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ABSTRACT

This short paper introduces an enhancement to the
Keystroke-Level Model (KLM) by extending it with three
new operators to describe interactions on mobile
touchscreen devices. Based on Fitts’s Law we modelled a
performance measure estimate equation for each common
touch screen interaction. Three prototypes were developed
to serve as a test environment in which to validate Fitts’s
equations and estimate the parameters for these interactions.
A total of 3090 observations were made with a total of 51
users. While the studies confirmed each interaction fitted
well to Fitts’s Law for most interactions, it was noticed that
Fitts’s Law does not fit well for interactions with an Index
of Difficulty exceeding 4 bits, highlighting a possible
maximum comfortable stretch. Based on results, the
following approximate movement times for KLM are
suggested: 70ms for a short untargeted swipe, 200ms for a
half-screen sized zoom, and 80ms for an icon pointing from
a home position. These results could be used by developers
of mobile phone and tablet applications to describe tasks as
a sequence of the operators used and to predict user
interaction times prior to creating prototypes.
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filtering out designs (e.g. [1]). KLM is used to estimate the
time taken to complete simple data input tasks by
combining small timing constants. On physical-key devices
it has been widely used to predict task times (e.g. text entry
for Korean Language [10], Text Entry Speed on 12-button
Phone Keypads [7] etc.).
Many enhancements to KLM have been proposed in the
literature to be able to evaluate different techniques.
However, there has been little research that improves user
behavior modeling techniques to estimate the time taken to
achieve common interactions performed on mobile
touchscreen devices. In this paper we report our work on
enhancing KLM by extending it with three new operators.
In this short paper we report our investigation into
modeling three interactions performed on mobile devices
and tablets using KLM. Our model is based on suggested
times derived from Fitts’s Law modelling and analysis of
how well these interactions fit Fitts’s Law. We believe this
gives an enhancement for developers of smart-phone and
tablet applications to predict user interaction times without
even needing to create prototypes.
KLM-GOMS MODEL

KLM was introduced as part of the wider GOMS-related
work of Card, Moran, and Newell on modelling and
quantitatively predicting the skilled and error free
performance of users interacting with a text editor [1].
KLM is usually applied in situations that require minimal
focussed, scripted interaction with a computer interface or
software design.

INTRODUCTION

Quantitative prediction models, such as GOMS (Goals,
Operators, Methods, and Selection rules) and KLM
(Keystroke-Level Model) have been shown to be useful
tools in modeling interaction and in deciding between, and
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Figure 1 Zoom usability test scenario

A
Assuming errorr-free expert usser interaction,, KLM proved to
yyield precise estimated
e
resu
ults, which is a drawback of
ssimilar modells [10]. Morreover, when the estimated
eexperimental studies
s
resultss were consid
derably differeent
ffrom observed values, the estimated differen
nce between tw
wo
eexamined desiigns still prov
ved to be a strong
s
basis for
f
m
making design choices.
K
KLM FOR PHO
ONE USERS

D
Dunlop and Crrossan [2] used
d KLM operattor sequences to
ccompare three different text entry method
ds for tradition
nal
pphysical-key phones
p
(multtitap, predictiive, and wo
ord
ccompletion). How
H
and Kan [5] defined 13 operators th
hat
ddirectly map onto the phone keyboard inteerface accordin
ng
too the differen
nt input meth
hods. They used
u
videotaped
ssessions with a small set of subjects
s
and a message typin
ng
taask in order to
o gather new tiimes for these operators. Mo
ori
eet al. [9] studieed how the tim
me values of th
he original KLM
ooperators applly to mobile phone menu navigation an
nd
cconcluded thatt the operator values fit welll and suggested
oonly minor mod
difications.
K
KLM FOR MOB
BILE DEVICE INTERACTION
NS

