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Abstract 
 

H#e i)*a"t o' +ser intera"tions on t#e ele"tri" 
energy "ons+)*tion o' a *orta=le "o)*+ter syste) 
an2 on +ser e''i"ien"y is o'ten not o=taina=le +ntil 
a'ter t#e so'tIare a**li"ation is i)*le)ente2 an2 
2e*loye2 on a s*e"i'i" #ar2Iare *lat'or)G Jn t#is 
*a*er> Ie *resent t#e KeystroLeMNevel 5nergy Mo2el 
OKN5MP> a )et#o2 t#at "an *re2i"t t#e +ser ti)e an2 
syste) energy "ons+)*tion it Iill taLe to *er'or) an 
intera"tive tasL at r+n ti)e 2+ring t#e *#ase o' 
a**li"ation 2esignG KN5M is =ase2 on t#e KeystroLeM
Nevel Mo2el OKNMP> a *sy"#ologi"al t#eory o' #+)an 
"ognitive an2 )otor "a*a=ilities t#at "an *re2i"t 
eQe"+tion ti)e 'or a sLille2 +serG Re 'irst "reate a 
2esign story=oar2 an2 2e'ine a set o' tasLs I#ose 
KNMs are to =e "onstr+"te2G Re t#en "onstr+"t KN5M 
o' ea"# tasL =y "orrelating syste) a"tivities to t#e +ser 
a"tions )o2ele2 in t#e "orres*on2ing KNMG Re o=tain 
t#e energy *ro'iles o' syste) a"tivities 'ro) r+nning a 
set o' +ser intera"tion =en"#)arLs on t#e target 
#ar2Iare *lat'or)G Ho veri'y KN5M> Ie "on2+"te2 a 
+ser st+2y o' ?S *arti"i*ants on eQe"+ting an 
in'or)ation T+ery tasL +sing eig#t 2i''erent )et#o2sG 
H#e +ser ti)e an2 syste) energy o' t#e *arti"i*ants 
Iere )eas+re2 on tIo *o*+lar #an2#el2 *lat'or)sU a 
Rin2oIs Mo=ile i<aT an2 a <al) V! H+ngstenG V+r 
eQ*eri)ental res+lts s#oI t#at KN5M #as an average 
*re2i"tion error o' @GWX an2 YGYX on +ser ti)e> an2 
ZGZX an2 YGZX on energy "ons+)*tion on t#e tIo 
*lat'or)s> res*e"tivelyG  
 
1. Introduction 
 

3u4an users to'a7 ha9e a /i'e 9ariet7 o: 4etho's 
to interact /ith han'hel' an' /earable s7ste4s- =hese 
s7ste4s> enablin? the user to access in:or4ation 
ubi@uitousl7> are characteriAe' b7 their s4all :or4 

:actors /ith no9el> hetero?eneous user interaction 
4o'alities- Bhile the current stateCo:CtheCart in 
inter:ace 'e9ices :or Dortable s7ste4s inclu'e DenC
base' touch screen an' har'/are buttons> /earable 
co4Duters a'' hea'C4ounte' 'isDla7s> touch Da's> 
trackballs> an' E7roscoDic or =/i''ler 4ice- .Deech 
reco?nition> Dosition sensin?> an' e7e trackin? are also 
beco4in? co44on inDut 4o'alities- Fn the :uture> 
stereo?raDhic au'io an' 9isual outDut /ill be couDle' 
/ith G( 9irtual realit7 in:or4ation HIJK- =his 
hetero?eneit7 o: interaction 4o'alities 4akes it 
'i::icult to Dre'ict an' 4ake 'ecisions on i4Dortant 
run ti4e Der:or4ance attributes at earlier 'esi?n sta?es 
be:ore the aDDlication is actuall7 i4Dle4ente'> 
'eDlo7e'> an' userCteste'-  

Lner?7 consu4Dtion has been one o: the 4ost 
i4Dortant 'esi?n consi'erations :or han'hel' an' 
/earable s7ste4s- Most tasks Der:or4e' on han'hel' 
an' /earable s7ste4s are hi?hl7 interacti9e- =he 
una9ailabilit7 o: so:t/are aDDlication 'urin? 'esi?n 
ti4e an' the lar?e a4ount o: ti4e an' e::ort nee'e' to 
con'uct user stu'ies are substantial barriers to 
achie9in? accurate Dre'iction o: ho/ the user /oul' 
actuall7 interact /ith the co4Duter an' o: the resultin? 
user ti4e an' s7ste4 ener?7 consu4Dtion-  

Fn this DaDer> /e Dresent the Ne7strokeC"e9el 
Lner?7 Mo'el (N"LM)> a @uantitati9e anal7sis 4etho' 
to a''ress the Droble4s state' abo9e- Qur aDDroach is 
base' on the Ne7strokeC"e9el Mo'el (N"M)> a 
co?niti9e 4o'elin? techni@ue that Dre'icts the ti4e it 
takes a user to Der:or4 a task /ith a ?i9en 4etho' on 
an interacti9e co4Duter s7ste4 HRK- Fn N"M> task 
eSecution ti4e is esti4ate' b7 listin? the se@uence o: 
ele4entar7 DerceDtual> 4otor or co?niti9e actions> i-e-> 
oDerators> an' then su44in? the ti4es o: the 
in'i9i'ual oDerators- N"M a??re?ates all DerceDtual 
an' co?niti9e :unction into a sin?le 9alue :or an entire 
task> usin? a heuristic- N"M has been use' :or al4ost 



three 'eca'es b7 3u4anCTo4Duter Fnteraction (3TF) 
Dractitioners as a reliable an' 9ali' 4eans o: 4o'elin? 
hu4an Der:or4anceG Fn a Dre9ious /ork HIUK> /e ha9e 
sho/n that N"M can be use' to Dro'uce accurate task 
eSecution ti4e Dre'iction on han'hel' s7ste4s- Be 
no/ eSten' N"M into N"LM> /hich inte?rates the 
conteStual s7ste4 ener?7 consu4Dtion in:or4ation 
/ith the user interaction 4o'el o: N"M> an' Dre'icts 
both s7ste4 ener?7 consu4Dtion an' user interaction 
ti4e-   

