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Abstract 

Ii ocds ocesds' a ier ^oiorog aggordoch ]ase_ oi ]dogogd^ag ieprag ieororfs oo 
hasdhdue goigdop_diag for^es di oce odre(roa_ ^oioa^o di ehergei^t sdopaodois 
rcdge _rdqdig rdoc gropi_ qecd^ges ds propose_) Ocds ocesds cas ]eei fpi_e_ ]t 
oce Hdidsort of Pidqersdodes ocropgc oce pidqersdot oea^cer oradidig graio 
#FKP12*+.111$ arar_e_ oo oce apocor di -+13) Oce ocesds cas ca_ a oooag 
_praodoi of . tears) Ii oce didodag reporo _egdqere_ oo oce Hdidsort' oce ocesds 
ras pgaiie_ oo gaso / tears' assdgidig oce gaso tear oo oce _rafodig of 
^oi^gpsdois of oce ocesds) Coreqer' do cas ]eei possd]ge oo ^arrt opo oce rcoge 
rorf di ocree tears) 
Oce ocesds ds preseioe_ di oce forh of a ^ohpdgaodoi of pp]gd^aodois) Ocds rat' 
fopr papers pp]gdsce_ di cdgc(dhpa^o eopriags sppporodig oce resear^c are 
preseioe_' _es^rd]dig oce relpdre_ heoco_ogogt for oce dhpgeheioaodoi of a 
]do(dispdre_ ^oiorogger di a qecd^pgar stsoeh) Ii a__dodoi' oce Iioeriaodoiag 
KcD Heiodoi rdgg ]e o]oadie_ sdi^e a ocree(hoioc soat di a resear^c gropp of 
a foredgi pidqersdot cas ]eei ^arrde_ opo ]t oce _o^oorag ^ai_d_aoe) 
Fprocerhore' oce apocor of ocds ocesds cas parod^dpaoe_ as a ^ogga]oraoor di oce 
foggordig resear^c proee^os' regaoe_ oo oce sp]ee^o of oce ocesds5 

( (odhe _eoerhdiaodoi of oce ^cara^oerdsod^s of oce odre(roa_
^oioa^o psdig ]do(dispdre_ aggordochs for oce dhproqeheio of a^odqe

(124-+(M$) Dprdig oce oro tears ]efore
eiroggdig di oce _o^oorag prograh oce fopi_aodois of oce ocesds ras 
esoa]gdsce_) Oce regeqai^e of oce ^oiorog aggordoch di ai ehergei^t 
ras cdgcgdgcoe_ _prdig ocds perdo_) 

( (
#PH<13(F@D@ME<(1+4$) Noaroe_ _prdig oce ese^podoi of oce FKP 
graio ai_ ^oiodipes ao preseio) 

( d_eiodfd^aodoi heoco_s ]ase_ oi ieprag ieororfs for
(1+552-M=(I++$) Noaroe_ _prdig oce

ese^podoi of oce FKP graio ai_ ^oiodipes ao preseio) 
Ocds ocesds ras gdife_ oo oce goags of ocese resear^c proee^os sdi^e ocet fo^pse_ 
oi dhproqdig qecd^ge effd^dei^t ai_ safeot ]t resorodig oo a_qai^e_ ̂ oiorog ai_ 
esodhaodoi aggordochs) Ii ocds seise' ]do(dispdre_ aggordochs ai_ ieprag 
ieororfs rere _eqegope_ oo oa^fge oce ^caggeiges of ocese proee^os) Qecd^ge 
^oiorog ds agso a fet fa^oor di proee^os rcere oce ]ecaqdor ]eoreei oce odre ai_ 
aspcago ds pi_er sop_t) Ocds ocesds fo^pses oi oce goigdop_diag ^oiorog of a 
qecd^ge' rcere' ]t haiagdig a oorlpe appgde_ oo a rceeg' edocer ]t ]rafdig or 
ora^odoi' oce for^e o]oadie_ _prdig ^oioa^o ds hasdhdue_) 
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Oi^e oce soarodig podio ai_ oce ^oioeso of oce ocesds caqe ]eei opogdie_' oce 
hadi pro]gehs oo _eqegop ai opodhag ^oiorog heoco_ogogt are _es^rd]e_ ieso) 
Fdrso of agg' oce greao dhporoai^e of esodhaodig oce for^es di odre(roa_ ^oioa^o 
rdoc a cdgc _egree of a^^pra^t' sdi^e oce soa]dgdot of oce qecd^ge _epei_s oi 
oceh' cas oo ]e cdgcgdgcoe_) Ocese ^oioa^o for^es scor ^gear ioi(gdiear 
]ecaqdor) Fprocerhore' ocere are agso qardaodois _pe oo oce eiqdroiheio di 
rcd^c oce qecd^ge ds ]edig _rdqei) Oi oce oocer cai_' oce hadi qarda]ge regaoe_ 
oo oce geqeg of a_cerei^e esperdei^e_ ]t a odre rcei roggdig oi a sprfa^e ds oce 
sgdp' rcd^c ^ai ]e _efdie_ as oce spee_ _dfferei^e ]eoreei oce rceeg ai_ oce 
qecd^ge) Ocps' qecd^ge spee_ cas oo ]e fiori oo o]oadi oce sgdp) Coreqer' 
qecd^ge spee_ ds a paraheoer ocao ds sodgg _dffd^pgo oo heaspre di oo_at"s qecd^ges) 
Ii a__dodoi' odre ho_egs are agso affe^oe_ ]t oocer paraheoers ocao difgpei^e 
ocedr respoise' sp^c as oehperaopre' rear' odre presspre' eo^) 
Ocerefore' _eqegopdig a ^oiorogger ^apa]ge of haiagdig agg _aoa ai_ qarda]ges 
di oce odre(roa_ ^oioa^o ds a ^ohpges oasf ocao relpdres aggordochs ocao ^ai 
_eag rdoc agg possd]ge _rdqdig s^eiardos ao a reasoia]ge ^ohppoaodoiag ^oso) <s 
a sogpodoi oo ocds pro]geh' a ^oiorog aggordoch ^apa]ge of a_apodig oo 
piespe^oe_ ^oi_dodois _tiahd^aggt ds propose_ di ocds rorf) Oo a^cdeqe ocds 
o]ee^odqe' as di oocer eigdieerdig pro]gehs' oce aisrer gdes di iaopre) Ocps' 
oce _eqegope_ ^oiorog aggordoch ds ]ase_ oi oce ierqops stsoeh of gdqdig ]edigs 
di oce forh of a ]do(dispdre_ ^oiorog sorp^opre ^apa]ge of gearidig _prdig dos 
iorhag operaodoi)  
Oce _es^rdpodoi of oce ggo]ag s^cehe pse_ ds relpdre_ oo pi_ersoai_ oce 
relpdreheios for oce _eqegopheio of a goigdop_diag qecd^ge ^oiorog aggordoch) 
Oce ̂ oiorogger cas oo a_apo oo oce ̂ prreio odre(roa_ a_cesdoi ai_ cas oo proqd_e 
oce ^oiorog a^odois relpdre_ oo hasdhdue oce goigdop_diag for^es' ocere]t 
aqod_dig rceeg go^fdig) Oce hadi ^ohpoieios of sp^c a ^oiorog s^cehe are5  

Model 
Qecd^ge  
Odre(roa_ ^oioa^o 
<^opaoors 

Algorithms 
Karaheoer esodhaodoi 
I_eiodfd^aodoi of a_cesdoi ^oi_dodois 
>oiorogger 

Measurements Karaheoer heaspreheio 
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Ocerefore' oce foggordig relpdreheios scopg_ ]e di^orporaoe_ di ea^c of ocese 
^ohpoieios oo a^^ohpgdsc oce relpdre_ oasf5 

(Qecd^ge5 Goa_ oraisfer ai_ _egrees of free_oh)
(Odre(roa_ ^oioa^o5 Ioi(gdiear frd^odoi)
(<^opaoors5 Odhe respoise)
(Karaheoer heaspreheio5 Mesogpodoi ai_ _egats
(Karaheoer esodhaodoi5 Dtiahd^s of oce qecd^ge ai_ _egats)
(I_eiodfd^aodoi of a_cesdoi ^oi_dodois5 Daoa relpdre_)
(>oiorogger5 Faso respoise ai_ a_apoaodoi ^apa]dgdodes

Oce qecd^ge ho_eg scopg_ oafe dioo a^^opio oce goa_ oraisfer ocao oafes pga^e 
rcei a^^egeraodig ai_ ]rafdig as regg as caqdig a spffd^deio iph]er of _egrees 
of free_oh oo repro_p^e oce hadi qecd^ge s hoqeheios a_elpaoegt)  
Megar_dig oce odre ho_eg' do cas oo ]e a ioi(gdiear fpi^odoi of oce sgdp oo 
propergt repro_p^e odre(roa_ frd^odoi) Ii a__dodoi' dos oraisdeio respoise scopg_ 
agso ]e di^gp_e_ sdi^e oce _egat di oce appearai^e of frd^odoi for^es scopg_ ]e 
^oisd_ere_) Oo ocds ei_' oce regasaodoi geigoc ds podgdue_ oo ho_eg oce oraisdeio 
respoise) Oce ho_eg pse_ scopg_ agso oafe dioo a^^opio oce difgpei^e of 
eiqdroiheioag ̂ oi_dodois' sp^c as oehperaopre' presspre' cphd_dot' roa_ otpe))) 
Megar_dig paraheoer heaspreheio ai_ esodhaodoi' do ds ^rp^dag oo ^oisd_er oce 
_egats dioro_p^e_ ]t oce seisors' as regg as ocedr resogpodoi) For esahpge' oce 
ei^o_ers pse_ oo heaspre oce aigpgar qego^dot of oce rceegs caqe a re_p^e_ 
iph]er of ppgses per reqogpodoi' rcd^c ao gor spee_s ^ai gea_ oo pro]gehs di 
_eoe^odig rceeg go^fdig) =esd_es' oce sgdp qagpe ds relpdre_ oo esodhaoe oce 
a_cesdoi ^oi_dodois) Ii or_er oo o]oadi oce sgdp qagpe' oce spee_ of oce rceegs 
ai_ oce spee_ of oce qecd^ge"s ]o_t caqe oo ]e _eoerhdie_) Oce gaooer ^aiioo 
]e heaspre_ _dre^ogt psdig di(qecd^ge seisors ao a reasoia]ge ^oso) Ii a__dodoi' 
oocer oe^ciogogdes for spee_ heaspreheio' sp^c as ocose ]ase_ oi oce Bgo]ag 
Kosdodoidig Ntsoeh #BKN$' ^aiioo ]e pse_ di ocds ̂ ase _pe oo oce _egat di ocedr 
heaspreheio) Ocerefore' qecd^ge spee_ ds o]oadie_ ]t ^oh]didig _aoa fpsdoi 
ai_ esodhaodoi aggordochs) Ocds ds pspaggt sogqe_ ]t psdig Faghai fdgoer(]ase_ 
aggordochs ai_ ]t heasprdig stsoeh qarda]ges sp^c as oce a^^egeraodois 
^apopre_ ]t oce Iierodag Heaspreheio Pido #IHP$) Ocds oasf ds perforhe_ ]t 
oafdig dioo a^^opio oce _tiahd^s of oce qecd^ge di sp^c a rat ocao oce soaoe 
qarda]ges ^ai ]e _efdie_)  
Oi^e oce goigdop_diag spee_ of oce qecd^ge ai_ oce sgdp caqe ]eei o]oadie_' oce 
d_eiodfd^aodoi of oce otpe of roa_' rcere oce qecd^ge ^dr^pgaoes' ds of qdoag 
dhporoai^e) Moa_ otpe _eoe^odoi ds a sp]ee^o of ^oiodipops sop_t) For ior' a 
soai_ar_due_ sogpodoi cas ioo ]eei propose_ teo) Ocere are oro hadi rats oo 
^ope rdoc ocds ^caggeige) Oce fdrso approa^c oo a^^ohpgdsc ocds oasf ds ]ase_ 
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oi oce fiorge_ge of odre _tiahd^s) Ii ocds ^ase' oce hadi pro]geh oo oa^fge ds 
ocao oce odre ho_eg pse_ hpso ]e ^apa]ge of ^cara^oerdudig agg possd]ge _rdqdig 
^oi_dodois' di^gp_dig oce difgpei^e of agg oce paraheoers ocao affe^o oce odre) 
Ocds hafes oce dhpgeheioaodoi of ocds soraoegt ^caggeigdig _pe oo oce ahopio 
of _aoa relpdre_ oo ]pdg_ oce ho_eg ai_ oce asso^daoe_ ho_eg ̂ ohpgesdot' rcd^c 
cahper dos dhpgeheioaodoi di reag(odhe appgd^aodois)Oce se^oi_ heoco_ resoros 
oo ieprag ieororfs oo perforh oce roa_ otpe ^gassdfd^aodoi oasf) Ocese 
sorp^opres ^ai repgd^aoe oce odre ho_eg ai_ esoa]gdsc oce regaodoiscdp ]eoreei 
oce otpe of roa_ ai_ oocer qarda]ges heaspre_ di oce qecd^ge' sp^c as qd]raodois 
or a qd_eo ^ahera ^apoprdig oce roa_) Oce heoco_ogogt propose_ di ocds ocesds 
faggs di ocds se^oi_ approa^c) Ocps' oce sahe sorp^opre of ieprag ieororf pse_ 
oo perforh ^oiorog oasfs ds pse_ oo d_eiodft oce roa_ otpe) 
Ieso' oce a^opaoors are respoisd]ge for ^oiqerodig oce ^oiorog a^odoi dioo for^es 
ocao ho_pgaoe oce rceeg sgdp) Ii ocds seise' oce ^caggeige ds oo a^cdeqe a faso 
ai_ regda]ge perforhai^e' sdi^e oce go^fdig of a rceeg ds a pro^ess ocao ^ai oafe 
pga^e di gess ocai  -++ hdggdse^oi_s) Oce oqeragg ]ecaqdor of oce stsoeh 
perforhai^e ^ai ]e re_p^e_ df oce ho_egdig of oce a^opaoors ds ioo propergt 
a__resse_) Ii oce ^ase of _dffereio a^opaodoi ho_es' for esahpge di ege^ord^ 
qecd^ges rdoc frd^odoi ai_ regeieraodqe ]rafdig' ai opodhag soraoegt rdgg caqe 
oo ]e _efdie_) 
Oce gaso ^ohpoieio ds oce ^oiorog aggordoch' rcd^c ds respoisd]ge for proqd_dig 
oce relpdre_ a^odoi oi oce qecd^ge) Oce ^oiorog aggordoch hpso ]e ^apa]ge of 
regpgaodig oce rceeg oorlpe oo feep oce rceeg sgdp ^gose oo dos opodhph qagpe 
a^^or_dig oo oce odre(roa_ ^oioa^o ^oi_dodois) Oo ocds ei_' do hpso ]e a]ge oo 
re^ogidue ai_ a_apo oo oce qartdig _rdqdig ^oi_dodois' hafdig pse of oce 
esodhaoe_ sgdp geqeg ai_ oce _esdre_ opodhag sgdp qagpe) Oce a^opaodoi hdgco 
diqogqe regpgaodig oce oorlpes appgde_ oo oce rceegs' ehpgotdig ai a^opaoor) 
Oce hoso ^ohhoigt pse_ ^oioroggers are ]ase_ oi Ngd_dig Ho_e >oiorog 
#NH>$' fpuut gogd^' ai_ Ho_eg Kre_d^odqe >oiorog #HK>$) Ocds ocesds resoros 
oo a ]dogogd^aggt(]ase_ ieprag ieororf ocao' pigdfe oce preqdops ̂ oioroggers' ̂ ai 
a_apo oo ^caiges di oce _tiahd^s of oce ^oioa^o _prdig oce ese^podoi of oce 
aggordoch) Ocds rat' df oce qecd^ge ds fa^dig ai a_cesdoi ^oi_dodoi ocao cas 
ieqer ]eei esperdei^e_ ]efore' oce ^oiorog aggordoch rdgg a_apo dosegf ocaifs oo 
a gearidig soraoegt oo hasdhdue oce goigdop_diag for^es ai_ cei^e' aqod_ rceeg 
go^fdig) 
Opo of agg oce ^ohpoieios diqogqe_ di oce rceeg sgdp s^cehe' oce ^oiorog 
aggordoch cas oce greaoeso dhpa^o oi oce fdiag perforhai^e) Ocerefore' resear^c 
efforos caqe ]eei fo^pse_ oi oce _eqegopheio of ai opodhag aggordoch) Ii ocds 
respe^o' cphais caqe proqei oo caqe a spperdor a]dgdot oo ̂ oiorog oce _tiahd^s 
of odre(roa_ ^oioa^o5 ppscdig a qecd^ge oo dos grdp gdhdos di a ^oiorogge_ ai_ safe 
haiier ds oce hadi o]ee^odqe of ait hooor ra^dig ^ohpeododoi) Ii ocds ^ase' oce 
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adh ds oo hasdhdue grdp' pspaggt oo re_p^e oce odhe iee_e_ oo ^oqer a fdse_ 
_dsoai^e' hadioadidig oce soa]dgdot of oce qecd^ge) Krofessdoiag _rdqers" a]dgdot 
oo a_apo oo a ier qecd^ge' as regg as oce _eoe^odoi of oce gdhdo of a_cerei^e di 
^caigdig ^oi_dodois #ier odre ^ohpopi_' ^dr^pdo' reaocer ^oi_dodois' eo^)$ ds 
reharfa]ge)
<s do cas ]eei scori' oce opodhag ^oiorog of ^ohpges stsoehs di ^caigdig 
operaodig ^oi_dodois ds a ^caggeigdig oasf ocao relpdres ai a_elpaoe 
perforhai^e of oce _dffereio ^ohpoieios of oce ^oiorog aggordoch) Coreqer' 
gdqdig ]edigs ^ope rdoc ocese pro]gehs ^oiodipopsgt ai_ sogqe do propergt di 
hoso ^ases) 
Oce soraoegt _eqegope_ di ocds ocesds ds ]ase_ oi oce sop_t of hooor ^oiorog di 
]dogogd^ag stsoehs) Ii oce fdrso pga^e' re aooehpo oo pi_ersoai_ cor oce ieprag 
^oiie^odois of a cphai ]edig or aidhag _eoerhdie oce respoise oo esoeriag 
sodhpgd ai_ aggor ^orre^odig oce error ha_e) Ii oce ^ase of odre ^oioa^o' cphai 
]edigs are ^apa]ge of a_apodig oce per^eioage of gas or ]rafdig a^^or_dig oo 
sdgco' a^^egeraodois esperdei^e_ ]t oce sehd^dr^pgar ^aiags' sopi_s' ai_ so oi) 
Ioieocegess' cphai ]edigs _o ioo fior oce geqeg of sgdppage di eqert hoheio) 
Ocds ds oce a_qaioage of ege^oroid^ ^oiorog' sdi^e do ^ai ]e proqd_e_ rdoc ocds 
fet diforhaodoi oo a^cdeqe sdhdgar respgos oo ocose of a oradie_ cphai ]edig 
psdig a sdhpger ^oiorog sorp^opre) Oo ocds ei_' oce _efdidodoi of oce ^oiorog 
sorp^opre relpdres ho_eggdig ]dogogd^ag stsoehs a_elpaoegt) 
Oce sop_t of ]dogogd^ag ^oiorog aggors pi_ersoai_dig cor ieprag ^oiie^odois 
are esoa]gdsce_) Ocere are oro oceordes regar_dig oce possd]ge ^oiorog s^cehes 
di ]dogogd^ag stsoehs) Oce fdrso oie resoros oo ai dioeriag ho_eg of oce stsoeh 
oo ]e ^oiorogge_) Ocds dhpgdes a cdgc geqeg of fiorge_ge of oce stsoeh s 
_tiahd^s' gdhdodig oce gearidig ̂ apa^dot _pe oo oce fa^o ocao oce dioeriag ho_eg 
cas oo ]e ho_dfde_ oo a_apo oo qardaodois) Oce se^oi_ oceort ds ]ase_ oi 
ocrescog_ ^oiorog rcere]t' rdocopo oce iee_ for ai dioeriag ho_eg' ai 
elpdgd]rdph podio ds esoa]gdsce_) Rcei ocds podio ds es^ee_e_' a ^oiorog a^odoi 
oafes pga^e) Ocps' ]t ho_dftdig oce elpdgd]rdph podio' a ]dogogd^ag stsoeh ^ai 
]e ^oiorogge_) Ieprag ^oiie^odois are ^caige_ oo hadioadi oce elpdgd]rdph di 
oce rorfdig podio) Rcdge oce dioeriag ho_eg oceort dhpgdes a ^ohpges ^oiorog 
sorp^opre' rcd^c ds _dffd^pgo oo _e^o_e' oce ocrescog_ ^oiorog oceort preseios a 
sdhpge sorp^opre ocao oigt relpdres a ieprag paoc oo hadioadi elpdgd]rdph) 
Oce gaooer oceort' ^agge_ oce @lpdgd]rdph Kodio Ctpoocesds #@KC$' ds oce oie 
appgde_ di ocds ocesds) Ocerefore' ocropgc oce sop_t of ]dogogd^ag sorp^opres di 
cphais ai_ aidhags' do ds dioei_e_ oo fdi_ ocose ocao scor sdhdgar ]ecaqdor as 
pre_d^oe_ ]t oce @KC) Fai_eg  rorfs rere oce ]asds oo o]oadi oce ^oiorog 
sorp^opre as regg as oce gearidig he^caidshs diqogqe_ di gdqdig ]edigs) For ocds 
pprpose' ce pse_ <pgtsda' ai aidhag ocao cas a qert garge ieproi sdue' rcd^c 
fa^dgdoaoes dos _e^o_dig) Np]selpeiogt' hait oocer aidhag sorp^opres caqe ]eei 
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_e^o_e_) Ii cphais' do cas ]eei possd]ge oo _eoerhdie ^eroadi ^oiorog 
sorp^opres' for esahpge' sohe asso^daoe_ rdoc refgeses' ^agge_ refges ar^s) @qei 
so' oce qaso haeordot of oce cphai ]radi ai_ ierqops stsoeh ds sodgg pifiori 
ai_ represeios a greao oe^cid^ag ^caggeige _pe oo oce cdgc iph]er of ieprois 
ai_ ^oiie^odois ocao ^ohpose sp^c ai diord^aoe sorp^opre) 
Froh oce sop_t of oce refges ar^s' do ds possd]ge oo esoa]gdsc oce oqeragg ]ecaqdor 
of oce ieprag ieororf di ^carge of ^oiorog) For esahpge' di oce qesod]pgo(o^pgar 
refges' ^oiodipops ^oiorog of oce gaue ds hadioadie_ psdig oce a^^egeraodois 
heaspre_ ]t oce sehd^dr^pgar ̂ aiags) Oce sorp^opre ocao cai_ges ete hoqeheio 
seos oce ieprag paocrats froh oce seisort ieprois oo oce hooor ieprois) Ocese 
^oiie^odois are aioagoidsod^' esoa]gdscdig oce o^pgar posdodoi as a podio of 
elpdgd]rdph) Despdoe a rooaodoi of oce cea_' oce gaue rehadis soa]ge) 
Ii ocds ocesds' re propose appgtdig a ieprag ^oiorog sorp^opre ]ase_ oi ai 
aioagoidsod^ heoco_) For qecd^pgar ^oiorog' oce elpdgd]rdph podio di oce odre(
roa_ ^oioa^o _tiahd^s ds seo ao oce opodhag sgdp) Oce respoise ds ocerefore 
ho_pgaoe_ di sp^c a rat ocao df oce sgdp ocrescog_ ds es^ee_e_' oce oorlpe geqeg 
ds re_p^e_ ai_ qd^e qersa) Ocds aioagoidsod^ ]ecaqdor aggors gearidig oo ]e 
perforhe_ _prdig iorhag operaodoi rdocopo oce rdsf of oce stsoeh ]e^ohdig 
pisoa]ge) 
Oo repgd^aoe ocds otpe of ieprag sorp^opre' as regg as oce gearidig aggordochs 
fopi_ di ]dogogd^ag stsoehs' do ds ie^essart oo _efdie oce ieproi ho_eg pse_) 
Ocds ho_eg hpso repgd^aoe ]dogogd^ag ]ecaqdor rdoc a gor ^ohppoaodoiag ^oso 
oo fa^dgdoaoe dos dioegraodoi di eh]e__e_ stsoehs di qecd^ges) 
Oce hoso rd_egt pse_ ieprag ieororf ho_eg ds ̂ agge_ <rodfd^dag Ieprag Ieororf 
#<II$)  Coreqer' ocds approa^c _oes ioo ei^o_e oce sdgiag di oce sahe rat 
as oce pro^e_pre ocao oafes pga^e di ]dogogd^ag stsoehs) =dogogd^ag he^caidshs 
of gearidig are ]ase_ oi oce sti^croiduaodoi of fdrdig ]eoreei ^oiodgpops 
ieprois) Ii oce ̂ ase of <IIs' ocere ds io fdrdig di oce ieproi' ]po ai a^odqaodoi 
fpi^odoi ocao _oes ioo oafe odhe dioo a^^opio) >oiselpeiogt' <IIs _o ioo 
repro_p^e ]dogogd^ag gearidig fadocfpggt) 
Ii or_er oo oafe a_qaioage of ocese gearidig soraoegdes' oce ieso geieraodoi of 
ieprag ieororfs ei^o_es oce diforhaodoi rdoc a odhe eqogpodoi psdig ege^ord^ag 
dhppgses) Ocds ^cara^oerdsod^ gdqes rdse oo oce so(^agge_ Npdfdig Ieprag Ieororf 
#NII$) 
Oce regg(fiori NII ho_eg propose_ ]t Iucdfeqd^c soai_s opo for dos goo_ 
]dogogd^ag represeioaodoi ai_ gor ^ohppoaodoiag ^oso) Ii ocds ho_eg' oro 
_dffereiodag elpaodois repro_p^e oce heh]raie pooeiodag ai_ re^oqert ]ase_ 
oi rao ieprois) 
Ndi^e NII pses dhppgses oo ei^o_e diforhaodoi' do ds ie^essart oo oraisgaoe oce 
dippo ai_ opoppo sdgiags oo dioera^o rdoc oce eiqdroiheio) < ]dogogd^ag stsoeh 
pses seisort ai_ hooor ieprois for ocds oraisforhaodoi) Neisort ieprois are 
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respoisd]ge for di^orporaodig diforhaodoi froh oce eiqdroiheio dioo oce 
ierqops stsoeh) Ocese ieprois are respoisd]ge for oraisgaodig esoeriag sodhpgd 
sp^c as gdgco di oce opod^ag re^epoors or a^^egeraodois di oce sehd^dr^pgar 
^caiiegs) 
Ndhdgargt' oce diforhaodoi pse_ di qecd^pgar ^oiorog' sp^c as oce sgdp or dos 
opodhag qagpe' rdgg ]e proqd_e_ oo oce propose_ ^oiorogger ai_ d_eiodfd^aodoi 
ieororfs ]ase_ oi NII) =dogogd^ag stsoehs ioo oigt ei^o_e diforhaodoi 
oehporaggt ]po agso spaodaggt) @qert qarda]ge ei^o_e_ di spdfes ds _dsord]poe_ 
ahoig a ^eroadi iph]er of seisort ieprois) Cei^e' ]t heais of a serdes of 
Bapssdai ]eggs' oce fdrdig geqeg of ea^c ieproi ds _eoerhdie_) Oi oce oocer 
cai_' hooor ieprois are respoisd]ge for _e^o_dig oce dhppgses di or_er oo 
perforh oce _esdre_ a^odoi) <s oce diforhaodoi ds ei^o_e_ oehporaggt ai_ 
spaodaggt' ea^c hooor ieproi ds asso^daoe_ rdoc ai di^reasdig geqeg of a^odqdot) 
Cediehaii"s sdue prdi^dpge repro_p^es ocds ]ecaqdor) For esahpge' di hps^ges' 
ea^c hooor pido ds asso^daoe_ rdoc a otpe of hps^ge fd]er ocao eseros a _dffereio 
for^e rdoc a _dffereio faodgpe resdsoai^e) 
Ii a__dodoi oo ho_egdig oce ieproiag ^egg ]o_t' do ds agso ie^essart oo ho_eg 
oce ^oiie^odois ]eoreei ieprois' fiori as stiapses) Ocet proqd_e oce 
^apa^dot oo esoa]gdsc ^ohpges regaodoiscdps ]eoreei dippos ai_ opoppos) Ii a 
]dogogd^ag stiapse' oce arrdqag of ai dhppgse gea_s oo oce regease of 
ieprooraishdooers ocao are respoisd]ge for opeidig oce ^caiiegs ocao aggor oce 
^dr^pgaodoi of ^prreio di oce posostiapod^ ieproi' gdqdig rdse oo a ier dhppgse) 
If ocds ^oiie^odoi ds _dre^o' ^apsdig a fdrdig di oce posostiapod^ ieproi' oce 
^oiie^odoi ds ^oisd_ere_ ege^ord^ag) Oi oce oocer cai_' df a cdgc ^oi^eioraodoi 
of ieprooraishdooers ds ie^essart oo opei seqerag re^epoor ^caiiegs' oce 
^oiie^odoi ds ^oisd_ere_ ^cehd^ag) Ii ocds ocesds' a stiapse ho_eg ]ase_ oi oce 
opeidig ai_ ^gosdig of ^caiiegs oo ho_eg ]ooc fdi_s of ]ecaqdor ds propose_) 
Ocds rat' ^caiiegs are opeie_ as ier ege^ord^ag dhppgses are re^edqe_ ai_ oce 
opeidig odhe ds _eoerhdie_ as a fpi^odoi of oce ^oi_p^oai^e) 
=ooc oce ieproiag ai_ stiapse ho_egs aggor oce repro_p^odoi of oce ]dogogd^ag 
gearidig he^caidshs ]t psdig oce oehporag _dfferei^e ]eoreei prestiapod^ ai_ 
posostiapod^ ieproi dhppgses) Ocds gearidig repro_p^es oce ieproiag pgasod^dot 
ocropgc rcd^c oce stiapod^ soreigoc ds ho_dfde_) Oce gearidig he^caidsh pse_ 
di ocds ocesds ds oce so(^agge_ Npdfe Odhe(Depei_eio Kgasod^dot #NODK$) =t 
heais of ai NODK rpge' oce pgasod^dot of oce stiapse ds ho_dfde_ di sp^c a rat 
ocao ieprois ocao fdre sti^croiopsgt are oce hoso affe^oe_ ]t oce gearidig 
pro^ess) <s Doiag_ Ce]] sphhardues' ieprois ocao fdre oogeocer' rdre 
oogeocer ) Oo esoa]gdsc cor hp^c ea^c of oceh scopg_ ]e ho_dfde_' do ds 
ie^essart oo ho_eg oce regease of _opahdie' rcd^c ds respoisd]ge' oogeocer rdoc 
NODK' for oce oradidig of oce ieprag ieororf) Oo perforh spperqdse_ gearidig' 
di rcd^c oce error ha_e ds fiori ^oiodipopsgt' _opahdie ds ho_ege_ _dre^ogt 
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a^^or_dig oo ocds error) Ii hooor gearidig' oce error ds _efdie_ as oce _dfferei^e 
]eoreei oce oargeo ai_ ^prreio qagpe) 
Ocds rorf proposes a ^oiorog aggordoch ]ase_ oi a sorp^opre dispdre_ ]t refges 
ar^s) Oce iph]er of ieproiag ^oiie^odois as regg as rceocer ocet are 
dicd]doort or es^doaoort are opodhdue_ oo di^rease oce ro]psoiess of oce 
aggordoch) Coreqer' oce stiapod^ soreigocs rdgg ]e a_apoe_ oo ea^c operaodig 
^oi_dodoi) Ocds rat' oce propose_ NODK aggordoch a_epsos ea^c stiapse oo 
hdidhdue oce error ha_e ao eqert hoheio) 
Io scopg_ agso ]e iooe_ ocao di oce _esdgi pro^ess of a ^oiorog stsoeh' do ds 
ie^essart oo ^arrt opo sdhpgaodois ai_ oesodig oo eqagpaoe oce perforhai^e of 
oce propose_ aggordoch) Ii ocds rorf' oce aggordoch rdgg ]e sdhpgaoe_ ai_ 
oesoe_ oi _dffereio a_cerei^e ^oi_dodois oo qerdft dos ro]psoiess ai_ 
perforhai^e prdor oo dos dioegraodoi di a reag qecd^ge) 
Oce hadi gdhdoaodoi oo a^^ohpgdsc ocds goag ds oce ^ohppoaodoiag ^apa^dot of 
oce reag(odhe eh]e__e_ stsoehs pse_ for qecd^ge ^oiorog) Ii ^oiselpei^e' oce 
sdue of oce ieororf as regg as dos pp_aoe frelpei^t are oce hadi ^oisoradios 
rcei perforhdig sdhpgaodois) 
Oce ho_egs ai_ ^oiorog aggordochs caqe ]eei prograhhe_ psdig H<OG<= 
ai_ NIHPGIIF) Ocese soforare prograhs aggor oce _dre^o ^ohpdgaodoi of oce 
^o_e as regg as dos ese^podoi di reag(odhe' rcd^c ds hosogt pse_ di oce 
apoohoodqe di_psort car_rare #DNK<>@$)  
Oce ^oh]diaodoi of oce aforeheiodoie_ soforare ai_ car_rare hafe faso _aoa 
^ogge^odoi ai_ aggordoch ho_dfd^aodois possd]ge _prdig oce esperdheioaodoi 
pcase) Oce dhpgeheioaodoi of oce ieprag ieororf di ai FKB< or ieprohorpcd^ 
car_rare a^^egeraoes oce ese^podoi of oce ieprag ho_eg' aggordig oce pse of 
garger ai_ hore ^ohpges ieos) Ocds di^reasdig spee_ ds _pe oo oce car_rare 
dhpgeheioaodoi of oce ieprag ho_eg psdig ai appgd^aodoi(spe^dfd^ dioegraoe_ 
^dr^pdo #<NI>$ raocer ocai oce ese^podoi of oce ho_eg oi a pidqersag pro^essor) 
Coreqer' oce esperdheioag soage di qecd^pgar stsoehs represeios a fet pcase 
di oce _eqegopheio of oce aggordoch' cei^e oce dhpgeheioaodoi of oce 
aggordoch di a reag qecd^ge rdgg ]e hore regeqaio ocai oce sdue of oce ieororf)  
Io scopg_ agso ]e iooe_ ocao' oo sdhpgaoe s^eiardos rcere oce geqeg of 
goigdop_diag a_cerei^e di oce odre(roa_ ^oioa^o ds ^oiorogge_' ]rafdig ds 
prdordodue_ oqer soa]dgdot or ora^odoi)  Ocds ds _pe oo oce _dffd^pgot of repgd^aodig 
oce sdhpgaodois di ai esperdheioag eiqdroiheio sdi^e soa]dgdot ai_ ora^odoi 
oesos hdgco ^ohprohdse safeot rdoc oce resear^c qecd^ges aqadga]ge)  
Ndhpgaodois caqe ]eei ^arrde_ opo for ]ooc oro ai_ fopr(rceege_ qecd^ges) For 
ocds pprpose' =IF@NIH ai_ ><MNIH rere pse_ di oce didodag _eqegopheio ai_ 
sdhpgaodoi soages' rcere oce ]ecaqdor of oce qecd^ge' spspeisdoi stsoeh ai_ 
odres rere o]oadie_)Ocese prograhs are dioei_e_ oo sop_t qecd^ge ]ecaqdor oi 
ora^fs ai_ ocet proqd_e a goo_ represeioaodoi of a qecd^ge  hoqeheios ocaifs 
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oo oce pse of ^ohpges qecd^ge ho_egs) Coreqer' psdig oceh for oce soge pprpose 
of perforhdig goigdop_diag ehergei^t ]rafdig ds ioo epsodfde_' sdi^e dos 
^ohppoaodoiag ^oso ds cdgc) For ocds reasoi' a pgaiar ocree Degree(of(Free_oh 
#DOF$ ho_egs caqe ]eei _eqegope_ di ocds ocesds rdoc a gor ^ohppoaodoiag 
^oso ocao aggors oce paraggeg oradidig of a garge iph]er of sdhpgaodois' 
a^^egeraodig oce _eqegopheio of oce ^oiorogger)  
Oce _egrees of free_oh ^cosei for oro(rceege_ qecd^ges are goigdop_diag' 
qerod^ag ai_ pdo^c) Ocds ho_eg ds ^agge_ oce ]d^t^ge ho_eg sdi^e do _oes ioo oafe 
dioo a^^opio oce gaoerag _tiahd^s as do cas io effe^o oi oce goigdop_diag ^oiorog 
soraoegt _eqegope_) Ii fopr(rceege_ qecd^ges' oce qerod^ag difgpei^e ds re_p^e_ 
_pe oo oce cedgco of oce ^eioer of graqdot ai_ oce qecd^ge"s _dheisdois) 
Coreqer' a tar hoqeheio ^ai o^^pr di oce qecd^ge as oce goigdop_diag for^es 
of ea^c odre hat caqe gaoerag offseo) Ocerefore' di ocds ^ase' oce ocree _egrees 
of free_oh pse_ are goigdop_diag' gaoerag' ai_ tar) 
Oce propose_ aggordoch cas ]eei ^ohpare_ oo oocer ^oiorog soraoegdes) Ocps' 
_prdig oce _eqegopheio of oce ocesds' ^gassd^ag aggordochs ]ase_ oi sgd_dig ai_ 
rceeg aigpgar a^^egeraodoi ocrescog_s as regg as opodhdue_ fpuut gogd^(]ase_ 
aggordochs caqe ]eei sdhpgaoe_) < ]ei^charf cas ocps ]eei esoa]gdsce_ for a 
sp]selpeio eqagpaodoi of oce propose_ ieprag aggordoch) Fet Kerforhai^e 
Ii_d^aoors #FKIs$ caqe ]eei pse_ oo hafe ocds ^ohpardsoi' eqagpaodig 
lpaiodoaodqegt oce respoise of oce ^oiorogger oo _dffereio ^oioa^o ^oi_dodois) 
Oo perforh ocds ^ohpardsoi' a serdes of ]rafdig oesos a^^or_dig oo regpgaodoi 
1. #@*@>@*( OM<IN*5+5*Meq)1*<__)1-*Meq)3) .) Megpgaodoi Io) 1.$ caqe 
]eei repro_p^e_) Ii ocds regpgaodoi' oesos caqe ]eei perforhe_ oi _dffereio 
sprfa^es ao qardops spee_s) Fprocerhore' oce perforhai^e of oce ]rafe stsoeh 
cas agso ]eei oesoe_ di qartdig a_cesdoi ^oi_dodois) Ocese oesos caqe ha_e do 
possd]ge oo aiagtue ^oiorogger soa]dgdot' rcd^c ds _dffd^pgo oo _ehoisoraoe di 
aggordochs ]ase_ oi ieprag ieororfs) 
Fdiaggt' as podioe_ opo oi seqerag o^^asdois' esperdheioaodoi ds a fet pcase oo 
qagd_aoe oce ^orre^o fpi^odoidig of oce aggordoch) Oo ocds ei_' a es^caige 
perdo_ ao oce Nre_dsc Pidqersdot of Fpiggdga Oefidsfa CÔgsfogai #FOC$ di 
Noo^fcogh ras ^arrde_ opo) Oce soat rdoc a _praodoi of . hoiocs' froh <prdg 
1 oo Epie .+ -+-1' ras fpi_e_ ]t oce Hdidsort of Pidqersdodes #@NO14*+++25$) 
Dprdig oce soat' do ras possd]ge oo perforh reag oesos rdoc oce ege^ord^ Mesear^c 
>oi^epo Qecd^ge  #M>Qe$ of oce re^edqdig gropp) Ocds qecd^ge ds elpdppe_ rdoc 
a ]rafe(]t(rdre stsoeh ocao aggors ^oiodipops regpgaodoi of oce ]rafdig 
presspre) Oce qecd^ge ds ^oiorogge_ ]t DNK<>@ car_rare' rcd^c fa^dgdoaoes 
_dre^o ^o_e ^ohpdgaodoi froh NIHPGIIF) Oce hadi pro]geh ei^opioere_ ras 
oce gor ^ohppoaodoiag ^apa^dot rcd^c gdhdoe_ oce oeso oo oigt oro rceegs) Oo 
eqagpaoe oce perforhai^e of oce aggordoch pi_er _dffereio a_cesdoi ^oi_dodois' 
oesos rere ^oi_p^oe_ ao oce <rgai_a oeso ora^f) Oce oesos rere ^arrde_ opo 
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soarodig froh 1 h*s' a spee_ gdhdoe_ ]t oce qecd^ge _esdgi' rdoc ehergei^t 
]rafdig oo a soop) Oce oesoe_ ̂ oi_dodois rere cdgc ai_ gor a_cesdoi agoig rdoc 
agg possd]ge oraisdodois' d)e)' gor a_cesdoi sprfa^e oo cdgc a_cesdoi sprfa^e ai_ 
qd^e qersa as regg as asthheord^ ]rafdig' rcere oce gefo rceeg rehadie_ oi oce 
gor grdp sprfa^e rcdge oce rdgco rceeg ras di cdgc grdp) 
<s heiodoie_ ]efore' ao oce ]egdiidig of ocds sphhart' ocds _o^oorag ocesds ds 
a ^ohpdgaodoi of fopr papers) @a^c paper cas ]eei _eqooe_ oo _es^rd]dig a 
propose_ sogpodoi oo oce pro]gehs ei^opioere_ di oce _eqegopheio of ocds rorf) 
<gg di agg' ocds pro^ess cas ^oiord]poe_ oo a^cdeqdig oce fdiag o]ee^odqe of 
_eqegopdig a ^oiorog s^cehe ]ase_ oi ]dogogd^ag ieororfs sp^^essfpggt) Ieso' 
oce papers ocao ^ohpose ocds ocesds are _es^rd]e_) 
Oce fdrso =do(dispdre_ spdfdig ieprag ieororf for ioigdiear 
stsoehs ^oiorog  pp]gdsce_ di oce eopriag Ieprag Ieororfs di -+13) Io 
esoa]gdsces oce ]asds of oce ieprag ^oiorog aggordoch _eqegope_ _prdig oce 
ocesds) Oce ieproiag sorp^opres propose_ di ocds rorf are refges ar^s ocao rea^o 
disoaioaieopsgt oo oce appearai^e of a sodhpgps) Ocese ieproiag ^oiie^odois 
preseio gor ^ohpgesdot rdoc fer ^oiie^odois) Ocds respgos di a ^oiorogger rcere 
oce a^odoi ds _dre^o' rcd^c ^apses cdgc(frelpei^t os^dggaodois di oce ora^fdig of 
oce oargeo sdgiag) Ii a__dodoi' a re_p^e_ iph]er of ieprois caqe ]eei pse_' 
rcd^c agso dhpgdes cdgc iodse _pe oo _e^o_dig) Despdoe ocese gdhdoaodois' fopi_ 
_prdig oce reagduaodoi of ocds rorf' oce aggordoch _ehoisoraoe_ dos a]dgdot oo 
^oiorog ioigdiear stsoehs) Oro esahpges of appgd^aodois rere dhpgeheioe_5 a 
D> hooor ai_ a hps^ge ho_eg ^oiorog) Oce heoco_ pse_ di ocds fdrso paper oo 
o]oadi oce stiapod^ soreigocs ras a geieod^ aggordoch' psdig rai_oh 
didodagduaodoi oo o]oadi oce opodhag respgo) Ocds gearidig heoco_ cas oo ]e 
perforhe_ off(gdie ai_ dhpgdes ocao' _prdig oce sdhpgaodoi' pisoa]ge ^oiorog 
^oi_dodois hat o^^pr)  
Ndi^e ocds preqdops rorf ga^fe_ ^oiodipops gearidig' as regg as ocao do ras ioo 
appgde_ oo a reag qecd^ge stsoeh' oce heoco_ogogt ras fprocer _eqegope_ di 
or_er oo a^cdeqe oce o]ee^odqes of oce ocesds) For ocds reasoi' fprocer a_qai^es 
rere _es^rd]e_ di a se^oi_ paper ocao adhe_ oo geari ^oi^eridig oce pro]gehs 
ocao ardse rcei dhpgeheiodig ^oiorog aggordochs di a reag qecd^ge) Oo ocds ei_' 
oce gdhdoaodois of eh]e__e_ car_rare rere sop_de_ ai_ a Ora^odoi >oiorog 
Ntsoeh #O>N$ ras _eqegope_) Ocds arod^ge ras pp]gdsce_ di oce Neisors eopriag 
di -+14 rdoc oce odoge5 Gor(>oso FKB<(=ase_ @ge^oroid^ >oiorog Pido for 
Qecd^ge >oiorog Ntsoehs) Ocds rorf _es^rd]e_ oce ^oiorog s^cehe pse_ as regg 
as d_eiodftdig oce gdhdoaodois of ea^c ^ohpoieio hore profopi_gt)  
Melpdre_ odhes for oce heaspreheio ai_ pre(pro^essdig of oce qego^dot sdgiags 
o]oadie_ ]t heais of a hagieod^ ei^o_er rere qerdfde_) Ocds gdhdoaodoi cas 
]eei oafei dioo a^^opio di oce sdhpgaodois sp]selpeiogt ^arrde_ opo) Oce 
dhporoai^e of a ^orre^o ho_eg of oce a^opaoor cas ]eei ehpcasdue_ oo eispre 
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ocao oce haocehaod^ag ho_eg pse_ repro_p^es oce heaspre_ ]ecaqdor propergt) 
Oesos ^arrde_ opo oi a oeso ]ei^c ha_e do possd]ge oo _efdie oce hooor respoise 
oo a oorlpe seopodio) Ocds aggore_ a_epsodig oce aggordoch ]ase_ oi fpuut gogd^ 
oo feep oce sgdp geqeg soa]ge) Oie of oce hadi _dsa_qaioages of ocds eh]e__e_ 
car_rare ds oce _dffd^pgot of dhpgeheiodig oce ^o_e _eqegope_ di H<OG<=) 
Ocerefore' for oce foggordig dhpgeheioaodois' a reag(odhe operaodig stsoeh ras 
ehpgote_ psdig oce ^o_e geieraoe_ ]t oce H<OG<= ^ohpdger) 
Oi^e oce ̂ oiorog s^cehe ras _efdie_' a ocdr_ paper fo^pse_ oi oce _eqegopheio 
of a ^oiorog aggordoch a]ge oo ^ope rdoc qarda]ge a_cesdoi ^oi_dodois) Oce pse 
of fpuut gogd^ ras propose_' ]ase_ oi preqdops rorf ̂ arrde_ opo ]t oce resear^c 
gropp) Oo graio oce fpuut gogd^ ^oiorogger oce a]dgdot oo a_apo oo _dffereio roa_ 
otpes' do ras ie^essart oo oradi oce aggordoch for agg possd]ge geqegs of a_cesdoi) 
Oce possd]ge oraisdodois ]eoreei a_cesdoi geqegs rere oafei dioo a^^opio) Ndi^e 
ocds oasf diqogqe_ a cpge iph]er of doeraodois' do ras _e^d_e_ oo pse ai 
opodhduaodoi he^caidsh ]ase_ oi ̂ oeqogpodoi) Oce opodhduaodoi efforos fo^pse_ 
oi ocose sprfa^es rcere oce rorso respgos rere o]oadie_) Ocds ocdr_ paper ras 
pp]gdsce_ di -+-1 di I@@@ Oraisa^odois oi Qecd^pgar Oe^ciogogt rdoc oce 
odoge5 >o(eqogpodoiart Opodhduaodoi of a Fpuut Gogd^ >oiorogger for <iodgo^f 
=rafdig Ntsoehs pi_er >caigdig Moa_ >oi_dodois) Ocds rorf ras agso 
sppporoe_ ]t reag esperdheioaodoi rdoc a oro(rceege_ qecd^ge) Oce ̂ ohpgesdot 
of oce ^orregaodoi ]eoreei esperdheioaodoi ai_ sdhpgaodoi ras cdgcgdgcoe_) 
Oce pse of esodhaoors ]ase_ oi oce @soei_e_ Faghai Fdgoer #@FF$ cas 
_ehoisoraoe_ dos a]dgdot oo _eoerhdie oce for^es di oce odre(roa_ ^oioa^o) 
Iidodaggt' ocds esodhaodoi soraoegt ras sege^oe_ oo ]e dhpgeheioe_ di oce 
aggordoch _eqegope_ di ocds ocesds) Ieqerocegess' do cas ]eei fopi_ ocao oce pse 
of oce @FF oo d_eiodft oce otpes of roa_ cas oro hadi _rar]a^fs) Oie ds oce 
iee_ for a odre ho_eg ^apa]ge of represeiodig oce qardaodois di grdp) Ocds hat 
relpdre oce odre oo ]e ho_egge_ psdig a oeso ]ei^c' rcd^c ds ^osogt ai_ _oes ioo 
aggor oce pser of oce qecd^ge oo repga^e oce odre rdoc aioocer ]rai_ or ho_eg) 
<ioocer asso^daoe_ pro]geh ds oce _egat esperdei^e_ _prdig oraisdeios) Ii ocese 
^ases' esodhaoe_ qagpes proqd_e_ ]t oce @FF aggordoch rdgg ioo ]e spffd^deiogt 
a^^praoe' hafdig do hore spdoa]ge oo resoro oo hore ^ohpges aggordochs' sp^c 
as oce Pis^eioe_ Faghai Fdgoer #PFF$ or oocer otpes of ^gassdfders) Ii 
^oiselpei^e' do ras propose_ oo dioegraoe oce d_eiodfd^aodoi of oce roa_ otpe 
rdoc oce ]dogogd^ag ^oiorog ieororf ]t heais of ai offgdie oradie_ ^gassdfd^aodoi 
sorp^opre) 
Ocerefore' fprocer _eqegopheio of oce ]dogogd^aggt(]ase_ ieprag ieororfs oo 
perforh ^oiorog oasfs as regg as oce relpdre_ ieprag ^oiie^odois ai_ oce 
gearidig he^caidsh pse_ ca_ oo ]e fa^e_) Ii or_er oo fa^dgdoaoe gearidig oo 
opodhdue dos ]ecaqdor pi_er preqdopsgt diesperdei^e_ ^oi_dodois' a ^oiorog 
aggordoch ^apa]ge of gearidig di a reag qecd^ge _prdig dos iorhag operaodoi ras 
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_eqegope_) Oo ocds ei_' oce ]dogogd^ag ]ecaqdor oo perforh ^oiorog oasfs ai_ 
oce ie^essart ieprag ^oiie^odois as regg as oce gearidig he^caidsh pse_ ras 
diqesodgaoe_) Ocds ge_ oo a ieprag gearidig aggordoch pp]gdsce_ di oce eopriag 
Iepro^ohppodig di -+-1 rdoc oce odoge5 < ]dogogd^ag(gdfe ^oiorogger psdig 
dhproqe_ spdfdig ieprag ieororfs) Ii ocds paper' a haocehaod^ag hps^ge ho_eg 
ras pse_ oo repro_p^e oce hoodoi of a sdigge eodio) =t heais of a sorp^opre 
dispdre_ ]t refges ar^s' respoise odhes sdhdgar oo ocose esperdei^e_ ]t oce 
ieprag ^oiorog of a cphai ]edig rere o]oadie_) Ii a__dodoi oo oce propose_ 
ieprag ieororf' a gearidig he^caidsh ]ase_ oi iepropgasod^dot ras 
dhpgeheioe_) Ocds aggors d_eiodftdig sdopaodois di rcd^c gearidig ds relpdre_ 
ocropgc spperqdse_ gearidig) Oo ^orre^o oce fapgo' _opahdie ds regease_' rcd^c 
ds respoisd]ge for ho_pgaodig NODK gearidig a^^or_dig oo oce error ha_e) Rdoc 
ocds approa^c' do ds possd]ge oo geari froh a sp]opodhag respoise or afoer a 
^caige di oce _tiahd^s) 
=esd_es' a ier stiapse ho_eg ]ase_ oi oce opeidig of hpgodpge ^caiiegs ras 
propose_ di ocds paper) Ocese are pse_ oo ho_eg ieprooraishdooer regease ]t 
oce prestiapod^ ieproi' as regg as oce dippo ̂ prreio of oce posostiapod^ ieproi) 
Ocps' gess _dsoorodoi ds dioro_p^e_ dioo oce diforhaodoi pro^esse_ ]t oce 
ieororf' ai_ a fasoer respoise ds o]oadie_) Ii a__dodoi' ocds ieproi ho_eg ^ai 
]e pse_ for _e^o_dig pro^esses ]t oraisgaodig dhppgses dioo a ^oiorog a^odoi) 
Oce gaooer cas a haeor dhpa^o rcei oce ieororf ds dioei_e_ for ^oiorog) Ocds 
sahe sorp^opre cas ]eei pse_ for oce qecd^pgar ^oiorog propose_ di ocds ocesds' 
as preqdopsgt heiodoie_) Oce oigt ho_dfd^aodoi relpdre_ ds oo _efdie oce ier 
dippo ai_ opoppo qarda]ges) Ocds heais ^caigdig froh caqdig oce ^prreio ai_ 
oargeo posdodoi di oce preqdops appgd^aodois as dippo oo psdig oce ^prreio sgdp 
ai_ dos opodhph qagpe di qecd^pgar ^oiorog) <s opoppo' a oorlpe ds appgde_ oo 
oce rceeg disoea_ of hps^pgar sodhpgaodoi) 
Fdiaggt' a fdfoc paper ds ̂ prreiogt ]edig rrdooei) Ii ocds gaso paper' rcd^c ds agso 
_es^rd]e_ di oce ocesds ]o_t' oce ieprag sorp^opre _eqegope_ for oce ]rafdig 
^oiorog s^cehe propose_ cas ]eei dhpgeheioe_) Io dioegraoes oce d_eiodfd^aodoi 
of paraheoers' oce ieprag ieororf for oce _eoe^odoi of a_cesdoi ^oi_dodois ai_ 
oce ^oiorog ieprag ieororf) Oce rcoge stsoeh ras dhproqe_ _prdig oce 
preqdopsgt heiodoie_ soat di Nre_ei ai_ do ras dhpgeheioe_ di oce ege^ord^ 
Mesear^c >oi^epo Qecd^ge #M>Qe$) <foer qerdftdig oce ^orre^o operaodoi of oce 
aggordoch di a reag qecd^ge ai_ dos a]dgdot oo a_apo oo _dffereio a_cesdoi 
^oi_dodois' oce rorf ocao ras didodaggt ^oisd_ere_' cas ]eei ^oi^gp_e_ di ocds 
ocesds) 
Oce _eqegope_ ^oiorogger cas ]eei ^ohpare_ rdoc oce soaoe of oce aro di ai 
o]ee^odqe rat' _ehoisoraodig dos spperdordot oqer aggordochs ocao _o ioo caqe 
oce a]dgdot oo a_apo oo ^caigdig ^oi_dodois) Ii a__dodoi' oce ]do(dispdre_ 
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^oiorogger cas a qert sdhpge sorp^opre ocao ^ai ]e appgde_ oo oocer eigdieerdig 
pro]gehs' opeidig pp qert aoora^odqe ier gdies of resear^c)   