U
Until recently the
t main use of
o mobile phones was makin
ng
pphone calls, seending text messages, and sometimes
s
bassic
ccalendar tasks. Phones used very small dissplays and smaall
pphysical button
ns as the prim
mary interfacee. With modeern
ssmartphones th
hese buttons have been replaaced with larg
ger
toouch screens. Moreover, otther uses are becoming mo
ore
ppopular such as
a taking picttures, surfing the web, sociial
nnetworking, an
nd playing mu
usic, videos and
a
games. Th
his
aadds several neew interaction styles that haave not yet been
ffully described by interaction models.
T
There has been
n surprisingly little publisheed research th
hat
inncludes new in
nteraction techn
niques such as swipe, zoom, or
taabbing, for mo
obiles and tablets. Luo and John followed by
b
T
Teo and John showed that the
t method co
ould be sound
dly
aapplied to han
ndheld devices using stylus-based interfacces
[6, 11]. They allso presented a tool to autom
matically generaate
K
KLM models from
f
storyboarrd descriptionss and stated th
hat
thhey aimed to apply
a
such research to novel interfaces tho
ose
uusing speech and gestures. Holleis et al.
a adopted an
nd
ddefined a set of
o operators to give study-baased estimates of
pperformance measures.
m
They
y assumed thaat developers of
m
mobile applicattions could theen describe task
ks as a sequen
nce
oof the operato
ors they added
d and predict user interactio
on
tiimes without needing to creeate prototypess [4]. Closest to
oour work, as part of their ressearch on userr performance of
m
multi-touch geestures on mobile
m
devices, Tran et al.
a
cconducted an exploratory study of pin
nch and spread
ggestures on sm
martphones an
nd tablets [12
2]. Their spread
ggesture on tableet is equivalentt to our Zoom interaction.
i
C
CONCEPT AND
D METHODOL
LOGY OF PRO
OTOTYPES

T
The developmeent of three pro
ototypes came in the process of
eenhancing KLM
M. These proto
otypes reflected three commo
on
innteractions useed widely on taablets and mob
bile devices:

Figgure 2. Swipe (lleft), Tap (rightt), & Zoom proototypes.

1. Sw
wipe interactionn, which enablees the user to ddo different
swiipe gestures (sshort or long) to achieve ceertain tasks
(e.gg. scrolling thrrough a documeent etc.).
2. Tapp interaction, which estim
mates the userr’s tapping
respponse time inn comparison to his/her finnger travel
disttance from a hhome positionn (e.g. to estim
mate typing
speeed or pointingg to a target etc.).
3. Zooom interactionn, which is useed to cause texxt or other
graaphics in a winndow or framee to appear larrger on the
screeen (e.g. zoom
ming, panning a map/photo etcc.).
The thrree prototypes were built to eestimate the tim
me taken to
conducct these interaactions. Fitts’s Law [3] as a model is
used too analyze the general case oof time taken estimation
for theese interactionns. It is prim
marily used in human–
compuuter interactionn and ergonom
mics to predicct the time
requireed to rapidly m
move to a targeet area, it is a ffunction of
the disstance to the tarrget and the sizze of the targett. One of a
varietyy of available fformulations, tthe Shannon fformulation
is wideely used [9] annd is defined ass:
T = a + b * IID, where

1 .

Wheree
me taken to coomplete the moovement. It
 T is tthe average tim
may also be referreed to as MT (m
mean movementt time),
 a reppresents the inncorporating rreaction time and/or the
time required to exeecute the operaator,
 b reppresents for thee inherent speedd of the devicee,
 D is tthe distance froom start to the center of the ttarget and
 W is the width of thhe target.

Figure 3 Swipe usability test scenario

Figure 4 Tap usability test scenario

The constant "1" in the formula made a difference from
Fitts’s original form, especially for low values of the ratio
D/W, given the advantage that the ID is always nonnegative. Here we are investigating the ability of modelling
the finger touch input for different target sizes and
movement distances.

index finger on the box number 2. The participant zoomed
till he/she exceeded both the left bottom and the right top
corners of the border box, within the target box. He/she
stopped and removed his/her thumb and index fingers from
the screen when the border box color turned to light green.
This was recorded as a successful attempt.

DEVELOPING AND TESTING THE PROTOTYPES

Results

The prototypes were developed in HTML5 / JavaScript and
displayed on an iPad Mini (a 7" multi-touch tablet), as
shown in figure 2. Three usability studies were conducted
to extract completion times (in seconds). For each
interaction we tested a range of target size and distances
from the starting point to the center of the target (in pixels).