=he rest o: the DaDer is or?aniAe' as :ollo/s- Fn 
.ection V> /e 'iscuss the relate' /ork on user 
inter:ace an' so:t/are ener?7 consu4Dtion- Fn .ection 
G> /e intro'uce back?roun' in:or4ation on N"M an' 
eSDlain /h7 it is a suitable aDDroach to ener?7 
esti4ation at 'esi?n ti4e- Fn .ection R> /e eSDlain the 
Drocess o: constructin? N"LM- Fn .ection U> /e 
'escribe the eSDeri4ental setuD :or the task ti4e an' 
ener?7 4easure4ents- Fn .ection W> /e Dresent an' 
'iscuss the results o: a user stu'7> an' 9eri:7 the 
N"LM Dre'ictions a?ainst the user stu'7 results- 
Xinall7 /e conclu'e the DaDer an' DroDose :uture /ork 
in .ection J-  

=his DaDer 4akes t/o 4aYor contributionsZ 'irst> a 
4etho'olo?7 base' on /ellCestablishe' 3TF theor7 
an' Dractices is intro'uce' to 4ake 'esi?nCti4e 
Dre'iction on interacti9e task ener?7 consu4Dtion[ 
se"on2> the ener?7 e::icienc7 o: 'i::erent user 
interaction 4etho's on the sa4e task is co4Dare' an' 
anal7Ae'- Be sho/ /hen usin? 'i::erent interaction 
4o'alities> the ener?7 consu4Dtion can 9ar7 b7 a 
:actor o: three in achie9in? the sa4e user ?oal-  
 
2. Related Work 
 

\esearch that reco?niAes the si?ni:icance o: hu4an 
interaction an' user inter:ace 'esi?n on user 
Der:or4ance an' s7ste4 ener?7 consu4Dtion is 
relati9el7 ne/- Most eSistin? aDDroaches :ocus on runC
ti4e ener?7 4ana?e4ent techni@ues rather than 
'esi?nCti4e ener?7 Dre'iction- =he user inter:ace 
e9ents :or '7na4ic 9olta?e scalin? /ere 'iscusse' in 
HIRK- =echni@ues /ere DroDose' to a??ressi9el7 
Do/erC4ana?e the s7ste4 'urin? user i'le Derio's 
base' on userC'ela7 Dre'ictions HVIK- "o/ Do/er 
techni@ues :or inter:ace 'e9ices such as 'isDla7s /ere 
reDorte' in HJK> H]K> HIIK> an' HIWK-  

^n e4ulationCbase' ener?7 4o'el :or the ,al4 Q. 
/as ?i9en in HGK to characteriAe s7ste4 ener?7 
consu4Dtion> a- =he li4itation o: this aDDroach is that 
an e4ulator runnin? on a ,T can onl7 acceDt 'esktoD 
4ouse e9ents> /hich 'o not re:lect the real Den an' 
ke7 user inter:ace beha9iors on the ,al4 'e9ice> 

esDeciall7 /hen aDDlications are use' interacti9el7- 
=here has been a lar?e bo'7 o: research :ocusin? on 
characteriAin? an' 4o'elin? ener?7 consu4Dtion o: 
in'i9i'ual har'/are co4Donents> e4be''e' oDeratin? 
s7ste4 an' so:t/are HV> _> I]> I_K- =hose aDDroaches 
either :aile' to Dro9i'e hi?her le9el 9ie/s o: s7ste4 
ener?7 beha9ior> or lacke' the ?eneralit7 to be aDDlie' 
on consu4er Dlat:or4s an' aDDlications-  

=he onl7 eSistin? /ork that is closel7 relate' is the 
characteriAation o: ener?7 consu4Dtion o: 'i::erent 
?raDhical user inter:ace (E`F) :eatures on han'hel' 
co4Duters Dresente' b7 ahon? et al HVb> VI> VVK- =he7 
Dointe' out the i4Dortance o: i'le ti4e an' user 
Dro'ucti9it7 in s7ste4 ener?7 e::icienc7> an' 
su??este' se9eral ener?7 e::icient E`F 'esi?n 
techni@ues in HIGK- ^nother /ork o: theirs 
characteriAe' the ener?7 re@uire4ents an' o9erhea's 
i4Dose' b7 9arious hu4an sensor7 an' sDee' li4its 
HVVK> but 'i' not Dro9i'e a co4Drehensi9e /a7 to 
un'erstan' ho/ these hu4an asDects coul' be 
inte?rate' 'urin? the actual user interactions- 