Keywords 

Npdfdig Ieprag Ieororf #NII$' Qecd^ge >oiorog' Rceeg Ngdp >oiorog #RN>$' 
Npperqdse_ Gearidig' Npdfe Odhe(Depei_eio Kgasod^dot #NODK$)   
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Resumen

@i esoa oesds se propoie pi ipeqo aggordoho _e ^oiorog ]asa_o ei re_es 
ieproiages ]dogÑgd^as para hasdhduar gas fperuas goigdop_diages ei eg ^oioa^oo 
ieph¿od^o(^arreoera ei sdopa^doies _e ehergei^da _e ^oi_p^^dÑi ^oi qecË^pgos 
oerresores) @soa oesds ca sd_o fdiai^da_a por eg Hdidsoerdo _e Pidqersd_a_es a 
oraqÇs _e ga ]e^a _e Forha^dÑi _e Krofesora_o Pidqersdoardo #FKP12*+.111$ 
^oi^e_d_a ag apoor ei -+13) Ga oesds ca oeid_o pia _pra^dÑi oooag _e . aÏos) 
@i ga hehorda did^dag eiorega_a ag Hdidsoerdo se preqeËa pia _pra^dÑi _e / 
aÏos' _esodiai_o eg Øgodho aÏo a ga re_a^^dÑi t ^oi^gpsdoies _e ga oesds) Ndi 
eh]argo' se ca po_d_o reagduar oo_o eg ora]aeo ei ores aÏos)
Ga oesds se preseioa ei forha _e ^ohpei_do _e pp]gd^a^doies) Ne preseioai 
^paoro ora]aeos pp]gd^a_os ei reqdsoas _e agoo dhpa^oo lpe apotai ga 
diqesodga^dÑi' _es^rd]dei_o ga heoo_ogogËa ie^esarda para ga dhpgeheioa^dÑi _e 
pi ^oioroga_or ]dodispdra_o ei pi sdsoeha qecd^pgar) <_eh¿s' se o]oei_r¿ ga 
Hei^dÑi Iioeria^doiag _e Do^oora_o ta lpe se ca reagdua_o pia esoai^da _e 
ores heses ei pi grppo _e diqesodga^dÑi _e pia pidqersd_a_ esoraieera por 
paroe _eg _o^oorai_o)
<_eh¿s' eg apoor _e esoa oesds ca parod^dpa_o ̂ oho ̂ oga]ora_or ei gos sdgpdeioes 
prote^oos _e diqesodga^dÑi' rega^doia_os ^oi eg oeha _e ga oesds5 

( �Deoerhdia^dÑi ei odehpo reag _e gas ^ara^oerËsod^as _eg ^oioa^oo
ieph¿od^o(^arreoera he_daioe aggordohos ]dodispdra_os para ga heeora
_e ga segprd_a_ a^odqa ei qecË^pgos � #OM<-+15(124-+(M$) Dpraioe gos
_os aÏos preqdos a ga dis^rdp^dÑi ei eg prograha _e _o^oora_o se
esoa]ge^deroi gas ]ases _e ga oesds) @i esoe perdo_o se ppso _e haidfdesoo
ga regeqai^da _eg aggordoho _e ^oiorog ei pia ehergei^da)
( �Ndsoeha _e freia_o regeieraodqo ]asa_o ei aggordohos ]dodispdra_os�
#PH<13(F@D@ME<(1+4$) Iid^da_o _praioe ga eee^p^dÑi _e ga ]e^a FKP
t lpe ^oiodiØa ei ga a^opagd_a_)
( �HÇoo_os _e d_eiodfd^a^dÑi _eg odpo _e ^arreoera ]asa_os ei re_es
ieproiages para qecË^pgos egÇ^ord^os� #KID-+14(1+552-M=(I++$) Iid^da_o
_praioe ga eee^p^dÑi _e ga sp]qei^dÑi FKP t ^oiodiØa ei ga a^opagd_a_)

@soa oesds esoa]a qdi^pga_a a gos o]eeodqos _e esoos prote^oos _e diqesodga^dÑi 
ta lpe se ^eiora]ai ei ga heeora _e ga efd^dei^da t ga segprd_a_ _e gos qecË^pgos 
re^prrdei_o a aggordohos aqaiua_os _e ^oiorog t esodha^dÑi) @i esoe seiod_o' 
se _esarroggaroi aggordohos ]dodispdra_os t re_es ieproiages para a]or_ar gos 
reoos _e esoos prote^oos) @g ^oiorog _eg qecË^pgo es oah]dÇi pi fa^oor ^gaqe ei 
esoos prote^oos _oi_e se esop_da eg ^ohporoahdeioo eiore eg ieph¿od^o t eg 
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asfagoo) @soa oesds se ^eiora ei eg ^oiorog goigdop_diag _eg qecË^pgo' _oi_e 
gesodoiai_o eg par apgd^a_o a ga rpe_a' ta sea por freia_o o ora^^dÑi' se 
hasdhdua ga fperua o]oeid_a ei eg ^oioa^oo) 
Pia qeu esoa]ge^d_o eg ppioo _e parod_a t eg ^oioesoo _e ga oesds' se _es^rd]ei 
a ^oiodipa^dÑi gos prdi^dpages pro]gehas para _esarroggar pia heoo_ogogËa _e 
^oiorog Ñpodho) @i prdher gpgar' cat lpe _esoa^ar ga grai dhporoai^da _e 
esodhar gas fperuas ei eg ^oioa^oo ieph¿od^o(^arreoera ^oi pi agoo gra_o _e 
pre^dsdÑi' ta lpe _e eggas _epei_e ga esoa]dgd_a_ _eg qecË^pgo) @soas fperuas _e 
^oioa^oo hpesorai pi ^garo ^ohporoahdeioo io gdieag) <_eh¿s' oah]dÇi 
esdsoei qarda^doies _e]d_as ag eioorio ei eg lpe se ^oi_p^e eg qecË^pgo) Kor 
ooro ga_o' ga prdi^dpag qarda]ge rega^doia_a ^oi eg idqeg _e a_cerei^da lpe 
esperdheioa pi ieph¿od^o ag ro_ar so]re pia spperfd^de es eg _esgduahdeioo' 
lpe ppe_e _efdidrse ̂ oho ga _dferei^da _e qego^d_a_ eiore ga rpe_a t eg qecË^pgo) 
Kor go oaioo' es ie^esardo ^oio^er ga qego^d_a_ _eg qecË^pgo para o]oeier eg 
_esgduahdeioo) Ndi eh]argo' ga qego^d_a_ _eg qecË^pgo es pi par¿heoro lpe sdgpe 
sdei_o _dfË^dg _e he_dr ei gos qecË^pgos a^opages) <_eh¿s' gos ho_egos _e 
ieph¿od^os oah]dÇi se qei afe^oa_os por ooros par¿heoros lpe difgptei ei sp 
resppesoa' ^oho ga oehperaopra' eg _esgasoe' ga presdÑi _e gos ieph¿od^os' eo^) 
Kor oaioo' _esarroggar pi ^oioroga_or ^apau _e gesodoiar oo_os gos _aoos t 
qarda]ges _eg ^oioa^oo ieph¿od^o(^arreoera es pia oarea ^ohpgeea lpe relpdere 
_e aggordohos lpe ppe_ai ca^er freioe a oo_os gos posd]ges es^eiardos _e 
^oi_p^^dÑi ^oi pi ^osoe ^ohppoa^doiag rauoia]ge) >oho sogp^dÑi a esoe 
pro]geha' ei esoe ora]aeo se propoie pi aggordoho _e ^oiorog ^apau _e 
a_apoarse a ^oi_d^doies diespera_as _e forha _di¿hd^a) Kara gograr esoe 
o]eeodqo' ^oho ei ooros pro]gehas _e digeiderËa' ga resppesoa eso¿ ei ga 
iaoprageua) <sË' eg aggordoho _e ^oiorog _esarrogga_o se ]asa ei eg sdsoeha 
ierqdoso _e gos seres qdqos ei forha _e pia esorp^opra _e ^oiorog ]dodispdra_a 
^apau _e aprei_er _praioe sp fpi^doiahdeioo iorhag) 
Ga _es^rdp^dÑi _eg eslpeha ggo]ag podgdua_o es ie^esarda para eioei_er gos 
relpdsdoos para eg _esarroggo _e pi aggordoho _e ^oiorog goigdop_diag _eg 
qecË^pgo) @g ^oioroga_or odeie lpe a_apoarse a ga a_cerei^da a^opag eiore eg 
ieph¿od^o t ga ^arreoera t odeie lpe propor^doiar gas a^^doies _e ^oiorog 
ie^esardas para hasdhduar gas fperuas goigdop_diages eqdoai_o asË eg ]golpeo _e 
gas rpe_as) Gos prdi^dpages ^ohpoieioes _e _d^co eslpeha _e ^oiorog soi5  
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Modelo 
QecË^pgo  
>oioa^oo ieph¿od^o(^agua_a 
<^opa_ores) 

Algoritmo 

@sodha^dÑi _e par¿heoros
I_eiodfd^a^dÑi _e gas ^oi_d^doies _e 
a_cerei^da)
>oioroga_or 

Mediciones He_d^dÑi _e par¿heoros 

Kor go oaioo' gos sdgpdeioes relpdsdoos _e]erËai di^orporarse a ^a_a pio _e esoos 
^ohpoieioes para ^phpgdr ga oarea relperd_a5 

(QecË^pgo5 Oraisferei^da _e ^arga t gra_os _e gd]eroa_)
(>oioa^oo ieph¿od^o(^arreoera5 Frd^^dÑi io gdieag)
(<^opa_ores5 Mesppesoa oehporag)
(He_d^dÑi _e par¿heoros5 Mesogp^dÑi t reorasos)
(@sodha^dÑi _e par¿heoros5 Ddi¿hd^a _eg qecË^pgo t reorasos)
(I_eiodfd^a^dÑi _e gas ^oi_d^doies _e a_cerei^da5 Daoos ie^esardos)
(>oioroga_or5 Mesppesoa r¿pd_a t ^apa^d_a_ _e a_apoa^dÑi)

