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F om Sen ibili o Re pon ibili :
The Impac of S em Sof a e on Ecological and
Economical S ainabili of Comp ing S em

Timo HÈonig 1

Ab ac : F om an ecological and economic pe pec i e, a ing ene g i an impo an fac o fo he
de ign of oda comp ing em . Ho e e , b ilding ene g -ef®cien em i a challenging
a k fo em de igne . I eq i e e ac kno ledge abo he em componen (i.e., of a e
and ha d a e componen ) and i i no immedia el ob io ho he ene g demand of a em
can be imp o ed. Thi pape p e en ene g -a a e p og amming echniq e ha help de elope
a op imi ing he ene g demand of of a e. S ch echniq e add e en ibili a pec (i.e., en-
e g a a ene ) and p o ide op imi a ion gge ion o de elope . The pape f he di c e
e pon ibili a pec ha eme ge f om he ad en of ene g -a a e p og amming echniq e .

Ke o d : Ene g -A a e P og amming, Ene g -A a e S em , S em-Sof a e De ign, S ain-
abili of Comp ing S em .

1 In od c ion

Ene g ha become he mo p ecio and c i ical e o ce of comp ing em fo all
pe of comp ing em : f om malle - i ed embedded em p o la ge- cale da a-

cen e em . Fo diffe en kind of comp ing em , ene g e o ce need o be
handled i h ca ion fo diffe en ea on . Embedded em (e.g., ma d [KKP99])
ffe f om limi ed ene g e o ce . I i nece a o add e e ic ed ene g e o ce ,
hich a i e f om limi ed ene g - o age capaci ie (e.g., pe capaci o , ba e ie ), and
he ola ile a ailabili of ene g [Ka ]. Th , embedded em need o con e e a ail-
able ene g e o ce in he mo ef®cien manne in o de o a oid ope a ional di p ion
and o p oac i el p e en em fail e ca ed b deple ion of ene g e o ce . La ge-
cale da a-cen e em (i.e., high-pe fo mance comp ing em , clo d-comp ing

em ) enjo he p ac icall nlimi ed a ailabili of ene g e o ce . Ho e e , la ge-
cale em commonl ffe f om e ce i e con mp ion of ene g (e.g., ca ed b
ope a ion a ma im m pe fo mance) and en ailing n an ed ide effec (e.g., he mal
o e hea ing [Mo 5], ope a ing co ). The efo e, f e la ge- cale and man -co e -
em [E 11] m be de igned acco ding o hei ene g cha ac e i ic and need o ca -
io l ched le ac i i ie o a oid em fail e ca ed b e ce i e ene g demand.

The effec i e ene g -ef®cienc of an comp ing em depend on he cha ac e i ic
of i ha d a e and of a e componen . Ha d a e componen i h lo -ene g cha -
ac e i ic a e op imi ed a CMOS le el [Ja1 ] hich ed ce he ene g demand of he
1 F ied ich±Ale ande ±Uni e i Èa E langen±NÈ nbe g (FAU), Depa men of Comp e Science,
Di ib ed S em and Ope a ing S em , Ma en . 1, D-91 58 E langen
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an i o ci c i , fo e ample, b implemen ing ene g - a ing mode and emicond c o
caling. Ho e e , ha d a e componen onl p o ide he ba i fo he ene g -ef®cien
ope a ion of comp ing em . I i nece a fo he em of a e o ope a e in an
ene g -a a e manne on he ha d a e, fo e ample, b a oiding nnece a em ac-
i i ie and e ploi ing ha d a e ene g - a ing fea e . Unfo na el , i i a dif®c l a k
fo em- of a e de igne o e abli h ene g a a ene of of a e componen . Thi
ci c m ance i ca ed b mi ing ool ppo , a p og amme of en lack ene g -anal i
ool ha o ld help o iden if ene g ho po of p og am code.

To ed ce he ene g demand of a comp ing em i i nece a o op imi e he -
em and applica ion of a e nning on he em. Fi , he of a e i elf need o be
op imi ed a icall befo e n ime (i.e., a he ime of p og am-code c ea ion) a diffe en
le el of ab ac ion (e.g., high-le el lang age, a embl ). Second, he of a e need o
be op imi ed d namicall a n ime (i.e., a he ime of p og am-code e ec ion).