 
3. Why !eystroke-Level Model 
 

=he :or4 :actors o: han'hel'c/earable co4Duters 
ha9e ?enerate' 'i9erse an' no9el user interaction 
4o'alities- =he 4ost co44on are DenCbase' touch 
screen inter:ace inherite' :ro4 the 'esktoD ?raDhical 
user inter:ace (E`F)> han'/ritin? reco?nition such as 
Era::itid> an' har'/are na9i?ation buttons- Fn 
a''ition> sDeech reco?nition an' s7nthesis are ?ainin? 
DoDularit7- =hese user interaction 4o'alities ha9e 
brou?ht 9ariet7 to the 'esi?n o: han'hel'c/earable 
aDDlications> an' /e are intereste' in Dre'ictin? their 
i4Dact on the hu4an Der:or4ance an' s7ste4 ener?7 
consu4Dtion o: interacti9e user tasks- =he ?oal is to 
create @uantitati9e> accurate Dre'iction 'urin? the 
aDDlication 'esi?n Dhase- 3o/e9er> ho/ a hu4an user 
actuall7 Der:or4 the task> i-e-> the steDs the user takes 
an' the co?niti9e 'ela7s bet/een consecuti9e steDs 
o:ten re4ain unkno/n /ithout the eSDense o: 
obser9in? an' recor'in? the tar?et aDDlication on real 
har'/are eSecute' b7 real users-  

To?niti9e en?ineerin? 4o'els 9ie/ the hu4an 
4in' as another in:or4ationCDrocessin? s7ste4 e the 
Mo'el 3u4an ,rocessor HUK that interacts /ith the 
co4Duter s7ste4- =he N"M is one o: the co?niti9e 
4o'elin? techni@ues that Dre'icts the ti4e it takes an 
eQ*ert +ser to Der:or4 an errorM'ree tasL usin? a given 
)et#o2 on an interacti9e co4Duter s7ste4 HRK- Fn 
N"M> task eSecution ti4e is esti4ate' b7 listin? the 
se@uence o: ele4entar7 DerceDtual> 4otor or co?niti9e 



actions> i-e-> oDerators> an' then su44in? the ti4es o: 
the in'i9i'ual oDerators-  

=he ori?inal N"M ha' :our Dh7sicalC4otor 
oDeratorsZ K reDresents Dressin? a ke7 or a button> < 
reDresents Dointin? /ith the 4ouse to a tar?et on the 
'isDla7> [ reDresents 4o9in? han's to the ho4e 
Dosition on the ke7boar' or 4ouse> an' 4 reDresents 
'ra/in? lines usin? the 4ouse[ one 4ental oDeratorZ M 
is a heuristic to incorDorate 4entall7 DreDarin? :or a 
task[ an' one s7ste4 resDonse oDeratorZ \ :or s7ste4 
resDonse /here the user /aits :or the s7ste4- Xor each 
oDerator> there is an esti4ation o: constant eSecution 
ti4e set b7 Dre9ious Ds7cholo?7 an' 3TF stu'ies- ^n 
eSceDtion is that the \ oDerator 4ust be esti4ate' b7 
the 'esi?ner> an' onl7 inclu'e the ti4e that the user 
4ust /ait :or the s7ste4 a:ter an7 M oDerator has 
co4Dlete'- ^''itionall7> there is a set o: heuristic rules 
to account :or 4ental DreDaration ti4e- 

N"M has been use' an' 9ali'ate' reDeate'l7 b7 
aca'e4ics an' Dractitioners since it /as intro'uce'> 
been aDDlie' to a si?ni:icant a4ount o: interacti9e 
tasks in areas such as /or' Drocessin?> sDrea'sheets> 
?raDhic> an' 9i'eo ?a4es HR> IbK> an' sho/n to 
Dro9i'e ?oo' Dre'icti9e accurac7- Qur Dre9ious /ork 
HIUK sho/e' that N"M can Dro9i'e accurate hu4an 
Der:or4ance Dre'ictions :or DenCbase' user inter:aces 
on han'hel' 'e9ices- 
 
4. !eystroke-Level Energy Modeling 
 

Fn this section> /e :irst Dresent the o9erall Drocess 
o: Dre'ictin? the user ti4e an' s7ste4 ener?7 
consu4Dtion o: a ?i9en task usin? N"LM- Be then 
'escribe ho/ N"M oDerators are inte?rate' to ener?7C
consu4in? s7ste4 acti9ities base' on the conteStual 
user interaction in:or4ation o: the task- =he ener?7 
Dro:iles o: s7ste4 acti9ities are obtaine' b7 runnin? a 
set o: user interaction bench4arks on the tar?et 
Dlat:or4- 

 
4.1. Overview of !LEM 
 

]ivenU ^ task> the 4etho's use' to eSecute the task> 
the DroDose' inter:ace 'esi?n> an' a tar?et Dlat:or4- 
3ere /e 'e:ine a tasL as a series o: interacti9e 
oDerations a user Der:or4s on a co4Duter s7ste4 to 
achie9e a certain ?oal> such as sche'ule a 4eetin?> 
in@uire about store hours> or chan?in? the s7ste4 
settin?s- 

<re2i"tU =he user ti4e an' s7ste4 ener?7 an eSDert 
user /ill take to eSecute the task usin? the s7ste4> 
Dro9i'in? the user uses the 4etho' /ithout error- 