For the Swipe task, as shown in figure 5, target width and
target amplitude varied across four levels resulting in IDs of
1 to 4 bits. The target width varied from 50 to 400 pixels,
while target amplitude varied from 100 to 800 pixels. Mean
movement time ranged from 20ms to 1610ms with each
score derived from over 1440 observations. While the Tap
task, the target width varied from 50 to 250 pixels, while
target amplitude varied from 125 to 900 pixels. Mean
movement time ranged from 50ms to 470ms with each
score derived from over 210 observations. For the Zoom
task, the target width varied from 50 to 150 pixels, while
target amplitude varied from 100 to 550 pixels (fixed step
of 50 pixels). Mean movement time ranged from 60ms to
1230ms with each score derived from over 1440
observations. Regressing MT on ID yields the following
prediction equation for movement time (ms):

Participants

30 volunteers took part in the Swipe and Zoom usability
tests. The participants were aged 22-39, 35% female / 65%
male, bachelor graduates, and 70% were familiar with touch
screens and 85% were PC users. 21 users conducted the
Tap tests, with a similar demographic profile.
Tasks

For the Swipe task, forty eight successive attempts were
made. As shown in figure 3, users dragged down a box
placed on the top center towards the destination box placed
on the bottom center of a web page using the participant’s
index finger. The participant stopped and removed his/her
index finger from the screen when the destination box color
turned to light green. This was recorded as a successful
attempt.
The Tap task, ten successive attempts were made. As
shown in figure 4, users were asked to place their index
finger on the “Home Position” box near the bottom of the
page. The participant searched for the “Running Target”
box and placed his/her index finger on this target box.
He/she removed his/her index finger from the “Running
Target” box when its color turned to light green.
Afterwards, the participant placed his/her index finger back
on the “Home Position” box. This was recorded as a
successful attempt.
For the Zoom task, twenty six successive attempts were
made. As shown in figure 1, each by placing the thumb
finger of the participant on the box number 1 and his/her

 Swipe interaction:

MT = 9.46 + 55.83 ID.

 Tap interaction:

MT = 52.12 + 14.62 ID.

 Zoom interaction:

MT = 114.86 ID - 20.45.

By comparing the results with the previous work of Tran et
al. [12], both outcomes are largely in line with slightly
different prediction equation and higher correlating MT
with ID (R2 Zoom > 0.884).
POOR FIT FOR ID=4

It was noticed in the Swipe and Zoom usability tests that
the 4th ID level does not fit in the straight line, which
passes by the other 3 levels of ID. Moreover, the constant
“a”, representing the incorporating reaction time and/or the
time required executing the operator, in the prediction
equation for movement time of the Zoom usability test is
negative. By excluding ID=4, as shown in figure 5,
regressing MT on ID yields the following predictions (ms):
 Swipe interaction:

MT = 44.78 + 34.64 ID.

Zo
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Zo
oom IDs 1 to 3

Movement Time
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Tap IDs 1 to 4
Tap IDs 1 to 3
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Swipe IDs 1 to 3

400
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0
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Figure 5 Mov
vement Time vs.. Index of difficculty for Swipe,
Tap, and Zoom tests with IDs of 1 to 3 an
nd 1 to 4 bits.

Interaction
n
Short untargeeted swipe, ½ width
w
of 5" scrreen
½ screen zoom
m, 100*100 to 350*350px im
mage
Icon pointing
g of size 200*2
200px at a distaance
of 70
00px from hom
me position

Time
70ms
200mss
80ms

Table 1. Sugg
gested approxim
mate movement time for KLM

Interaction

R2

Swipe usability test with ID
Ds of 1 to 3

0.995 (p<0.05))

Swipe usability test with ID
Ds of 1 to 4

0.911 (p<0.1)

Tap usabilitty test with IDss of 1 to 3

0.972 (p<0.05))

Tap usabilitty test with IDss of 1 to 4

0.985 (p<0.05))

Zoom usabiliity test with ID
Ds of 1 to 3

0.972 (p<0.05))

Zoom usabiliity test with ID
Ds of 1 to 4

0.971 (p<0.05))

Table 2. R2 values for intteraction execu
ution times.

 Tap interactio
on:

MT
M = 54.38 + 13.27 ID.