@g ho_ego _eg qecË^pgo _e]e oeier ei ^peioa ga oraisferei^da _e ^arga lpe se 
pro_p^e ag a^egerar t freiar' asË ^oho oeier pi iØhero spfd^deioe _e gra_os _e 
gd]eroa_ para repro_p^dr a_e^pa_aheioe gos prdi^dpages hoqdhdeioos _eg 
qecË^pgo) @i ^paioo ag ho_ego _e ieph¿od^o' _e]e ser pia fpi^dÑi io gdieag _eg 
_esgduahdeioo para repro_p^dr a_e^pa_aheioe ga frd^^dÑi ieph¿od^o(^arreoera) 
<_eh¿s' oah]dÇi _e]e di^gpdrse sp resppesoa oraisdoorda' ta lpe _e]e 
^oisd_erarse eg reoraso ei ga apard^dÑi _e gas fperuas _e frd^^dÑi) Kara eggo' se 
podgdua ga goigdop_ _e regaea^dÑi para ho_egar ga resppesoa oraisdoorda) @g 
ho_ego podgdua_o oah]dÇi _e]e oeier ei ^peioa ga difgpei^da _e gas ^oi_d^doies 
ah]deioages' ^oho ga oehperaopra' ga presdÑi' ga cphe_a_' ga ^arreoera)))) 
@i ^paioo a ga he_d^dÑi t ga esodha^dÑi _e par¿heoros' es ^rp^dag ^oisd_erar 
gos reorasos dioro_p^d_os por gos seisores' asË ^oho sp resogp^dÑi) Kor eeehpgo' 
gos ei^o_ers podgdua_os para he_dr ga qego^d_a_ aigpgar _e gas rpe_as odeiei pi 
iØhero re_p^d_o _e ppgsos por reqogp^dÑi' go lpe a ]aeas qego^d_a_es ppe_e 
proqo^ar pro]gehas para _eoe^oar eg ]golpeo _e gas rpe_as) 
<sdhdsho' eg qagor _e _esgduahdeioo es ie^esardo para esodhar gas ^oi_d^doies 
_e a_cerei^da) Kara o]oeier eg qagor _e _esgduahdeioo' cat lpe _eoerhdiar ga 
qego^d_a_ _e gas rpe_as t ga qego^d_a_ _e ga ^arro^erËa _eg qecË^pgo) @soa Øgodha 
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io ppe_e he_drse _dre^oaheioe ^oi gos seisores _eg qecË^pgo a pi ^osoe 
rauoia]ge) <_eh¿s' ooras oe^iogogËas para ga he_d^dÑi _e ga qego^d_a_' ^oho 
gas ]asa_as ei eg Ndsoeha _e Kosd^doiahdeioo Bgo]ag #BKN$' io ppe_ei 
podgduarse ei esoe ^aso _e]d_o ag reoraso ei sp he_d^dÑi) Kor eggo' ga qego^d_a_ 
_eg qecË^pgo se o]odeie ^oh]diai_o aggordohos _e fpsdÑi t esodha^dÑi _e _aoos) 
@soo se spege resogqer podgduai_o aggordohos ]asa_os ei eg fdgoro _e Faghai t 
hd_dei_o qarda]ges _eg sdsoeha ^oho gas a^egera^doies ^apoa_as por ga Pid_a_ 
_e He_d^dÑi Iier^dag #IHP$) @soa oarea se reagdua oeidei_o ei ^peioa ga 
_di¿hd^a _eg qecË^pgo _e forha lpe se ppe_ai _efdidr gas qarda]ges _e esoa_o)  
Pia qeu o]oeid_a ga qego^d_a_ goigdop_diag _eg qecË^pgo t eg _esgduahdeioo' es 
_e qdoag dhporoai^da ga d_eiodfd^a^dÑi _eg odpo _e ^arreoera por ga lpe ^dr^pga eg 
qecË^pgo) Ga _eoe^^dÑi _eg odpo _e ^arreoera es pi oeha _e ^oiodipo esop_do) 
Kor eg hoheioo' aØi io se ca proppesoo pia sogp^dÑi esoai_ardua_a) Cat _os 
forhas prdi^dpages _e afroioar esoe reoo) @g prdher eifolpe para reagduar esoa 
oarea se ]asa ei eg ^oio^dhdeioo _e ga _di¿hd^a _e gos ieph¿od^os) @i esoe 
^aso' eg prdi^dpag pro]geha lpe cat lpe a]or_ar es lpe eg ho_ego _e ieph¿od^o 
podgdua_o _e]e ser ^apau _e ^ara^oerduar oo_as gas ^oi_d^doies _e ^oi_p^^dÑi 
posd]ges' di^gpd_a ga difgpei^da _e oo_os gos par¿heoros lpe afe^oai ag 
ieph¿od^o) @soo ca^e lpe ga dhpgeheioa^dÑi _e esoa esoraoegda sea pi reoo 
_e]d_o a ga ^aiod_a_ _e _aoos ie^esardos para ^oisorpdr eg ho_ego t ga 
^ohpgeed_a_ _eg hdsho aso^da_a' go lpe _dfd^pgoa sp dhpgeheioa^dÑi ei 
apgd^a^doies ei odehpo reag) 
@g segpi_o hÇoo_o re^prre a gas re_es ieproiages para reagduar ga oarea _e 
^gasdfd^a^dÑi _eg odpo _e ^arreoera) @soas esorp^opras ppe_ei repgd^ar eg ho_ego 
_e ieph¿od^o t esoa]ge^er ga rega^dÑi eiore eg odpo _e ̂ arreoera t ooras qarda]ges 
he_d_as ei eg qecË^pgo' ̂ oho gas qd]ra^doies o pia ̂ ¿hara _e qË_eo lpe ̂ apopre 
ga ̂ arreoera) Ga heoo_ogogËa proppesoa ei esoa oesds se eihar^a ei esoe segpi_o 
eifolpe) <sË' ga hdsha esorp^opra _e re_ ieproiag podgdua_a para reagduar oareas 
_e ^oiorog se podgdua para d_eiodfd^ar eg odpo _e ^arreoera) 
< ^oiodipa^dÑi' gos a^opa_ores se ei^argai _e ^oiqerodr ga a^^dÑi _e ^oiorog ei 
fperuas lpe ho_pgai eg _esgduahdeioo _e ga rpe_a) @i esoe seiod_o' eg reoo es 
^oisegpdr pi fpi^doiahdeioo r¿pd_o t fda]ge' ta lpe eg ]golpeo _e pia rpe_a 
es pi pro^eso lpe ppe_e oeier gpgar ei heios _e -++ hs) @g ^ohporoahdeioo 
ggo]ag _eg sdsoeha ppe_e qerse re_p^d_o sd io se a]or_a a_e^pa_aheioe eg 
ho_ega_o _e gos a^opa_ores) @i eg ^aso _e _dfereioes ho_os _e a^opa^dÑi' por 
eeehpgo ei qecË^pgos egÇ^ord^os ^oi frd^^dÑi t freia_o regeieraodqo' ca]r¿ lpe 
_efdidr pia esoraoegda Ñpodha)
@g Øgodho ^ohpoieioe es eg aggordoho _e ^oiorog' lpe se ei^arga _e 
propor^doiar ga a^^dÑi relperd_a ei eg qecË^pgo) @g aggordoho _e ^oiorog _e]e 
ser ^apau _e regpgar eg par _e ga rpe_a para haioeier eg _esgduahdeioo _e ga 
rpe_a ^er^a _e sp qagor Ñpodho segØi gas ^oi_d^doies _e ^oioa^oo eiore eg 
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ieph¿od^o t ga ^arreoera) Kara eggo' _e]e ser ^apau _e re^oio^er t a_apoarse a 
gas _dfereioes ̂ oi_d^doies _e ̂ oi_p^^dÑi ca^dei_o pso _eg idqeg _e _esgduahdeioo 
esodha_o t _eg qagor _e _esgduahdeioo Ñpodho _esea_o) Ga a^opa^dÑi ppe_e 
dhpgd^ar ga regpga^dÑi _e gos pares apgd^a_os a gas rpe_as he_daioe pi a^opa_or) 
Gos ^oioroga_ores h¿s podgdua_os se ]asai ei eg >oiorog _e Ho_o Desgduaioe 
#NH>$' ga gÑgd^a _dfpsa t eg >oiorog Kre_d^odqo _e Ho_egos #HK>$) @soa oesds 
re^prre a pia re_ ieproiag _e ]ase ]dogÑgd^a lpe' a _dferei^da _e gos aioerdores 
^oioroga_ores' ppe_e a_apoarse a gos ^ah]dos ei ga _di¿hd^a _eg ^oioa^oo 
_praioe ga eee^p^dÑi _eg aggordoho) De esoe ho_o' sd eg qecË^pgo se eifreioa a 
pia ^oi_d^dÑi _e a_cerei^da ipi^a aioes esperdheioa_a' eg aggordoho _e 
^oiorog se a_apoar¿ he_daioe pia esoraoegda _e aprei_duaee para hasdhduar gas 
fperuas goigdop_diages t' por oaioo' eqdoar eg ]golpeo _e gas rpe_as) 
De oo_os gos ^ohpoieioes lpe dioerqdeiei ei eg eslpeha _e _esgduahdeioo _e 
gas rpe_as' eg aggordoho _e ^oiorog es eg lpe h¿s difgpte ei eg ^ohporoahdeioo 
fdiag) Kor go oaioo' ga hator paroe _eg esfperuo _e diqesodga^dÑi _e]e ^eiorarse 
ei eg _esarroggo _e pi aggordoho Ñpodho) @i esoe seiod_o' eg ser cphaio ca 
_ehosora_o oeier pia ^apa^d_a_ spperdor para ^oiorogar ga _di¿hd^a _eg 
^oioa^oo ieph¿od^o(^arreoera) <sË' ggeqar pi qecË^pgo casoa gos gËhdoes _e 
a_cerei^da _e forha ^oioroga_a t segpra es eg prdi^dpag o]eeodqo _e ^paglpder 
^ohpeod^dÑi apoohoqdgËsod^a) @i esoe ^aso' eg o]eeodqo es hasdhduar eg agarre' 
iorhagheioe para re_p^dr eg odehpo ie^esardo para ^p]rdr pia _dsoai^da fdea' 
haioeidei_o ga esoa]dgd_a_ _eg qecË^pgo) Ga ^apa^d_a_ _e gos pdgooos 
profesdoiages para a_apoarse a pi ipeqo qecË^pgo' asË ^oho ga _eoe^^dÑi _eg 
gËhdoe _e a_cerei^da ei ^oi_d^doies ^ah]daioes #ipeqo ^ohppesoo _e 
ieph¿od^o' ^dr^pdoo' ^oi_d^doies heoeorogÑgd^as' eo^)$ es sorprei_eioe) 
>oho se ca _ehosora_o' eg ^oiorog Ñpodho _e pi sdsoeha ^ohpgeeo ei 
^oi_d^doies _e fpi^doiahdeioo ^ah]daioes es pia oarea _dfË^dg lpe relpdere pi 
fpi^doiahdeioo a_e^pa_o _e gos _dfereioes ^ohpoieioes _eg aggordoho _e 
^oiorog) Ndi eh]argo' gos seres qdqos se eifreioai ^oiodipaheioe a esoos 
pro]gehas t gos respegqei a_e^pa_aheioe ei ga hatorËa _e gos ^asos) 
Ga esoraoegda _esarrogga_a ei esoa oesds se ]asa ei eg esop_do _eg ^oiorog hooor 
ei sdsoehas ]dogÑgd^os) @i prdher gpgar' se dioeioa ^ohprei_er ^Ñho gas 
^oiesdoies ieproiages _e pi ser cphaio o aidhag _eoerhdiai ga resppesoa a 
gos esoËhpgos esoerios t perhdoei ^orregdr eg error ^oheod_o) @i eg ^aso _eg 
^oioa^oo ^oi gos ieph¿od^os' eg ser cphaio es ^apau _e a_apoar eg por^eioaee 
_e a^egera^dÑi o freia_o ei fpi^dÑi _e ga qdsoa' gas a^egera^doies esperdheioa_as 
por gos ^aiages sehd^dr^pgares' gos soid_os' eo^) 
Ndi eh]argo' eg ser cphaio io ^oio^e eg idqeg _e _esgduahdeioo ei ^a_a 
hoheioo) @soa es ga qeioaea _eg ^oiorog ege^orÑid^o' ta lpe ag _dspoier _e esoa 
diforha^dÑi ^gaqe se ppe_ei ^oisegpdr respgoa_os sdhdgares a gos _e pi ser 
cphaio eioreia_o podgduai_o pia esorp^opra _e ^oiorog h¿s sei^dgga) Kara eggo' 
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ga _efdid^dÑi _e ga esorp^opra _e ^oiorog relpdere ho_egar a_e^pa_aheioe gos 
sdsoehas ]dogÑgd^os) 
@g esop_do _eg ^oiorog ]dogÑgd^o perhdoe ^ohprei_er ^Ñho se esoa]ge^ei gas 
^oiesdoies ieproiages) @sdsoei _os oeorËas so]re gos posd]ges eslpehas _e 
^oiorog ei gos sdsoehas ]dogÑgd^os) Ga prdhera re^prre a pi ho_ego dioerio _eg 
sdsoeha a ^oiorogar) @soo dhpgd^a pi agoo idqeg _e ^oio^dhdeioo _e ga _di¿hd^a 
_eg sdsoeha' go lpe gdhdoa ga ^apa^d_a_ _e aprei_duaee _e]d_o a lpe eg ho_ego 
dioerio _e]e ser ho_dfd^a_o para a_apoarse a gas qarda^doies) Ga segpi_a oeorËa 
se ]asa ei eg ^oiorog por ph]rag' he_daioe eg ^pag' sdi ie^esd_a_ _e pi ho_ego 
dioerio' se esoa]ge^e pi ppioo _e elpdgd]rdo) >pai_o se sppera esoe ph]rag' se 
pro_p^e pia a^^dÑi _e ̂ oiorog) <sË' ho_dfd^ai_o eg ppioo _e elpdgd]rdo' se ppe_e 
^oiorogar pi sdsoeha ]dogÑgd^o) Gas ^oiesdoies ieproiages se ho_dfd^ai para 
haioeier eg elpdgd]rdo ei eg ppioo _e ora]aeo) Hdeioras lpe ga oeorËa _eg ho_ego 
dioerio dhpgd^a pia esorp^opra _e ^oiorog ^ohpgeea t _dfË^dg _e _es^o_dfd^ar' ga 
oeorËa _eg ^oiorog _eg ph]rag preseioa pia esorp^opra sei^dgga lpe sÑgo relpdere 
pi ^dr^pdoo ieproiag para haioeier eg elpdgd]rdo) 
@soa Øgodha oeorËa' _eiohdia_a CdpÑoesds _eg Kpioo _e @lpdgd]rdo #@KC$' es ga 
lpe se apgd^a ei esoa oesds) Kor go oaioo' a oraqÇs _eg esop_do _e gas esorp^opras 
]dogÑgd^as ei cphaios t aidhages' se preoei_e ei^oiorar alpeggas lpe hpesorai 
pi ^ohporoahdeioo sdhdgar ag _es^rdoo por ga @KC) < parodr _e gos ora]aeos 
reagdua_os por Fai_eg se o]opqo ga esorp^opra _e ^oiorog asË ^oho gos 
he^aidshos _e aprei_duaee dhpgd^a_os ei gos seres qdqos) Kara eggo' podgduÑ 
<pgtsda' pi aidhag lpe odeie pi oahaÏo _e ieproias hpt grai_e' go lpe fa^dgdoa 
sp _e^o_dfd^a^dÑi) Kosoerdorheioe' se cai _es^o_dfd^a_o hp^cas ooras 
esorp^opras aidhages) @i gos seres cphaios' se cai po_d_o _eoerhdiar aggpias 
esorp^opras _e ^oiorog' por eeehpgo' aggpias aso^da_as a gos refgeeos' ggaha_as 
ar^os refgeeos) <pi asË' ga grai hatorËa _eg ^ere]ro t eg sdsoeha ierqdoso 
cphaios sdgpei sdei_o _es^oio^d_os t represeioai pi grai reoo oÇ^id^o _e]d_o 
ag egeqa_o iØhero _e ieproias t ^oiesdoies lpe ^ohpoiei pia esorp^opra oai 
diordi^a_a) 
< parodr _eg esop_do _e gos ar^os refgeeos' es posd]ge esoa]ge^er eg 
^ohporoahdeioo ggo]ag _e ga re_ ieproiag ei^arga_a _eg ^oiorog) Kor eeehpgo' 
ei eg refgeeo qesoË]pgo(o^pgar' eg ^oiorog ^oiodipo _e ga hdra_a se haiodeie 
gra^das a gas a^egera^doies he_d_as por gos ̂ aiages sehd^dr^pgares) Ga esorp^opra 
lpe se ei^arga _eg hoqdhdeioo o^pgar esoa]ge^e gas qËas ieproiages lpe qai 
_es_e gas ieproias seisordages a gas hoooras) @soas ^oiesdoies soi aioagÑid^as' 
esoa]ge^dei_o ga posd^dÑi o^pgar ^oho pi ppioo _e elpdgd]rdo) < pesar _e ga 
rooa^dÑi _e ga ^a]eua' ga hdra_a perhaie^e esoa]ge) 
@i esoa oesds' se propoie apgd^ar pia esorp^opra _e ^oiorog ieproiag ]asa_a ei 
pi hÇoo_o aioagoidsoa) Kara eg ^oiorog qecd^pgar' eg ppioo _e elpdgd]rdo ei ga 
_di¿hd^a _e ^oioa^oo ieph¿od^o(^arreoera se fdea ei eg _esgduahdeioo Ñpodho) 