P ofo nd ool ppo i an e en ial mea e o help p og amme a de igning ene g -
a a e comp ing em , hich e ploi ene g e o ce in he mo ef®cien manne . Fo
one, ool ppo ac i el a i p og amme a de igning ene g -a a e em of a e
b in eg a ing a oma ed code anal i echniq e . Fo ano he , ool ppo b idge he
gap be een de elope and he ope a ing em: impo an kno ledge abo he in en of
he p og am code i an fe ed f om he p og am de ign and p og amming pha e (befo e
n ime) o he p og am e ec ion pha e (a n ime) of he of a e.

The pape i di ided in o o pa . The ® pa of he pape (Sec ion and ) p e en
challenge in ene g -a a e em de ign and p opo e concep o add e he e chal-
lenge . Thi incl de ene g -a a e p og amming echniq e ha e abli h he en ibili
of ene g demand. The econd pa of he pape (Sec ion 4) anal e he e l ing im-
pac on he e pon ibili of p og amme i h ega d o he ecological and economical

ainabili of em and applica ion of a e. In mo e de ail, he pape i c ed a
follo . Sec ion in od ce ene g -a a e comp ing em , p e en ela ed o k, and
di c e di inc ene g -op imi a ion me hod . Ene g -a a e p og amming concep and
p oac i e em de ign echniq e a e p e en ed in Sec ion . The pape f he di c e
he con eq ence of e abli hing concep fo p oac i e ene g -a a e em de ign in
Sec ion 4. Sec ion 5 o line ho he p e en ed concep a e embedded in o he a ho
doc o al he i . Sec ion mma i e he p opo ed app oache and concl de he o k.

Ene g -A a e S em

Ene g -a a e em a e comp ing em hich a e con cio ega ding he ene g
impac of indi id al ope a ion . Thi ene g a a ene allo em o economi e a ail-
able ene g e o ce . The mo i a ion fo economi ing ene g a ie and depend on he
pe of comp ing em: ene g a ing lead o e ended ba e life (i.e., embedded
em ), ed ced ope a ing co (i.e., de k op and e e em ), and lo e ene g

bill (i.e., la ge- cale em ).

1



The Impac of S em Sof a e on he S ainabili of Comp ing S em

l
o
w

m
e
d
i
u
m

h
i
g
h

idle normal busy

Utilization

Energy

l
o
w

m
e
d
i
u
m

h
i
g
h

idle normal busy

Utilization

Energy

Fig. 1: Schema ic ep e en a ion of ene g demand a a f nc ion of ili a ion: ene g demand of an
ene g - np opo ional em (lef g aph) . ene g -p opo ional em ( igh g aph).

.1 Backg o nd

The implemen a ion of an ene g -a a e em eq i e o main componen . Fi ,
he em ha d a e need o be ene g p opo ional. Ene g p opo ionali i achie ed
b implemen ing ene g - a ing fea e a ha d a e le el hich allo he em of -
a e (i.e., ope a ing em) o in¯ ence he beha io of ha d a e componen (e.g., ac i-
a ion and deac i a ion of f nc ional fea e , i ching of ope a ing mode ). Second, he
em of a e need o implemen a egie o make ef®cien e of a ailable ene g -

a ing fea e a ha d a e le el.

The ha d a e componen implemen lo -po e mode and leep a e a CMOS le el
and need o e po e co e ponding con ol in e face ha a e ed b he em of -
a e (i.e., ope a ing em). Ea l comp e em did no implemen an of ch

ene g - a ing fea e a ha d a e le el, hich led o of a e mea e o adj
he ene g demand depending on he em ili a ion. Toda em , ho e e , al-
lo ®ne-g ained con ol of he ene g - a ing fea e implemen ed b he ha d a e. Fig-
e 1 ho he ene g demand a a f nc ion of ili a ion fo ene g - np opo ional -
em (lef g aph) and ene g -p opo ional em ( igh g aph).

