@)
D
=
3,
N
o
=
2
i
S
08{;'4
ok
Aui
o
=2
&
A
ot
1
PN
2=
4
=2
rlr
oo,
rlo
ok
)
o
U}
2,

o] #oJolxo EgElr] {3 FTES W %7l HEE  cooling

neighbor &, Al #ojolx& FEHo = A
iteration®] FAHWY L5 ZA3li= cooling schedules 7}7} o} <}

o] g o)ttt

function NEIGHBOR(L)
p 4+ 0.25 > Repeat swap at 25% chance
w40
while © < p do
1,7 ¢ pick random 7,7 s.t. (0 <4,j <|L| — 1 and @ # j)
Swap(L(i), L(j))
u +— pick uniform random value in [0, 1]
end while (4.10)

end function

exp (—@) if A(loss) >0

P(accept) =
(accept) {1 if A(loss) <0 (4.11)

L ke
re = 10+ 0.99 (4.12)

Zyzyol ouj= t}S-3 ol WA neighbor $H4(4.10)2] 7% [18]9]

WA S mgtedy, TR Adgd 5 227F swap® F, 56%9] FERZ
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us

swap= 3 ¢ FIEE AS wriEslE 2o g TSt AyHow
st 9] neighbor 3
o A (413)7 #a, 3

=
s
A HomMA T o swapTroZE BFo] E7153 deep local

SZo A dolole swap 3GV nol 2 SE

2o 3 timestampo] & M2 swape| 7}

H

minimas 2% 5 A @}
p(n) =0.75-(0.25)" ! (4.13)

T3 acceptance function(4.11)2] 7%~ simulated annealing®l 4 7}%
&3] A8% 3+ Boltzmann probability 7|5t acceptance functione A&

3 1L, temperature function(4.12)2] 7% exponential decay functions

A5

A44d BPE JIEE Holokx 4

w Aol M= kol AR vFRt H At e Tt Als 24dE Tt
W ooy JIRE golofxa AAste]l Hug AyE AP [ 4-1]

o=l HA s Holobs L9k o] 3x3x3 dlojof-ol
Jal Aafolrh, & =tollA HAHsstol AGT wolobE R (x)
£ Yo} Fkom, qgwerty dissimilaritys FHUgkol 1o HEF
normalizedt A th. ol= Zzo] #ololx widL [1™
[ 4-1]eM wA 3x3 g0 #olele] #EEol HE #Holokx
(ABC)¥ A& A [19]o1 4 Algte 23} g ojot(Lee)s ¥ =X

Aebdt WHom V|E JF Al nAH e st H A3k @ o] oF% (previous

e
T
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gesture optimized)¥} H]W W, ABC 7]|HE=7F RE A F(HESS4=
el 7 B gh(Random #lolobx Al2))& B ow, HAed A
Al AQEEE #lololxol HlE] E AFo A AT Yolopo] 2w ¢ F

Afolo] zpol7} AA &= gkt ole & AT

5]
el A= LS heuristic©]

o

A pinch Al&A]o] S glojof kel wE A AAFEo] vkal Tt

g Z7olA Fitts distance HA3ME FiEE FH A 53 #olot& o

il

fojolEo] vl A3 2 Fitts distanceE Hlt) ol:= 7|&E

heuristic(ZA} W17} =2 $o07 golo] &) 7|uto g golo] A

Lo

AAAZEE AAGT 5o

e

Ashgk #o]obx-9 Fitts distance(9}
1.005, #Fol= YWelWA )3 vladls e B2 2ol7t v ghol
ot

ghA, qwerty et W REHEE

ol

N

FEAE Foldte] HAsEgE #o]olx ¢
A% pinch #ololx 7]=o 2 °F 1.0359 Fitts distanceE 7FA| L 3¢,
aqwerty ¢} Hl 528 dlolotS 7HA L AT HAstE g o]opx o
L EoAFto A 7] Al ~FH el 2HA Fitts distance?tS X2 & A3k
g o] o}-%-2] Fitts distance®} w53 < H<loh

o], 2 =89 HAst U dubds Felstr] 91ske] 5x3x2(7F
mxAlZmxolo]) J|HE HsjE o Hom HAHIIE s H
i, 1 AFRE obg [¥ 4-3]o YErlTh o]l Edd disiA e H Y