^ :lo/chart o: the 4o'elin? Drocess is sho/n in 
Xi?ure I- =he resultin? userCener?7 Der:or4ance 
Dre'iction consists o: task eSecution ti4e (`ser =i4e 
,re'iction) an' task ener?7 (Lner?7 ,re'iction)- =he 
task eSecution ti4e is obtaine' b7 runnin? the 
Mo2eling <ro"ess to Dro'uce the ener?7 Dre'iction> 
/hich Dro'uces the N"M o: the task- =he 5nergy 
C#ara"teri^ing <ro"ess obtains the necessar7 Lner?7 
,ro:iles b7 runnin? the `F fench4arks on a =ar?et 
,lat:or4- =he N"M contains the in:or4ation (i-e- 
^T=C\ =race an' gisualiAation> to be 'iscusse' in 
.ection R-V) that is nee'e' in the Ma**ing <ro"ess- 
 

 
 

Figure 1. The flowchart of constructing a !LEM 
 
4.2. Modeling Process 
 

Fn the Mo2eling <ro"ess> the N"M o: a ?i9en task 
is constructe'- ^lthou?h the N"M enYo7e' a rich 
histor7 in 3TF because o: its 9ali'it7 an' Dre'icti9e 
9alue> the cost o: learnin? an' the co4DleSit7 o: 
constructin? correct 4o'els re4aine' too hi?h to 
Yusti:7 the bene:its o: Dre'ictin? task eSecution ti4e- 
Xortunatel7> 'esi?ners /ithout 4uch eSDertise in N"M 
can use To?=ool HW>IVK to ?enerate Dre'icti9e 
co?niti9e 4o'els o: skille' user Der:or4ance si4Dl7 
b7 'e4onstratin? their task on stor7boar's o: the ne/ 
'esi?n- =he Dre'ictions 4a'e b7 To?=ool are base' on 
N"M> an' are ?enerate' /ith a co4Dutational 
co?niti9e en?ine calle' ^T=C\ HIK- Xor 4obile 
'e9ices> To?=ool currentl7 Dro9i'es :unctionalit7 to 
si4ulate interaction usin? a :in?ertiD or st7lus> 
there:ore can Dre'ict Der:or4ance o: Dlat:or4s /ith 
har'/are buttons or DenCbase' inDut- =he latest 
9ersion o: To?=ool /ill suDDort 3ear an' .a7 
beha9iors> /hich :acilitates our :uture /ork o: 
4o'elin? sDeech base' interactions- 

=o 4ake a Dre'iction> the 'esi?ner :irst nee's to 
create a .tory=oar2 :or the inter:ace 'esi?n uDon 
/hich tasks /ill be Der:or4e'- ^ stor7boar' contains a 
series o: _ra)es that reDresent the chan?es o: the 
'isDla7 bet/een user oDerations- ^ :ra4e can be a 
sketch o: the DroDose' user inter:ace 'esi?n- Qnce the 
'esi?n stor7boar' has been create'> the set o: HasLs 



nee's to be 'e:ine'- =hen> the 'esi?ner nee's to 
'e4onstrate on the stor7boar' the steDs a user /oul' 
Der:or4 to acco4Dlish a task- =he 'e4onstration is 
recor'e' to a scriDt :or To?=ool to ?enerate 
Dre'ictions-  

^ hu4an user 4aniDulates an aDDlication usin? 
E`F /i'?ets- Fn To?=ool> a Ri2get is reDresente' as a 
hhotCsDoti in a :ra4e to in'icate an interacti9e area on 
the actual Dh7sical 'e9ice- Fnteracti9e /i'?ets that are 
currentl7 suDDorte' b7 To?=ool inclu'e futton> Theck 
boS> \a'io button> =eStboS> ,ullC'o/n list> "ist boS> 
Menu (hea'er> sub4enu> an' 4enu ite4)> an' 
han'/ritin? inDut area (e-?- Era::itid in ,al4 Q. an' 
.o:t FnDut ,anel (.F,) in Bin'o/s Mobile)- =he N"M 
, oDeration is rele9ant to la7out o: Bi'?ets 'e:ine' in 
the stor7boar'> base' on Xittsj "a/ HUK-  

^s an eSa4Dle> a Diece o: the 4o'el trace create' 
in To?=ool is sho/n in Xi?ure V> sho/in? the 
acti9ities ^T=C\ ?oes throu?h to 4ake the ti4e 
Dre'iction- =he ^T=C\ trace contains the conteStual 
in:or4ation necessar7 :or the construction o: N"LM- 
Xor instance> the 4o'el user eSecutes a MQ=Q\ 
acti9it7 at b-W]G secon'> /hich taDs the 'e9ice 'isDla7 
at the coor'inate (VJ]-b IJJ-b)-  

 
" 

     #$%##   &'(')                *+*(*,(*'+-.'&/01(1  
     #$%##   /)'.123),0    .'+40*.(-)15'03(*'+  
     #$678   &'(')                &'91-.3)5')-,:5'03(1 ;<=>7$# ?>>$#@  
     #$678   5ABCDEBFCG ACFHIJAJBHJHK AB LCFMN O0JIA?O 
     #$678   /)'.123),0    .'+40*.(-)15'03(*'+  
     #$>88   &'(')                4*+*5P-&'91&1+(      
     #$>88   /)'.123),0    .'+40*.(-)15'03(*'+ 
     #$>67   9*5*'+                 1HQBGJHK-QBMRSNAN 0'.?-# +*0  
     #$>67   /)'.123),0    /)'23.(*'+-5101.(12 T,*(-4')-5U5(1&-V  
     #$>67   /)'.123),0    :3441)-)1,2-,.(*'+ W',0  