F om a em- of a e poin of ie , ene g demand of comp ing em can be de-
c ea ed in o diffe en a . Fi , he p og am code of he em of a e can be
op imi ed o e ploi ene g - a ing fea e a ha d a e le el in he mo ef®cien man-
ne . Thi incl de de ice- peci®c lo -po e a e hich la gel effec he a ic ene g
demand of he em. Fo e ample, hi incl de i ching off nde ili ed ha d a e
componen ch a i ele con olle . Second, of a e i elf can be op imi ed o im-
plemen a eq i ed f nc ionali in he mo ene g -ef®cien manne . Thi i achie ed b

c al op imi a ion of p og am code and he ili a ion of f nc ional ni a ha d a e
le el (e.g., ¯oa ing-poin ni , g aphic p oce ing ni ).

. Rela ed Wo k

A em le el, em ed ce hei ene g demand b e ploi ing de ice- peci®c ene g -
a ing f nc ion , hich a e implemen ed a ha d a e le el b he indi id al em com-
ponen (e.g., CPU , i ele con olle [Ha1 ]). Toda , ene g - a ing f nc ion like
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m l i-le el lo -po e mode and leep a e complemen adi ional app oache ch
a d namic ol age and f eq enc caling [CSP 5]. On op of ene g - a ing p imi i e a
ha d a e le el, em of a e componen commonl implemen diffe en a egie o
inc ea e he gain of ene g a ing . T adi ionall , ace- o- leep a egie [DHKC 9] ha e
been p o en o be effec i e mea e o a e ene g . Ho e e , ecen e ea ch [HÈo14]
ho ha c a l- o- leep a egie can be mo e ene g -ef®cien .

A applica ion le el, of a e need o be op imi ed a icall (befo e n ime) and d -
namicall (a n ime). Recen p opo al fo ene g -a a e p og amming lang age [Sa11]
ed ce he ene g demand of comp a ional e o ce eq i ed o e ec e he of a e b
appl ing app o ima ion echniq e . Compile op imi a ion [PHB15] a a chi ec e le el
can no add e ene g - a ing fea e a pla fo m le el (e.g., leep a e ).

. S a ic Ene g Op imi a ion of Sof a e

To implemen a ic op imi a ion fo ed cing he ene g demand of of a e befo e n
ime, de elope need o op imi e he p og am code a he ime of p og am-code c ea ion.
S a ic op imi a ion ep conce n diffe en le el of ab ac ion: Fi , p og am code need
o be al e ed in o de o ef®cien l e ploi a ailable ha d a e f nc ion (e.g., ¯oa ing-
poin ni , g aphic p oce ing ni ) and e plici l ing a ailable ene g - a ing f nc-
ion (e.g., lo -po e mode , leep mode ) of he a ge pla fo m. To appl a ic op i-
mi a ion a le el of he p og amming lang age, de elope need o anal e he a ge
ha d a e pla fo m and adap hei p og am code acco ding o he ha d a e cha ac e i -
ic . Second, diffe en code an fo ma ion a lo e lang age le el (e.g., in e media e
lang age, machine lang age) han he o igina ing high-le el p og amming lang age appl
code op imi a ion hich in¯ ence he ene g demand of he p og am code.

.4 D namic Ene g Op imi a ion of Sof a e

To implemen d namic op imi a ion fo ed cing he ene g demand of of a e a n
ime, he ope a ing em m coo dina e po en iall di acco ding in e e (i.e., con-
¯ic ing policie a a k and em le el) and he ope a ing em con in o l need o
e ec e he co e ponding deci ion making p oce . Ho e e , he ba i of hi deci ion
making p oce of en lack impo an info ma ion abo he in ended beha io al a pec
of p og am code hich c en l e ec e on he comp ing em.