SSI 

Kor go oaioo' ga resppesoa se ho_pga _e forha lpe sd se sppera eg ph]rag _e 
_esgduahdeioo se re_p^e eg idqeg _e par t qd^eqersa) @soe ^ohporoahdeioo 
aioagÑid^o perhdoe eg aprei_duaee _praioe eg fpi^doiahdeioo iorhag sdi eg 
rdesgo _e lpe eg sdsoeha se qpegqa diesoa]ge) 
Kara repgd^ar esoe odpo _e esorp^opra ieproiag' asË ^oho gos aggordohos _e 
aprei_duaee ei^oiora_os ei gos sdsoehas ]dogÑgd^os' es ie^esardo _efdidr eg 
ho_ego _e ieproia podgdua_o) @soe ho_ego _e]e repgd^ar eg ^ohporoahdeioo 
]dogÑgd^o ^oi pi ]aeo ^osoe ^ohppoa^doiag para fa^dgdoar sp dioegra^dÑi ei gos 
sdsoehas eh]e]d_os _e gos qecË^pgos) 
@g ho_ego _e re_ ieproiag h¿s podgdua_o es eg _eiohdia_o Me_ Ieprag <rodfd^dag 
#<II$' sdi eh]argo' esoe eifolpe io ^o_dfd^a ga seÏag _e ga hdsha haiera lpe 
odeie gpgar ei gos sdsoehas ]dogÑgd^os) Gos he^aidshos ]dogÑgd^os _e aprei_duaee 
se ]asai ei ga sdi^roidua^dÑi _e gos _dsparos eiore ieproias ^oiodgpas) @i eg 
^aso _e gas <II' io cat _dsparos ei ga ieproia' sdio pia fpi^dÑi _e a^odqa^dÑi 
lpe io odeie ei ^peioa eg odehpo) Kor oo_o eggo' gas <II io repro_p^ei 
fdegheioe eg aprei_duaee ]dogÑgd^o) 
Kara aproqe^car esoas esoraoegdas _e aprei_duaee' ga sdgpdeioe geiera^dÑi _e 
re_es ieproiages ^o_dfd^a ga diforha^dÑi oehporagheioe he_daioe dhppgsos 
egÇ^ord^os) @soa ^ara^oerËsod^a _a gpgar a gas _eiohdia_as Me_es Ieproiages _e 
Ihppgsos #NII$) 
@g ^oio^d_o ho_ego NII proppesoo por Iucdfeqd^c _esoa^a por sp ]peia 
represeioa^dÑi ]dogÑgd^a t sp ]aeo ^osoe ^ohppoa^doiag) @i esoe ho_ego' _os 
e^pa^doies _dferei^dages repro_p^ei eg pooei^dag _e heh]raia t ga re^ppera^dÑi 
]asa_a ei ieproias _e raoa) 
Da_o lpe ga NII podgdua dhppgsos para ^o_dfd^ar ga diforha^dÑi' es ie^esardo 
ora_p^dr gas seÏages _e eiora_a t sagd_a para dioera^opar ^oi eg eioorio) Pi 
sdsoeha ]dogÑgd^o podgdua ieproias seisordages t hoooras para esoa 
oraisforha^dÑi) Gas ieproias seisordages se ei^argai _e di^orporar ga 
diforha^dÑi _eg eioorio ag sdsoeha ierqdoso) @soas ieproias se ei^argai _e 
ora_p^dr gos esoËhpgos esoerios' ^oho ga gpu ei gos re^epoores Ñpod^os o gas 
a^egera^doies ei gos ^aiages sehd^dr^pgares) 
De dgpag ho_o' ga diforha^dÑi podgdua_a ei eg ^oiorog qecd^pgar' ^oho eg 
_esgduahdeioo o sp qagor Ñpodho' se oraishdodr¿ ag ^oioroga_or e d_eiodfd^a^dÑi 
proppesoos ]asa_os ei NII) Gos sdsoehas ]dogÑgd^os io sÑgo ^o_dfd^ai ga 
diforha^dÑi oehporagheioe' sdio oah]dÇi espa^dagheioe) >a_a qarda]ge 
^o_dfd^a_a ei dhppgsos se _dsord]pte eiore pi ^deroo iØhero _e ieproias 
seisordages) <sË' he_daioe pia serde _e ^ahpaias gapssdaias' se _eoerhdia eg 
idqeg _e _dsparo _e ^a_a ieproia) Kor ooro ga_o' gas ieproias hoooras se 
ei^argai _e _es^o_dfd^ar gos dhppgsos para reagduar ga a^^dÑi _esea_a) >oho ga 
diforha^dÑi se ^o_dfd^a oehporag t espa^dagheioe' ^a_a ieproia hooora se 
aso^da a pi idqeg _e a^odqd_a_ ^re^deioe) @g prdi^dpdo _e oahaÏo _e Cediehaii 
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repro_p^e esoe ^ohporoahdeioo) Kor eeehpgo' ei gos hØs^pgos' ^a_a pid_a_ 
hooora eso¿ aso^da_a a pi odpo _e fd]ra hps^pgar lpe eeer^e pia fperua _dfereioe 
^oi pia resdsoei^da a ga faodga _dfereioe) 
<_eh¿s _e ho_egar eg ^perpo ^egpgar ieproiag' oah]dÇi es ie^esardo ho_egar 
gas ^oiesdoies eiore ieproias' ^oio^d_as ^oho sdiapsds) @soas propor^doiai ga 
^apa^d_a_ _e esoa]ge^er rega^doies ^ohpgeeas eiore gas eiora_as t gas sagd_as) 
@i pia sdiapsds ]dogÑgd^a' ga ggega_a _e pi dhppgso proqo^a ga gd]era^dÑi _e 
ieprooraishdsores lpe se ei^argai _e a]rdr gos ^aiages lpe perhdoei ga 
^dr^pga^dÑi _e ga ^orrdeioe ei ga ieproia pososdi¿pod^a' _ai_o gpgar a pi ipeqo 
dhppgso) Nd esoa ^oiesdÑi es _dre^oa' proqo^ai_o pi _dsparo ei ga ieproia 
pososdi¿pod^a' ga ^oiesdÑi se ^oisd_era egÇ^ord^a) @i ^ah]do' sd es ie^esarda pia 
agoa ^oi^eiora^dÑi _e ieprooraishdsores para a]rdr qardos ^aiages re^epoores' 
ga ̂ oiesdÑi se ̂ oisd_era lpËhd^a) @i esoa oesds se propoie pi ho_ego _e sdiapsds 
]asa_o ei ga aperopra t ^derre _e ^aiages para ho_egar ah]os 
^ohporoahdeioos) <sË' gos ^aiages se a]rei a he_d_a lpe se re^d]ei ipeqos 
dhppgsos egÇ^ord^os t eg odehpo _e aperopra se _eoerhdia ei fpi^dÑi _e ga 
^oi_p^oai^da) 
Oaioo gos ho_egos ieproiages ^oho gos _e sdiapsds perhdoei repro_p^dr gos 
he^aidshos _e aprei_duaee ]dogÑgd^o podgduai_o ga _dferei^da oehporag eiore gos 
dhppgsos ieproiages presdi¿pod^os t pososdi¿pod^os) @soe aprei_duaee repro_p^e 
ga pgasod^d_a_ ieproiag he_daioe ga ^pag se ho_dfd^a ga fperua sdi¿pod^a) @g 
he^aidsho _e aprei_duaee podgdua_o ei esoa oesds es ga ggaha_a Kgasod^d_a_ 
Depei_deioe _eg Odehpo _eg Ihppgso #NODK$) He_daioe pia regga NODK' ga 
pgasod^d_a_ _e ga sdiapsds se ho_dfd^a _e ho_o lpe gas ieproias lpe _dsparai 
sdi^rÑid^aheioe soi gas h¿s afe^oa_as por eg pro^eso _e aprei_duaee) >oho 
resphe Doiag_ Ce]]' �gas ieproias lpe se _dsparai epioas se ^oie^oai�) Kara 
esoa]ge^er ^p¿ioo _e]e ho_dfd^arse ^a_a pia _e eggas' es ie^esardo ho_egar ga 
gd]era^dÑi _e _opahdia' respoisa]ge' epioo ^oi eg NODK' _eg eioreiahdeioo _e 
ga re_ ieproiag) Kara reagduar pi aprei_duaee spperqdsa_o' ei eg lpe se ^oio^e 
^oiodipaheioe eg error ^oheod_o' ga _opahdia se ho_ega _dre^oaheioe ei 
fpi^dÑi _e esoe error) @i eg aprei_duaee hooor' eg error se _efdie ^oho ga 
_dferei^da eiore eg qagor o]eeodqo t eg a^opag) 
@soe ora]aeo propoie pi aggordoho _e ^oiorog ]asa_o ei pia esorp^opra 
dispdra_a ei gos ar^os refgeeos) @g iØhero _e ^oiesdoies ieproiages' asË ^oho 
sd soi dicd]doordas o es^doaoordas' se opodhduai para apheioar ga ro]psoeu _eg 
aggordoho) Ndi eh]argo' gas fperuas sdi¿pod^as se a_apoar¿i a ^a_a ^oi_d^dÑi 
_e fpi^doiahdeioo) De esoa forha' eg aggordoho NODK proppesoo aepsoa ^a_a 
sdiapsds para hdidhduar eg error ^oheod_o ei ^a_a hoheioo) 
Oah]dÇi cat lpe oeier ei ^peioa lpe ei eg pro^eso _e _dseÏo _e pi sdsoeha _e 
^oiorog es ie^esardo reagduar sdhpga^doies t prpe]as para eqagpar eg 
^ohporoahdeioo _eg aggordoho proppesoo) @i esoe ora]aeo' eg aggordoho ser¿ 
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sdhpga_o t pro]a_o ei _dfereioes ^oi_d^doies _e a_cerei^da para qerdfd^ar sp 
ro]psoeu t rei_dhdeioo aioes _e sp dioegra^dÑi ei pi qecË^pgo reag) 
Ga prdi^dpag gdhdoa^dÑi para gograr esoe o]eeodqo es ga ^apa^d_a_ _e ^¿g^pgo _e 
gos sdsoehas eh]e]d_os ei odehpo reag podgdua_os para eg ^oiorog _eg qecË^pgo) 
@i ^oise^pei^da' eg oahaÏo _e ga re_' asË ^oho sp fre^pei^da _e a^opagdua^dÑi 
soi gas prdi^dpages gdhdoa^doies a ga cora _e reagduar gas sdhpga^doies) 
Gos ho_egos t aggordohos _e ^oiorog se cai prograha_o podgduai_o H<OG<= 
t NIHPGIIF) @soos prograhas perhdoei ga ^ohpdga^dÑi _dre^oa _eg ^Ñ_dgo asË 
^oho sp eee^p^dÑi ei odehpo reag ei eg car_rare h¿s podgdua_o por ga di_psorda 
_eg apoohÑqdg #DNK<>@$)  
Ga ^oh]dia^dÑi _e _d^co soforare t car_rare ca^e posd]ge pia r¿pd_a re^ogd_a 
_e _aoos t ga ho_dfd^a^dÑi _eg aggordoho _praioe ga fase _e esperdheioa^dÑi) 
Ga dhpgeheioa^dÑi _e ga re_ ieproiag ei pia FKB< o car_rare ieprohÑrfd^o 
a^egera ga eee^p^dÑi _eg ho_ego ieproiag' perhdodei_o eg pso _e re_es h¿s 
grai_es t ̂ ohpgeeas) @soe apheioo _e ga qego^d_a_ se _e]e a ga dhpgeheioa^dÑi 
por car_rare _eg ho_ego ieproiag he_daioe pi ̂ dr^pdoo dioegra_o _e apgd^a^dÑi 
espe^Ëfd^a #<NI>$ ei gpgar _e ga eee^p^dÑi _eg ho_ego ei pi pro^esa_or 
pidqersag)Ndi eh]argo' ga fase _e esperdheioa^dÑi ei gos sdsoehas qecd^pgares 
represeioa pia fase ^gaqe ei eg _esarroggo _eg aggordoho' por go lpe ga 
dhpgeheioa^dÑi _eg aggordoho ei pi qecË^pgo reag ser¿ h¿s regeqaioe lpe eg 
oahaÏo _e ga re_)  
Oah]dÇi cat lpe oeier ei ^peioa lpe' para sdhpgar es^eiardos ei gos lpe se 
^oioroga eg idqeg _e a_cerei^da goigdop_diag ei eg ̂ oioa^oo ieph¿od^o(^arreoera' 
se prdordua eg freia_o so]re ga esoa]dgd_a_ o ga ora^^dÑi)  @soo se _e]e a ga 
_dfd^pgoa_ _e repgd^ar gas sdhpga^doies ei pi eioorio esperdheioag' ta lpe gas 
prpe]as _e esoa]dgd_a_ t ora^^dÑi po_rËai ^ohproheoer ga segprd_a_ ^oi gos 
qecË^pgos _e diqesodga^dÑi _dspoid]ges)  
Gas sdhpga^doies se cai reagdua_o oaioo para qecË^pgos _e _os ^oho _e ^paoro 
rpe_as) Kara eggo se cai podgdua_o =IF@NIH t ><MNIH ei gas fases did^dages 
_e _esarroggo t sdhpga^dÑi' _oi_e se ca o]oeid_o eg ^ohporoahdeioo _eg 
qecË^pgo' _eg sdsoeha _e spspeisdÑi t _e gos ieph¿od^os) 
@soos prograhas eso¿i _esodia_os a esop_dar eg ^ohporoahdeioo _e gos 
qecË^pgos ei gos ^dr^pdoos t propor^doiai pia ]peia represeioa^dÑi _e gos 
hoqdhdeioos _eg qecË^pgo gra^das a ga podgdua^dÑi _e ho_egos ^ohpgeeos _eg 
hdsho) Ndi eh]argo' podgduargos ^oi eg Øid^o fdi _e reagduar pia freia_a _e 
ehergei^da goigdop_diag io eso¿ epsodfd^a_o' ta lpe sp ^osoe ^ohppoa^doiag es 
egeqa_o) Kor eggo' ei esoa oesds se ca _esarrogga_o pi ho_ego pgaio _e ores 
Bra_os _e Gd]eroa_ #BDG$ ^oi pi ]aeo ^osoe ^ohppoa^doiag lpe perhdoe eg 
eioreiahdeioo ei paragego _e pi grai iØhero _e sdhpga^doies' a^egerai_o eg 
_esarroggo _eg ^oioroga_or) Gos gra_os _e gd]eroa_ egegd_os para gos qecË^pgos _e 
_os rpe_as soi eg goigdop_diag' eg qerod^ag t eg _e ^a]e^eo) @soe ho_ego se 
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_eiohdia ho_ego _e ]d^d^geoa ta lpe io odeie ei ^peioa ga _di¿hd^a gaoerag ag 
io oeier efe^oo ei ga esoraoegda _e ^oiorog goigdop_diag _esarrogga_a) @i 
qecË^pgos _e ^paoro rpe_as' ga difgpei^da qerod^ag se re_p^e _e]d_o a ga agopra 
_eg ^eioro _e graqe_a_ t a gas _dheisdoies _eg qecË^pgo) Ndi eh]argo' ppe_e 
pro_p^drse pi hoqdhdeioo _e gpdÏa_a ei eg qecË^pgo' ta lpe gas fperuas 
goigdop_diages _e ^a_a ieph¿od^o ppe_ei oeier pi _espgauahdeioo gaoerag) Kor 
go oaioo' ei esoe ^aso' gos ores gra_os _e gd]eroa_ podgdua_os soi goigdop_diag' 
gaoerag t _e gpdÏa_a) 
@g aggordoho proppesoo se ca ^ohpara_o ^oi ooras esoraoegdas _e ^oiorog) <sË' 
_praioe eg _esarroggo _e ga oesds se cai sdhpga_o aggordohos ^g¿sd^os ]asa_os ei 
ph]rages _e _esgduahdeioo t _e a^egera^dÑi aigpgar _e ga rpe_a' asË ^oho 
aggordohos opodhdua_os ]asa_os ei gÑgd^a _dfpsa) Ne esoa]ge^e asË pi ppioo _e 
referei^da para ga posoerdor eqagpa^dÑi _eg aggordoho ieproiag proppesoo) Kara 
reagduar esoa ^ohpara^dÑi se podgduai Ii_d^a_ores _e Mei_dhdeioo #FKIs$ lpe 
eqagØai ̂ paiodoaodqaheioe ga resppesoa _eg ̂ oioroga_or a _dfereioes ̂ oi_d^doies 
_e ^oioa^oo) 
Kara reagduar esoa ^ohpara^dÑi' se cai repro_p^d_o pia serde _e eisatos _e 
freia_o segØi eg reggaheioo 1. #@*@>@*( OM<IN*5+5*Meq)1*<__)1-*Meq)3) 
.) Meggaheioo i� 1.$) @i esoe reggaheioo' gos eisatos se reagduai ei _dfereioes
spperfd^des a _dsodioas qego^d_a_es) <_eh¿s' oah]dÇi se ^ohprpe]a eg
rei_dhdeioo _eg sdsoeha _e freia_o ei _dsodioas ^oi_d^doies _e a_cerei^da)
@soas prpe]as perhdoei aiagduar ga esoa]dgd_a_ _eg ^oioroga_or' lpe es _dfË^dg _e
_ehosorar ei gos aggordohos ]asa_os ei re_es ieproiages
Kor Øgodho' ^oho se ca seÏaga_o ei qardas o^asdoies' ga esperdheioa^dÑi es pia
fase ^gaqe para qagd_ar eg ^orre^oo fpi^doiahdeioo _eg aggordoho) Kara eggo' se
ca reagdua_o pia esoai^da ei ga Pidqersd_a_ spe^a _e Fpiggdga Oefidsfa
CÔgsfogai #FOC$ ei @soo^ogho) Ga esoai^da ^oi pia _pra^dÑi _e . heses' _eg
1 _e a]rdg ag .+ _e epido _e -+-1' fpe fdiai^da_a por eg Hdidsoerdo _e
Pidqersd_a_es #@NO14*+++25$)
Dpraioe ga esoai^da se cai po_d_o reagduar prpe]as reages ^oi eg Mesear^c
>oi^epo Qecd^ge #M>Qe$ _eg grppo re^epoor) @soe qecË^pgo eso¿ elpdpa_o ^oi
pi sdsoeha _e freia_o �]t(rdre� lpe perhdoe ga regpga^dÑi ^oiodipa _e ga
presdÑi _e freia_o) @g qecË^pgo eso¿ ^oioroga_o por eg car_rare DNK<>@' lpe
fa^dgdoa ga ^ohpdga^dÑi _dre^oa _eg ^Ñ_dgo _es_e NIHPGIIF) @g prdi^dpag
pro]geha lpe se ca ei^oiora_o es ga ]aea ^apa^d_a_ _e ^¿g^pgo' lpe ca gdhdoa_o
ga prpe]a a sÑgo _os rpe_as) Kara eqagpar eg rei_dhdeioo _eg aggordoho ei
_dfereioes ^oi_d^doies _e a_cerei^da' se reagduaroi prpe]as ei ga pdsoa _e
prpe]as _e <rgai_a) Gas prpe]as se reagduaroi a parodr _e 1 h*s' pia qego^d_a_
gdhdoa_a por eg _dseÏo _eg qecË^pgo' ^oi pia freia_a _e ehergei^da casoa ga
para_a) Gas ̂ oi_d^doies pro]a_as soi _e agoa t ]aea a_cerei^da epioo ̂ oi oo_as
gas oraisd^doies posd]ges' es _e^dr' _e spperfd^de _e ]aea a_cerei^da a agoa
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a_cerei^da t qd^eqersa' t freia_o asdhÇord^o' ei eg lpe ga rpe_a dulpder_a 
perhaie^e ei ga spperfd^de _e ]aea a_cerei^da hdeioras lpe ga _ere^ca eso¿ ei 
agoa a_cerei^da) 
>oho se ca hei^doia_o ag prdi^dpdo _e esoe resphei' esoa oesds _o^oorag es pi 
^ohpei_do _e ^paoro aroË^pgos) >a_a pio _e eggos se ca _e_d^a_o a _es^rd]dr 
pia sogp^dÑi proppesoa a gos pro]gehas ei^oiora_os ei eg _esarroggo _e esoe 
ora]aeo) @i _efdidodqa' esoe pro^eso ca ^oiord]pd_o a ^oisegpdr eg o]eeodqo fdiag 
_e _esarroggar pi eslpeha _e ^oiorog ]asa_o ei re_es ]dogÑgd^as) < 
^oiodipa^dÑi se _es^rd]ei gos ora]aeos lpe ^ohpoiei esoa oesds) 
@g prdher ora]aeo' odopga_o "=do(dispdre_ spdfdig ieprag ieororf for ioigdiear 
stsoehs ^oiorog" fpe pp]gd^a_o ei ga reqdsoa Ieprag Ieororfs ei -+13) @i Çg se 
esoa]ge^ei gas ]ases _eg aggordoho _e ^oiorog ieproiag _esarrogga_o _praioe ga 
oesds) Gas esorp^opras ieproiages proppesoas ei esoe ora]aeo soi ar^os refgeeos 
lpe rea^^doiai _e forha disoaio¿iea aioe ga apard^dÑi _e pi esoËhpgo) @soas 
^oiesdoies ieproiages preseioai pia ]aea ^ohpgeed_a_ ^oi po^as ^oiesdoies) 
@soo _a gpgar a pi ^oioroga_or ei eg lpe ga a^^dÑi es _dre^oa' go lpe proqo^a 
os^dga^doies _e agoa fre^pei^da ei eg segpdhdeioo _e ga seÏag o]eeodqo) <_eh¿s' 
se podgdua pi iØhero re_p^d_o _e ieproias' go lpe oah]dÇi dhpgd^a pi agoo 
rpd_o _e]d_o a ga _e^o_dfd^a^dÑi) < pesar _e esoas gdhdoa^doies' ei^oiora_as 
_praioe ga reagdua^dÑi _e esoe ora]aeo' eg aggordoho _ehosorÑ sp ^apa^d_a_ para 
^oiorogar sdsoehas io gdieages) Ne dhpgeheioaroi _os eeehpgos _e apgd^a^doies5 
pi hooor _e ^orrdeioe ^oiodipa t eg ^oiorog _e pi ho_ego hps^pgar) @g hÇoo_o 
podgdua_o ei esoe prdher ora]aeo para o]oeier gas fperuas sdi¿pod^as fpe pi 
aggordoho geiÇod^o' podgduai_o pia did^dagdua^dÑi ageaoorda para o]oeier eg 
respgoa_o Ñpodho) @soe hÇoo_o _e aprei_duaee odeie lpe reagduarse fpera _e gËiea 
e dhpgd^a' lpe _praioe ga sdhpga^dÑi' ppe_ei _arse ^oi_d^doies _e ^oiorog 
diesoa]ges)  
Da_o lpe esoe ora]aeo preqdo ^are^Ëa _e aprei_duaee ^oiodipo' asË ^oho lpe io 
se apgd^a]a a pi sdsoeha qecd^pgar reag' se _esarroggÑ h¿s ga heoo_ogogËa para 
gograr gos o]eeodqos _e ga oesds) Kor eggo' se _es^rd]deroi ipeqos aqai^es ei pi 
segpi_o ora]aeo lpe preoei_Ëa ^oio^er gos pro]gehas lpe sprgei ag 
dhpgeheioar aggordohos _e ^oiorog ei pi qecË^pgo reag) Kara eggo' se esop_daroi 
gas gdhdoa^doies _eg car_rare eh]e]d_o t se _esarroggÑ pi Ndsoeha _e >oiorog 
_e Ora^^dÑi #O>N$) @soe aroË^pgo fpe pp]gd^a_o ei ga reqdsoa Neisors ei -+14 
^oi eg oËopgo5 "Gor(>oso FKB<(=ase_ @ge^oroid^ >oiorog Pido for Qecd^ge 
>oiorog Ntsoehs") @i esoe ora]aeo se _es^rd]dÑ ^oi hator profpi_d_a_ eg 
eslpeha _e ^oiorog podgdua_o asË ^oho se d_eiodfd^aroi gas gdhdoa^doies _e ^a_a 
^ohpoieioe) 
Ne qerdfd^aroi gos odehpos ie^esardos para ga he_d^dÑi t eg prepro^esahdeioo _e 
gas seÏages _e qego^d_a_ o]oeid_as he_daioe pi ei^o_er hagiÇod^o) @soa 
gdhdoa^dÑi se ca oeid_o ei ̂ peioa ei gas sdhpga^doies reagdua_as posoerdorheioe) 
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Ne _esoa^a ga dhporoai^da _e pi ^orre^oo ho_ego _eg a^opa_or para lpe eg 
ho_ego haoeh¿od^o podgdua_o repro_pu^a a_e^pa_aheioe eg ^ohporoahdeioo 
he_d_o) Gos eisatos reagdua_os ei pi ]ai^o _e prpe]as perhdoderoi _efdidr ga 
resppesoa _eg hooor a pia ^oisdgia _e par) @soo perhdodÑ aepsoar eg aggordoho 
]asa_o ei ga gÑgd^a _dfpsa para haioeier esoa]ge eg idqeg _e _esgduahdeioo) Pio 
_e gos prdi^dpages di^oiqeideioes _e esoe car_rare eh]e]d_o es ga _dfd^pgoa_ _e 
dhpgeheioar eg ^Ñ_dgo _esarrogga_o ei H<OG<=) 
Kor eggo' para gas sdgpdeioes dhpgeheioa^doies se ehpgear¿ pi sdsoeha operaodqo 
_e odehpo reag podgduai_o eg ^Ñ_dgo geiera_o por eg ^ohpdga_or _e H<OG<=) 
Pia qeu _efdid_o eg eslpeha _e ^oiorog' eg oer^er ora]aeo se ^eiorÑ ei eg 
_esarroggo _e pi aggordoho _e ^oiorog ^apau _e ca^er freioe a ^oi_d^doies 
qarda]ges _e a_cerei^da) Ne proppso eg pso _e ga gÑgd^a _dfpsa ]as¿i_ose ei 
ora]aeos aioerdores reagdua_os por eg grppo _e diqesodga^dÑi) Kara ooorgar ag 
^oioroga_or _e gÑgd^a _dfpsa ga ^apa^d_a_ _e a_apoarse a gos _dfereioes odpos _e 
^arreoera' fpe ie^esardo eioreiar eg aggordoho para oo_os gos posd]ges idqeges _e 
a_cerei^da) Ne opqderoi ei ^peioa gas posd]ges oraisd^doies eiore idqeges _e 
a_cerei^da) >oho esoa oarea dhpgd^a]a pi grai iØhero _e doera^doies' se 
_e^d_dÑ podgduar pi he^aidsho _e opodhdua^dÑi ]asa_o ei ga ^oeqogp^dÑi) Gos 
esfperuos _e opodhdua^dÑi se ^eioraroi ei alpeggas spperfd^des ei gas lpe se 
o]odeiei gos peores respgoa_os) @soe oer^er ora]aeo fpe pp]gd^a_o ei -+-1 ei 
I@@@ Oraisa^odois oi Qecd^pgar Oe^ciogogt ^oi eg oËopgo5 ">oeqogpodoiart 
Opodhduaodoi of a Fpuut Gogd^ >oiorogger for <iodgo^f =rafdig Ntsoehs pi_er 
>caigdig Moa_ >oi_dodois") @soe ora]aeo oah]dÇi se apotÑ ei ga 
esperdheioa^dÑi reag ^oi pi qecË^pgo _e _os rpe_as) Ne _esoa^Ñ ga ^ohpgeed_a_ 
_e ga ^orrega^dÑi eiore ga esperdheioa^dÑi t ga sdhpga^dÑi) 
@g pso _e esodha_ores ]asa_os ei eg Fdgoro _e Faghai @soei_d_o #@FF$ ca 
_ehosora_o sp ̂ apa^d_a_ para _eoerhdiar gas fperuas ei eg ̂ oioa^oo ieph¿od^o(
^arreoera) @i ^oise^pei^da' did^dagheioe se sege^^doiÑ esoa esoraoegda _e 
esodha^dÑi para dhpgeheioarga ei eg aggordoho _esarrogga_o ei esoa oesds) Ndi 
eh]argo' se ca ^ohpro]a_o lpe eg pso _eg @FF para d_eiodfd^ar eg odpo _e 
^arreoera odeie _os di^oiqeideioes prdi^dpages) Pio es ga ie^esd_a_ _e pi 
ho_ego _e ieph¿od^o ^apau _e represeioar gas qarda^doies _e a_cerei^da) Kara 
eggo es ie^esardo ho_egar eg ieph¿od^o ei pi ]ai^o _e prpe]as' go lpe respgoa 
^osooso t io perhdoe ag pspardo _eg qecË^pgo spsodopdr eg ieph¿od^o por oora 
har^a o ho_ego) Ooro pro]geha aso^da_o es eg reoraso esperdheioa_o _praioe 
gos oraisdoordos) @i esoos ^asos' gos qagores esodha_os propor^doia_os por eg 
aggordoho @FF io ser¿i go spfd^deioeheioe pre^dsos' sdei_o h¿s a_e^pa_o 
re^prrdr a aggordohos h¿s ^ohpgeeos' ^oho eg Fdgoro _e Faghai Pis^eioe_ 
#PFF$ p ooros odpos _e ^gasdfd^a_ores) Ne proppso' por oaioo' dioegrar ga 
d_eiodfd^a^dÑi _eg odpo _e ^arreoera ^oi ga re_ _e ^oiorog ]dogÑgd^o he_daioe pia 
esorp^opra _e ^gasdfd^a^dÑi eioreia_a fpera _e gËiea) 
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Kara eggo' es ie^esardo _esarroggar gas re_es ieproiages ]asa_as ei ga ]dogogËa 
para reagduar gas oareas _e ^oiorog' asË ^oho gas ^oiesdoies ieproiages 
ie^esardas t eg he^aidsho _e aprei_duaee podgdua_o) >oi eg fdi _e fa^dgdoar eg 
aprei_duaee para opodhduar sp ^ohporoahdeioo ei ^oi_d^doies preqdaheioe io 
esperdheioa_as' se _esarroggÑ pi aggordoho _e ^oiorog ^apau _e aprei_er ei eg 
qecË^pgo reag _praioe sp fpi^doiahdeioo iorhag) Kara eggo' se diqesodgÑ eg 
^ohporoahdeioo ]dogÑgd^o para reagduar oareas _e ^oiorog t gas ^oiesdoies 
ieproiages ie^esardas' asË ^oho eg he^aidsho _e aprei_duaee podgdua_o) @soo 
^oi_peo a pi aggordoho _e aprei_duaee ieproiag pp]gd^a_o ei ga reqdsoa 
Iepro^ohppodig ei -+-1 ^oi eg oËopgo5 "< ]dogogd^ag(gdfe ^oiorogger psdig 
dhproqe_ spdfdig ieprag ieororfs") @i esoe ora]aeo se podgduÑ pi ho_ego 
haoeh¿od^o _e hØs^pgo para repro_p^dr eg hoqdhdeioo _e pia soga arod^pga^dÑi) 
He_daioe pia esorp^opra dispdra_a ei gos ar^os refgeeos' se o]opqderoi odehpos 
_e resppesoa sdhdgares a gos esperdheioa_os por eg ^oiorog ieproiag _e pi ser 
cphaio) <_eh¿s _e ga re_ ieproiag proppesoa' se dhpgeheioÑ pi he^aidsho 
_e aprei_duaee ]asa_o ei ga iepropgasod^d_a_) @soo perhdoe d_eiodfd^ar 
sdopa^doies ei gas lpe es ie^esardo aprei_er he_daioe pi aprei_duaee 
spperqdsa_o) Kara ^orregdr pi _efe^oo' se gd]era _opahdia' lpe se ei^arga _e 
ho_pgar eg aprei_duaee NODK ei fpi^dÑi _eg error ^oheod_o)>oi esoe eifolpe' 
es posd]ge aprei_er a parodr _e pia resppesoa sp]Ñpodha o oras pi ^ah]do ei 
ga _di¿hd^a) 
<_eh¿s' ei esoe ora]aeo se propoie pi ipeqo ho_ego _e sdiapsds ]asa_o ei ga 
aperopra _e hØgodpges ^aiages) @soos se podgduai para ho_egar ga gd]era^dÑi _e 
ieprooraishdsores por paroe _e ga ieproia presdi¿pod^a' asË ^oho ga ^orrdeioe 
_e eiora_a _e ga ieproia pososdi¿pod^a) <sË' se dioro_p^e heios _dsoorsdÑi ei 
ga diforha^dÑi pro^esa_a por ga re_ t se o]odeie pia resppesoa h¿s r¿pd_a) 
<_eh¿s' esoe ho_ego _e ieproia ppe_e podgduarse para gos pro^esos _e 
_e^o_dfd^a^dÑi' ora_p^dei_o gos dhppgsos ei pia a^^dÑi _e ^oiorog) @soo Øgodho 
odeie pi grai dhpa^oo ^pai_o ga re_ se _esodia ag ^oiorog) @soa hdsha 
esorp^opra se podgdua para eg ^oiorog qecd^pgar proppesoo ei esoa oesds' ^oho ta 
se ca hei^doia_o) Ga Øid^a ho_dfd^a^dÑi ie^esarda es _efdidr gas ipeqas 
qarda]ges _e eiora_a t sagd_a) @soo sdgidfd^a pasar _e oeier ^oho eiora_a ga 
posd^dÑi a^opag t ga posd^dÑi o]eeodqo ei gas apgd^a^doies aioerdores a podgduar eg 
_esgduahdeioo a^opag t sp qagor Ñpodho ei eg ^oiorog qecd^pgar) >oho sagd_a' se 
apgd^a pi par a ga rpe_a ei gpgar _e pia esodhpga^dÑi hps^pgar) 
Kor Øgodho' se eso¿ re_a^oai_o pi lpdioo ora]aeo) @i esoe ora]aeo' lpe oah]dÇi 
se _es^rd]e ei eg ^perpo _e ga oesds' se dhpgeheioa ga esorp^opra ieproiag 
_esarrogga_a para eg eslpeha _e ^oiorog _e freia_o proppesoo) Iioegra ga 
d_eiodfd^a^dÑi _e par¿heoros' ga re_ ieproiag para ga _eoe^^dÑi _e ^oi_d^doies 
_e a_cerei^da t ga re_ ieproiag _e ^oiorog) Oo_o eg sdsoeha fpe heeora_o 
_praioe ga esoai^da hei^doia_a aioerdorheioe t se dhpgeheioÑ ei eg ege^ord^ 
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Mesear^c >oi^epo Qecd^ge #M>Qe$) Oras ̂ ohpro]ar eg ̂ orre^oo fpi^doiahdeioo 
_eg aggordoho ei eg qecË^pgo reag t sp ^apa^d_a_ _e a_apoa^dÑi a _dfereioes 
^oi_d^doies _e a_cerei^da' se _a por fdiagdua_o eg ora]aeo lpe did^dagheioe se 
pgaioea]a reagduar ei esoa oesds) 

@g ^oioroga_or _esarrogga_o se ca ^ohpara_o ^oi eg esoa_o _eg aroe _e forha 
o]eeodqa _ehosorai_o sp spperdord_a_ so]re gos aggordohos lpe io odeiei ga 
^apa^d_a_ _e a_apoarse a gas ^oi_d^doies ^ah]daioes) <_eh¿s' eg ^oioroga_or 
]dodispdra_o odeie pia esorp^opra hpt sei^dgga lpe ppe_e apgd^arse a ooros 
pro]gehas _e digeiderËa' a]rdei_o ipeqas gËieas _e diqesodga^dÑi hpt 
aora^odqas) 

Palabras Claves 
Npdfdig Ieprag Ieororf #NII$' >oiorog Qecd^pgar' Rceeg Ngdp >oiorog 
#RN>$' <prei_duaee Npperqdsa_o' Npdfe Odhe(Depei_eio Kgasod^dot #NODK$) 



SSIS 

Acknowledgments 

Ocds ocesds cas ]eei ^arrde_ opo ao oce Deparoheio of He^caid^ag' Ocerhag' 
ai_ Fgpd_s @igdieerdig of oce Pidqersdot of Hagaga) Oce fpi_dig cas ]eei 
proqd_e_ ]t oce hdidsort of pidqersdodes ocropgc oce graio for pidqersdot 
oea^cer oradidig #FKP$ froh O^oo]er -+13 oo O^oo]er -+-1) 
I ropg_ gdfe oo ocaif ht spperqdsors5 Epai <iooido >a]rera >arrdggo ai_ Epai 
Eesps >asodggo <gpdgar) Ocaif top for ]edig ht referei^e persoiaggt ai_ di 
eigdieerdig' top caqe passe_ oi oo he oce passdoi for oea^cdig ai_ resear^c) 
Ocaif top for agrats sppporodig he ai_ cegpdig di ht scoro^ohdigs' agg ocose 
coprs ^orre^odig oce rrdodig ai_ pgaiidig oce paoc of ocds ocesds) I hpso agso 
cdgcgdgco cor tear afoer tear top rpi oce Hooosop_eio proee^o di ai agorpdsod^ 
rat) Top _e_d^aoe a greao efforo oo e_p^aoe oce eigdieers of oce fpopre di car_ 
rorf' as a gropp ai_ rdoc oce adh of gearidig ai_ soheodhes eqei rdiidig) 
Re agg caqe oo geari a goo froh top' ocaif top) 
@sperdei^es sp^c as Hooosop_eio aggor ps oo oradi pppdgs ai_ heeo es^eggeio 
eigdieers' sohe of rcoh re haiage_ oo reoadi di oce pidqersdot) Ii ocds 
^oioeso are oce heh]ers of "Oagger .1"' a pga^e of fiorge_ge' ^ohpaidoiscdp' 
ai_ fpi) Ocaifs oo agg ht ^oggeagpes for cegpdig he dhproqe' sppporodig he' 
ai_ hafdig godig oo rorf oce ]eso) 
I hpso ocaif Hdfaeg It]a^fa ht spperqdsor _prdig oce . hoiocs soat ao FOC 
Pidqersdot' Noo^fcogh) Ocaif top for hafdig gdfe di aioocer ^opiort so east' 
as regg as for geoodig he pse topr fa^dgdodes ai_ qecd^ges) I caqe gearie_ a goo 
froh topr resear^c gropp ai_ cope re ̂ ai ̂ oiodipe oo ̂ ogga]oraoe di oce fpopre) 
Gaso ]po ioo geaso oo agg ht fahdgt for ocedr pi^oi_dodoiag sppporo' ]a^fdig he 
di oce car_eso hoheios' ai_ cegpdig he di ht ^areer as ai eigdieer) I ropg_ 
agso gdfe oo ocaif Haroa ht gdfe paroier rco scares he rdoc eigdieerdig ai_ 
ds agrats ocere oo ^ohpgeheio he) 

Ocaif top� 
Eaqder KÇreu Feri¿i_eu 



SSS 



SSSI 

Contents 

Abstract ................................................................................ I
Resumen ........................................................................... XV
Acknowledgments ............................................................ XXIX
Contents ........................................................................ XXXI
Part I: Summary of performed work ....................................... 1

1. Introduction .................................................................................................. 1
1)1) =a^fgropi_ ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) 1
1)-) Kro]geh soaoeheio ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) .
1).) Kprpose of oce sop_t ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) /
1)/) Gdoeraopre reqder )))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) 5
1)/)1) Karaheoer d_eiodfd^aodoi ai_ ^gassdfd^aodoi ho_pge )))))))))))))))))))))))))))))))))))))) 1
1)/)1)1) Goigdop_diag spee_ _eoerhdiaodoi )))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) 1
1)/)1)-) Moa_ d_eiodfd^aodoi ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) 1
1)/)1).) Odre ho_eg )))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) 1
1)/)-) Iioerqeiodoi ho_pge ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) 2
1)/)-)1) Rceeg sgdp ^oiorog #RN>$ )))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) 2
1)/)-)-) =do(dispdre_ ^oiorog )))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) 3
1)/)-).) Npdfdig ieprag ieororf #NII$ ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) 4
1)/)-)/) Gearidig pro^ess )))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) 1+
1)5) Opogdie of oce ocesds )))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) 1+

2. Methodology ................................................................................................ 19
-)1) Qecd^ge Ho_eg )))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) 14
-)1)1) Hpgod]o_t Ho_eg ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) 14
-)1)-) Oro(rceege_ qecd^ge )))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) -+
-)1).) Fopr(rceege_ qecd^ge ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) -1
-)1)/) Odre Ho_eg ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) -.
-)1)5) <^opaoor Ho_eg ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) -/
-)-) Rceeg Ngdp >oiorog #RN>$ )))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) -/
-).) @sodhaodoi ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) -1
-)/) Npdfdig Ieprag Ieororfs #NII$ ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) -3
-)/)1) Ieproi Ho_eg )))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) -4
-)/)-) Ntiapse Ho_eg ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) .+
-)/).) >o_dig ai_ De^o_dig )))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) .-
-)/)/) Ieprag Kaoc ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) ./
-)/)5) NODK Gearidig )))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) .5
-)/)1) >gassdfd^aodoi )))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) .2
-)/)2) >oiorogger ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) .4

3. Results and Discussion ................................................................................. 43
.)1) Karaheoer d_eiodfd^aodoi ai_ esodhaodoi ho_pge ))))))))))))))))))))))))))))))))))))))))))))) /.
.)1)1) Oro(rceege_ qecd^ge )))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) /.
.)1)-) Fopr(Rceeg qecd^ge )))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) /5
.)-) Iioerqeiodoi ho_pge )))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) /1
.)-)1) =dogogd^ag >oiorog )))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) /1
.)-)-) Qecd^ge ^oiorog ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) /3



SSSII 

.)-).) Fet Kerforhai^e Ii_d^aoors #FKIs$ ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) 51

.).) Qecd^ge @sperdheioaodoi )))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))) 5/
4. Conclusions ................................................................................................ 59
5. Recommendations for future work ................................................................. 61
6. References .................................................................................................. 63

Part II: Appended papers ..................................................... 69
1. Paper A ..................................................................................................... 71
2. Paper B ...................................................................................................... 83
3. Paper C ...................................................................................................... 99
4. Paper D .................................................................................................... 115



Part I: Summary of performed work 





1) Iioro_p^odoi

1 

1. Introduction

1.1. Background 
<^odqe safeot stsoehs di qecd^ges hafe do possd]ge oo aqod_ a^^d_eios or oo 
re_p^e oce seqerdot of oce ^oiselpei^es di oce eqeio of a ^rasc ocropgc oce 
dioerqeiodoi ]t heais of _dffereio otpes of a^opaoors oi oce qecd^ge) Ocese 
stsoehs eispre effd^deio ai_ safe _rdqdig rdocopo goss of qecd^ge haiepqera]dgdot 
' d)e) ^apa]ge of ]edig soeere_ or _dre^oe_) Ocds ocesds dioei_s oo _eqegop a^odqe 
safeot stsoehs ocao ^ai oafe a_qaioage of oce hasdhduaodoi of oce odre 
goigdop_diag for^es _prdig ]rafdig ai_ ora^odoi pro^esses) 
Oce hoso regg(fiori ^ohher^dag stsoehs di ocds fdeg_ are oce <iod(go^f =rafe 
Ntsoeh #<=N$ for ]rafdig ai_ Ora^odoi >oiorog Ntsoeh #O>N$ for ora^odoi) 
Oce dioro_p^odoi of ocese stsoehs sdgidfd^aiogt re_p^e_ oce iph]er of a^^d_eios 
ai_ ocedr seqerdot sdi^e ocedr dhpgeheioaodoi hore ocai /+ tears ago) Ndi^e 
ocei' oce iph]er of qecd^ges ocao di^gp_e a^odqe safeot stsoehs di ocedr 
soai_ar_ ^oifdgpraodoi cas di^rease_ progressdqegt) Ii a__dodoi' regpgaodois 
caqe agso ha_e sohe of ocese stsoehs ^ohppgsort for ier qecd^ges) Ocds 
represeios a ^oisoaiogt grordig resear^c gdie ocao ds eqei hore ehpcasdue_ ]t 
oce appearai^e of oce fdrso apooiohops qecd^ges) 

Oce fdrso of ocese stsoehs _eqegope_ ras oce <=N) Ocds stsoeh ^oiord]poes oo 
re_p^dig oce ]rafdig _dsoai^e ai_ oo hadioadi oce qecd^ge"s haiepqera]dgdot di 
ehergei^t ]rafdig) Io preqeios a possd]ge a^^d_eio ]t hdidhdudig oce ]rafdig 
_dsoai^e' ocps aqod_dig a^^d_eios ai_ ^oggdsdois rdoc oocer qecd^ges ai_ roa_ 
psers) <^cdeqdig a goo_ <=N perforhai^e ras ioo possd]ge piodg oce _tiahd^s 
of oce ^oioa^o ]eoreei oce roa_ ai_ odre ras ocoropgcgt sop_de_ ai_ ho_egge_) 
Ocese sop_des _ehoisoraoe_ ocao ]t preqeiodig oce odre froh  go^fdig' a greaoer 
grdp ai_ a re_p^e_ ]rafdig _dsoai^e ̂ opg_ ]e o]oadie_' ocds rat dhproqdig  oce 
haiepqera]dgdot of oce qecd^ge) Oce appearai^e of ege^oroid^ ^oiorog pidos ai_ 
ege^oro(ct_rapgd^ a^opaoors ha_e do possd]ge oo dhpgeheio ocese stsoehs di ier 
qecd^ges) Ocds rat' oce fdrso ^ohher^dag <=N ras gapi^ce_ ]t Mo]ero =os^c 
Bh]C di 1423) <o ocao hoheio' oce ^oso ai_ sdue of <=N ho_pges rere cdgc) 
Ii oce preseio _at' coreqer' oce pro_p^odoi ^oso ai_ sdue of <=N ho_pges ds 

Iora_ats' soaodsod^s of qecd^ges ocao are elpdppe_ rdoc <=N caqe 
_ehoisoraoe_ oce effe^odqeiess of ocese stsoehs) <s a respgo' oce @propeai 
Pidoi _e^d_e_ oo hafe do hai_aoort for agg ier fopr(rceege_ qecd^ges di -++.) 
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Fprocerhore' di @prope' ocds relpdreheio cas re^eiogt ]eei esoei_e_ oo oro(
rceege_ qecd^ges di -+12) Hooor^t^ges are a se^oor rcere oce iph]er of 
a^^d_eios ds cpge ai_ oce seqerdot of dieprdes ds esorehegt cdgc) Hafdig ocds 
stsoeh hai_aoort rdgg ^oiord]poe oo hdidhdudig oce iph]er of a^^d_eios ai_ 
ocedr ^oiselpei^es) 

Oce effd^dei^t ai_ fpi^odoiagdodes of ocese stsoehs are di ^oiodipops eqogpodoi) 
Oce perforhai^e of a safeot stsoeh ds qert hp^c regaoe_ oo oce opodhduaodoi 
of oce ^oiorog of oce for^es di oce odre(roa_ ^oioa^o area) Ocds rat' a fpgg 
pi_ersoai_dig of oce _tiahd^s of odre(roa_ ^oioa^o ds a ^oisoaio sopr^e of 
resear^c ai_ _eqegopheio) < ^gear esahpge of ocds ds ^oisd_erdig oce pro]gehs 
ai_ s^rpodit oafdig pga^e di  ̂ coosdig a odre ho_eg di hooor sporo ̂ ohpeododois) 

Oo_at' ^oioroggdig oce _tiahd^s of odre(roa_ ^oioa^o ]e^ohes eqei hore 
dhporoaio rdoc oce ehergei^e of apooiohops qecd^ges) Ii ocds ^ase' oce goag ds 
oo hdidhdue oce iph]er of cphai dioerqeiodois _prdig hoqeheio of oce 
qecd^ge) Ocps' oce resear^c ai_ opodhduaodoi of ^oiorog oe^ciogogdes di a^odqe 
safeot stsoehs ds sodgg a ^caggeige for oce apoohoodqe di_psort ai_ a^a_ehd^ 
disodopodois) Ocps' do ds possd]ge oo _efdie oce prdordot resear^c oopd^s rdocdi 
ocese otpes of stsoehs ]t aiagtudig oce ^oiorog ar^cdoe^opre of a passeiger 
qecd^ge #Fdgpre 1$) 

Figure 1. Vehicular control architecture (Modular description) 