" 
     #$>67   /)'.123),0     :3441)-)1,2-,.(*'+ W',0  
     #$>67   /)'.123),0    X31)U-:3441)-,.(*'+ &,+3,0  
     #$7?7   9*5*'+                 .P,+W1-5(,(1 0,5( +'+1 /)1/ 4)11  
     ?$8=%   .'W(''0           )NIABCJHK GJIRSFD FA NHG BL IDIANM YFJA <#$VV6@ 

" 

Figure 2. An example ACT-R model trace created 
by CogTool 

 
=he eSecution o: a MQ=Q\ in the 4o'el (note that 

the 4o'el si4ulates a hu4an user) is a tri??er to a E`F 
e9ent that the co4Duter s7ste4 nee's to resDon' to 
(there:ore consu4e ener?7)- Fn the eSa4Dle trace 
abo9e> at b-W]G secon'> the MQ=Q\ causes the 
stor7boar' to transition to the neSt :ra4e> /hich 
reDresents a 'isDla7 uD'ate in the co4Duter s7ste4- 
.i4ilarl7> at line #$>67 /)'.123),0 /)'23.(*'+-5101.(12 

T,*(-4')-5U5(1&-VZ the 4o'el user starts /aitin? :or the 
s7ste4 until the s7ste4 restores at I-GVR sec- =his 
'uration o: /aitin? is consi'ere' as a s7ste4 resDonse 
ti4e oDerator in N"LM- =he ,\QTL(`^" acti9ities 
'urin? the s7ste4 resDonse ti4e reDresent the thou?hts 
the 4o'el has /hen Der:or4in? the task an' the 
gF.FQk acti9ities reDresent the e7es seein? obYects on 
the :ra4e- =he s7ste4 resDonse ti4e can be cause' b7 

an7 sort o: co4Dutation or co44unication Yob that the 
s7ste4 4ust :inish be:ore the user can continue 
oDeration-  
 
4.3. Energy Characterizing Process 
 

Be use a 4easure4ent base' aDDroach to obtain 
the ener?7 Dro:iles o: N"LM oDerators b7 runnin? a 
set o: bench4arks on the tar?et Dlat:or4- =his 
aDDroach is suitable /hen the tar?et Dlat:or4 is alrea'7 
a9ailable at the ti4e o: aDDlication 'esi?n- F: the tar?et 
Dlat:or4 is not a9ailable :or bench4arkin?> the ener?7 
Dro:iles can be obtaine' :ro4 the 4anu:acturer 
har'/are 'atasheets or 'ata :ro4 literature- Fn this 
DaDer> /e :ocus on the 4easure4entCbase' aDDroach 
onl7- 

Fn an ^T=C\ trace> so4e acti9ities such as the 
MQ=Q\ an' B^F=CXQ\C.l.=LM cause nonCi'le 
s7ste4 acti9ities thus eStra ener?7 consu4Dtion> /hile 
'urin? other acti9ities such as the gF.FQk an' 
,\QTL(`^" the s7ste4 is usuall7 i'le /aitin? :or 
user oDerations- =he ener?7 consu4Dtion o: nonCi'le 
s7ste4 acti9ities 'eDen' on the har'/are Dlat:or4> 
oDeratin? s7ste4> an' aDDlication so:t/are- Ft also 
'eDen's on the Darticular interaction 4etho'- Xor 
instance> a MQ=Q\ acti9it7 can be taDDin?> 'ra??in?> 
ke7 Dressin? or releasin?> or a han'/ritin? stroke- 
fesi'es> a B^F=CXQ\C.l.=LM can be o: an7 len?th> 
'eDen'in? on the 'etails o: a 'esi?n-   

Be create a set o: bench4arks o: interaction 
acti9ities Der:or4e' on co44on E`F /i'?ets- =able I 
lists the bench4arks ?rouDe' b7 si4ilar :unctionsZ 
!ele"tion> `avigation> an' HeQt Jn*+t- =he oDeration(s) 
user can Der:or4 on each /i'?et an' the 
corresDon'in? s7ste4 acti9ities are also liste'-  

Table 1. Interaction activity benchmarks  
Widget Operation System Activity 

!ele"tion 
futton =aD .4all> Me'iu4> "ar?e 
TheckboS =aD .4all 
"ist boS =aD .4all 
(roD'o/n list =aDm =aD  .4all 
\a'io button =aD .4all 
Menu =aD .4all> Me'iu4> "ar?e 
3ar'/are button =aD .4all> Me'iu4> "ar?e 

`avigation 
=ab =aD Me'iu4> "ar?e 
.crollbar =aDc(ra? .4all> Me'iu4> "ar?e 
.li'er =aDc(ra? .4all 

HeQt Jn*+t 
.o:t ke7boar' =aD .4all 
3an'/ritin? .troke Me'iu4> "ar?e 

Fn the !ele"tion ?rouD> the /i'?ets TheckboS> "ist 
boS> (roD'o/n list> an' \a'io button are usuall7 use' 
to 4ake a selection a4on? se9eral ite4s that the user 
oDerates b7 taDDin? the /i'?et- kote that the 