Qe BAe AdsA ek
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average Fitts distance

layer change rate

gwerty dissimilarity

Pinch optimized* 0.8201 0.7192 0.3379

Pinch optimized, qwerty-like* 1.0083 0.6448 0
Previous gesture optimized* 1.0004 0.4229 0.2868
Lee 1.0345 04579 0.3831
ABC 1.1002 0.6768 0.4067
Random 1.1406 0.5791 0.3418

E A1 3x3x3 HAF ook A% AR

WVZ | IND | OCF wQ | ETR | UYP DB) | NOG | RUQ

GKX | ESR | TAH ASD | HFG | OIL IFK | EMV | ALW

jQ UMP | LYB CXZ | NBV | MK] SY TCZ | HPX

Pinch optimized*

Pinch optimized

Previous gesture

2% 4-2. 3x3x3 H A3 Aolols v

=
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(gqwerty-like)* optimized*
OF) | AMB | RPX QZ | ABC | DEF YP SRU EK
NUQ | TLY | EDV GHI JKL | MNO MWV | NH] | OFX
IGZ SCK | HW PRS | TUV | WXY AlB TGZ | DCQ
Lee ABC Random
(o]

.
o
=
T

1_'_” '-:j}

n



OF |DM | ZG

2

PW|ER|IN JUL| Q UQ|RX|[AB| IK |CZ

XV |HT[sa|kc| ]

P | Y |OF |TW|H

Pinch optimized
(5x3x2)

Prev gesture
optimized (5x3x2)

WQ|ER | Y |ou| P

W | E |RY|IU|OP

AS |FD |HT[IN [ LK SQ(D |TF|H | LK

zX|vc |BG | M)

AZ |CX|VB NG (M

Pinch optimized
(gqwerty-like, 5x3x2)

7 4-3. 5x3x2 H

Prev gesture optimized
(qwerty-like, 5x3x2)

43 wlojobs Wd
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71 A=A ek g2 golo] Aol F7HAQD ATte] AaEA e

= e BAGH R FAsq

a b ©
Pinch (proposed) 49453 196.18 0*
Previous gesture 639.46 183.14 264.53

=3

5-1. Z} A~ 3 linear regression 23}
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500 ms | 400 ms | 300 ms | 250 ms | 200 ms
pinch 20 20 20 19.75 19.25
previats 20 20 19.25 19 15.875
gesture
* 52 2 &% A% A

20
18
= 16
g 14
mm] 12
Ho 10
X0 g
[T
m,
2
0

500 400 300 250 200
28 7| (ms)
M pinch (proposed) previous gesture
a9 5-2. 29 2 A4F A% (292

A2 A ANEG)AH 2
99l 9 HAE Aol 4gelA ALE BAL AXE o gote] 7

golo}L9 9y &L 2 o= ABYolA RaS E3 sk zk g

oletg- 7 4 £H=Z [ 5-3]o e
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Word Per Minute Word Per Minute

(pinch) (previous gesture)
Pinch optimized* 18.309 12.246
Pinch optimized, qwerty-like* 17.333 12.064
Previous gesture optimized* 17.371 12.841
Lee 17.205 12.631
ABC 16.893 11.765
Random 16.706 11.982

F 5-3. AlEdela A

A 59 7|2 Word Per Minute(©]st WPM)2. &, worde] A 2]
1 word = 5 characters® &t} Al oA 2
I [F 53l BHW 439 Holol ARFEFE oA4T F X pinch
Aol A E =T A AASE WPHOE pinch Al 2ol 9 FH A
shgk #ojopxo] oF 183 WPMO = 7Hg Holwal, qwerty #o]ofs-3%
fFAFSHAl H A3 e dolol= ABC T9 H#T #ololxHtl e
WPME yEHt g 7] A=A 9 A 2 =X 7]1E A=A
ury FHAH sk gojolo] oF 128 WPMAe =z 71 wWgrom Leet
25HA @& ¢F 126 WPM= HE. ST
$HA, pinch A& e 7H wE glojotxa 7|E A=A 7 wE
gojo}-o] &£E=E u|wWaH pinch ALH7 7]E A=A wlE oF