Dprdig ai ehergei^t' a^odqe safeot stsoehs ^ai parodaggt or ^ohpgeoegt oafe 
^oiorog of oce qecd^ge oo aqod_ ai a^^d_eio) Ocerefore' oce d_eiodfd^aodoi ai_ 
paraheoer esodhaodoi ho_pge' as regg as oce dioerqeiodoi ho_pge' are fet 
_prdig ehergei^des sdi^e ocet _eag rdoc qecd^ge dippos ai_ opoppos 
respe^odqegt) 
Oi oie cai_' oce d_eiodfd^aodoi ai_ paraheoer esodhaodoi ho_pge o]oadis oce 
ie^essart diforhaodoi oo fior oce ^prreio qecd^ge soaoes' di^gp_dig ocose 
regaoe_ oo ^oioa^o ]eoreei oce odre ai_ oce roa_) Oi oce oocer cai_' oce 
dioerqeiodoi ho_pge respoi_s a^^or_dig oo oce prograhhe_ ^oiorog gogd^ oo 
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opodhdue oce grdp ai_ haiepqera]dgdot of oce qecd^ge di ea^c sdopaodoi) Ocds 
ocesds proposes a ioqeg approa^c for oce dhpgeheioaodoi of ]ooc ho_pges) 

1.2. Problem statement 
=ooc oce paraheoer d_eiodfd^aodoi ai_ esodhaodoi ai_ oce dioerqeiodoi ho_pges 
sodgg preseio _dffereio pisogqe_ ^caggeiges) Ii oce d_eiodfd^aodoi ho_pge' oro 
pro]gehs soai_ opo5 ai a^^praoe _eoerhdiaodoi of qecd^ge spee_ ai_ a regda]ge 
_eoe^odoi of oce otpe of roa_' d)e) oce odre(roa_ a_cerei^e) Ndhdgargt' oce ^oiorog 
aggordoch of oce dioerqeiodoi ho_pge cas oo _eag rdoc ioigdieardodes _pe oo 
qarda]ge _tiahd^s of oce odres) < gor dioegraodoi ^oso' a_elpaoe reag(odhe 
respoise' opodhag perforhai^e' ai_ ro]psoiess caqe oo ]e eispre_ for oce 
dhpgeheioaodoi of ocese ho_pges di qecd^ge stsoehs) 

Parameter identification and 
estimation 

Qecd^ge spee_ 
Moa_ _eoe^odoi 

Intervention 
Qarda]ge roa_(odre _tiahd^s 
@h]e__e_ #Gor(^oso' Meag(odhe$ 
Mo]pso ^oiorog #Noa]dgdot$ 

Fdrsogt' regar_dig qecd^ge spee_ heaspreheio' ea^c aqadga]ge oe^ciogogt cas 
gdhdoaodois) For esahpge' oce Bgo]ag Kosdodoidig Ntsoeh #BKN$ oe^ciogogt 
proqd_es a feasd]ge sogpodoi for apooiohops qecd^ge _rdqdig) Ios gaoei^t hafes 
do diapproprdaoe for ehergei^des' ocopgc) Oi oce ^oiorart' oce >OMM@QIO 
opod^ag _eqd^e ds a gor gaoei^t stsoeh ]po dos ̂ oso ds es^essdqegt cdgc for hassdqe 
dhpgeheioaodoi di soai_ar_ qecd^ges) >prreiogt' oce hoso rd_egt pse_ gor(^oso 
heoco_ resoros oo soai_ar_ seisors agrea_t disoagge_ di qecd^ges ai_ esodhaodoi 
aggordochs oo o]oadi ai approsdhaodoi of reag qecd^ge spee_) 
Ne^oi_gt' a ro]pso roa_ _eoe^odoi ocao ^ai ^ope rdoc ^caiges di a_cesdoi 
^oi_dodois ds of qdoag dhporoai^e oo safeot ^oiorog stsoehs) Coreqer' roa_ otpe 
_eoe^odoi agso cas ^caggeiges oo oa^fge) Oce odre(roa_ ^oioa^o cas cdgc 
qarda]dgdot _pe oo reaocer ^oi_dodois #radi' sior' d^e' cphd_dot' presspre )))$' 
ocerhag fa^oors #oehperaopre of oce odres ai_ ocedr sd_eraggs$' ai_' ha^ro(
oesopre ai_ hd^ro(oesopre fa^oors' ahoig oocers) @docer >apse(]ase_ or @ffe^o(
]ase_ aggordochs ^ai ]e pse_ oo _eoe^o oce roa_ ^oi_dodoi)  
<gg of oce a]oqe scor oce qarda]dgdot ai_ pi^eroadiot ocao are oraishdooe_ oo 
oce dioerqeiodoi ho_pge froh oce paraheoer d_eiodfd^aodoi ai_ esodhaodoi 
ho_pges) Oce ^oiorog aggordoch rpiidig oi oce qecd^ge cas oo _eag rdoc ocds 
qarda]dgdot ai_ a_apo a^^or_diggt oo oce ^caiges esperdei^e_ rcei fa^dig ier 
rorfdig ̂ oi_dodois) Ii a__dodoi' ocere are ao geaso ocree a__dodoiag relpdreheios 
ocao qecd^ge ^oiorog aggordochs caqe oo fpgfdgg) Fdrso' a gor ^ohppoaodoiag ^oso' 
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sdi^e oce fdiag aggordoch cas oo rpi di reag(odhe oi a gdhdoe_ ̂ apa^dot eh]e__e_ 
stsoeh for hass pro_p^odoi) 
Ne^oi_' do cas oo ]e ^apa]ge of ^oioroggdig ioigdieardodes preseio di oce odre(
roa_ ^oioa^o) Gaso' oce ^oiorogger cas oo ]e ro]pso' d)e) do cas oo gparaioee oce 
soa]dgdot of oce stsoeh _prdig dos operaodoi ai_ di oce presei^e of ait possd]ge 
peropr]aodois) Ocese relpdreheios ^ohpgd^aoe oce a_apoa]dgdot of ^oiorog 
aggordochs) Fprocerhore' qecd^ge soa]dgdot cas oo ]e eispre_ eqei _prdig oce 
gearidig pcase) Pspaggt' oce rat oo oqer^ohe ocds pro]geh ds oo oradi oce 
aggordoch offgdie ai_' rcei oce perforhai^e o]oadie_ di sdhpgaodois ds 
saodsfa^oort' dhpgeheio do di oce qecd^ge afoerrar_s) Oce aggordoch ds 
^oiselpeiogt ioo opie_ _prdig dos ese^podoi di reag operaodig ̂ oi_dodois' rcd^c 
gdhdos dos a]dgdot oo a_apo oo ier ^dr^phsoai^es ocao caqe ioo ]eei preqdopsgt 
sop_de_) 

1.3. Purpose of the study 
Ocds ocesds adhs oo sogqe ea^c of oce pro]gehs heiodoie_ di oce preqdops se^odoi 
]po fo^psdig hadigt oi dhproqdig oce a_apoa]dgdot of oce ^oiorog aggordoch oo 
^oi_dodois ioo preqdopsgt esperdei^e_) 
Megar_dig oce paraheoer d_eiodfd^aodoi ho_pge' oce hoso feasd]ge sogpodoi ds 
a_opoe_ rdocdi oce esdsodig oies) Ocds rat' ai aggordoch ]ase_ oi ai @soei_e_ 
Faghai Fdgoer #@FF$ oo esodhaoe qecd^ge spee_ cas ]eei _eqegope_) Ocds 
aggordoch resoros oo oce rceeg aigpgar qego^dot ai_ qecd^ge aigpgar a^^egeraodoi 
oo o]oadi a ro]pso spee_ esodhaodoi) Rceeg aigpgar qego^dot ds o]oadie_ froh 
oce ei^o_ers disoagge_ di agg qecd^ges elpdppe_ rdoc ai <=N' di oce forh of a 
ooooce_ or hagieod^ rceeg rdoc a seisor rcose frelpei^t opoppo ds 
proporodoiag oo oce aigpgar qego^dot) <^^egeraodoi heaspreheio relpdres oce 
pse of ai Iierodag Heaspreheio Pido #IHP$) Iierodag pidos are di^reasdiggt 
]edig disoagge_ di qecd^ges ocaifs oo oce re_p^odoi di oce ^oso of Hd^ro(
@ge^oroHe^caid^ag Ntsoehs #H@HN$) Ocds rat' ocds approa^c hafes pse of 
oce seisors ^ohhoigt disoagge_ di qecd^ges) 
Oce propose_ roa_ _eoe^odoi heoco_ogogt agso hafes pse of oce preqdopsgt 
heiodoie_ seisors) Ii a__dodoi' do agso resoros oo oce heaspreheio proqd_e_ ]t 
oce ]rafe presspre seisors) Ocds seisor ds ^prreiogt fopi_ di hoso qecd^ges' ao 
geaso di oce hasoer ^tgdi_er) Rdoc agg ocds diforhaodoi ai_ fiordig oce 
_tiahd^s of oce odre(aspcago ^oioa^o' oce for^es esperdei^e_ ]t oce odre ^ai ]e 
esodhaoe_) Oo _o so' ai @FF(]ase_ aggordoch ai_ a ^gassdfder caqe ]eei 
_eqegope_ oo o]oadi oce opodhph grdp geqeg) Oce hadi _dsa_qaioage of ocds 
heoco_ ds poor a^^pra^t rcei oce goigdop_diag a^^egeraodoi ds gor sdi^e oce 
for^es esperdei^e_ are shagg) Ii ait ^ase' for ehergei^t ]rafdig or ora^odoi 
pro^e_pres' oce ^oiorogger ordes oo hasdhdue oce _e^egeraodoi or a^^egeraodoi 
respe^odqegt' goigdop_diag for^es ]edig cdgc di ]ooc ^ases) 
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Fdiaggt' a ier approa^c for oce dioerqeiodoi ho_pge ]ase_ oi a ]do(dispdre_ 
ieprag ieororf ds propose_) Ocps' oce stsoeh ds ei_ore_ rdoc gearidig 
^apa]dgdodes ocaifs oo oce repro_p^odoi of ieprag pgasod^dot fopi_ di ]dogogd^ag 
stsoehs) 
<rodfd^dag ieprag ieororfs #<IIs$ rere ahoig oce fdrso sorp^opres ocao 
hdhd^fe_ oce ]ecaqdor of ]dogogd^ag ieprag ieororfs) Ocese arodfd^dag ieororfs 
caqe ]eei rd_egt pse_ di ^gassdfd^aodoi ai_ ^gpsoerdig appgd^aodois) Ocedr 
appgd^aodoi di ^oiorog' agocopgc gess rd_esprea_' ds agso effe^odqe) <rodfd^dag 
ieprag ieororfs #<IIs$ proqd_e oce opporopidot oo repgd^aoe ieprag sorp^opres 
oo pi_ersoai_ ai_ repro_p^e ocedr ]ecaqdor ai_ perforhai^e) <IIs are ]ase_ 
oi oce pse of a^odqaodoi fpi^odois oo ho_eg fdrdig) Coreqer' ocese <IIs are 
sdhpgdfde_ ho_egs ocao _o ioo a^^praoegt repro_p^e oce ]ecaqdor of ]dogogd^ag 
ieprag stsoehs sdi^e ocet _o ioo oafe dioo a^^opio odhe as o^^prs di iaopre) 
Oi oce ^oiorart' NIIs resoro oo odhe(seisdodqe a^odqaodoi fpi^odois ocao gea_ 
oo fdrdig di oce ieproi' ]edig hp^c ^goser oo oce reag oies) Ocds hafes do 
possd]ge oo repgd^aoe ]dogogd^ag ege^ord^ag dhppgses as regg as odhe 
sti^croiduaodoi he^caidshs ocao opei oce _oor oo gearidig he^caidshs ocao 
^aiioo ]e appgde_ di <IIs) 
Oo ocds ei_' Npdfdig Ieprag Ieororfs #NII$ ^apa]ge of ho_egdig oce ege^ord^ag 
sdgiags ehpgote_ ]t ]dogogd^ag ieprois rdoc a gor ^ohppoaodoiag ^oso caqe 
]eei _eqegope_) Oce propose_ ieprag ieororfs are a]ge oo ho_dft ocedr 
]ecaqdor ]t a_epsodig oce ieprag ^oiie^odois' ^agge_ stiapses' rdocopo gosdig 
^oiorog of oce qecd^ge) Fprocerhore' a spperqdse_ gearidig aggordoch cas ]eei 
_eqegope_) Ii ocds aggordoch' oce sti^croiduaodoi ]eoreei ieprois ocropgc 
Npdfe Odhe(Depei_eio Kgasod^dot #NODK$ ho_dfdes stiapse soreigoc)  Oo 
eispre oce ro]psoiess of oce ^oiorogger' a ieprag sorp^opre ]ase_ oi refges ar^s 
of ]dogogd^ag ^oiorog he^caidshs ds pse_) Ntiapse ^caiges ^ai ]e ha_e _prdig 
oce ese^podoi of oce aggordoch' rcd^c aggors oigdie gearidig di oce qecd^ge 
_prdig iorhag operaodoi) 

1.4. Literature review 
Mesear^c ]ase_ oi qecd^ge _tiahd^s ai_ ^oiorog ds ^oisoaiogt eqogqdig) 
Pidqersdodes ai_ resear^c ^eioers _e_d^aoe a goo of odhe ai_ efforo oo pp]gdscdig 
arod^ges ai_ ]oofs di qecd^ge(regaoe_ fdeg_s) Piforopiaoegt' oce hadi sopr^e of 
resear^c ai_ _eqegopheio ds fopi_ rdocdi oce prdqaoe qecd^ge haipfa^oprdig 
di_psort' as dos diqesoheio ̂ apa^dot ds hp^c cdgcer ̂ ohpare_ oo pp]gd^ resear^c 
gropps) >oiselpeiogt' gdooge diforhaodoi ds pp]gd^gt aqadga]ge oi a^odqe safeot 
stsoehs of qecd^ges oi oce roa_) Ieqerocegess' gdoeraopre oi qecd^ge safeot 
stsoehs ds esoeisdqe) < gdoeraopre reqder ds sphhardue_ ]egor a^^or_dig oo oce 
ho_pge di rcd^c oce papers are ^gassdfde_) 
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1.4.1. Parameter identification and classification module 

1.4.1.1. Longitudinal speed determination   
Megar_dig oce ^ag^pgaodoi of qecd^ge spee_' sop_des ^ai ]e ^gassdfde_ a^^or_dig 
oo oce rat ocet perforh oce esodhaodoi' d)e) _dre^o or di_dre^o heaspreheio of 
spee_) BKN ds ofoei pse_ for _dre^o heaspreheio' ]po sop_des sp^c as Nppee eo 
ag) #-+1/$  caqe scori ocao gaoei^t gdhdos dos fpi^odoiagdot) For di_dre^o 
heaspreheio' qecd^ge _tiahd^s heaspreheios sp^c as a^^egeraodois ai_ 
aigpgar qego^dodes of oce rceegs are pse_) Ocps' <g^auar eo ag) #-+-1$ _es^rd]e_ 
a hore a^^praoe heaspreheio stsoeh ]ase_ oi seisors aqadga]ge di oce haeordot 
of ege^ord^ qecd^ges) >eroadigt' for di_dre^o spee_ ^ag^pgaodoi' @FF ds oce hoso 
rd_egt pse_ esodhaoor # $6 rorfs sp^c as Bpo eo ag) #-+1.$ 
dhpgeheioe_ ocds aggordoch di ai FKB<' ocps qagd_aodig dos appgd^aodoi di 
eh]e__e_ stsoehs) Oce pse of o]serqers #>cei eo ag) #-+13$' Raig eo ag) 
#-++4$$ ai_ _aoa fpsdoi #Ddig eo ag) #-+-+$$ are agso ^ohhoigt pse_) 

1.4.1.2. Road identification 
Oce odre(roa_ ^oioa^o _tiahd^s ds _eoerhdie_ ]t oce odre ho_eg' so do relpdres 
diforhaodoi a]opo oce otpe of roa_ oce odre ds di ^oioa^o rdoc)Oce roa_ otpe 
_eoe^odoi di reag(odhe ds sodgg a ^caggeige oo ]e sogqe_ _pe oo oce greao iph]er 
of dioeriag ai_ esoeriag ageios preseio di oce roa_(odre ^oioa^o podio #d)e) rear' 
reaocer ^oi_dodois' hadioeiai^e' presei^e of ^oioahdiaios' )))$) Ocerefore' 
ocere are seqerag heoco_ogogdes oo oa^fge ocds pro]geh) Oce hoso effe^odqe 
heoco_ faggs dioo oce ffe^o(]ase_  ^aoegort) <s preseioe_ ]t Maeahaid eo ag) 
#-+1+$' _eoe^odoi o^^prs rcei oce for^es esperdei^e_ ]t oce odre are cdgc) 
Oatgor eo ag) #-+1+$ propose_ a _op]ge Faghai sorp^opre) >asodggo eo ag) #-+15$ 
_es^rd]e_ a ct]rd_ @FF ai_ <II sorp^opre oo esodhaoe roa_ a_cerei^e) Oocer 
proposags are ]ase_ oi ai Pis^eioe_ Faghai Fdgoer #PFF$ or hoqdig corduoi 
esodhaodoi' as di Ucaig eo ag) #-+14$) <^^egeroheoers #Ndigc eo ag) #-+1.$  ' 
<i_ra_es eo ag) #-+-+$$ or rceeg spee_ seisors #Pheio eo ag) #-++-$$ are 
^ohhoigt pse_ for ocds d_eiodfd^aodoi heoco_)
Despdoe ]edig effe^odqe aggordochs' ocedr perforhai^e _egra_es rcei gor for^es 
are a^odig oi oce rceegs' so ocet are ioo approprdaoe oo rari safeot stsoehs 
prdor oo ai ehergei^t) Oi oce ^oiorart' apse(]ase_  ^aoegort hafes pse 
of ^aheras #>asseggrei eo ag) #-++2$$ or ra_ars #Qddfard eo ag) #-++4$$' rcd^c 
aggors aiod^dpaodig ai ehergei^t) Ocese heoco_s are perfe^ogt ^ohpaod]ge ai_ 
^ai ]e ^oh]die_ rdoc ffe^o(]ase_  heoco_s) 

1.4.1.3. Tire model  
Oce ho_egdig of odre ^oioa^o rdoc oce roa_' as preqdopsgt heiodoie_' ds oce 
hadi fa^oor ocao _efdies oce _tiahd^s of a qecd^ge) For ocds reasoi' resear^c 
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fo^pse_ oi ocds fa^oor ds qert esoeisdqe ai_ ^ohpges) Nohe approa^ces pse 
pctsd^ag ho_egs oo ho_pgaoe ocedr ]ecaqdor' sp^c as oce GpBre #>aip_as(_e(
Rdo eo ag) #-++.$$ or =rpsc ho_eg #>goqer eo ag) #1443$' Qai Uaioei eo ag) 
#1434$$) Coreqer' ehpdrd^ag ho_egs' sp^c as =pr^fcar_o #144.$ s' are geieraggt 
preferre_) Ka^eefa #-+1-$ hpdrd^ag ho_eg esoa]gdsce_ oce ]asds of rcao ds 
^prreiogt oie of oce hoso rd_egt pse_ odre ho_egs di oce di_psort' oce HF(odre) 
Ocds a^roith soai_s for Hagd^ Forhpga' as ce ^agge_ oce elpaodoi ocao fdos oce 
esperdheioag _aoa)  
Ho_dfd^aodois oo ocds forhpga caqe ]eei ha_e oo di^gp_e oce difgpei^e of oocer 
paraheoers' sp^c as spee_ di >a]rera eo ag) #-+1+$) Ii _ee_' oce eqogpodoi of 
oce HF(Odre dioo a _tiahd^ ho_eg ^agge_ HF(Nrdfo ds ^ohhoigt pse_ ]t 
qecd^ge haipfa^oprers) Coreqer' pigdfe dos pre_e^essor' ocere ds qert gdooge 
diforhaodoi a]opo do sdi^e do ds ^prreiogt orie_ ]t oce prdqaoe ^ohpait 
Ndeheis) Ocds ho_eg pses reag _aoa' as di >a]rera eo ag) #-+13$' oo _eoerhdie 
oce paraheoers of oce HF) Np]selpeiogt' do fdos  oce odre _tiahd^ ]ecaqdor ]t 
heais of reag oesodig' sp^c as <^osoa eo ag) #-+-+$) Cei^e' oce HF(Nrdfo ho_eg 
proqd_es oce grdp geqeg' oafdig dioo a^^opio oce roa_ profdge) For ocds reasoi' do 
ds oie of oce hoso a_qai^e_ ho_egs agocopgc dos ^gose_ iaopre relpdres oce 
patheio of a gd^eise fee for dos pse) 
<gocopgc hoso sop_des are fo^pse_ oi fopr(rceege_ qecd^ges' ocere are agso 
resear^c papers oi oro(rceege_ qecd^ges' proqd_dig esperdheioag _aoa sp^c as 
ocose ]t Ncarp eo ag) #-++/$ or sdhpgaodois perforhe_ ]t <g^auar eo ag) #-+-+$) 

1.4.2. Intervention module 

1.4.2.1. Wheel slip control (WSC) 
<^odqe safeot stsoehs ocao hasdhdue goigdop_diag for^es _prdig ]rafdig ai_ 
a^^egeraodoi are geieraggt ]ase_ oi sgdp ^oiorog) Ocds ds _pe oo oce fa^o ocao odre 
_tiahd^s are hadigt _eoerhdie_ ]t oce _dfferei^e ]eoreei qecd^ge spee_ ai_ 
oce oceoreod^aggt ^ag^pgaoe_ forrar_ spee_ ]ase_ oi rceeg aigpgar spee_' as 
_ds^psse_ a]oqe) Ocps' ocds otpe of ^oiorogger podgdues a oargeo sgdp geqeg ]ase_ 
oi oce otpe of roa_) Ieso' oce ^oiorog aggordoch ds di ^carge of haiagdig oce 
rceeg oorlpe oo hadioadi oce rceeg sgdp as ^gose as possd]ge oo oce oargeo' edocer 
]t psdig frd^odoi ]rafes' a ^oh]psodoi eigdie' ai ege^ord^ hooor' or a 
^oh]diaodoi of oceh) 
Kreoagosodid eo ag) #-+-+$ sphhardue_ oce hadi RN> aggordochs froh ocose 
]ase_ oi a ocrescog_' #Dat eo ag) #-+13$$ ai_ #Fogpo eo ag) #-+12$$ sp^c as oce 
fdrso oie _eqegope_ ]t =os^c #Medf #-+1/$$' oo Ho_eg Kre_d^odqe >oiorog 
#HK>$) Kreoagosodid eo ag) #-+-+$ agso score_ ocao ea^c ^oiorog soraoegt cas 
dos a_qaioages ai_ _dsa_qaioages' rdocopo a ^gear spperdordot of oie oqer oce 
oocer) Ocps' aggordochs ]ase_ oi regg(fiori di_psordag ^oioroggers' sp^c as 
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KID' are sodgg propose_ ]t seqerag apocors sp^c as Ncarfart eo ag) #-+1+$ ai_ 
Gd eo ag) #-+11$) Fpuut gogd^(]ase_ ^oioroggers are paro of oce hoso _eqegope_ 
^oioroggers di gdoeraopre' edocer agoie #Haper #1445$$ or di a ct]rd_ sorp^opre 
or rdoc oocer ^oioroggers #Gd eo ag) #-+1-$$' or rdoc segf(orgaiduaodoi #Gdi eo ag) 
#-+1.$$ ) Ndhdgargt' proposags ]ase_ oi sgd_dig sprfa^e ^oiorog #NH>$ #Ncdh eo 
ag) #-++3$$ ai_ ieprag ieororfs #Koprsaha_ #-++4$$ are agso frelpeiogt pse_ 
di qecd^pgar stsoehs) 
Oce appearai^e of ege^ord^ qecd^ges cas ge_ ipherops apocors oo a_apo ocedr 
aggordochs oo ocds ier oe^ciogogt' as do cas ]eei sphhardue_ ]t Iqaioq eo ag) 
#-+15$ ai_ De >asoro eo ag) #-+1.$) Ocds rat' Fcaopi eo ag) #-++.$ pse_ fpuut 
gogd^ oo perforh <=N ai_ O>N ^oiorog di ai ege^ord^ qecd^ge) >asodggo eo ag) 
#-+12$ espai_e_ ocese ^oiorogger ^apa]dgdodes oo aggor oceh oo regeieraoe 
eiergt) Ii_epei_eio ege^ord^ hooors agso offer oocer ^oiorog oe^cidlpes' ioo 
aqadga]ge rdoc preqdops oe^ciogogdes' sp^c as oorlpe qe^oordig #Boggda eo ag) 
#-+15$$'rcd^c hasdhdues oce goigdop_diag for^es for ea^c rceeg di ora^odoi ai_ 
]rafdig) 
<gocopgc di ferer ̂ ases' oce a_apoaodoi of RN> oo oro(rceege_ qecd^ges ds agso 
sop_de_' appgtdig oce sahe ^oiorog gogd^' as di >a]rera eo ag) #-+15$ rcere a 
fpuut(]ase_ oorlpe regpgaodoi ras pse_ for ora^odoi ^oiorog) 

1.4.2.2. Bio-inspired control 
=do(dispdre_ ^oiorog ds oce hadi ^oiord]podoi of ocds ocesds) Ocds rat' ^oiorog 
s^cehes ai_ sorp^opres fopi_ di reag ]dogogd^ag stsoehs' rcd^c ds oce fopi_aodoi 
of ocds rorf' are preseioe_ ]egor) 
Oro ^oiorog s^cehes are propose_5 oce fdrso oie ds ]ase_ oi ai dioeriag ho_eg 
spggesoe_ ]t Faraoo #1444$ rcdge oce se^oi_ oie ds ]ase_ oi a ocrescog_ 
^oiorog' rcd^c ras preseioe_ ]t Feg_hai #-++2$) Oce hadi _dfferei^e ]eoreei 
]ooc approa^ces ds ocao oce forher relpdres oce pse of ai dioeriag ho_eg of oce 
stsoeh' ocds ho_eg ]edig piie^essart for oce se^oi_ oie) Ocds gaooer approa^c 
_es^rd]es oce ]asds of oce @lpdgd]rdph Kodio Ctpoocesds #@KC$ #Gaoasc #-+1+$$ 
ai_ #Fdsoehafer eo ag) #-++2$$ rcd^c esoa]gdsces cor stiergt ]eoreei hooor 
pidos #Gaoasc #-+11$$ aggors ^arrtdig opo ^ohpges hoqeheios) <gocopgc 
sppporoers of oce dioeriag ho_eg oceort' sp^c as Rogpero eo ag) #1443$ ai_ 
Bohd eo ag)' caqe orde_ oo _ehoisoraoe _efd^dei^des di @KC' do cas ]eei scori 
ocao ocds approa^c proqd_es respgos #Fdsoehafer eo ag) #-+-+$$ ^ohpara]ge oo 
ocose o]oadie_ di reag ]dogogd^ag stsoehs) Ocerefore' ocds ^oiorog oceort' rcd^c 
ras fprocer esoei_e_ ]t Feg_hai #-+15$' for oce refereio ^oiorog of a^odoi ai_ 
per^epodoi ds pse_ di ocds ocesds) 
Megar_dig ]dogogd^ag sorp^opres' Fai_eg #-+15$ ras oie of oce pre^prsors of oce 
sop_t of oce ^oiorog he^caidshs of oce <pgtsda) Ocds resear^c cas ]eei 
esoei_e_ oo oocer aidhags sp^c as oce hoqeheio of oce gahpret' rcd^c ras 
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sop_de_ ]t Gaisier eo ag) #144/$) Pi_op]oe_gt' ^oiorog sorp^opres diqogqe_ di 
refgeses are of greaoer dioereso ]e^apse ocet are ^apa]ge of perforhdig 
^oiodipops ^oiorog) Oie of oce hoso sop_de_ refges ar^s ds oce Qesod]pgo(O^pgar 
Mefges #QOM$ #Caggerot eo ag) #-+13$$) Ocds refges ^oiorogs ete hoqeheio as 
a respoise oo oce posdodoi ai_ qego^dot of oce cea_ oo soa]dgdue sdgco) Oce 
sorp^opre of oce QOM di cphais #Ioo #1443$$ ai_ #=raioier eo ag) #-+11$$ 
^oiorogs oce ete psdig oce sehd^dr^pgar ^aiags oo soa]dgdue ete hoqeheio rcdge 
hadioadidig elpdgd]rdph' as pre_d^oe_ di @KC) 

1.4.2.3. Spiking neural network (SNN) 
Oce ho_egdig of oce ^ohpoieios of oce ierqops stsoeh ds relpdre_ oo _eqegop 
]do(dispdre_ ^oioroggers) Ii parod^pgar' oce hadi ^ohpoieio of oce ierqops 
stsoeh ds a ^egg ^agge_ ieproi) Ocds ^egg ds respoisd]ge for pro^essdig ai_ 
oraisferrdig diforhaodoi rdocdi oce ierqops stsoeh) Oce fdrso ]do(dispdre_ 
ieprag ieororfs _eqegope_ rere ^agge_ <rodfd^dag Ieprag Ieororfs #<II$) 
Coreqer' ocese ieororfs _o ioo ei^o_e oce diforhaodoi rdoc dhppgses' oce rat 
ocds o^^prs di ]dogogd^ag stsoehs) Ii a__dodoi' ocet ^aiioo ehpgaoe oce gearidig 
he^caidshs) Oi oce ^oiorart' Npdfdig Ieprag Ieororfs #NII$ ds a ierer 
approa^c ocao ehpgaoes ege^ord^ag dhppgses oi oce ierqops stsoeh) Rdocdi ocds 
approa^c' ocere are ho_egs rdoc _dffereio geqegs of ^ohppoaodoiag ^ohpgesdot 
ai_ ]dogogd^ag represeioaodoi' teo oce ho_eg propose_ ]t Iucdfeqd^c #-++.$ ds 
oie of oce hoso rd_egt pse_ sdi^e do proqd_es qert goo_ represeioaodoi rdoc 
gor ^ohppoaodoiag ^oso) Ocds proposag cas ]eei ]oosoe_ ocaifs oo oce 
appearai^e of oce Co_gfdi(Cpsget #145-$ ho_eg' rcd^c cas aggore_ oceh oo 
]e pse_ for oce _eqegopheio of _eep ieprag ieororfs) Kfedffer eo ag) #-+13$ 
_es^rd]e oce opporopidodes ocao ocds eqogpodoi represeios) Oocer apocors sp^c 
as #Dehdi eo ag) #-+13$$ fo^ps oi oce pse of Me^prreio Ieprag Ieororfs 
#MIIs$) Coreqer' sop_des are hadigt appgde_ oo paooeri re^ogidodoi pro]gehs 
#<ra_agga eo ag) #-+1-$$' ioo esdsodig hait esahpges of dos pse di ^oiorog 
appgd^aodois #=dig eo ag) #-+-+$$' #Raig eo ag) #-+1/$$)  
Ii a__dodoi oo oce ieproiag ho_eg' diforhaodoi oraishdooe_ rdocdi oce stsoeh 
ds ei^o_e_ ]t heais of a selpei^e of dhppgses) Ocps' do ds ie^essart oo _eqegop 
a heoco_ogogt oo ei^o_e ai_ _e^o_e ocds diforhaodoi) For ei^o_dig' ai 
arodfd^dag spdfe oradi ^ai ]e pse_ _dre^ogt or eqei a ieproi dosegf' as a ppgse 
geieraoor) Oce gaooer ds sdhdgar oo seisort ieprois ocao fdre hore or gess 
_epei_dig oi oce esoeriag es^doaodoi) Iorhaggt' ocds otpe of ^o_dig ds 
asso^daoe_ rdoc ho_pgaodoi ]t Bapssdai ]eggs #=ocoe eo ag) #-++-$$' #Oidu eo 
ag) #-+15$$  oo _dsord]poe oce diforhaodoi ahoig seqerag ieprois) 
Oi oce oocer cai_' _e^o_dig oraisforhs spdfes dioo a ^oiodipops qarda]ge' epso 
as oce hooor pidos of hps^ges ^oiqero ieproiag es^doaodoi dioo a for^e) 
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Fadser eo ag) #-+11$ propose_ oce pse of a hps^ge ho_eg oo fdgoer oce dhppgses 
]t psdig oro of oceh di ai aioagoidsod^ sorp^opre) If seqerag ieprois iee_ oo 
]e _e^o_e_' ocet are _dsord]poe_ ahoig _dffereio hooor pidos psdig Ceiiehai 
#1452$  sdue prdi^dpge) 
Ddffereio sdhpgaodoi ooogs ^ai ]e pse_ oo dhpgeheio NII aggordochs rdoc 
prograhhdig eiqdroiheios sp^c as H<OG<= ai_ Ktocoi) Nohe proee^o 
esahpges ^ai ]e fopi_ di =radi #Boo_hai eo ag) #-++3$$ ai_ Ieigo #DeRogf 
eo ag) #-+-+$$' rcere oce ieororf ds eia]ge_ oo rpi oi pogthorpcd^ car_rare 
sp^c as Iioeg"s Godcd) Fprocerhore' Iucdfeqd^c eo ag) #-++2$ ho_ege_ oce 
^ohpgeoe ]radi rdoc NII ai_ sdhpgaoe_ do rdoc > prograhhdig gaigpage' 
psdig a ^gpsoer) 