(roD'o/n list /i'?et re@uires t/o taDs to Der:or4 a 
selection> an' one can use taDDin? an' 'ra??in? to 
oDerate the .crollbar an' .li'er /i'?ets- ^:ter the user 
selects an ite4> the aDDlication recor's the selection> 
uD'ates a s4all area o: the 'isDla7 to look resDonsi9e 
to user oDeration> an' ?oes back to the /aitin?ci'lin? 
state :or the neSt user oDeration- Be 'e:ine this kin' o: 
s7ste4 acti9it7 h.4alli- ^s :or hMe'iu4i an' h"ar?ei 
s7ste4 acti9ities> :or eSa4Dle> i: a hneSti button is 
Dresse' to oDen a ne/ /in'o/> the conse@uent s7ste4 
acti9it7 is 'e:ine' hMe'iu4i> /hile an hoDeni button 
that rea's a IMf :ile is consi'ere' h"ar?ei s7ste4 
acti9it7- ^t this Doint /e can onl7 use rou?h esti4ation 
instea' o: accurate @uanti:ication-  

Be assu4e that 'urin? the task eSecution> the 
s7ste4 runs in nor4al oDeration 4o'e /ith no sDecial 
Do/er 4ana?e4ent techni@ues- Xor the tasks /e 
stu'ie' in this DaDer> the har'/are co4Donents 
in9ol9e' are Drocessor> 4e4or7> an' 'isDla7- Be 
'e:ine a si4Dle state 4achine o: s7ste4 acti9ities /ith 
the corresDon'in? Do/er le9el o: each state in Figure 
3- =he Do/er le9els <i an' <= are obtaine' :ro4 the 
interaction acti9it7 bench4arks-  
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Figure 3. A simplified state machine of system 
activities. If other hardware components are 

involved during user operation, more states should 
be added. 

 

 
Figure 4. Energy profile of a “button press” 

followed by a display update 
 

Xi?ure R 'eDicts the ener?7 Dro:ile o: a hbutton 
Dressi (=aD) oDeration :ollo/e' b7 a :ull 'isDla7 
uD'ate (e-?- oDen a ne/ /in'o/> loa' a Dicture) 
4easure' on one o: the han'hel' 'e9ices /e stu'ie'- 
=he 9alues alon? the y aSis are the instantaneous 
Do/er le9el at ti4e t> an' the s7ste4 ener?7 
consu4Dtion 'urin? an7 ti4e inter9al (t?> tA) is the area 
un'er the Do/er trace bet/een t? an' tA- Fn Xi?ure R> 
the s4aller o9al circle in'icates the ener?7 Dro:ile o: 
the Ha* oDeration an' the lar?er o9al in'icates the 

ener?7 Dro:ile o: the 'isDla7 uD'ate acti9it7- =he lo/er 
Do/er le9el (e-?- G-W sec to G-J sec) is the <i in the J2le 
state> an' the hi?her Do/er le9el (e-?- G-_ sec to R-I 
sec) is the <= in the a+sy state-  

Be 'e:ine the ener?7 consu4Dtion o: a N"LM 
oDerator the su4 o: the N"M oDerator ener?7 an' the 
s7ste4 acti9it7 ener?7 it in9oke'- "et ! be the set o: 
Do/er states o: the s7ste4 acti9it7 :ollo/in? an 
oDerator> <s be the Do/er le9el o: each state> Hs be the 
ti4e the s7ste4 sta7s in state "> then the s7ste4 ener?7 
consu4Dtion tri??ere' b7 this oDerator 5o can be 
Dre'icte' usin? the :ollo/in? :or4ulaZ 
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=o achie9e accurate s7ste4 ener?7 Dre'iction> 
@uantitati9e characteriAations o: the s7ste4 acti9ities 
in9oke' b7 N"LM oDerators 4ust be obtaine'- Be 
alrea'7 ha9e the Do/er Dro:iles 'urin? s7ste4 
acti9ities 'e:ine' in Figure 3> an' /e still nee' the 
s7ste4 acti9it7 ti4e Hs- Be create another set o: 
bench4arks that 4easure the ti4e it takes a tar?et 
Dlat:or4 to Der:or4 co44on s7ste4 acti9ities such as 
oDenin? a ne/ /in'o/> /ritin? to a :ile> or searchin? 
an ite4 in 'atabase- =hese bench4arks are no 'i::erent 
than other s7ste4 Der:or4ance bench4arks- (ue to 
sDace li4itation> /e 'o not elaborate on this toDic 
because there are enor4ous research an' Dractices on 
Der:or4ance anal7sis an' bench4arkin?- Be use' t/o 
si4Dle bench4arks to 4easure the 'isDla7 uD'ate ti4e 
to construct the 4o'els in this DaDer-   

 
4.4. Mapping Process 
 

=he Ma**ing <ro"ess takes the To?=ool Dre'icte' 
total task ti4e HtasL> the stor7boar' an' the ^T=C\ 
trace that contains the conteStual s7ste4 acti9it7 
in:or4ation> an' the N"LM oDerator ener?7 Dro:iles 
'e:ine' in the 5nergy C#ara"teri^ing <ro"ess> an' 
Dro'uces the task ener?7 Dre'iction- "et V be the 
se@uence o: N"LM oDerators in the task> Ho be the 
ti4e o: oDerator o> the total s7ste4 ener?7 
consu4Dtion 'urin? i'le state 5i2le isZ  
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=he total task ener?7 can be Dre'icte' usin?Z 
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5. Experiment Setup 