.5 P oblem S a emen

The diffe en ene g - a ing oppo ni ie and he a io a ic and d namic app oache
o op imi e of a e fo ene g demand make i dif®c l fo p og amme o ®nd he
igh e of mea e o b ild ene g -a a e em . Depending on ha d a e and of a e
cha ac e i ic , p og amme need o ®nd he co ec e ing in a ca e-b -ca e deci ion
p oce . Thi p oce i e peciall complica ed a f®cien ool ppo of en i mi ing.
D ing he a k of p og amming, de elope commonl a e lef i ho o ien a ion, a
he ha e no feedback on he ene g -demand of hei p og amming deci ion .
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Program Code Architecture and Platform

int main(int argc, char **argv) {

libfoo();

libbar();

return -ESUCCESS;
}

Library Code

void libfoo() {

}

void libbar() {

}

ARM

PPC

x86

Energy Consumption by Platform

ARM Platform 1: 1382 nJ

ARM Platform 2: 650 nJ

ARM Platform 3: 493 nJ

ARM Platform 4: 378 nJ

PPC Platform 1: 738 nJ

PPC Platform 2: 489 nJ

x86 Platform 1: 1430 nJ

x86 Platform 2: 982 nJ

x86 Platform 3: 705 nJ

x86 Platform 4: 643 nJ

Fig. : Ene g con mp ion of p og am code a f nc ion le el: he indi id al ene g con mp ion
fo e ec ing a f nc ion depend on he ha d a e a chi ec e and he ha d a e pla fo m.

Ene g -A a e P og amming

Ene g -a a e p og amming echniq e nif diffe en concep and inc ea e he ene g
a a ene of he de elope d ing p og am-code c ea ion. To ini iall c ea e a ba i of
deci ion-making fo he de elope , ene g -a a e p og amming echniq e p o ide feed-
back on he ene g demand of p og am code. The echniq e incl de code anal e ha
p o ide di ec feedback on he ene g demand of p og am code. A he ene g demand dif-
fe fo he e ogeneo ha d a e a chi ec e and pla fo m , anal i echniq e m ad-
d e hi di e i , fo e ample, b ing i ali a ion echnologie . The ene g -f nc ion
mapping in Fig e ho ha ene g demand fo e ec ing he p og am code of f nc ion
libfoo diffe on he e ogeneo ha d a e a chi ec e and pla fo m .

Ene g demand of p og am code can be e al a ed a diffe en le el of ab ac ion. P o-
g amme a e mo commonl in e e ed in high-le el ene g anal i (i.e., ene g anal -
e a f nc ion-le el), a hi allo hem o ea on abo he effec i ene of code e c-
ing mea e i h ega d o he ene g ef®cienc . Depending on he anal i me hod, i

eq i e of en e e al in e media e ep o ob ain he end e l : ene g -anal i me hod
e al a e he ene g demand of he p og am code a o he le el of ab ac ion (i.e., a em-
bl le el, ba ic-block le el) and con olida e he e l in a bo om- p app oach.

A a con eq ence of ene g -a a e p og amming, p og amme e eal ene g fa l a
de ign ime and p og amme can e if he he co e ponding co n e mea e (e.g., e-

c ing of p og am code) lead o he de i ed effec (i.e., ed c ion of ene g demand).
To implemen a eliable chain of ool ppo fo e abli hing ene g -a a e p og amming
i i eq i ed o p o ide de elope i h ene g con mp ion da a of p og am code (Sec-
ion .1), o a i a anal ing diffe en code pa h (Sec ion . ), and o implemen a -
oma ion a pec o add e he comple i of anal e (Sec ion . ). The e l ing in-
f a c e allo he implemen a ion of anal i echniq e , hich a oma icall e ac
ac al op imi a ion gge ion fo de elope (Sec ion .4).

An ene g fa l i he oo ca e fo nnece a il high ene g con mp ion ha ma e l in a n ime
e o (de ia ion f om a ge o ac al) o e en en ail fail e (b eakdo n).
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Fig. : The PEEK ene g mea emen de ice implemen a oma ed ene g mea emen and pe -
fo m a c en - o-f eq enc con e ion fo non-di c e e mea emen of ene g demand.