1.4.2.4. Learning process  
Oie of oce hadi pifioris di ]dogogd^ag ieprag stsoehs ds oce he^caidsh of 
gearidig) Fai_eg #-+15$"s sop_t of <pgtsda _es^rd]e_ oce fpi_aheioag 
he^caidshs of ]dogogd^ag gearidig' ocaifs oo rcd^c ce ras arar_e_ oce Io]eg 
Krdue) Dota eo ag) #-++1$ _es^rd]e_ oce otpes of gearidig ai_ ^gassdfde_ oceh 
dioo spperqdse_' pispperqdse_' ai_ redifor^e_ gearidig) 
@sahpges of gearidig appgde_ oo NII are _es^rd]e_ di NII #Oacerfcaid eo ag) 
#-+-+$$#Go]o eo ag) #-+-+$$# Raig eo ag) #-+-+$$) Ii a__dodoi' ocere are 
a_apoaodois of redifor^e_ gearidig #Iucdfeqd^c #-++2$$ ai_ spperqdse_ gearidig 
#Oacerfcaid eo ag) #-+13$$) =ooc are hadigt ]ase_ oi ieprag pgasod^dot as a 
fpi^odoi of a^odqdot #Red eo ag) #-+14$$' podgdudig oce NODK heoco_' spperqdse_ 
gearidig appgde_ psdig NODK ]edig oce hoso rd_egt pse_) Dopahdie 
ho_pgaodoi ds agso dioro_p^e_ oo ^oh]die NODK gearidig rdoc oce rerar_ di 
redifor^e_ gearidig) Ocds rat' _opahdie a^odqaoes ai_ _ea^odqaoes NODK 
_epei_dig oi oce eqogpodoi of oce gearidig pro^ess) <ioocer fa^oor oo oafe dioo 
a^^opio ds oce didodagduaodoi of oce ieororf' sdi^e ai eargt _eoerhdie_ sorp^opre 
#<reia eo ag) #-++4$$ hat difgpei^e gearidig ^apa^dot ai_ aggors pre_d^odig oce 
]ecaqdor of oce ieororf) Oce gaooer aggors oigdie gearidig rdocopo oce rdsf of 
pipre_d^oa]ge respoises as o^^prs rdoc rai_ohgt didodagdue_ sorp^opres) 
Fdiaggt' agg oce fgesd]dgdot ocao NII ai_ gearidig aggordochs aggor oo o]oadi 
ier sogpodois' gdfe ho_egdig a ]dogogd^ag stsoeh sp^c as ai arh ]t Npddger eo 
ag) #-+15$' ro]oo ^oiorog #Raig eo ag) #-+14$$' #Oaig eo ag) #-+13$$' # =dig eo 
ag) #-+14$$ or paooeri re^ogidodoi #Cao eo ag) #-+-+$$)  

1.5. Outline of the thesis 
Ocds ocesds ds orgaidue_ dioo oro paros5 oce fdrso paro dioro_p^es oce rorf 
^arrde_ opo _prdig oce fdrso ocree tears of oce ocesds) Oce se^oi_ paro di^gp_es 
papers pp]gdsce_ _prdig ocds perdo_ as a fdrso apocor) 
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Oce fdrso paro ds sorp^opre_ as foggors5 oce qecd^ge ho_eg di^gp_dig oce roa_ odre 
dioera^odoi as regg as oce a^opaoors diqogqe_ are _es^rd]e_ di Ne^odoi -)1) Ieso' 
oce Rceeg Ngdp >oiorog #RN>$ s^cehe pse_ ds _efdie_ #Ne^odoi -)-$)  Oce 
esodhaodoi iee_e_ ds perforhe_ ]t psdig ai @soei_e_ Faghai Fdgoer #@FF$' 
rcd^c ds preseioe_ di Ne^odoi -).) NIIs(]ase_ aggordochs caqe ]eei pse_ oo 
_eqegop oce reso of oce ^ohpoieios relpdre_ for oce RN> #d_eiodfd^aodoi ai_ 
dioerqeiodoi$' rcd^c are _es^rd]e_ di Ne^odoi -)/) Ndhpgaodois ai_ respgos are 
di^gp_e_ di Ne^odoi .) Fdiaggt' oce hadi ^oi^gpsdois of ocds resear^c ai_ fpopre 
rorf are preseioe_ di Ne^odois / ai_ 5 respe^odqegt) 

Figure 2. Thesis overall structure 

Oce se^oi_ paro preseios oce arod^ges ocao ^oh]dies oro resear^c gdies5 qecd^ge 
_tiahd^s ai_ spdfdig ieprag ieororfs) Ocps' oce pp]gdsce_ papers fo^ps oi 
sogqdig ^caggeiges di ]ooc gdies of resear^c) Np]selpeiogt' a fdiag paper cas 
]eei rrdooei ocao herges oce a^cdeqeheios so far oo propose a ̂ ohpgeoe qecd^ge 
safeot stsoeh ^oiorogge_ rdoc ]do(dispdre_ aggordochs) Fprocerhore' respgos 
o]oadie_ di esperdheioag oesos caqe agso ]eei di^gp_e_ di ocds fdiag paper) 
Oce fdrso pp]gd^aodoi V1X' prdor oo oce ]egdiidig of oce ocesds' esoa]gdsce_ oce 
]asds ai_ gaqe disdgcos dioo oce qda]dgdot of oce proposag) Ocds paper _es^rd]es 
a ieprag ^oiorog dispdre_ ]t ieprag ^oiie^odois fopi_ di ]dogogd^ag stsoehs) 
Oce ^oiorogger ds ^apa]ge of haiagdig a ioigdiear stsoeh rdoc a ^ohpgesdot 
sdhdgar oo oce _tiahd^s of a odre) Coreqer' io segf(gearidig heoco_ ras pse_)  
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Rdoc oce se^oi_ paper V-X pp]gdsce_' oce goag ras oo _efdie a ^oiorog s^cehe 
for odre ̂ oioa^o _tiahd^s' _es^rd]dig a ho_eg of oce stsoeh ai_ a^opaoors) Ocds 
paper aggore_ pi_ersoai_dig oce relpdreheios ocao sp^c a ^oiorogger scopg_ 
caqe di oerhs of oehporag respoise ai_ gor ^ohppoaodoiag ^oso ]po agso 
regar_dig oce iee_ oo a_apo oo oce eiqdroiheio) Io cas oo ]e iooe_ ocao seqerag 
fa^oors difgpei^e oce _tiahd^s of a odre) Oafdig agg ocese aspe^os dioo a^^opio 
di^reases oce ^ohpgesdot of _esdgidig oce ^oiorogger ai_ gdhdos do oo a qert 
spe^dfd^ pse di a parod^pgar odre ai_ qecd^ge) < sdhpge ^oiorogger ^apa]ge of 
gearidig ^ai ]e a hore approprdaoe sogpodoi ocai a qert ^ohpges ai_ difgesd]ge 
aggordoch rdoc hait paraheoers oo ]e opie_) 
Oce ocdr_ arod^ge V.X sopgco oo espgore oce ^oi^epo of a_apoa]dgdot psdig fpuut 
gogd^) Fpuut gogd^(]ase_ ^oioroggers are ^oisd_ere_ oie of oce hoso effd^deio 
^oiorog aggordochs _pe oo ocedr gor ^ohppoaodoiag ^oso) =t heais of 
eqogpodoiart gearidig' ]ase_ oi ^oeqogpodoi' oce propose_ ^oiorogger ras 
oradie_ oo o]oadi goo_ ]ecaqdor oi _dffereio otpes of roa_s' as regg as rdoc 
sp__ei ^caiges di oce sprfa^e) Oce possd]ge ^oh]diaodois ]eoreei roa_ otpes 
ai_ ^caiges are cdgc so' ]t heais of ^oeqogpodoi' oce gearidig ras fo^pse_ 
oigt oi ocose areas rcere oce ^oiorogger ha_e oce greaoeso error) Ocds re_p^e_ 
oce iph]er of possd]ge sdhpgaodois ai_ pgodhaoegt respgoe_ di a ^oiorogger 
^apa]ge of hasdhdudig a_cesdoi for agg sprfa^es) Oce hadi pro]geh ocao arose 
ras rcao cappeie_ df oce ^oiorogger ei^opioere_ a ier sprfa^e' _egra_aodoi' 
presspre' oehperaopre' ai_ oocer ^oi_dodois) If so' do ropg_ ]e ie^essart oo 
repeao oce gearidig pro^e_pre froh oce ]egdiidig' rcd^c represeioe_ a greao 
_dsa_qaioage for reag(odhe appgd^aodois) Ocds rat' di or_er oo oradi oce 
^oiorogger' do ras ie^essart oo sdhpgaoe a garge iph]er of ^oh]diaodois' rcd^c 
relpdre_ a garge ^ohppoaodoiag ^oso ai_ preqeioe_ oce aggordoch froh ]edig 
pp_aoe_ di oce fdiag car_rare) 
Fdiaggt' di oce foproc paper V/X' oce ^oiorogger propose_ di oce fdrso paper cas 
]eei greaogt dhproqe_ ]t _eqegopdig a ieprag ho_eg rdoc a hore a_qai^e_ 
sorp^opre' oce hadi ^oiord]podoi ]edig oce proposag of ai NODK gearidig 
aggordoch ^apa]ge of gearidig _prdig dos iorhag operaodoi) Oo ocds ei_' do cas 
]eei appgde_ oo ^oiorog a ioigdiear ho_eg of ai arh' ]edig a]ge oo a_apo oo 
qardaodois ai_ peropr]aodois di oce stsoeh rdoc respoises sdhdgar oo ocose 
esperdei^e_ di oce cphai ]o_t) Ocps' ai aggordoch rdoc a gor ^ohppoaodoiag 
^oso' ^apa]ge of gearidig di reag(odhe' ds propose_' rcd^c aggors dos appgd^aodoi 
di eh]e__e_ stsoehs sp^c as ocose pse_ di qecd^ge ^oiorog) <gg di agg' ocds 
represeios oie of oce hadi ^oiord]podois of ocds ocesds' ioo oigt ]edig a]ge oo 
^oiorog a ioigdiear stsoeh ]po agso ei_ordig oce ^oiorogger rdoc oce a]dgdot oo 
a_apo oo possd]ge ^caiges di stsoeh _tiahd^s) 
Ii a__dodoi' agg oce fiorge_ge a^lpdre_ cas ]eei dhpgeheioe_ di ai 
esperdheioag qecd^ge ocropgc a ^ogga]oraodoi rdoc oce Nre_dsc Pidqersdot of 
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FOC) Dprdig a ocree(hoioc soat' oce ^oiorog aggordoch ]ase_ oi ieprag 
ieororfs ras oesoe_ oi a fopr(rceege_ ege^ord^ esperdheioag qecd^ge #Mesear^c 
>oi^epo Qecd^ge  M>Qe$ elpdppe_ rdoc di_psort(re^ogidue_ DNK<>@ 
^oiorogger car_rare) Ocese oesos serqe_ oo qagd_aoe oce propose_ approa^c oi 
a reag qecd^ge) Fdgpre . scors oce oqerqder of oce ocesds di a fgor ^caro oqer 
odhe)  
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Figure 3. Thesis overview (Articles and grants linked to thesis sections) 
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2. Methodology

Ocds ^capoer ds _eqooe_ oo opogdidig oce heoco_ogogt foggore_ oo ho_eg a 
qecd^ge ai_ oce sorp^opre relpdre_ oo ^oiorog do) Ocerefore' ocds ^capoer ds 
_dqd_e_ dioo fopr se^odois fo^pse_ oi _es^rd]dig oce qecd^ge ho_eg' oce ^oiorog 
s^cehe' oce esodhaodoi' ai_ oce ieprag aggordochs respe^odqegt) Fdrso' oce 
qecd^ge ho_eg ds _es^rd]e_) 

2.1. Vehicle Model 
< qecd^ge ho_eg ds relpdre_ oo repgd^aoe oce ]ecaqdor of oce qecd^ge elpdppe_ 
rdoc oce Rceeg Ngdp >oiorog #RN>$ propose_ di ocds rorf)_pd Oce pse of ai 
a_elpaoe qecd^ge ho_eg ds ̂ rp^dag sdi^e do _eoerhdies oce _tiahd^s of oce stsoeh 
oo ]e ^oiorogge_) Ocerefore' do ds dhporoaio oo seo oce hdidhph relpdreheios 
of oce ho_eg oo a^cdeqe a goo_ ]agai^e ]eoreei ^ohppoaodoiag ^oso ai_ 
a^^pra^t) For oce sop_t of goigdop_diag _tiahd^s' oce odre ho_eg ds prdordodue_ 
oqer oce qecd^ge ]o_t ho_eg sdi^e oce odre(roa_ ^oioa^o ho_eg ds cdgcgt ioi(
gdiear) Oce ]o_t ho_eg ds hadigt di ^carge of _eoerhdidig oce qerod^ag for^es 
ai_ qego^dodes of ea^c rceeg' so oce hdidhph relpdreheio ds ocao do cas oo ]e 
^apa]ge of proqd_dig a goo_ represeioaodoi of oce goa_ oraisfers asso^daoe_ rdoc 
goigdop_diag a^^egeraodoi) 

2.1.1. Multibody Model 
Oce pse of a hpgod]o_t ho_eg aggors oce ^ag^pgaodoi of spee_s ai_ for^es 
^oisd_erdig agg oce _egrees of free_oh aqadga]ge di a qecd^ge) Coreqer' sdi^e 
ocds ocesds hadigt fo^pses oi oce ^oiorog of goigdop_diag odre for^es' oce pse of 
a hpgod]o_t otpe ho_eg ds ioo ie^essart) Ieqerocegess' oro ai_ fopr(rceeg 
ho_egs _eqegope_ ]t =dfeNdh ai_ >arNdh caqe ]eei pse_) Ocds aggors 
qagd_aodig oce perforhai^e of oce sdhpger ho_egs propose_ ]egor' as regg as 
qagd_aodig oce _eqegope_ ^oiorog aggordoch)  
Oce hadi _rar]a^f of hpgod]o_t ho_egs ds oce asso^daoe_ cdgc ^ohppoaodoiag 
^oso' rcd^c gdhdos oce iph]er of doeraodois oo oradi oce ̂ oiorog aggordoch) Rcei 
_eqegopdig ier gearidig heoco_ogogdes' do ds ie^essart oo oeso _dffereio 
^oifdgpraodois ai_ otpes of ^oiorog sorp^opres' ocps faso sdhpgaodoi pro^esses 
are _esdre_' proqd_e_ ocet represeio oce stsoeh ^orre^ogt) Cei^e' oce ho_egs 
pse_ for oce _eqegopheio of oce propose_ aggordochs are preseioe_ ]egor) 
Ocese ho_egs saodsft oce gor ̂ ohppoaodoiag ̂ oso oargeo ]t re_p^dig oce iph]er 
of _egrees of free_oh ai_ fo^psdig oi oce goigdop_diag _tiahd^s of oce qecd^ge)
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2.1.2. Two-wheeled vehicle 
Ii ocds ^ase' oce pgaiar ho_eg ^ohhoigt fiori as a ]d^t^ge ho_eg' rcere oigt 
goigdop_diag ai_ qerod^ag for^es appear' ds pse_ #Fdgpre /$) Ocds ho_eg ^ai 
di^gp_e oce ]ecaqdor of oce _ahpdig stsoeh oo ^orre^ogt sdhpgaoe oce qerod^ag 
goa_ oraisfer _prdig oraisdeios) Dpe oo oce rdsf diqogqe_ di perforhdig oesos oi 
oro(rceege_ qecd^ges ao cdgc spee_' oce oesos rere perforhe_ ao gor spee_ oo 
aqod_ oce possd]dgdot of roggoqer) Ocds respgos di hdidhag dhpa^o oi oce 
spspeisdoi stsoeh _prdig a oeso) 

Figure 4. Planar motorcycle model 

Oce goqeridig elpaodois pse_ are ocose asso^daoe_ rdoc . Degrees Of Free_oh 
#.DOF$ corduoioag #1$' qerod^ag #-$' ai_ pdo^c #.$)

̈ θ̇ ̇ #1$ 
̈ θ̇ ̇ #-$ 
θ̈ #.$ 

Rcere s' t ai_ u are rdoc respe^o oo @aroc(fdse_ ases) Ii a__dodoi' oce 
elpaodois gdife_ oo oce rooaodoi of oce froio #/$ ai_ rear #5$ rceegs are agso 
oafei dioo a^^opio) 

̇ #/$ 
̇ #5$
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Oce paraheoers pse_ di oce ho_eg are sphhardue_ di oce foggordig Oa]ge 15 

Table 1. Motorcycle model parameters 

Nth]og Des^rdpodoi Nth]og Des^rdpodoi 

s Goigdop_diag _dspga^eheio #>OB$ >f Nodffiess of froio spspeisdoi 
u Qerod^ag _dspga^eheio #>OB$ >r Nodffiess of rear spspeisdoi 
H Hass Ff Froio _ahpdig 
θ Kdo^c aigge Fr Mear _ahpdig 

f Froio rceeg spee_  Fd For^e _rag 
r Mear rceeg spee_ Tf @soeriag oorlpe froio odre

Rf Froio odre ra_dps Tr @soeriag oorlpe rear odre 
Rr Mear odre ra_dps Fxf Froio goigdop_diag for^e 
Gf Froio cagf geigoc Fxr Mear goigdop_diag for^e 
Lr Mear cagf geigoc   Fzf Froio qerod^ag for^e 
Itt Iieroda oi oce T asds Fzr Mear qerod^ag for^e 

Irf Froio rceeg spdi dieroda 

Irr Mear rceeg spdi dieroda 

2.1.3. Four-wheeled vehicle 
< ocree Degree(Of(Free_oh #DOF$ ho_eg ds pse_ oo repro_p^e oce _tiahd^s 
of a fopr(rceege_ qecd^ge) Ocds ho_eg oafes dioo a^^opio goigdop_diag ai_ 
gaoerag oraisgaodoi' as regg as oce tar of oce qecd^ge #Fdgpre 5$) Coreqer' ocds 
ho_eg _oes ioo ^oisd_er qerod^ag hoqeheio) Ocps' do rdgg ]e ie^essart oo 
^ag^pgaoe oce goa_ oraisfer oi ea^c of oce rceegs ]t heais of a__dodoiag 
elpaodois) 

Figure 5. Four-wheel vehicle model 

Ocese ho_eg elpaodois are sdhdgar oo ocose of oce oro(rceege_ qecd^ge ho_eg) 
Coreqer' di ocds ^ase' gaoerag hoqeheio ds hore dhporoaio ocai oce qerod^ag 
oie) Ii ocds ^ase' oce elpaodoi for goigdop_diag for^es #1$' gaoerag for^es #2$' ai_ 
tar #3$ are oafei dioo a^^opio) 
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̈ ̇ θ̇ #1$ 
̈ ̇ θ̇ #2$ 

θ̇ ( ) ( ) ( ) #3$ 

Ndi^e pdo^c ds ioo oafei dioo a^^opio di ocds ho_eg' do ds assphe_ ocao oce 
qecd^ge agrats feeps oce rceegs di ^oioa^o rdoc oce roa_) Ocds assphpodoi ^ai 
]e ha_e ]ase_ oi oce geoheort' hass' ai_ posdodoi of oce >eioer Of Braqdot 
#>OB$ di fopr(rceege_ qecd^ges' rcd^c eispre oce ^oioa^o of oce rceegs rdoc 
oce roa_ di aghoso agg _rdqdig ^oi_dodois) Ocerefore' oce qerod^ag goa_ elpaodois 
are preseioe_ for oce froio #4$ ai_ rear #1+$ asges rdoc ocese assphpodois) 
Ndhdgargt' oce foggordig elpaodois are pse_ oo o]oadi oce goa_ oi ea^c rceeg5 
froio gefo #11$ ai_ rdgco #1-$ as regg as rear gefo #1.$ ai_ rdgco #1/$) 

( ̈ ̇ θ̇) #4$ 
( ̈ ̇ θ̇) #1+$ 

( ̈ ̇ θ̇) #11$ 

#1-$ 
M ( ̈ ̇ θ̇) #1.$ 

#1/$ 

<__dodoiaggt' ea^c rceeg cas ai asso^daoe_ rooaodoiag elpaodoi as di #/$#5$ 
rcd^c cas ]eei ohdooe_ as ocet _o ioo a__ fprocer diforhaodoi) 
Oce paraheoers pse_ di oce ho_eg are sphhardue_ di oce foggordig Oa]ge -5 

Table 2. Four-wheel vehicle model parameters 

Nth]og Des^rdpodoi Nth]og Des^rdpodoi 

s Goigdop_diag _dspga^eheio #>OB$ Fxf= Fxfl  + Fxfr Froio goigdop_diag for^e 
t Gaoerag _dspga^eheio #>OB$ Fxr= Fxrl  + Fxrr Mear goigdop_diag for^e 
H Hass Fyf= Fyfl  + Fyfr Froio gaoerag for^e 
θ Tar aigge Fyr= Fyrl  + Fyrr Mear gaoerag for^e 
Gf Froio cagf geigoc Fzf= Fzfl  + Fzfr Froio qerod^ag for^e 
Lr Mear cagf geigoc   Fzr= Fzrl  + Fzrr Mear qerod^ag for^e
w Qecd^ge rd_oc Fd For^e _rag 
h Cedgco #>OB$ Md Hoheio _rag 
Iuu Iieroda oi oce U asds 
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2.1.4. Tire Model 
<s preqdopsgt ehpcasdue_' oce odre ho_eg hadigt _eoerhdies oce _tiahd^s of 
oce stsoeh oo ]e ^oiorogge_) Cei^e' do ds of qdoag dhporoai^e ocao oce odre ho_eg 
scopg_ represeio odre ioigdieardot ai_ oraisdeio respoise fadocfpggt) Ii ocds ̂ ase' 
oce hadi pro]geh ei^opioere_ ds oce _dffd^pgot oo o]oadi reag odre _aoa ai_ oo 
gadi a^^ess oo oce hore re^eio ai_ a_qai^e_ odre ho_egs _pe oo di_psort 

]eei ̂ cosei ]e^apse do ̂ ai repro_p^e odre(roa_ a_cesdoi rdoc a re_p^e_ iph]er 
of paraheoers) Ii a__dodoi' do ^ai ]e pse_ oo ho_eg possd]ge qardaodois di 
a_cesdoi ai_ oraisdeio respoise ]t a__dig a oraisdeio oerh) 

# $ ds a fpi^odoi of oce 
qerod^ag for^e # $ ai_ a seo of esperdheioaggt o]oadie_ paraheoers a^^or_dig 
oo elpaodoi #15$) Ocese paraheoers v , , ,  x _efdie oce ]ecaqdor of oce 
odre #11$ oi _dffereio sprfa^es as a fpi^odoi #K$ of oce otpe of roa_ #λμ $ ai_ 
oce qerod^ag _dheisdoigess goa_ ]t psdig elpaodoi #12$ di ^oh]diaodoi rdoc oce 
iohdiag goa_ # $ of oce odre) 

κ κ κ #15$ 

{

λμ

( )

( λμ )(((( μ

#11$ 

#12$ 

Oo ho_eg oce oraisdeio respoise' oce regasaodoi geigoc #σx$ ds pse_' rcd^c 
proqd_es oce odhe respoise of oce sgdp #κ $ as a fpi^odoi of oce goigdop_diag 
qego^dot #13$) 

σ
κ

| ̇ |κ 𝛺𝑖 ̇ #13$ 
Ndi^e oce sop_t fo^pses oi goigdop_diag for^es' oce pse_ gaoerag ho_eg ds 
^oisd_ere_ ppregt gdiear sdi^e oce esperdei^e_ sgdp aigge #α $ rdgg ]e re_p^e_) 
Gaoerag for^es are _efdie_ as a fpi^odoi of oce ^orierdig sodffiess # $' oce 
qerod^ag goa_ # $' oce roa_ otpe #λμ $' ai_ oce sgdp aigge #α $ a^^or_dig oo 
#14$)Oo ho_eg oce gaooer' elpaodoi #-+$ ds pse_' rcd^c pses oce gaoerag 
regasaodoi geigoc #σy$) Ocps' do repro_p^e oce oraisdeios as goig as oce sgdp 
aigge qardaodoi ds re_p^e_' as di oce ^ase of goigdop_diag ]rafdig ai_ ora^odoi 
oesos) 

α λμ  #14$ 
σy 

α
| ̇ |α ̇ #-+$



Deqegopheio ai_ dhpgeheioaodoi of a^odqe safeot stsoehs di qecd^ges psdig spdfdig ieprag ieororf 

24 

2.1.5. Actuator Model 
Epso as oce roa_(odre ^oioa^o _eoerhdies oce _tiahd^s of oce stsoeh oo ]e 
^oiorogge_' do ds agso ie^essart oo oafe dioo a^^opio cor oce stsoeh rdgg dioera^o 
rdoc do) < spdoa]ge ho_eg of oce a^opaoor pse_ oo dhpose for^es oi oce odre ds 
^rp^dag oo _eqegop a ^oiorog aggordoch) < fasoer a^opaoor aggors gess ^ohpges 
gogd^ oo ]e pse_ sdi^e do ds ioo ie^essart oo aiod^dpaoe oce for^es geieraoe_ di 
oce odre' rcdge a sgorer a^opaoor relpdres ai aggordoch ^apa]ge of pre_d^odig dos 
respoise) < ^ohhoi hdsoafe ha_e rcei _eqegopdig ^oiorog aggordochs ds ioo 
oafdig dioo a^^opio oce odhe respoise of oce a^opaoors) Ocds respgos di stsoehs 
ai_ ^oioroggers ^apa]ge of hadioadidig oce sgdp rdocopo ait os^dggaodoi di 
sdhpgaodois) Coreqer' ocds ]ecaqdor ds ioo reagdsod^ sdi^e stsoeh _egats ai_ 
oehporag respoises caqe a ]dg difgpei^e oi oce oqeragg perforhai^e of oce 
^oiorogger) Ocds fa^o ^ai otpd^aggt ]e o]serqe_ rcei oesodig ^oioroggers oigt 
rdoc sdhpgaodois ai_ ioo oesodig oceh di reag stsoehs) Oo aqod_ ocds dsspe' oce 
^oioroggers propose_ di ocds ocesds rdgg ]e eqagpaoe_ ]t heais of esperdheioag 
respgos o]oadie_ froh resear^c qecd^ges) 

2.2. Wheel Slip Control (WSC) 
Oce hadi ^oiord]podoi of ocds ocesds ds oce _eqegopheio of a qecd^ge safeot 
stsoeh ]ase_ oi oce pse of Npdfdig Ieprag Ieororfs #NII$) Oo ocds ei_' a 
rceeg sgdp ^oiorog aggordoch ^ohpose_ of ocree hadi ho_pges' iahegt 
esodhaodoi' d_eiodfd^aodoi ai_ dioerqeiodoi' cas ]eei propose_) Ocds rat' ai 
@FF(]ase_ aggordoch cas ]eei pse_ oo esodhaoe oce paraheoers relpdre_ ]t 
oce d_eiodfd^aodoi ai_ dioerqeiodoi ho_pges) Ieso' NIIs caqe ]eei podgdue_ oo 
^reaoe oce gaso oro ho_pges of oce ^oiorogger) <gg ocese ho_pges are _es^rd]e_ 
di oce foggordig sp](se^odois) Oo ^oiorog odre _tiahd^s' do ds ie^essart oo 
a^cdeqe a parod^pgar sgdp geqeg) Ocds ds _pe oo oce fa^o ocao odre _tiahd^s are 
hadigt _eoerhdie_ ]t oce sgdp geqeg #κ$) Fprocerhore' hasdhph goigdop_diag 
for^es are o]oadie_ rcei ai opodhph sgdp geqeg #κ $ for rcd^c oce grdp geqeg 
ds hasdhph ds rea^ce_) Ii a__dodoi' oce opodhph sgdp geqeg seos ai difge^odoi 
podio rcere oce _tiahd^s ^caige froh ]edig soa]ge oo ]e^ohdig pisoa]ge) 
Cei^e' oce ^oiorogger scopg_ ^oisd_er ocds opodhph geqeg oo proqd_e dhproqe_ 
perforhai^e #Fdgpre 1$) 
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Figure 6. Stable and unstable tire region (Slip vs longitudinal grip) 

Piforopiaoegt' oce sgdp ai_ dos opodhph qagpe ^aiioo ]e heaspre_ _dre^ogt) 
>oiselpeiogt' do ds ie^essart oo esodhaoe oceh ]ase_ oi qarda]ges heaspre_ ]t 
seisors disoagge_ di oce qecd^ge) For oce opodhag sgdp' do ds agso ie^essart oo pse 
a ^gassdfder sdi^e do _epei_s oi oce otpe of roa_) Ocps' do rdgg ]e ie^essart oo 
_eqegop a _eoe^odoi he^caidsh) 
Oce ^oiorogger ocao ^oiorogs oce sgdp ai_ dos opodhph qagpe hpso ]e a]ge oo 
regpgaoe oce oorlpe appgde_ oo oce rceegs) Oo ocds ei_' sgdp error ds ^ohhoigt 
pse_' rcd^c ds _efdie_ as oce opodhag sgdp sp]ora^oe_ froh oce a^opag sgdp) 
Coreqer' do ds agso possd]ge oo pse oce dioegrag or _erdqaodqe of oce error as regg 
as oo esoa]gdsc hore ^ohpges regaodoiscdps ]eoreei ]ooc qarda]ges) 
Ii ocds ocesds' psdig ai esodhaoor ]ase_ oi ai @soei_e_ Faghai Fdgoer #@FF$ 
for di_dre^o _eoerhdiaodoi of oce sgdp ds propose_) =esd_es' Npdfdig Ieprag 
Ieororfs #NII$ ocao dioegraoe ^gassdfder ai_ ^oiorog fpi^odois are _eqegope_) 
Fdgpre 2 scors cor oce ^ohpoieios #@sodhaoor' >gassdfder' ai_ >oiorogger$ of 
oce RN> are ^oiie^oe_ oo o]oadi oce propose_ ^oiorog s^cehe) 
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Figure 7. Wheel slip control (WSC) scheme 

2.3. Estimation 
Oce fdrso ]go^f of oce RN> ds oce esodhaodoi ho_pge) Oce esodhaodoi of oce 
sgdp geqeg of ea^c rceeg as regg as oce goigdop_diag grdp #μ / $ are 
relpdre_ oo _eoerhdie oce otpe of roa_ ai_ oo ]e a]ge oo ^oiorog oce qecd^ge) 
For ocds pprpose' seisors disoagge_ di hoso ho_eri qecd^ges' sp^c as ai Iierodag 
Heaspreheio Pido #IHP$ ai_ a spee_ seisor oi ea^c rceeg' are pse_) Ii 
a__dodoi' oce oorlpe relpdre_ ao ea^c rceeg ds agso pse_) Ocds oorlpe ^ai ]e 
_eoerhdie_ di ora^odoi ocropgc oce eigdie hap ai_ ]t heasprdig oce ct_rapgd^ 
presspre of oce hasoer ^tgdi_er di ]rafdig pro^esses) Fiordig ocese qarda]ges 
ai_ oce _tiahd^s of oce stsoeh oo ]e ̂ oiorogge_' preseioe_ di preqdops se^odois' 
ieso'  psdig ai @soei_e_ Faghai Fdgoer #@FF$ oo perforh oce esodhaodoi oasf 
ds propose_) 
Oce esodhaoor gdieardues oce elpaodois oo o]oadi oce dioeriag qarda]ges of oce 
stsoeh) >oiselpeiogt' oce qe^oor of soaoe qarda]ges #-1$' oce qe^oor of heaspre_ 
qarda]ges #--$ as regg as oce ^oiorog qe^oor #-.$ ds _efdie_) Oce foggordig 
elpaodois ^ai ]e _erdqe_ for a fopr(rceege_ qecd^ge) 

[μ μ μ μ κ κ κ κ ] #-1$ 
[ ̈ θ̇ ] #--$ 
[ ] #-.$ 

Oce @FF assphes ocao oce soaoe qarda]ges # $ eqogqe di odhe as a fpi^odoi 
#-/$ rcd^c regaoes oce preqdops soaoe #f(1$ oo oce ^prreio soaoe #f$' affe^oe_ ]t
a iodse # $ rdoc a uero heai ai_ ^oqardai^e L) Ndhdgargt' do assphes ocao oce
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heaspre_ qarda]ges # $ eqogqe as a fpi^odoi #-5$ ocao regaoes oce soaoe qarda]ges 
oo oce heaspre_ oies' agso affe^oe_ ]t rcdoe iodse # $ rdoc a uero heai ai_ 
^oqardai^e M) 