 
Be chose t/o DoDular han'hel' Dlat:or4s to 

9ali'ate the N"LM Dre'ictions on user ti4e an' 



s7ste4 ener?7- =he sDeci:ications o: 'e9ices are 
su44ariAe' in =able V- 

Be re4o9e' the batter7 :ro4 both 'e9ices to 
eli4inate the current 'ra/ o: batter7 char?in?- =he 
'e9ices /ere connecte' 'irectl7 to the eSternal Do/er 
suDDl7 an' the inDut current Ji /as obtaine' b7 
4easurin? the 9olta?e bi across a I Qh4 resistor \ 
connecte' in series /ith the 'e9ice- =he 9olta?e 9alue 
is sa4Dle' at Ib N3A usin? a hi?h sDee' (ata 
^c@uisition Tar' ((^n) ,TFC_]Vb- Xor both 'e9ices> 
/e i?nore' the 4inor :luctuation in the suDDl7 9olta?e 
bs an' assu4e' it to be constant- =he instantaneous 
electric Do/er < that a 'e9ice consu4es at a ?i9en 
ti4e isZ 

isisis bb\bbJb< &#'&#&#  (R) 
Bhen choosin? the tasks to 9ali'ate the N"LM 

4o'el> /e keDt in 4in' t/o DrinciDles- Xirst> the 
oDerations re@uire' to acco4Dlish the tasks shoul' 
co9er as 4an7 'i::erent interaction 4etho's a9ailable 
in the tar?et Dlat:or4s as Dossible- .econ'> :or 
co4Darison DurDoses> the sa4e ?oal shoul' be 
acco4Dlishable b7 usin? 'i::erent interaction 4etho's- 
Be selecte' a co44ercial o::CtheCshel: tour ?ui'e 
aDDlication na4e' ThoiceBa7d Eui'es (TBE) :or 
ke/ lork Tit7 because it has releases :or both 
Bin'o/s Mobile an' ,al4 Q.- 

Table 2. Specifications of target platforms 
 iPaq Tungsten 
Vendor 3, ,al4Qne 
Model \SI_UU =U 
SoC GbbM3A .a4sun? 

.TGVRRV  
RIWM3A Fntel o.cale  

Storage GV Mf builtCin \^M 
WR Mf Xlash \QM 

VIUMf stora?e caDacit7 
IWbMf internal :lash 'ri9e 

Display =X= color "T( 
WRN colors 
VRb S GVb (ngE^)- 

=X= color 'isDla7  
WRN colors 
GVb S R]b 

OS Bin'o/s Mobile U-b ,al4 Q. 9U-R 
Xi?ure U sho/s :our screenshots o: the TBE 

aDDlication inter:ace on the t/o Dlat:or4s /e use'- Xor 
si4Dlicit7> /e built the stor7boar' :or To?=ool usin? 
the screenshots since /e alrea'7 ha9e the so:t/are- Fn 
realit7 /here N"LM is use' 'urin? 'esi?n ti4e> 
4o'elers can use sketches o: the DroDose' inter:ace 
'esi?n to buil' the stor7boar'-  

^ll tasks /e 4o'ele' ha9e the sa4e ?oal o: :in'in? 
the oDenin? hours o: the MetroDolitan Museu4 o: ^rt 
(ML=)- =here are t/o 'i::erent /a7s in TBE to :in' 
this in:or4ation an' each can be consi'ere' as a 
'i::erent inter:ace 'esi?n- Qne /a7 is to na9i?ate the 
4aD o: Manhattan area as 'eDicture' in Xi?ure U(a)- 
=he user can Aoo4 in the 4aD b7 taDDin? one o: the 
se9eral areas 'eli4ite' b7 the :our boSes- Bhen the 
street 4aD o: the ML= nei?hborhoo' is 'isDla7e'> the 
user can 9ie/ the oDen hour in:or4ation b7 taDDin? 

the 'ot reDresentin? the location o: ML= on the street 
4aD- =he other /a7 is to 'isDla7 a list o: all ke/ lork 
4useu4s> an' choose ML= :ro4 this list to 'isDla7 the 
oDen hour in:or4ation- =here are 9arious 4etho's to 
select ML= :ro4 the listZ searchin? or bro/sin?- Xor 
the i,a@> the user can taD the letter hMi on the 
so:t/are ke7boar' at the botto4 o: the 4useu4 list as 
sho/n in Xi?ure U(b)[ taD the trou?h o: the listjs 
scrollbar until ML= can be 9ie/e' in the list[ taD the 
'o/n arro/[ taD the 'o/n arro/ an' hol' it until the 
ML= ite4 aDDears in the current list /in'o/[ 'ra? the 
scrollbar[ an' Dress the har'/are na9i?ation button at 
the botto4 o: the 'e9ice to bro/se 'o/n the list-  

 

          
(a) The map navigation interface of CWG for 

WM5 and PalmOS5 

          
(b) The scroll list interface of CWG for WM5 

and PalmOS5 
Figure 5. Screenshots of CWG software 

 
Xor the =un?sten> the user can inDut the letter hMi 

on the so:t/are ke7boar'[ taD the 'o/n arro/Z ?esture 
hMi in the Era::iti area at the lo/er Dart o: the 'e9ice 
'isDla7> an' Dress the har'/are button to bro/se 'o/n 
the list-  

=he scrollbar in the =un?sten 'oes not ha9e the 
sa4e 'esi?n as the i,a@ an' cannot be 4aniDulate' 
usin? 'ra??in? or taDDin? the trou?h- ^lthou?h one 
can in9oke the so:t inDut Danel (.F,) at the botto4 o: 
the i,a@ screen> the han'/ritin? area /ill obstruct the 
lo/er Dart the list> /hich 4akes it unnatural an' errorC
Drone to use- =here:ore han'/ritin? reco?nition in 
i,a@ that corresDon's to the ,al4 Era::iti inDut is not 
use' in these tasks- 

 