.1 Sen ing Ene g Demand

Ene g -a a e p og amming concep el on me hod o en e and o q an if he ene g
demand of p og am code. Thi i ei he done b ing ene g -modeling [WB , HÈa1 ]
o ene g -mea ing me hod [TMW94, Fo 8]. Model-ba ed ene g anal e a e imple-
men ed b of a e componen onl . The efo e, p og amme do no need o in -
men hei e p i h addi ional ha d a e componen (i.e., mea emen eq ipmen ).
A ha d a e comple i i eadil inc ea ing, he c ea ion of eliable and acc a e en-
e g model i a dif®c l a k. Fo e ample, non-de e mini ic effec (i.e., cache mi e ,
pipeline all ) need o be con ide ed b ene g model . Re l f ommodel-ba ed ene g -
anal e need o be e i®ed pe iodicall b con ol mea emen o e ain acc ac c i-
e ia. Mea emen -ba ed ene g anal e e ha d a e in men (e.g., m l ime e , o -
cillo cope) o de e mine he ene g demand of of a e d ing e ec ion. In con a o
model-ba ed ene g anal e , mea emen -ba ed ene g anal e a e in eg a ed in o he
e p of he em hich i anal ed (de ice nde e , DUT). A ene g mea emen
follo a black-bo app oach, non-de e mini ic effec a e incl ded implici l .

PEEK [HÈo14] implemen a non-di c e e ene g mea emen de ice (i.e., an ene g mea-
emen de ice hich doe no ample) o a oid ampling limi a ion . The mea emen

de ice fea e mic ocon olle ope a ion ia USB, a oma ic calib a ion f nc ion , and i
capable of nning a oma ed ene g mea emen . The de ice implemen a an i o
ci c i con i ing of a c en mi o and a ¯ip-¯op o implemen a c en - o-f eq enc
con e ion. Th ee PNP an i o mi o he inp c en IDUT of he de ice nde e
o he mi o ed c en IM1 and IM . The ci c i ope a e a follo hile he inp c -
en IDUT i being d a n: con olled b an RS ¯ip-¯op, o capaci o (CM1 and CM ) a e
being cha ged and di cha ged al e na el . When he RS ¯ip-¯op o p a logical 1 on he
o p Q, he pa h IM1 i p lled o g o nd ia he an i o T . The pa h IM , ho e e ,
i allo ed o cha ge p he capaci o CM . Once CM eache a ol age le el, hich he
¯ip-¯op ecogni e a a logical 1, he ¯ip-¯op oggle i o p Q. No , he pa h IM
i ho ed o g o nd hile pa h IM1 i cha ging p i capaci o CM1. D ing each c cle,
one capaci o cha ge hile he o he one i being di cha ged. The i ching f eq enc
of he o p Q i di ec l p opo ional o he c en IDUT. The de ice e he ignal o
de e mine he ene g con mp ion of he DUT. Fig e ho an e ce p of he boa d
chema ic and he PEEK mea emen de ice.
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1: if i mod 2 then
2: if i mod m then
3: ... /* Path A */

4: else
5: ... /* Path B */

6: end if
7: else
8: if i mod n then
9: ... /* Path C */

10: else
11: ... /* Path D */

12: end if
13: end if

Path A Path B Path C Path D

Entity B1 Entity B2 Entity B3 Entity B4 1
2

3
4

5
6

7
8

1
2

3
4

5
6

7
8

910

1
2
3
4
5

EntityPath

E
n
er
gy

in
J

Fig. 4: The ene g demand of p og am code a n ime diffe fo a io code pa h and depend
on he ac al inp da a of he p og am (e.g., inp pa ame e , p oce ing da a).

. Combining S a ic and D namic Code Anal i

I i nece a o e ac n- ime cha ac e i ic o de e mine he ene g demand of p o-
g am code. Diffe en p og am pa h of an applica ion ma ha e en i el diffe en ene g
demand . F he mo e, diffe en p og am-pa h en i ie (i.e., iden ical p og am pa h e e-
c ed i h diffe en inp da a) again ho di inc ene g eq i emen . A an e ample,
Fig e 4 ho he e ce p of a p og am code ha con i of fo code pa h . The al e
of he inp pa ame e i de e mine hich pa h i being e ec ed a n ime a i ali ed
b he ee c e of he con ol ¯o g aph. Mo eo e , he a iable i in¯ ence he f -
he p oceeding of he code pa h, hich e l in pa h en i ie e po ing di inc ene g
demand . The ene g map in Fig e 4 i ali e hi .