 Zoom interaction:

MT
M = 13.75 + 94.33
9
ID.

the folllowing approxximate movem
ment times forr KLM are
suggessted as shownn; a short unttargeted swipee will take
approxximately 70mss, a half-screeen sized zoom
m will take
approxximately 200m
ms, and an iconn pointing froom a home
positioon will take appproximately 800ms. We also iidentified a
poor-fiit for some higgh ID operatioons indicating a possible
maxim
mum comfort lim
mit for these taasks.
ACKNO
OWLEDGMEN
NTS

We aree very grateful to our study participants.
REFER
RENCES

1. Carrd, S. K., Moraan, T. P. and N
Newell, A. (1983): The
Psyychology of Huuman–Computeer Interaction. Erlbaum.
2. Dunnlop, M.D. andd Crossan, A. ((2000). Predicttive Text
Enttry Methods foor Mobile Phonnes. Personal
Tecchnologies. 41.. 134-143.
3. Fittts’s, P. M. (19554). The inform
mation capacityy of the
hum
man motor systtem in controllling the amplituude of
movvement. J. Expperimental Psyychology. 47(6)). 381-391.
4. Hollleis, P., Otto, F., Hussmann,, H., and Schm
midt, A.
(20007). Keystrokee-level model ffor advanced m
mobile
phoone interactionn. Proc. CHI 20007. 1505-15144.
5. How
w, Y. and Kann, M. Y. (2005)). Optimizing P
Predictive
Texxt Entry for Shhort Message Service on Mobbile
Phoones. Proc. HC
CI Internationaal 2005.
6. Luoo, L. and John,, B. E. (2005). Predicting Tassk
Exeecution Time oon Handheld D
Devices Using tthe
Keyystroke-Level Model. Proc C
CHI 2005. 16055-1608.
7. Pavvlovych, A., Sttuerzlinger, W.. (2004). Modeel for Nonexppert Text Entryy Speed on 12-bbutton Phone K
Keypads.
Prooc. CHI 2004. 3351-358.

T
The correlating
g MT with ID for the Swipe test yields R2 =
00.995 (p<0.01) instead of R2 = 0.911 (p<0..1) (see table 2),
2
w
which gives a better-fit
b
and more
m
precise preediction.

8. MaacKenzie, I. S. (1992). Fitts’s' law as a reseaarch and
dessign tool in hum
man–computerr interaction. H
Human–
Com
mputer Interacction. 7. 91–139.

W
We believe th
hat the poor fit
f of ID=4 is indicative th
he
inncrease in the spread distancce required forr a Zoom task of
thhis size is too large for comffort, where the target amplitud
de
((D) is between
n 500px and 55
50px (about 98
8 mm) while th
he
taarget width (W
W) is 50px. Thiis result paralleels what Hoggan
eet al. found forr pinch, where a large pinch distance of ov
ver
990mm took sig
gnificantly long
ger time to com
mplete tasks an
nd
pproduced an inccrease in ergon
nomic failure raate [13].

9. Moori, R., Matsunoobe, T., and Yaamaoka, T. (20003). A
Tassk Operation P
Prediction Timee Computationn Based on
GO
OMS-KLM Impproved for the Cellular Phonee and the
Verrification of thaat Validity. Prroc. ADC 2003.

C
CONCLUSION

T
The objective of this papeer is to enhan
nce KLM as a
qquantitative prrediction modeel, by extendiing it with neew
ooperators necesssary to describ
be interactionss used on mobiile
ddevices and taablets. It was determined, after
a
conductin
ng
thhree usability tests that estim
mating the movement time for
f
ccertain interacttions is done using Fitts’s Laaw. Furthermorre,
thhree equationss were formed to
t estimate thee movement tim
me
ffor three interactions; Swipe, Tap, and Zoom
m. The ID is th
he
vvariable used to
o be submitted
d in any of thee three equations
inn order to calcculate the mov
vement time. Based
B
on results,

10. Myyung, R. (2004)). Keystroke-leevel analysis off Korean
textt entry methodds on mobile phhones. Int. J. H
HumanCom
mputer Studiess. 60(5), 545-563.
11. Teoo, L. and John, B. E. (2006). Comparisons oof
Keyystroke-Level Model Predictions to Observved Data.
Exttended Abstraccts of CHI 20066. 1421-1426.
12. Traan, J. J., Trewinn, S., Swart, C.., John, B. E. aand
Thoomas, J. C. (20013). Exploringg pinch and sprread
gesstures on mobille devices. MobbileHCI 2013. 151-16.
13. Ho ggan, E., Naceenta, M., Kristeensson, P. O.,
Wiilliamson, J., O
Oulasvirta, A., aand Lehtiö, A. (2013).
Muulti-touch pinchh gestures: performance and
erggonomics. Procc. ACM 2013. 2219- 222.