42.6% WE SEE YEFRT
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1st run 2nd run | 3rd run ideal
RAND 5.050 5.842 6.555 16.706
OPT 6.053 0.818 7.543 18.309
OPT-Q 7.943 8.611 9.469 17.333
¥ 54 FF d9 "H~E Ay}
10.000 =
9.000 ﬁﬁﬁg#{&{ﬁ#fiﬁj
8.000 —_—
(O]
c .
S 6.000 -
g 5.000
£ 4.000
§ 3.000
2.000
1.000
0.000
1st run 2nd run 3rd run
—~RAND === OPT =ill==0OPT-Q
a9 5-3. w4 fd9 H2E ZAY (2¥x2)
Tk [ 5-5]% ZF dolobx9 7 &% div] FoAxE9 AA 4

o oSE ol g SEsb ME AS 2 5 93, 58 33179 OPT-Q

A 2®"l3} A 3sk gqwerty-like

H
golobo] ol 0¥ HES] AFVORE 548 AeAe 4 &
w9 50% ool $EE YT F ke AL welFth
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1st run 2nd run | 3rd run

RAND 30.2% 35.0% 39.2%
OPT 33.1% 37.2% 41.2%
OPT-Q 45.8% 49.7% 54.6%

F 55 7l £& ] diH S=

Ao e Zh gojolol tie Hit QEERE A FAI=dH, 2

7S dd] 229l Character Error Rate(CER)Z 3tith. CERS ¥

=]

-

15

i

o,
4

o
o

2 245 AdAA 1248 A% Sute 242 oA Ysior @

gato fa 1 9iED Bx daEw £ Ju0A dehl

2 o) Qo] WRAAE BE drEC] TS B v LR el

Agoltk, A Fol, Lol 109 ¥AE/ 4HHAL W HE o2

o,

CER2 20%7}F H = Aeolv. & Ad HAolA A dojobx d
CER< [3 5-6]3 #th. RANDS OPTY 7% °F 2%, OPT-Q9
°F 33%= K #ojolol M Al Abgol FE7t 8l ol

o)
golw .,

Layout CER
RAND 2.11%

OPT 2.17%
OPT-Q 3.38%

=<

5-6. Bt CER
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Abstract

Ambidextrous Virtual Keyboard
Input System Using Pinch

Gesture

Donggyu KIM
Department of Electrical and Computer Engineering
The Graduate School

Seoul National University

This paper proposes an ambidextrous multi-layer virtual keyboard
system using pinch input gestures in AR/VR environments and
presents a method for generating optimized keyboard layouts,
considering characteristics of given AR/VR virtual keyboard input
methods and human factors comprehensively. First, a pinch
gesture-based virtual keyboard system which is simpler and better
optimized for multi-layer Kkeyboard input than existing virtual
keyboard input gestures i1s proposed. The proposed gesture has
advantages such as reduced physical click time and removal of extra

time for layer selection compared to existing ones. Next, a method
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for multi—objective layout optimization considering various factors that
influence input speed and usability of the keyboard is proposed.
Specifically, simulated annealing is used as the optimization algorithm,
with adjustable weights for multiple objectives such as average Fitts
distance and QWERTY similarity, to create layouts suitable for the
purpose. The pinch gesture based keyboard input system proposed in
this study showed a maximum expected input speed improvement of
42.6% compared to existing gesture input system, and the optimized
layout achieved an initial input speed approximately 44.5% higher

than a randomly generated layout.

keywords : Virtual Keyboard, Augmented Reality, Virtual
Reality, Hand Gesture Recognition, Keyboard Layout
Optimization, User Interface
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