6. User Study and Experimental Results 
 
=o 9eri:7 the N"LM Dre'iction o: user ti4e an' 

s7ste4 ener?7> /e Der:or4e' a user stu'7 on ten 
DarticiDants (siS 4ale> :our :e4ale)> all are en?ineerin? 
4aYor un'er?ra' or ?ra'uate stu'ents /ho are :a4iliar 
an' co4:ortable /ith usin? co4Duters- Lach 
DarticiDant /as :irst aske' to Dractice all the tasks 
un'er the authorjs instruction as a trainin? session- =he 
DarticiDants /ere ?i9en a'e@uate ti4e to Dractice the 
tasks until sche beca4e 9er7 :a4iliar /ith the tasks 
/ithout 4akin? errors or unnecessar7 Dauses 'urin? 
the task eSecution- =his con:or4s to the central i'eas 
o: N"M- =he DarticiDants /ere then aske' to Der:or4 
all IV tasks on the t/o 'e9ices as the testin? session- 
=he 'e9ice Do/er suDDl7 traces /ith corresDon'in? 
ti4e sta4Ds o: each task /ere 4easure' 'urin? the 
testin? session> as 'escribe' in the Dre9ious session-  
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Time Prediction - Tungsten T3
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Figure 6. Comparison of measured user time and 

model predicted time. The bars represent 
observation means and the error bars on the user 

data indicate the 95\ confidence intervals. 
 

=he a9era?e 4easure' user ti4es 9ersus the 
Dre'icte' 4o'el ti4es is sho/n in Xi?ure W- =he ti4e 
Dre'iction errors a?ainst the a9era?e 4easure' user 
ti4e :or the i,a@ tasks are bet/een b-Ip an' II-Jp 
(a9era?e U-Wp)- Xor the =un?sten> the error rates are 
V-Wp to IV-Wp (a9era?e ]-]p) :or N"LM ti4e 
Dre'ictions- kote that the Dre'ictions :or h"ist 
3ar'/are futtoni tasks :or both Dlat:or4s ha9e 
co4Darabl7 hi?her error 'ue to the :act that the 

nu4ber o: har'/are button Dresses use' b7 'i::erent 
users to bro/se the list 9aries /i'el7- 

=he a9era?e 4easure' task ener?7 9ersus the 
Dre'icte' 4o'el ener?7 is sho/n in Xi?ure J- =he 
ener?7 Dre'iction errors a?ainst the a9era?e 4easure' 
task ener?7 :or the i,a@ tasks are bet/een b-Gp an' 
]-Ip (a9era?e R-Rp)- Xor the =un?sten> the error rates 
are bet/een I-Vp an' IV-Up (a9era?e ]-Rp)- 
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Energy Prediction - Tungsten T3
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Figure 7. Comparison of measured task energy and 

model predicted energy. The bars represent 
observation means and the error bars on the user 

data indicate the 95\ confidence intervals. 
 
7. Conclusion and Future Work 
 

fase' on the N"M user Der:or4ance Dre'iction 
techni@ues> N"LM can Dre'ict user ti4e an' ener?7 
consu4Dtion :ro4 stor7 boar's o: DroDose' user 
interactions /ith ?oo' accurac7- =he resultin? 
Dre'ictions are /ithin IGp o: 4easure' user ti4e an' 
s7ste4 ener?7 :or t/o 'i::erent DoDular han'hel' 
Dlat:or4s- =he ti4e an' ener?7 :or 'oin? the sa4e task 
in 'i::erent 4o'alities on the sa4e Dlat:or4 ("ist 
3ar'/are futton 9s- "ist (ra? or "ist Ne7) can 9ar7 
b7 a :actor o: t/o to three- `D to a Gbp 9ariation in 
'oin? the sa4e task /ith the sa4e 4o'alit7 on 
'i::erent Dlat:or4s /as also obser9e'-  

Xuture /ork /ill inclu'e eSten'in? the 4o'el to 
other interaction 4o'alities such as sDeech reco?nition 
:or inDut an' sDeech s7nthesis an' sDeech Dla7back :or 
outDut- =he Der:or4ance bench4arks also nee' to be 
enriche' :or a lar?er scoDe o: s7ste4 acti9ities- 
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Fnte?ration (g".F) .7ste4s> V(R)ZRGJCRRU> (ec- I__R- 
 
HI_K l- oion?> o- ahou> o- "i> an' l- Eon?> hQQLMZ 
obYectCoriente' ener?7 4o'el :or e4be''e' so:t/are reusei> 
FLLL Fnt- Ton:- on Fn:or4ation \euse an' Fnte?ration> VbbG- 
 
HVbK "- ahon?> an' k- N- qha> hEraDhical user inter:ace 
ener?7 characteriAation :or han'hel' co4Dutersi> Fn ,roc- 
Fnt- Ton:- To4Dilers> ^rchitecture> r .7nthesis :or 
L4be''e' .7ste4s> ko9- VbbG> DD- VGVeVRV- 
 
HVIK "- ahon?> an' k- N- qha> h(7na4ic Do/er oDti4iAation 
:or interacti9e s7ste4si> Fn ,roc- Fnt- Ton:- g".F (esi?n> 
qan- VbbR> DD- IbRIeIbRJ- 
 
HVVK "- ahon?> an' k- N- qha> hLner?7 e::icienc7 o: 
han'hel' co4Duter inter:acesZ "i4its> characteriAation> an' 
Dracticei> Fn ,roc- `.LkFoc^TM Mobi.7s> qune VbbU 