ϕ (  ,  )  w #-/$ 
( ) #-5$ 

Oce fpi^odoi #ϕ  $ pre_d^os a ier soaoe as a fpi^odoi of a preqdops soaoe) 
Ndhdgargt' oce fpi^odoi # $ pre_d^os oce heaspre_ qarda]ges as a fpi^odoi of 
oce esodhaoe_ soaoe) Oo _eoerhdie oce qagpe of ]ooc fpi^odois' do ds ie^essart 
oo pse oce elpaodois of oce qecd^ge ho_eg) Ocps' oce heaspre_ ai_ soaoe 
qarda]ges are oafei opo of oce ho_eg elpaodois) If oce eqogpodoi of ait of oce 
qarda]ges ds pifiori' dos preqdops qagpe rdgg ]e assdgie_' geaqdig dos odhe 
eqogpodoi sogqe_ ]t psdig oce Faghai fdgoer dosegf) Ocds soraoegt ds ^agge_ 
rai_oh ragf) Oce Faghai fdgoer esodhaoes oce soaoe qarda]ges ocropgc a 
pre_d^odoi ai_ pp_aoe ]ase_ oi a oehporag ho_eg #-/(-5$) Iidodaggt' do perforhs 
oce a prdord pre_d^odoi of oce sp]selpeio soaoe #-1$ ai_ ocei a proee^odoi of 
oce error ^oqardai^e #-2$) 

̂ ϕ (̂ , ) #-1$ 
#-2$ 

Ieso' oce fdgoer gadi #-3$ ds o]oadie_) Ocds gadi ds pse_ oo pp_aoe oce soaoes 
#-4$' oafdig dioo a^^opio oce heaspre_ qarda]ges # $ ai_ oce error ^oqardai^e 
#.+$) 

( ) #-3$ 
̂ ̂ ̂ #-4$ 

( ) #.+$ 

Oce Ea^o]dais of oce soaoe qarda]ges #.1$ ai_ heaspreheio #.-$ are pse_ oo 
gdieardue oce ioigdiear elpaodois of oce stsoeh di oce ^prreio soaoe) 

∂ϕ

∂
̂ #.1$ 

∂

∂

∂
̂ #.-$ 

Oce Ea^o]dais ^ai ]e pre^ohppoe_ or perforhe_ _prdig oce ese^podoi of oce 
fdgoer' di^reasdig oce ^ohppoaodoiag ^oso di oce gaooer ^ase) 
<ioocer rat oo dhpgeheio oce Faghai fdgoer ds rdoc a _op]ge sorp^opre ocao 
aggors _e^oppgdig oce fdiehaod^ ai_ _tiahd^ elpaodois' proqd_dig greaoer 
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soa]dgdot di oce pre_d^odoi agocopgc rdoc a cdgcer asso^daoe_ ^ohppoaodoiag 
^oso) Ocds sorp^opre ropg_ esodhaoe qecd^ge spee_ ai_ ^ag^pgaoe oce sgdp geqeg 
di oce fdrso soage) Ieso' di a se^oi_ soage' do ropg_ esodhaoe oce qerod^ag ai_ 
goigdop_diag for^es ocao aggor o]oadidig oce a_cesdoi) 
Fdiaggt' ^oqardai^e haord^es L ai_ M caqe oo ]e propergt _eoerhdie_ oo 
dhproqe oce Faghai fdgoer perforhai^e) Ocds rat' oo opodhdue oce respgos 
o]oadie_ ]t oce esodhaoor' a geieod^ aggordoch cas ]eei pse_ oo hdidhdue oce 
error) Meag oeso _aoa caqe ]eei pse_ for ocds pprpose) 

2.4. Spiking Neural Networks (SNN) 

Oce _eoerhdiaodoi of oce otpe of roa_ ds ^arrde_ opo ]t oce d_eiodfd^aodoi 
ho_pge of oce RN>) Ocds diforhaodoi rdgg ]e ai dippo oo oce gaso ho_pge of 
oce ̂ oiorogger' d)e)' oce dioerqeiodoi ho_pge) Ii ocds rorf' oce d_eiodfd^aodoi ai_ 
dioerqeiodoi ho_pges are ]ase_ oi oce pse of Npdfdig Ieprag Ieororfs) NIIs 
are ^oisd_ere_ oce ocdr_ geieraodoi of ieprag ieororfs) Ii oce ier para_dgh' 
oce diforhaodoi ds ei^o_e_ ]t heais of dhppgses) Oce hadi a_qaioage offere_ 
]t NIIs ds oce a^^praoe repro_p^odoi of oce ]ecaqdor of ]dogogd^ag ieprois) 
Ocds aggors oce dhpgeheioaodoi of ]dogogd^ag gearidig heoco_s ocao ^ai oigt 
]e appgde_ oo spdfe ^o_dig)  
Oo dioera^o rdoc oce eiqdroiheio' diforhaodoi hpso ]e ei^o_e_ ai_ _e^o_e_ 
so ocao do ^ai ]e pro^esse_ ]t oce ieprag ieororf) Ocree otpes of ieprois are 
_efdie_ a^^or_dig oo ocedr regaodoiscdp rdoc oce eiqdroiheio5 seisort ieprois' 
dioerieprois' ai_ hooor ieprois) 
Neisort ieprois are respoisd]ge for heasprdig eiqdroiheioag qarda]ges ai_ 
oraisforhdig oceh dioo dhppgses oo ]e sp]selpeiogt pro^esse_ ]t oce ieororf) 
Iioerieprois caqe io regaodoiscdp rdoc oce eiqdroiheio) Coreqer' ocet pgat a 
fpi_aheioag roge sdi^e ocet are oce oies ocao esoa]gdsc ^ohpges regaodoiscdps' 
ho_dftdig oce respoise of oce ieororf oo a seisort sodhpgps) Ocds respoise ds 
oraisforhe_ dioo a^odoi ]t oce hooor ieprois ocao ^oiie^o _dre^ogt rdoc oce 
]dogogd^ag a^opaoors) For esahpge' di a hps^ge' ocere ds a garge iph]er of hooor 
ieprois a^odig oi oce hps^ge fd]ers oo ^oiora^o ai_ esoei_ oce hps^ge 
a^^or_dig oo dos a^odqdot) =dogogd^ag ieprois are ^ohpose_ of oce _ei_rdoe' oce 
ieproiag ip^geps' ai_ oce asoi) Ndhdgargt' ocese ^ohpoieios are agso 
repro_p^e_ oo _eqegop oce aforeheiodoie_ ocree otpes of spdfdig ieprois) Ii 
oce ^ase of seisort ai_ hooor ieprois' _ei_rdoes ai_ asois are repga^e_ ]t 
^o_dig ai_ _e^o_dig pro^esses respe^odqegt' as scori di Fdgpre 3) 
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Figure 8. Neuron components and neuron configurations 

Ii ocese ieororfs' a sodhpgps ds ^oiqeroe_ dioo a respoise ocropgc a ieproiag 
paocrat' perforhe_ ]t oce gdif ]eoreei ai asoi oerhdiag ai_ a _ei_rdoe' 
fiori as a stiapse) Io ds respoisd]ge for esoa]gdscdig oce soreigoc of oce gdif 
]eoreei ieprois)  
Oce pse of spdfdig ieprag ieororfs as regg as oce _eqegopheio of ai diioqaodqe 
oigdie gearidig soraoegt are oce hadi ^oiord]podois of ocds ocesds) Ocerefore' 
oce otpe of ieproi ai_ stiapse pse_ as regg as ocedr dioer^oiie^odoi ai_ 
gearidig aggordoch are _eoadge_ fdrso) Ocei' dos appgd^aodoi for ^gassdfd^aodoi ai_ 
^oiorog appgde_ oo qecd^pgar stsoehs ds _es^rde_) 

2.4.1. Neuron Model 
Oce ieproi ho_eg pse_ ds oce oie propose_ ]t Iucdfeqd^c sdi^e do offers a gor 
^ohppoaodoiag ^oso rdocopo gosdig ]dogogd^ag represeioaodoi) Ocds aggors oce 
pse of ]dogogd^ag gearidig aggordochs spdoa]ge for dioegraodoi dioo eh]e__e_ 
car_rare pse_ for oce ^oiorog of passeiger qecd^ges) Oce propose_ ho_eg ds 
^ohpose_ of oro _dffereiodag elpaodois #..$ ocao ho_eg oce ieproiag heh]raie 
pooeiodag # $ as regg as dos re^oqert # $) For ocds pprpose' do resoros oo fopr 
paraheoers v x ocao _efdie oce ieproiag fdrdig respoise) 

{ #..$ 

≥ { #./$ 

Rcei a fdrdig o^^prs' ocao ds' rcei oce heh]raie pooeiodag es^ee_s a ^eroadi 
ocrescog_' oce ieproi reseos dos qagpes a^^or_dig oo oce fpi^odoi #./$) Oce 
ieproiag ho_eg ^oiqeros a geqeg of _dre^o ^prreio # $ ^ohdig froh oce 
stiapses dioo ege^ord^ag dhppgses ocao oraqeg agoig oce asoi oo oce ieso ieprois) 
Fdgpre 4 scors _dffereio respoises o]oadie_ ]t qartdig oce paraheoers 
v x) =ooc oce fdrdig frelpei^t ai_ oce ]pi_gdig of oce fdrdigs qart) Oo 
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eispre a faso respoise as regg as gor _dsoorodoi di oce pro^esse_ sdgiag' a faso(
spdfdig respoise ds relpdre_) 

Figure 9. Neuron ramp response for different parameters [a b c d]

2.4.2. Synapse Model 
Oce stiapse ho_egs oce ̂ oiie^odoi ]eoreei oro ieprois) Ocds pro^ess ̂ oiqeros 
oce ege^ord^ag dhppgses ^ohdig froh oce prestiapod^ ieproi dioo oce dippo 
^prreio oo oce posostiapod^ ieproi) =dogogd^ag he^caidshs pse 
ieprooraishdooers for ocds pro^e_pre) Ocese ieprooraishdooers are regease_ 
rdoc oce arrdqag of ai dhppgse) @qeiopaggt' a cdgc ^oi^eioraodoi of oceh opeis 
^caiiegs di oce _ei_rdoes' aggordig oce fgor of ^prreio dioo oce posostiapod^ 
ieproi) =ooc oce iph]er of ^caiiegs ai_ oce ^oi^eioraodoi of 
ieprooraishdooers regpgaoe oce soreigoc of oce stiapod^ ^oiie^odoi as regg as 
dos oehporag respoise) Ocds respoise ^ai ]e aghoso disoaioaieops di oce so(
^agge_ ege^ord^ag stiapses rcd^c' pigdfe ^cehd^ag stiapses' caqe a hdidhag 
oehporag respoise) 
Ieprooraishdooer regease ds ho_ege_ psdig oce respoise fpi^odoi #ε$ as a 
regaodoi oo oce odhe egapse_ ]eoreei dhppgses' rcere # $ ds oce odhe disoaio di 
rcd^c oce gaso dhppgse o^^prre_) Oce respoise fpi^odoi ^oh]die_ rdoc oce 
soreigoc asso^daoe_ rdoc ea^c of oce ieproiag ^oiie^odois ( ) _eoerhdies oce 
dippo ^prreio a^^or_dig oo #.5$' rcere d ds oce prestiapod^ ieproi ai_ e ds oce 
posostiapod^ ieproi) 

∑ ε ∑ ε ∆ #.5$ 

Oce respoise fpi^odoi ho_eg ^ai ]e sogqe_ ]t repro_p^dig oce ^oi_p^oai^e of 
oce stiapod^ epi^odoi ocropgc dos oehporag respoise #.1$ or ]t psdig a fdrso(
or_er stsoeh #.2$)  
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ε {τ
τ

#.1$ 

ε ε( )

τ
δ #.2$ 

Coreqer' ioie of ocese heoco_s reseh]ge oce ]dogogd^ag _es^rdpodoi ]ase_ oi 
^caiiegs ocao opei ai_ ^gose di odhe rdoc oce arrdqag of dhppgses) For ocds 
pprpose' a serdes of fdidoe ^caiiegs ocao ho_eg oce respoise fpi^odoi as oce sph 
of oce ^oi_p^odqdot di ea^c of oce a^odqaoe_ ^caiiegs are propose_ #.3$) Ndi^e 
oce iph]er of ^caiiegs ds fdidoe' ocet are repse_ oi^e oce ^oi_p^odqdot ds gor 
or a ier dhppgse arrdqes' for rcd^c oce odhe of oce dhppgse asso^daoe_ rdoc 
ea^c ^caiieg ds _efdie_ a^^or_dig oo #.4$) 

ε ∑ (
τ

τ )(  #.3$ 

{ 

(( ))

{ ∈ |  ≤ ≤ }

{ ∈ |  ≤ ≤ }

#.4$ 

Fdgpre 1+ scors a ^ohpardsoi of oce ocree heoco_s for a ^oisoaio spdfe oradi) 
Io scors cor oce respoise offere_ ]t oce propose_ ho_eg ^oh]dies faso 
respoise rdoc hdidhph os^dggaodoi) Ocds ]ecaqdor hdidhdues _dsopr]ai^es ai_ 
spee_s pp oce respoise of oce ^oiorogger) 

Figure 10. Comparison between synapse models according to equations 36, 37, and 38 

Fdgpre 11 scors oce ^oi_p^odqdot of a stiapse ho_ege_ ]t a oooag of 3 ^caiiegs 
for a ^oiodipops oradi of dhppgses) Oce ^caiiegs ]e^ohe gra_paggt o^^ppde_ 
rdoc oce arrdqag of ier ppgses ai_ are ^gose_ rcei ocet ]e^ohe o]sogeoe) Ii 
a__dodoi' oce soaoe of ea^c ^caiieg ds pgoooe_' regaodqe oo oce ^oi_p^odqdot ̂ prqe 
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#.1$) Ii or_er oo hafe oce opoppo qagpe di_epei_eio of oce iph]er of ^caiiegs 
pse_' oce sph of agg ^caiiegs ds _dqd_e_ ]t oce dioegrag of oce ^oi_p^odqdot 
# τ $' respgodig di elpaodoi #.3$)  

Figure 11. . Synapse model with 8 channels activated at the same time periodically 

2.4.3. Coding and Decoding 
=ooc oce ei^o_dig ai_ _e^o_dig pro^esses are of ^rp^dag dhporoai^e di or_er 
ioo oo gose diforhaodoi _prdig oce oraisforhaodoi) Cei^e' ocet are sop_de_ 
di_epei_eiogt ]egor)
Neisort ieprois are di ^carge of oraisgaodig diforhaodoi froh _dffereio seisors 
dioo ege^ord^ag dhppgses) Ddffereio heoco_ogogdes esdso _epei_dig oi cor oo 
ei^o_e oce diforhaodoi di oce dhppgses) Oce odhe ]eoreei ppgses ai_ oce fdrdig 
raoe ^ai ]e pse_ oo ^reaoe a oradi of arodfd^dag ppgses ocao ei^o_e oce 
diforhaodoi) Coreqer' ocere ds aioocer opodoi rcere oce ieproiag ip^geps ds 
pse_ as a ppgse geieraoor' ho_pgaodig oce dippo ^prreio _epei_dig oi oce 
diforhaodoi oo ]e ei^o_e_) Ocds ocesds proposes psdig oce gaooer heoco_ sdi^e 
do agso aggors podgdudig oce ^oi^epo of sphhaodoi ' rcere oce diforhaodoi ds 
ioo oigt ei^o_e_ oehporaggt ]po agso spaodaggt)
Ocps' oce dippo qarda]ge #p$ ds ei^o_e_ di a ^prreio qagpe # ( )$ for a gdqei 
iph]er of seisort ieprois #d$) < seo of Bapssdai ]eggs #/+$ _dsord]poe_ di oce 
dippo spa^e agoig oce eiodre raige of #p$ di a gdiear rat #/1$ ds di ^carge of 
geieraodig oce ^prreio for ea^c ieproi) <^^or_dig oo oce _dsord]podoi fa^oor 
#β$ #/-$' oie or hore ieprois are a^odqaoe_ ao oce sahe odhe for a gdqei dippo 
qagpe #Fdgpre 1-a$) 

( )
( μ( ))

σ

( )))

#/+$ 
μ( ) ( )

σ

β
#/1$ 

σ β #/-$
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Oi oce oocer cai_' hooor ieprois are respoisd]ge for ^oiqerodig oce ieproiag 
opoppo ^prreio dioo pro^esse_ diforhaodoi) Ocds diforhaodoi ds _e^o_e_ di oce 
forh of sodhpgd' di ]dogogd^ag a^opaodoi stsoehs sp^c as hps^ges ^ohpose_ of 
fd]ers) Ocds sodhpgaodoi ds respoisd]ge for ^oiora^odig oce hps^ge oo perforh ai 
a^odoi) Oo ocds ei_' ocds ocesds proposes psdig oce stiapse oo o]oadi oce 
sodhpgaodoi ̂ prreio asso^daoe_ rdoc ea^c ieproi) Ocei' oce ̂ prreio of agg hooor 
ieprois ds a__e_ pp' oafdig dioo a^^opio oce _dsord]podoi pse_ for ^o_dig #β$) 
@a^c ieproi ds asso^daoe_ rdoc a gadi di oce sahe rat' as propose_ ]t 
Ceiiehai"s sdue prdi^dpge) @a^c hooor pido cas ai asso^daoe_ a^odoi ^apa^dot 
so ocet ^ohpgeheio ea^c oocer) 
Oce _e^o_dig' di oce sahe rat as di oce ei^o_dig' ds perforhe_ gdieargt #Fdgpre 
1-]$ a^^or_dig oo elpaodois #/.$ ai_ #//$) Fdiaggt' oce respgodig qagpe ds 
o]oadie_ as oce sph of oce dioeisdot ^ohdig froh oce stiapse of ea^c hooor 
ieproi hpgodpgde_ ]t oce gadi of ea^c hooor pido #/5$) 

μ( ) ( )
σ

β
#/.$ 

σ β #//$ 
∑ ( )μ #/5$ 

a$ ]$ 

Figure 12. a) Coding and b) decoding procedures 

Io ^ai ]e o]serqe_ #Fdgpre 1.$ cor oce sdgiag hadioadis oce diforhaodoi afoer 
passdig ocropgc oce ieororf df ei^o_dig ai_ _e^o_dig are appgde_ ]t assdgidig 
a ieproi oo a ieproi rdocopo ^ross(^oiie^odois) Ii ocds esahpge rdoc oigt / 
ieprois' cdgc(frelpei^t iodse ^ai ]e o]serqe_ di oce re^oisorp^oe_ sdgiag _pe 
oo oce _e^o_dig pro^ess ai_ oce frelpei^t ao rcd^c oce fdrdig o^^prs) < garger 
iph]er of ieprois ds relpdre_ oo aqod_ ocds _dsoorodoi ai_ ocps re_p^e oce 
sdgiag oo iodse raodo) 
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)

Figure 13. Coding and decoding implemented in a (4x4) neuronal network 

2.4.4. Neural Path 
Ieprag paocrats are respoisd]ge for esoa]gdscdig oce regaodoiscdps ocao aggor 
ieprag ieororfs oo perforh cdgcgt ^ohpges oasfs) Ocese oasfs are a^cdeqe_ ]t 
heais of dioer^oiie^oe_ sorp^opres rdoc a garge iph]er of ieprois) 
>oiselpeiogt' fdgprdig opo oce ^oiie^odois as regg as ocedr ]ecaqdor are cdgcgt 
^ohpges oasfs ocao relpdre hait tears of rorf ]ecdi_ oce happdig of ieprag 
areas) Ocps' oce rorf perforhe_ ds ]ase_ oi ]dogogd^ag he^caidshs ocao are 
sdhpger ai_ easder oo re^ogidue) Ocds ds oce ^ase of oce <pgtsda ai_ sorp^opres 
di cphais ocao _o ioo relpdre a garge iph]er of ieprois' sp^c as ocose regaoe_ 
oo refgeses) 
Oce sdhpgeso ieproiag paocrat ^oisdsos of a sdigge stiapod^ gdif ]eoreei a 
seisort ai_ a hooor ieproi) Ii ocds so(^agge_ hoiostiapod^ ^oiie^odoi #Fdgpre 
1/a$ oce diforhaodoi oraqegs froh oce seisort re^epoors' represeioe_ ]t oce 
ei^o_dig' oo oce hooor pidos' otpd^aggt hps^pgar' represeioe_ ]t oce _e^o_dig) 
Ocds otpe of ]di_dig gea_s oo a _dre^o rea^odoi oo ai a^odoi) Np^c a gdif ^ai ]e 
fopi_ di oce he^caidsh of refges a^odois ocao relpdre ai dhhe_daoe respoise 
oo a sodhpgps di or_er oo aqod_ _aiger) Oie of oce ^ases agrats pse_ as ai 
esahpge ds oce paoeggar refges' rcd^c' afoer re^edqdig a ]gor oi oce fiee' hafes 
oce geg rdse lpd^fgt _pe oo a hoiostiapod^ ]di_dig) Coreqer' ocds refges ds ioo 
oigt asso^daoe_ rdoc a hoiostiapod^ ^oiie^odoi ]po ds agso ^oisorp^oe_ psdig 
pogtstiapod^ ̂ oiie^odois #Fdgpre 1/]$) Ocds refges' ]t heais of ai dioerieproi' 
dicd]dos oce hps^ge opposdoe oo oce oie sodhpgaoe_ ]t oce hoiostiapod^ 
epi^odoi) Ocerefore' oce paocrats of refges ar^s aggor ps oo pi_ersoai_ cor a 
ieororf ]ecaqes di respoise oo ^eroadi sodhpgd) Hore ^ohpges refges sorp^opres 
caqe oo ]e sop_de_ oo aiagtue ieororfs di ^carge of ^oiodipops ^oiorog) 

a$ ]$ 
Figure 14. Neuron connections: a) monosynaptic and b) polysynaptic 
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Oce Qesod]pgo(O^pgar Mefges #QOM$ ds ai esahpge of ^oiodipops ^oiorog fopi_ 
di aidhags ]esd_es cphais) Ocds refges ds respoisd]ge for hadioadidig a soa]ge 
gaue _prdig a corduoioag cea_ hoqeheio) Ocds relpdres ^oiodipops ^oiorog of 
ete posdodoi) Ocds ^oiorog ds _oie a^^or_dig oo oce aigge of oce cea_ o]oadie_ 
]t heais of oce a^^egeraodoi seise_ ]t oce sehd^dr^pgar ^aiags) 
Oce ieororf ocao aggors ocds ^oiorog ds ̂ ohpose_ of a garge iph]er of ieprois) 
Coreqer' do ^ai ]e sdhpgdfde_ a^^or_dig oo fpi^odoiag pidos as scori di Fdgpre 
15) Oce ^oiorog he^caidsh ds sdhdgar oo oce oie pse_ di oce paoeggar refges'
rcere oro aioagoidsod^ hps^ges are sodhpgaoe_ ]t ai dicd]doort ai_ es^doaoort
epi^odoi) Ocds ieororf ds di ^carge of ^caigdig oce podio of elpdgd]rdph of oce
hps^ges a^odig oi oce ete) Oce propose_ ^oiorog sorp^opre ocao hadioadis oce
^gose_(goop elpdgd]rdph ds _es^rd]e_ di oce foggordig se^odois) Ocds sorp^opre ds
_eqegope_ oi oce prdi^dpge of aioagoidsod^ a^odoi o]oadie_ froh oce aiagtsds of
refgeses)

Figure 15. Simplified VOR reflex arc excitatory (left) and inhibitory (right) 

2.4.5. STDP Learning
Despdoe psdig a ^oiie^odoi sdhdgar oo ocose fopi_ di iaopre' a gearidig pro^ess 
ds relpdre_ oo a_epso oce soreigocs of oce stiapod^ ^oiie^odois) Ocds pro^ess 
aggors a_epsodig oce ]ecaqdor oo a parod^pgar stsoeh) Ocere are seqerag gearidig 
heoco_s' hoso of oceh ^ohdig froh a_apoaodois of aggordochs for <IIs) 
Coreqer' ocese aggordochs are ioo ]ase_ oi ]dogogd^ag he^caidshs) Ocet pse 
haocehaod^ag opodhduaodoi aggordochs oo hdidhdue oce error ^ohhdooe_ ]t oce 
ieororf) Noheodhes opodhduaodoi aggordochs ]ase_ oi iaoprag ]ecaqdor are 
pse_' sp^c as ocose ]ase_ oi eqogpodoi or geieod^ ^o(eqogpodoi) Coreqer' ocese 
gearidig he^caidshs are ioo ]ase_ oi ieproiag pgasod^dot ai_ _o ioo repro_p^e 
gearidig ]eoreei ]dogogd^ag ieprois fadocfpggt) 
Ocds ocesds adhs oo pse a gearidig he^caidsh ]ase_ oi ieproiag pgasod^dot psdig 
Npdfe(Odhe(Depei_eio Kgasod^dot #NODK$) Ocds heoco_ogogt resoros oo oce 
sti^croiduaodoi of pre( ai_ poso(stiapod^ ieprois oo _eoerhdie oce otpe of 
soreigoceidig ocao oce stiapod^ gdifage re^edqes #/1$) Oce stiapse ds ho_ege_ 
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as a fpi^odoi of oce odhe ]eoreei fdrdig #τ$ ]t offerdig Goig(Oerh Kooeiodaodoi 
#GOK$ or Goig(Oerh Depressdoi #GOD$ so ocao oce stiapod^ soreigoc ds 
di^rease_ or _e^rease_' respe^odqegt) Ocds respoise ds _efdie_ ]t oce so(^agge_ 
NODK rpge) 

τ #/1$ 

Ii ]dogogd^ag stsoehs' _dffereio NODK rpges are fopi_ _epei_dig oi oce a^odqdot 
perforhe_ ]t ea^c ieprag ieororf) Ocps' Ce]]dai otpe gearidig psdig GOK for 
τ  ai_ GOD for τ  ^oesdsos rdoc aiod(Ce]]dai gearidig' diqogqdig diqeroe_ 
]ecaqdor ai_ rpges rcere ocere ds agrats GOD or GOK for τ7+) Opo of agg 
^oh]diaodois' a Ce]]dai rpge #/2$ ds pse_ for ^gassdfd^aodoi rcdge <gg(GOK ds 
ehpgote_ rdocdi oce ^oiorog ieororf #/3$) 

(τ) (τ)
|τ|

τ #/2$ 

(τ)
|τ|

τ #/3$ 

=ooc of oceh #Fdgpre 11$ are asso^daoe_ rdoc oce sahe otpe of appgd^aodoi di 
sdhdgar sorp^opres fopi_ di oce ]radi) Oo esora^o diforhaodoi or paooeris' a 
Ce]]dai rpge ds hore approprdaoe' rcereas NODK rpges of oce <gg(GOK otpe 
are hore spdoa]ge for oce reagduaodoi of ^oiorog rdoc cdgc fdrdig frelpei^des) 

Figure 16. Hebbian and All-LTP STDP rules 

Oo dioegraoe NODK rdoc a spperqdse_ gearidig(]ase_ ^oiorog s^cehe' do ds 
ie^essart oo ho_pgaoe dos effe^o oo _efdie oce eqogpodoi of stiapod^ soreigoc) 
Oce error ]eoreei oce opoppo ai_ oce _esdre_ oargeo ds pse_ oo ho_pgaoe oce 
gearidig' epso as _opahdie ds regease_ di a ]dogogd^ag stsoeh) Ocere]t' oce odhe 
eqogpodoi of ]ooc oce NODK rpge #/4$ ai_ oce error #5+$ ds _efdie_) @a^c of 
oceh ds assdgie_ oo a odhe ^oisoaio #τ  ai_ τ  respe^odqegt$ ocao regpgaoes dos 
_egat di dos appgd^aodoi) Oce ho_pgaodoi ds pro_p^e_ psdig elpaodoi #51$) 

τ
(τ)δ #/4$
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τ
#5+$ 

#51$ 

Ii a__dodoi' do ds agso ie^essart oo _efdie oce egdgd]dgdot # $ oo repro_p^e oce 
odhe eqogpodoi of oce stiapod^ for^es) Ocds ds a ]dogogd^ag pceioheioi di rcd^c 
oce ^oiie^odois rdoc cdgcer effd^dei^des caqe oo pi_ergo greaoer ^caiges) Ocds 
ds regpgaoe_ a^^or_dig oo #5-$ ai_ ^oisoaios # $ ai_ # $) Fdiaggt' oce redgcos 
are ho_dfde_ di ea^c doeraodoi a^^or_dig oo #5.$' rcere oce egdgd]dgdot ai_ 
ho_pgaodoi _efdie oce groroc for ea^c stiapod^ soreigoc) Fprocerhore' a 
gearidig ^oisoaio #μ $ ds di^gp_e_ di or_er oo ^apse a cdgcer or gorer dhpa^o oi 
oce stiapod^ soreigocs rcdge hadioadidig a ora_e(off ]eoreei ^oiqergei^e ai_ 
gearidig spee_) <__dodoiaggt' do ^ai ]e hpgodpgde_ ]t oce prestiapod^ ^prreio 
#𝐼𝑖$ oo di^rease oce pooeiodaodoi di oce ^oiie^odois rdoc cdgcer ^prreios) 

( ) #5-$ 
( ) ( ) μ ( )𝐼𝑖 #5.$

Ocds rpge hpso ]e ^oisoaiogt pp_aoe_ rcei a ier fdrdig o^^prs) >oiselpeiogt' 
oce prestiapod^ or posostiapod^ ieprois aggor oce ho_dfd^aodoi of oce stiapod^ 
^oiie^odoi as scori di Fdgpre 12) Rcei oce ieororf ^oisdsos of hore ocai oie 
ieproi per gater' oce ieproiag ^oiie^odois are represeioe_ di a haords forh 
ai_ oce NODK rpge ds asso^daoe_ rdoc aioocer oie of elpag _dheisdois) Ocds 
aggors haords operaodois oo sogqe oce gearidig of a garge(sdue ieororf rdocopo 
di^reasdig oce ^ohpgesdot of oce gearidig aggordoch) 

Figure 17. STDP learning scheme using error and STDP rule 

2.4.6. Classification 
< ieprag ieororf ]ase_ oi NII ds propose_ for roa_ otpe ^gassdfd^aodoi oasfs) 
Ii or_er oo _eoe^o oce otpe of roa_' oce diforhaodoi proqd_e_ ]t oce @FF 
esodhaoor ds pse_) Npe^dfd^aggt' do pses oce geqeg of sgdp ai_ grdp esperdei^e_ ]t 
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ea^c rceeg) Oce diforhaodoi relpdre_ ]t oce ^oiorogger ds oce opodhag sgdp' so 
ocds ds oce qarda]ge oo ]e d_eiodfde_) Ocerefore' oce _eoerhdiaodoi of agg 
paraheoers _efdidig goigdop_diag ^oioa^o _tiahd^s #15$ ds ioo ie^essart) 
Fdgpre 13 scors oce dippo _aoa seo #κ μ$ for / _dffereio ^oi_dodois ho_ege_ 
rdoc qardops paraheoers v , , , x)  
Oce ̂ oioa^o ̂ oi_dodoi ̂ ai easdgt ]e _eoerhdie_ ]t _dsodigpdscdig oce _dfferei^e 
]eoreei oce fopr ̂ prqes) Oigt for oce ̂ ase of gor sgdp' oro of oce ̂ prqes oqergap' 
rcd^c hafes do qert _dffd^pgo oo _dsodigpdsc oceh) Ocds ds ioo a pro]geh for a 
RN> otpe ^oiorogger sdi^e oce ^gassdfder agrats rorfs rdoc he_dph or cdgc sgdp 
geqegs) 

Figure 18. Tire data for different road-tire dynamics 

<gocopgc oce ̂ gassdfd^aodoi oo ]e perforhe_ ds ioo qert ̂ ohpges' do ds ie^essart 
oo seo pp a ieprag sorp^opre rcere dioerieprois are preseio) >oiselpeiogt' 
ocere ds ao geaso oie cd__ei gater ocao ei_ors oce ieprag ieororf rdoc a cdgc 
^apa^dot for paooeri _dffereiodaodoi) Ii ocds parod^pgar ^ase' do rdgg asso^daoe ai 
opodhag sgd_dig geqeg oo ea^c roa_ ^oi_dodoi) Oce ^gassdfd^aodoi _oes ioo soaro 
froh a prefdse_ sorp^opre sdi^e do ds _dffd^pgo oo fdi_ oie rdoc sdhdgar 
^cara^oerdsod^s di iaopre) Ocerefore' a faso(spdfdig ieprag ieororf #Fdgpre 14$ 
rdoc a sdigge cd__ei gater ^oisdsodig of -+ seisort ieprois #1+ per dippo$' 15 
dioerieprois' ai_ 1+ hooor ieprois ds pse_) Iidodaggt' oce stiapod^ gdifs are 
fpggt ^oiie^oe_ rdoc rai_oh qagpes) Ocds otpe of sorp^opre ds rd_egt pse_ di 
<II ^gassdfd^aodoi ieororfs) 
Coreqer' oce gearidig heoco_ ds _dffereio froh oce ora_dodoiag oie fopi_ di 
arodfd^dag ieororfs sdi^e NODK(]ase_ gearidig ds appgde_) 
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Figure 19. Classification neural network 