To ea on abo he ene g demand of indi id al p og am-code en i ie eq i e he e
of a ic o d namic code-anal i echniq e . S a ic code-anal i echniq e anal e he
n ac ical c e of code i ho ac all e ec ing i , he ea d namic code anal i -

echniq e e ac n- ime info ma ion d ing he e ec ion of he p og am code. S m-
bolic e ec ion [Ki , CDE 8, Ca11] i an anal i echniq e ha combine a ic and
d namic code-anal i echniq e . Re l f om he code anal i a e follo ed b a an -
fo ma ion ep he e ene g demand a e calc la ed on op of he anal i e l .

The ene g -a a e p og amming echniq e SEEP [HÈo1 ] e mbolic e ec ion ech-
niq e o a oma icall e eal po ible p og am pa h and o e ac indi id al pa h con-
ain . Ba ed on he e pa h con ain , SEEP b ild and e ec e bina ie of he co e-

ponding pa h en i ie . D ing hi e ec ion ep SEEP e ac ele an n- ime info -
ma ion (e.g., n mbe and pe of e ec ed in c ion ) o calc la e he ene g demand
of he indi id al pa h en i ie . De elope e ch ool ppo o anal e he he pe-
ci®c p og amming deci ion (e.g., e c ing of p og am code, ing diffe en p og am
lib a ie ) ha e a po i i e (o nega i e) impac on he ene g demand.

. A oma ed Anal i

Ca ing o ene g anal i fo p og am code en ail ime-con ming ope a ion . The
amo n of anal i o k inc ea e i h he comple i of p og am code (i.e., g o ing
n mbe of code pa h ) and i h he amo n of po en ial a ge pla fo m ha a e con id-
e ed b he de elope . Fo hi ea on, ene g -anal i ool need o be a oma ed and n
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na ended (i.e., i ho eq i ing man al in e ac ion). F he , calabili a pec ha e o
be con ide ed and add e ed a le el of he ooling inf a c e of ene g -a a e p og am-
ming echniq e . Fo e ample, code-anal i me hod e m l iple h ead o di ib ed
comp ing em o ed ce he eq i ed anal i ime.

.4 A oma ed Ene g Op imi a ion

Ene g -a a e p og amming echniq e hich p o ide he inf a c e o en e ene g
demand and implemen he e ec ion of a oma ed ene g anal e a e he ba i fo f -
he e en ion , fo e ample, he a oma ic gene a ion of ene g -op imi ed p og am code.

De elope eq i e hin and gge ion on ho o ac all imp o e hei p og am code.
A co e ponding echniq e [HÈo14] implemen he gene a ion of ene g op imi a ion hin .
Ene g op imi a ion hin a e being c ea ed d ing he code-anal i pha e of ene g -
a a e p og amming. If po en ial imp o emen fo he p og am code of he de elope a e
fo nd, he inf a c e p opo e a c al change o he o iginal o ce code (e.g., a
o ce-code pa ch). Thi ep igni®can l imp o e he anal i p oce a he de elope
onl need o e if he he he gge ed imp o emen in od ce f nc ional eg e ion .

FIGAROS [HÈo15] imp o e ene g -a a e p og amming echniq e b an fe ing kno l-
edge f om he de elope o he n- ime en i onmen (i.e., ope a ing em). The ope -
a ing em ke nel of FIGAROS i ene g -a a e and en e diffe en em ac i i ie
fo ene g anal i a n ime. F e e ea ch o k ill in eg a e FIGAROS i h he
ene g -a a e p og amming ki PEEK [HÈo14].

4 F om Sen ibili o Re pon ibili

The ad en of ene g -a a e p og amming echniq e imp o e he de elopmen of ene g -
ef®cien em of a e igni®can l . Ho e e , fo de elope he in od ced en ibili
of ene g demand of p og am code implie a ne e pon ibili a a di ec con eq ence.
Hence, hi ec ion di c e ocie al a pec ied oÐand e l ing f omÐ he p e io l
p e en ed echnical ad ance (i.e., ene g a a ene a p og amming le el).

4.1 Ecological and Economic Impac

On he one hand, ene g -a a e p og amming echniq e enable p og amme o e al a e
q ali a pec of hei p og am code f om an ecological poin of ie . Fo e ample, if a
peci®c f nc ionali can be implemen ed in diffe en a (i.e., diffe en p og am c-
e) and i h a ing ene g demand hi lead o a ne al e em o e al a e p og am

code. On he o he hand, ene g -a a e p og amming echniq e c ea e an oppo ni o
add e economical in e e a he de ign ime of comp ing em . B a ing p o pec-
i e ene g e o ce a de ign ime, hi b ild ne a of op imi ing em f om he
bo om (i.e., em of a e) p o high-le el p og am code (i.e., applica ion of a e).
The inc ea ed e o ce ef®cienc ha an economic impac (i.e., mone a a ing ).
The o d e al a e i a compo nd o d hich o igina e f om e - (La in fo o o f om) and al e (Old F ench,
Gallo-Romance dialec , fo al e ! F ench: Âe al e ! Engli h: e al a e).
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4. Val e and S ainabili

A of a e p og amme e eal ha he ene g demand of p og am code i diffe en
among he e ogeneo ha d a e pla fo m , hi lead o deci ion i a ion ha conce n
ha d a e a pec . Fo e ample, depending on he of a e of a comp ing em i can be
ecologicall ea onable o b i e he c en ha d a e pla fo m i h a diffe en ha d-
a e pla fo m on hich he p og am code ha a malle ene g demand. Ho e e , ch

deci ion need o con ide f he con eq ence . Fo e ample, ainabili a pec need
o be e pec ed. If a a ge ha d a e pla fo m ha al ead been ob ained i i no al a ea-
onable o mo e o a ne ha d a e pla fo m if he en ailed demand of e o ce (e.g., p o-
d c ion, ene g , mone ) i highe han he a ing of he pla fo m b i ion.

4. Ve i®ca ion and Ce i®ca ion

Fo la ge- cale p ojec among diffe en pa ne (i.e., e ea ch g o p , ind pa ne ) i
i nece a o con olida e ene g demand of all b em . Ene g -a a e p og amming
concep a e a complemen a e en ion o e i ing p ojec de elopmen p oce e (i.e., a
de ign ime) he e indi id al componen a e e i®ed b co e ponding ni e . Fo in-
d ial e i i impo an o con ide ce i®ca ion eq i emen (e.g., ISO 5 1 [Mc1 ]).

5 Embedding in o he Doc o al The i

The a ho doc o al he i p opo e e e al di inc ene g -a a e p og amming concep
hich a e p e en ed in e ac in Sec ion . Thi o k i ba i fo f he e ea ch on
ed cing he ene g demand of comp ing em , incl ding la ge- cale em in di -
ib ed en i onmen . The en ailed e pon ibili (Sec ion 4) i a logic con eq ence and

need o be con ide ed b f e o k a ge ing a ene g -a a e em de ign. Re ea ch
o k con ib ing o hi pape b ild he cience ba e of he a ho doc o al he i .

The indi id al p blica ion [HÈo1 , HÈo14, HÈo15] a e p e en ed i h hei ab ac in he
follo ing h ee b ec ion .

5.1 SEEP: E ploi ing S mbolic E ec ion fo Ene g -A a e P og amming

The e ea ch [HÈo1 ] p e en he ini ial o k on ene g -a a e p og amming and e ploi
he e of mbolic e ec ion echniq e o anal e p og am code fo ene g demand.

Ab ac ÐIn ecen ea , he e ha been a apid e ol ion of ene g -a a e comp ing
em (e.g., mobile de ice , i ele en o node ), a ill i ing em comple i

and inc ea ing e demand make ene g a pe manen l ca ce e o ce. While a ic
and d namic op imi a ion fo ene g -a a e e ec ion ha e been ma i el e plo ed,
i ing ene g -ef®cien p og am in he ® place ha onl ecei ed limi ed a en ion.

Thi pape p opo e SEEP, a f ame o k ha e ploi mbolic e ec ion and pla fo m-
peci®c ene g p o®le o p o ide he ba i fo ene g -a a e p og amming. Mo e pecif-
icall , he f ame o k p o ide de elope i h info ma ion abo he ene g demand of
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hei code a hand, e en fo he in oca ion of lib a f nc ion and in e ing i h m l-
iple po ibl ongl he e ogeneo a ge pla fo m . Thi eq ip de elope i h he
kno ledge o ake ene g demand in o acco n d ing he a k of i ing p og am .

5. P oac i e Ene g -A a e P og amming i h PEEK

PEEK [HÈo14] p opo e a p og amming ki a o nd he a k of ene g -a a e p og amming.
The o k foc e on a oma ion a pec and ene g mea emen .

Ab ac ÐOp imi a ion of applica ion and em of a e fo ene g ef®cienc i of
ecological, economical, and echnical impo anceÐand ill challenging. De®cienc in
adeq a e ooling ppo i a majo i e. The fe ool a ailable (i.e., mea emen
in men , ene g p o®le ) ha e poo l concei ed in e face and hei in eg a ion in o
idel ed de elopmen p oce e i mi ing. Thi implie ime-con ming, edio

mea emen and p o®ling n and agg a a e , if no hoo do n, he de elopmen of
ene g -ef®cien of a e.

We p e en PEEK, a em app oach o p oac i e ene g -a a e p og amming. PEEK
f ll a oma e ene g mea emen a k and gge p og am-code imp o emen a
de elopmen ime b p o iding a oma icall gene a ed ene g op imi a ion hin . O
app oach i ba ed on a combined of a e and ha d a e inf a c e o a oma icall
de e mine ene g demand of p og am code and pinpoin ene g fa l , he eb in eg a -
ing eamle l in o e i ing of a e de elopmen en i onmen . A pa of PEEK e
ha e de igned a ligh eigh , e po e f l elec onic mea ing de ice capable of aking
a oma ed, analog ene g mea emen . Re l ho an p o 8.4-fold peed- p of
ene g anal i hen ing PEEK, hile he ene g con mp ion of he anal ed code
a imp o ed b 5. %.

5. The Figa OS OS Ke nel fo Fine-G ained S em-Le el Ene g Anal i

The e ea ch on FIGAROS [HÈo15] ake ene g -a a e p og amming a pec o he ope -
a ing- em le el and i in e iga e ho em ke nel can be made elf-con cio i h
ega d o ene g and ho a ic and d namic op imi a ion a e add e ed a ope a ing-

em le el.

Ab ac ÐEne g ha become he mo impo an ope a ing e o ce fo comp ing -
em of all i e Ðf om embedded em o la ge- cale high-pe fo mance comp ing

em . Ho e e , a em le el, enginee emain challenged a ef®cien l handling
ene g a ® -cla ope a ing em e o ce. The ea on fo hi a e ofold: Fi ,
inc ea ingl comple ha d a e ci c i a e inhe en l dif®c l o model hich make
he c ea ion of acc a e ene g model p ac icall impo ible. Second, a ailable en-
e g mea emen a em le el a e coa e-g ained and he a e in f®cien fo ®ne-
g ained em le el ene g mea emen of he ope a ing em.
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The c en ad en of po e con ained man -co e em and he oad ahead o a d
he e a of da k ilicon eq i e ef®cien ene g con ol mechani m in he em of -
a e la e . In hi pape , e p e en FIGAROS, an ope a ing em ke nel hich imple-

men p imi i e eq i ed fo ®ne-g ained em-le el ene g anal i . O implemen-
a ion of FIGAROS o che a e ene g mea emen a ha d a e le el b a lo -le el

em of a e inf a c e a ke nel le el.

Concl ion

Thi pape p e en app oache fo ene g -a a e p og amming o add e ecological and
economical ainabili a pec fo comp ing em . Ene g -a a e p og amming i
an e en ial mea e o e abli h en ibili fo ene g demand of p og am code igh a
he ime of de elopmen . A i ed b co e ponding ool ppo p og amme a e able o
ea on abo hei p og amming deci ion i h ega d o ene g demand. The in od c-
ion of en ibili fo ene g demand a p og amming le el ha e e al con eq ence fo
p og amme Ðand hei de ign deci ion . Be ide op imi ing hei p og am code b e-
d cing i ene g demand, p og amme a e no in po i ion o con ol f he ecological
and economical a pec affec ed b em and applica ion of a e.
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