Gearidig ds perforhe_ offgdie rdoc a oradidig ai_ qagd_aodoi _aoa seo ^oisdsodig 
of oce dippo padr #κ μ$ ai_ oce opodhag sgd_dig #κ$ as oce gearidig oargeo) 
Oce NODK rpge pse_ ds oce Ce]]dai otpe as do ds oce oie fopi_ di ^ere]rag 
regdois rcere oasfs asso^daoe_ rdoc _eoe^odoi ai_ ̂ gassdfd^aodoi are repro_p^e_) 

2.4.7. Controller 
<s far as oce ̂ oiorogger di ]dogogd^ag stsoehs ds ̂ oi^erie_' ieororfs rdoc sdhdgar 
fpi^odoiagdot ^ai ]e fopi_) Oce ^oiie^odois ai_ stiapod^ soreigocs of ocese 
sorp^opres dispdre_ ]t refges ar^s are opie_ ai_ ho_dfde_ oo eispre soa]dgdot 
_prdig operaodoi _epei_dig oi oce oasf assdgie_) Oce sege^oe_ ^oiorog s^cehe 
ds oce @lpdgd]rdph Kodio Ctpoocesds #@KC$' as preqdopsgt _ds^psse_' rcd^c ds 
oie of oce oro ^oiorog oceordes for ]dogogd^ag ^oiorog) >oi^reoegt' @KC ^ai ]e 
o]serqe_ di refges ar^s sp^c as oce Qesod]pgo(O^pgar Mefges #QOM$) Oocer 
]dogogd^ag stsoehs' sp^c as oce ^oiorog of ai arh' ^ai ]e espgadie_ rdoc ocds 
approa^c) Oce >eiorag Ierqops Ntsoeh #>IN$ seos a oargeo for oce posdodoi of 
oce arh ai_ oce propose_ ieprag ̂ dr^pdo #Fdgpre -+$ ̂ oiorogs oce oro aioagoidso 
hps^ges) Ocds sorp^opre ds dispdre_ ]t oce ^oiodipops ^oiorog of oce QOM as 
regg as oce ocrescog_(]ase_ s^cehe of oce @KC)  
< sdhdgar ̂ oiorog sorp^opre ̂ ai ]e appgde_ oo Rceeg Ngdp >oiorog #RN>$) =ase_ 
oi oce opodhag sgdp o]oadie_ ]t oce ^gassdfd^aodoi ieprag ieororf ai_ oce 
^prreio sgdp esodhaoe_ ]t oce @FF' oce propose_ ^oiorog ieprag ieororf 
proqd_es oce oorlpe seopodio) Oce ^oiorogger ds respoisd]ge for di^reasdig or 
_e^reasdig oce oorlpe oi oce rceeg _epei_dig oi rceocer oce ocrescog_ 
dhpose_ ]t oce opodhph sgdp ds es^ee_e_ or ioo rea^ce_) 
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Figure 20. Arm Controller based on Equilibrium Point Hypothesis (EPH) 

Fdgpre -1 preseios oce ieprag ^oiie^odois psdig oce hdidhph iph]er of 
ieprois possd]ge oo perforh oce ^oiorog) @a^c ieproi ds assdgie_ oo a qarda]ge 
ai_ a ^eroadi sdgi) Ocds rat' ^oiorog ^ai ]e perforhe_ rdoc oigt 1 ieprois) Io 
ds iooeroroct ocao' as o]serqe_ di oce ei^o_dig ai_ _e^o_dig pro^ess' a greaoer 
iph]er of ieprois hdidhdues oce iodse di oce ^oiorog sdgiag) Ocps' for proper 
operaodoi' do ds ie^essart oo di^rease oce iph]er of ieprois rcdge hadioadidig 
oce sahe ieproiag ^oiie^odois' ocps _dsord]podig oce soreigoc of oce stiapse 
ahoig oce iph]er of ^oiie^odois ha_e) 
Oce es^doaoort ai_ dicd]doort ieproiag ^oiie^odois as regg as oce soreigoc of 
ea^c ^oiie^odoi eia]ge oce dhpgeheioaodoi of oce _pag aioagoidsod^ ieproi 
approa^c) Ocese ieprois are respoisd]ge for di^reasdig or re_p^dig oce oorlpe 
eseroe_ oi oce rceeg) Ocds aggors oce oorlpe oo ]e ^oiodipopsgt ho_pgaoe_' 
_eoe^odig rceocer re are a]oqe or ]egor oce ocrescog_) Ocds eispres oce 
soa]dgdot of oce ^oiorogger' aggordig dos a_apoa]dgdot _prdig operaodoi rdocopo 
oce rdsf of ]e^ohdig pisoa]ge)  

Figure 21. Control structure used based on reflex arcs 
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Dprdig oradidig' oce ^oiorogger ^ai fa^e ai a]rppo or sgdgco respoise rcd^c 
respgos di a ioi(opodhdue_ sgdp ^oiorog) Oce gearidig aggordoch ds di ^carge of 
a_epsodig oce stiapod^ for^es oo fdi_ ai opodhag sogpodoi) Oo _o so' do ehpgots 
NODK gearidig' ho_pgaoe_ ]t oce _dfferei^e ]eoreei oce opodhag sgdp ai_ oce 
a^opag sgdp) Oce rpge pse_ di ocds ^ase ds agg(GOK sdi^e do ds oce oie fopi_ di 
]radi regdois fo^pse_ oi hooor ^oiorog as regg as rdoc a cdgc fdrdig frelpei^t) 
Oce otpe of ieproi pse_ ds faso(spdfdig' pp_aoe_ oo 1++Cu frelpei^t' rcd^c ds 
a ^ohhoigt pse_ frelpei^t for ^oioroggers di qecd^ges rdoc RN>) 
Oce RN> sorp^opre psdig @FF ai_ NII ds preseioe_ di Fdgpre --) Ocds 
sorp^opre ds ]ase_ oi a fopr(rceege_ qecd^ge ho_eg) Io ^ai ]e seei cor agg oce 
egeheios _es^rd]e_ di oce heoco_ogogt are ^oh]die_ oo hasdhdue oce 
goigdop_diag for^es) Ii a__dodoi' do ^ai ]e o]serqe_ cor oce sorp^opre of oce 
^gassdfd^aodoi ieororf ds dioegraoe_ di oce ^oiorog ieororf sdi^e oce opoppo of 
oie ds oce dippo of oce oocer' so ocere ds io iee_ for dioerhe_daoe _e^o_dig ai_ 
^o_dig) Oce gearidig aggordoch ds oigt appgde_ oo oce ^oiorog ieororf) Ocds ds 
]e^apse oce ^gassdfd^aodoi ieororf ds oradie_ offgdie rcdge oce ^oiorog ieororf 
ds a]ge oo a_apo _prdig dos iorhag operaodoi ocaifs oo dos fdse_ ]do(dispdre_ 
sorp^opre) 
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Figure 22. WSC structure using EKF and SNN 
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3. Results and Discussion

Oce propose_ ^oiorog sorp^opre _eqegope_ di ocds ocesds cas ]eei oesoe_ ]t 
heais of sdhpgaodois ai_ reag oesos ̂ oi_p^oe_ oi esperdheioag qecd^ges) Mespgos 
spggeso ocao ^oioroggers ]ase_ oi oce pse of spdfdig ieprag ieororfs ^ai ]e a 
qda]ge ai_ ro]pso agoeriaodqe) Oce soa]dgdot ai_ perforhai^e of oce _eqegope_ 
^oioroggers caqe ]eei ^oifdrhe_ di oce oesos) Ii a__dodoi' oce esodhaodoi 
aggordochs ai_ gearidig soraoegt caqe agso scori a_elpaoe ]ecaqdor) <gg di agg' 
oce propose_ aggordoch ^ai ]e pse_ oo perforh oce ^oiorog of a^odqe safeot 
stsoehs) Ocds ^capoer di^gp_es oce respgos of oce sdhpgaodois ai_ reag oesos as 
regg as a ^ohpardsoi rdoc hadi ^ohpeodoors) 

3.1.  Parameter identification and estimation module 
Oce sdhpgaodois perforhe_ for oce qagd_aodoi of paraheoer d_eiodfd^aodoi ai_ 
^gassdfd^aodoi are preseioe_ ]egor) Ocese respgos diqogqe_ ]ooc oro(rceeg ai_ 
fopr(rceeg qecd^ges) Ndhpgaodois rdoc a ^caige of a_cesdoi _prdig ]rafdig' 
psdig ]ooc fpuut gogd^ ai_ ai NII(]ase_ ^oiorog aggordoch' cas ]eei ^arrde_ 
opo) Ocps' do ds possd]ge oo eqagpaoe cor oce esodhaodois a_apo _prdig a sp__ei 
^caige of ^oioa^o ^oi_dodois) 

3.1.1. Two-wheeled vehicle 
Ocree ehergei^t ]rafdig pro^esses caqe ]eei perforhe_' psdig oce <=N 
^oiorog aggordoch ]ase_ oi fpuut gogd^ propose_ V.X) Oce fdrso oro sdhpgaodois 
repro_p^e_ ^caiges di roa_ otpe _prdig ]rafdig ]t di^reasdig oce a_cesdoi of 
oce roa_ #Fdgpre -.$ ai_ _e^reasdig do #Fdgpre -/$) Oce gaooer ras repeaoe_ 
rdocopo ^oisd_erdig oce _tiahd^s of oce a^opaodoi stsoeh #Fdgpre -5$) For oce 
^ag^pgaodoi of goigdop_diag for^es ai_ spee_s' a Faghai fdgoer ras pse_ rdoc oce 
approa^c preseioe_ di preqdops se^odois) Coreqer' di ocds ^ase' aioocer @FF 
ras pse_ for oce d_eiodfd^aodoi of oce roa_ otpe) Oce @FF pse_ oce preqdops 
esodhaoes as dippo) Io proqd_e_ oce hasdhph a_cesdoi geqeg of oce roa_' psdig 
a sdhpgdfde_ odre ho_eg' as opoppo) 
Ndhpgaodois perforhe_ oi oce oro(rceege_ qecd^ge caqe _ehoisoraoe_ oce 
effe^odqeiess of oce @FF di esodhaodig ]ooc qerod^ag ai_ goigdop_diag for^es) <s 
do ds o]serqe_' _prdig ]rafdig oi a cdgc grdp roa_ rdoc a oro(rceege_ qecd^ge 
rdoc a cdgc oei_ei^t oo pdo^c' gor qagpes of qerod^ag goa_ ^ai ]e o]serqe_ oi 
oce rear rceeg) @lpaodois pse_ di oce esodhaoor _o ioo oafe dioo a^^opio ocds 
effe^o as regg as oce rceeg gdfo(off' rcd^c gea_s oo garger errors di ocese 
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^oi_dodois) Ieqerocegess' oce appgd^aodoi of oce @FF as ai esodhaoor ds propergt 
qagd_aoe_) 
Megar_dig roa_ esodhaodoi' oce pse of a odre ho_eg' _espdoe ]edig dos sdhpgdfde_ 
qersdoi' dioro_p^es ai di^rease di oce ^ohppoaodoiag ^oso of oce esodhaoor) 
Fprocerhore' sdi^e oce ho_eg ds cdgcgt ioigdiear ai_ oce @FF gdieardues for 
ea^c soaoe' ocere ds a sgor respoise of oce esodhaoor oo a ^caige di _tiahd^s) 
Ocds ds o]serqe_ ]ooc ao oce ]egdiidig of oce oeso ai_ _prdig a oraisdodoi rcere 
oce respoise of oce esodhaodoi ds sgor) Ocds ds oce hadi reasoi for proposdig 
aioocer heoco_ for oce d_eiodfd^aodoi of oce roa_ otpe) For ocds pprpose' oce 
pse of NII ds propose_ as a ^gassdfder) Ocds ier soraoegt hafes pse of oce _aoa 
o]oadie_ ]t oce @FF oo proqd_e a _dre^o ai_ fasoer respoise) 
) 

Figure 23. Low-high  road change simulation results (Speeds, road type and forces) 

Figure 24. High-low  road change simulation results (Speeds, road type and forces) 

Oo ehpcasdue oce dhporoai^e of ^orre^o ho_egdig of oce oraisdeio respoise of 
oce a^opaoors' oce _tiahd^s of oce ]rafdig stsoeh caqe ]eei ohdooe_) Ocds 
di^gp_es oce pphp ocao geieraoes oce presspre as regg as oce fgpd_ _tiahd^s di 
oce ]rafe gdie) Fdgpre -5 preseios oce respgos of ocds ioi(reagdsod^ ]rafdig oeso) 
Io ^ai ]e o]serqe_ ocao oce ^oiorogger ds a]ge oo sp^^ee_ di rea^cdig sgdp geqegs 
^gose oo oce opodhph rdocopo oce presei^e of ait os^dggaodois) Coreqer' ocds 
sdhpgaodoi ds ioo regda]ge) Ocds otpe of di^orre^o respoise ^ai ]e fopi_ di 
gdoeraopre' cdgcgdgcodig oce dhporoai^e of perforhdig esperdheioag oesos oo 
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qagd_aoe oce sdhpgaodois di oerhs of qecd^ge ^oiorog) Ieso' oce propose_ ^oiorog 
aggordoch rdgg ]e oesoe_ di oce foggordig se^odoi) 

Figure 25. High-Low  road change simulation results (No brake Dynamic) (Speeds, road 
type and forces) 

3.1.2. Four-Wheel vehicle 
<s rdoc oce oro(rceege_ qecd^ge' sdhpgaodois rere ^arrde_ opo for ehergei^t 
]rafdig rdoc a ^caige di oce geqeg of a_cesdoi) Ii ocese sdhpgaodois' oce rdgco 
ai_ gefo rceegs esperdei^e oce sahe grdp geqeg) Ii ocds ^ase' a ^caige froh a 
gor oo a he_dph grdp geqeg #Fdgpre -1$ ai_ aioocer rdoc oce reqerse sdopaodoi 
#Fdgpre -2$ rere perforhe_) For oce esodhaodoi of oce for^es of ea^c rceeg' oce 
@FF ras pse_ di oce sahe rat as di oce preqdops se^odoi' oigt ^caigdig oce 
ho_eg froh oro oo fopr rceegs) Ii ocds ^ase' a ^gassdfd^aodoi ieprag ieororf 
]ase_ oi NII ras pse_ for oce d_eiodfd^aodoi of oce roa_ otpe) Ocds ieororf 
proqd_e_ oce opodhph sgdp geqeg asso^daoe_ rdoc oce roa_ oi rcd^c oce qecd^ge 
ras ]edig _rdqei as opoppo) 
Oce esodhaoe_ for^es oi ea^c rceeg as regg as oce goigdop_diag spee_ of oce 
qecd^ge rere esodhaoe_ rdoc re_p^e_ fgp^opaodois) 
Megar_dig oce ^gassdfd^aodoi perforhe_ ]t oce NII' a faso respoise ds o]serqe_ 
sdi^e do _oes ioo relpdre oce pp_aodig of soaoes) Oce esodhaodoi ds agso soa]ge 
_espdoe possd]ge fgp^opaodois di oce for^es ^apse_ ]t oce ^oiorog aggordoch or 
]t ora^fdig errors of oce @FF) Dprdig oraisdodois' ^caiges di oce ^gassdfder 
opoppo ^ai ]e o]serqe_' rcd^c ds _pe oo oce ^caige di odre _tiahd^s) Ocds 
esodhaodoi error oigt oafes pga^e di scoro perdo_s of odhe) Ocerefore' oce 
d_eiodfd^aodoi ai_ esodhaodoi ho_pge ds qagd_aoe_ for agg oradie_ roa_ otpes) 
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Figure 26. Low-medium  road change simulation results (Speeds, optimum slip level, 
longitudinal and vertical forces)

Figure 27. High-medium  road change simulation results (Speeds, optimum slip level 
longitudinal and vertical forces) 

3.2. Intervention module 
Oo oeso oce effe^odqeiess of oce ^oiorog aggordoch' oro seos of sdhpgaodois rere 
perforhe_) Fdrso' a ioigdiear ]dogogd^ag ho_eg ras pse_ oo oeso oce a]dgdot oo 
geari _prdig ^oiorog' psdig spperqdse_ gearidig) Npe^dfd^aggt' Cdgg"s ho_eg of ai 
arh eodio ras pse_) Ne^oi_gt' afoer qagd_aodig dos ]ecaqdor for a ]dogogd^ag 
ho_eg' oce ho_pge ras oesoe_ oi a qecd^pgar stsoeh) Ocds rat' a fopr(rceege_ 
qecd^ge ras pse_ oo sdhpgaoe ai ehergei^t ]rafdig rdoc a ^caige of a_cesdoi) 

3.2.1. Biological Control 
Ii or_er oo perforh spperqdse_ gearidig di ai arh eodio' oro otpes of sdipsod_ag 
posdodoi sdhpgaodois rere perforhe_) Oce fdrso oie repro_p^e_ a pro^ess di 
rcd^c oce ieprag ieororf _d_ ioo didodaggt rea^c oce seopodio sdgiag) 
Np]selpeiogt' oce gearidig aggordoch sopgco oo re_p^e oce error) Ieso' a ̂ caige 
di oce _tiahd^s of oce eodio ds dioro_p^e_ afoer -+ se^oi_s di a se^oi_ 
sdhpgaodoi) Ocds ^caige ho_dfde_ oce properodes of oce hps^ge ai_ relpdre_ oce 
a^odqaodoi of gearidig oo ^ohpeisaoe for ocds eqeio) 
Fdgpre -3 scors oce odhe eqogpodoi of oce fdrso sdhpgaodoi perforhe_) Oce 
aigpgar posdodoi ds a^cdeqe_ #Fdgpre -3a$ afoer 1+ se^oi_s of gearidig' rcd^c 
relpdres ai di^rease di hps^ge sodhpgaodoi appgde_ oo ]ooc oce esoeisor ai_ 
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fgesor hps^ges #Fdgpre -3]$) Oce gearidig he^caidsh' ppoi esperdei^dig ai 
error ]eoreei oce oargeo ai_ oce heaspre_ posdodoi' di^reases oce NODK 
ho_pgaodoi ]t _opahdie sdgiag D) <s oce error ds _e^rease_ ]t gearidig' oce 
ho_pgaodoi ds re_p^e_ #Fdgpre -3^$ a^^or_dig oo oce oehporag respoise) Oce 
fdrdig paooeri ^ai ]e seei di Fdgpre -3_) Io ^ai ]e o]serqe_ ocao oce sahe 
selpei^e ds repeaoe_ rcei gearidig ei_s) 

        a$      ]$ 

        ^$       _$ 

Figure 28. Learning process with a sinusoidal setpoint (a)Output response, b)Muscle 
stimulation, c)Dopamine level and d)Neural activity) 

Ieso' respgos o]oadie_ di oce se^oi_ sdhpgaodoi rcere a ̂ caige di oce _tiahd^s 
ds dioro_p^e_' are preseioe_) Mespgos rdoc _dsa]ge_ #Fdgpre -4a$ ai_ eia]ge_ 
#Fdgpre -4]$ gearidig are scori for ^ohpardsoi pprposes) Ocds oeso cdgcgdgcos 
oce dhporoai^e of a ^oiodipops gearidig aggordoch rcei oce _tiahd^s of oce 
stsoeh are qarda]ge) Ii sp^c a ^ase' ocds gearidig pro^ess ^ohpeisaoes for oce 
soea_t(soaoe error pro_p^e_ ]t oce asthheort of fgesor ai_ esoeisor hps^ges) 
If gearidig ds _dsa]ge_' oce _opahdie geqeg #Fdgpre -4^$ _oes ioo ^oiqerge oo 
uero ]e^apse dos ho_pgaodoi ds ioo effe^odqe) Coreqer' rcei ho_pgaodoi ds 
eia]ge_' dos effe^o oi stiapod^ soreigocs ^orre^os oce _efe^o ]t ^oiqergdig oo 
uero #Fdgpre -4_$) 
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     a$     ]$ 

     ^$      _$ 

Figure 29. Behavior in the face of a change in system dynamics without (a,c) and with 
activated learning (b,d) ((a,b) Output response, (c,d) Dopamine level) 

3.2.2. Vehicle control 
Oce gearidig aggordoch' oi^e qagd_aoe_ di a ]dogogd^ag(gdfe ^oiorog stsoeh' ras 
dioegraoe_ dioo oce ̂ oiorog s^cehe of a qecd^ge oo eqagpaoe dos ̂ orre^o operaodoi) 
Ndhpgaodois ^oisdsoe_ of repro_p^dig ehergei^t ]rafdigs oi roa_s rdoc 
^oisoaio ai_ ^caigdig a_cesdoi ^oeffd^deios oo _ehoisoraoe oce effe^odqeiess 
ai_ ro]psoiess of oce propose_ aggordoch) Oce aggordoch ras ocei respoisd]ge 
for di^reasdig or _e^reasdig oce ]rafdig for^es oo hdidhdue oce ^ohhdooe_ sgdp 
error) Oce goag ras oo re_p^e oce ]rafdig _dsoai^e rcdge eisprdig 
haiepqera]dgdot) Iidodaggt' oce sorp^opre of oce ieororf ras _efdie_ rdoc 
dicd]doort ai_ es^doaoort ^oiie^odois di a ]do(dispdre_ rat ai_ rdoc a re_p^e_ 
qagpe of stiapod^ soreigoc) Io ooof a oooag of -+ doeraodois for oce aggordoch oo 
^oiqerge oo a soaoe rdoc a hdidhph _opahdie geqeg' a^cdeqdig a re_p^e_ 
]rafdig _dsoai^e di ocds pro^ess' as scori di Fdgpre .+) 



.) Mespgos ai_ Dds^pssdoi

49 

Figure 30. Distance (left) and dopamine (right) level during the supervised learning 
process 

=ooc Fdgpre .1 ai_ Fdgpre .- scor oce qego^dodes ai_ presspres' respe^odqegt' 
di doeraodois 1' 1+ ai_ -+ of oce gearidig pro^ess) Io ̂ ai ]e seei ocao di doeraodoi 
1 oce respoise of oce ieororf ds ioo spffd^deio oo geieraoe oce goigdop_diag 
]rafdig for^e relpdre_ oo a^cdeqe oce _esdre_ sgdp geqeg' rcd^c gea_s oo a cdgc 
]rafdig odhe) Iioeresodiggt' do ds o]serqe_ ocao oce aggordoch scors a faso 
a_apoaodoi of dos respoise afoer oce sprfa^e) Ocds fa^o ^ai ]e o]serqe_ 
ocropgcopo oce rcoge gearidig pro^ess' scordig oce ro]psoiess ai_ a_apoaodoi 
^apa]dgdot of oce aggordoch) Ioeraodoi 1+ scors a respoise rdoc cdgcer sgdp geqegs 
ocai ao oce ]egdiidig of oce gearidig pro^ess) Coreqer' _dffereio ]ecaqdor 
]eoreei oce froio ai_ rear rceegs ds o]serqe_) Ocds rat' oce aggordoch ds 
dhproqdig dos perforhai^e ]po cas ioo haiage_ oo a_apo dos respoise 
^ohpgeoegt oo oce goa_ oraisfer teo) <gocopgc oce ]rafdig odhe ds ]e^ohdig 
scoroer' oce error ds sodgg cdgc' so oce gearidig pro^ess ^oiodipes)  
Fdiaggt' di doeraodoi -+' oce asso^daoe_ qagpe of _opahdie #D$ #Fdgpre ..$ ds 
gor ai_ oce error cas ]eei hdidhdue_) Ii ocese ^oi_dodois' oce ]rafdig odhe ds 
oce scoroeso oie) Fprocerhore' do ds o]serqe_ ocao oce froio ai_ rear rceeg 
spee_s esperdei^e a sdhdgar sgdp geqeg' rcd^c _ehoisoraoes oce saodsfa^oort 
perforhai^e of oce aggordoch ai_ respgos di oce fdiagduaodoi of oce gearidig 
pro^ess) 
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Figure 31. Vehicle speeds under a supervised learning process (20 iterations)

Figure 32. Braking torque under a supervised learning process (20 iterations) 

Figure 33. Dopamine level under a supervised learning process (20 iterations) 

Kreqdops respgos ^oifdrh oce qda]dgdot of oce proposag) Coreqer' a sdigge oeso ds 
ioo eiopgc oo qerdft oce proper ]ecaqdor of oce gearidig aggordoch ai_ oce 
perforhai^e ai_ soa]dgdot of oce ^oiorogger) Ocps' do ds relpdre_ oo ^arrt opo a 
cdgcer iph]er of sdhpgaodois di _dffereio ]rafdig ^oi_dodois) Ii a__dodoi' do ds 
_esdra]ge oo caqe ai o]ee^odqe rat oo lpaiodft oce perforhai^e oi oce _dffereio 
sprfa^es propose_) Rdoc ocds o]ee^odqe di hdi_' perforhdig a cdgcer iph]er of 
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sdhpgaodois ds propose_' psdig oce so(^agge_ Fet Kerforhai^e Ii_d^aoors #FKIs$ 
preseioe_ ]egor' as referei^es) 

3.2.3. Key Performance Indicators (KPIs) 
FKIs are pse_ oo eqagpaoe oce perforhai^e of RN> ]ase_ ^oioroggers) Ocere ds 
a garge iph]er of di_d^aoors aqadga]ge _epei_dig oi oce qarda]ge oo ]e 
eqagpaoe_ ai_ dos dhpa^o oi safeot' haiepqera]dgdot' ^ohforo' _pra]dgdot ai_ 
so oi) Ii ocds ^ase' oigt oce FKIs fo^pse_ oi ehergei^t ]rafdigs caqe ]eei 
sege^oe_) Oocer FKIs' sp^c as ocose regaoe_ oo oce ^ohforo ai_ _pra]dgdot of 
oce a^opaoors' caqe ]eei ohdooe_ ^oisd_erdig ocao' di ai ehergei^t sdopaodoi' 
oce prdordot ds oo hasdhdue grdp rdocopo gosdig ^oiorog of oce qecd^ge) 
FKIs are _dqd_e_ dioo soea_t(soaoe ai_ oraisdeio(soaoe oies' ]ooc of rcd^c rdgg 
]e pse_ oo aiagtue oce respoise of oce propose_ ^oiorogger) Ii a__dodoi' a 
^ohpardsoi rdoc oce ̂ oiqeiodoiag oies ]ase_ oi sgdp ocrescog_ ̂ oiorog propose_ 
]t qecd^ge ^ohpoieios haipfa^oprer =os^c cas ]eei di^gp_e_)  

)<=N Ii_es of Kerforhai^e #<=NIK$ 
Ocds FKI ds pse_ oo ^ohpare oce ]rafdig _dsoai^e o]oadie_ ]t oce ^oiorogger 
rcei oce <=N ds _ea^odqaoe_ ai_ a fpgg sfd_ ds pro_p^e_ #5/$) Ocps' oce oqeragg 
effe^odqeiess of oce ^oiorogger ds o]oadie_) 

#5/$ 

Keaf Oo Keaf KOK #KOK$ 
Io heaspres oce agdgdot of oce ^oiorogger respoise) Oo ocds ei_' oce qardaodoi of 
oce hasdhph aigpgar qego^dot _prdig oce fdrso ^t^ge #has$ ^oi^eridig oce 
referei^e spee_ #opo$ ds heaspre_) Oce qagpe ds o]oadie_ froh oce sph of oce 
_eqdaodoi a^^or_dig oo #55$ for ea^c rceeg) 

#55$ 

Iioegrag Kdo^c Qardaodoi #IKQ$ 
Tar qardaodoi #51$ _oes ioo affe^o ]rafdig _dsoai^e ai_ haiepqera]dgdot 
_dre^ogt) Coreqer' do gdhdos oce _rdqer"s a]dgdot oo esodhaoe _dsoai^es _pe oo oce 
fa^o ocao oce cphai ]radi spffers froh a _egra_e_ perforhai^e di esodhaodoi 
di oce presei^e of es^essdqe tar' rcd^c gea_s oo pooeiodag rdsf sdopaodois) 

∫ |θ||∫∫ #51$
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Oa]ge . scors oce respgos for oce oro aggordochs sop_de_5 ocrescog_ ^oiorog 
#OCM$ ai_ oce ier propose_ ^oiorog #NII$) Io di^gp_es oce o]oadie_ FKIs di 
ehergei^t ]rafdig oi ^oisoaio sprfa^es ai_ sprfa^e oraisdodois) Ocds gdso of 
^oi_dodois cas ]eei esora^oe_ froh Megpgaodoi 1. #@*@>@*(
OM<IN*5+5*Meq)1*<__)1-*Meq)3).) Megpgaodoi Io) 1.$) >oiselpeiogt' do ^ai 
]e ^oi^gp_e_ ocao oce ^oiorogger rdgg ]ecaqe saodsfa^oordgt pi_er ait otpe of 
roa_ ^oi_dodoi or ^caige di oce ^cara^oerdsod^s of oce sprfa^e) 

Table 3. Steady-state KPIs for different road conditions 

ROAD  
ABSIP 
THR 

ABSIP 
SNN 

PTP 
THR 

PTP 
SNN 

IPV 
THR 

IPV 
SNN 

1 34'5  82,5% +'-+ 0,03 +'15 +'1- 
0.7 32'5  87,4% +'.. 0,11 +'+- +'+1 
0.3 87,4% 43'1 +'5+ 0,03 +'+1 +'+- 

4-'1  90,4% +'-1 0,18 +'+. +'+3 
41'.  90,5% +'54 0,43 +'+1 +'+/ 
85,3% 31'/ +'-2 0,05 +'+- +'+/ 

0.7 (Rough) 42'2  94,0% +'/3 0,28 +'+. +'+- 
0.3 (Rough) 95,3% 1+.'4  +'2+ 0,22 +'+1 +'+1 

Oce perforhai^e di_d^aoor #<=NIK$ proqd_es ]eooer respgos for oce propose_ 
NII(]ase_ aggordoch) Oce es^epodoi ds for oce reaggt gor grdp sprfa^es rcere 
oce ocrescog_ ^oiorog #OCM$ ]ase_ aggordoch perforhs sgdgcogt ]eooer) 
Coreqer' KOK FKIs o]oadie_ ]t oce NII aggordoch scor spperdor 
perforhai^e of ocds proposag oqer dos ^ohpeodoor di agg ^ases) Oce _eqdaodoi 
a^cdeqe_ rdoc oce NII aggordoch ds oce goreso di agg ^ases' rcd^c eispres a 
cdgc geqeg of haiepqera]dgdot of oce qecd^ge' rcaoeqer oce ]rafdig ^oi_dodoi) 
Ocds ds of greao dhporoai^e di sdopaodois rdoc gor a_cerei^e sdi^e a cdgc 
_eqdaodoi di^reases oce possd]dgdot of gosdig ^oiorog of oce qecd^ge) Ocerefore' do 
^ai ]e ^oi^gp_e_ ocao oce NII aggordoch es^ee_s ds ^ohpeodoor ai_ eispres 
oce ]eso respoise di oerhs of ]rafdig _dsoai^e ai_ haiepqera]dgdot) Oce gaso 
FKI ocao gdqes diforhaodoi a]opo tar #IKQ$ respgos faqora]ge di ]ooc ^ases 
rdoc piiood^ea]ge geqegs of rooaodoi) 
Oce ocree oraisdodois perforhe_ are assesse_ psdig agso oce FKIs asso^daoe_ 
rdoc oce oraisdeio respoise _prdig oce ephp) 
Heai De^egeraodoi #HDe$ 
Ocds FKI heaspres oce aqerage _e^egeraodoi o]oadie_ _prdig oce oraisdodoi) 
Oce _e^egeraodoi ds heaspre_ ]eoreei oce soaro of oce oraisdodoi ai_ oie se^oi_ 
afoer do o^^prs' a^^or_dig oo elpaodoi #52$) 

∫∫ #52$



.) Mespgos ai_ Dds^pssdoi

53 

Keaf Oo Keaf #KOKe$ 
Oce sahe ^ag^pgaodoi #55$ espgadie_ di oce preqdops ^ase ds _oie di ocds ^ase 
for oce fdrso ^t^ge afoer oce ephp) 
Hasdhph Tar Maoe #HTMe$ 
Io lpaiodfdes oce gaoerag soa]dgdot of oce ^caige _prdig oce oraisdodoi' as oce 
hasdhph tar ]eoreei oce dido #d$ ai_ oce ei_ #e$ of oce ephp #53$) Ocds FKI 
eqagpaoes oce difgpei^e of a sp__ei ^caige di a_cesdoi oi oce tar aigge 
agocopgc ocds sdopaodoi _oes ioo pspaggt o^^pr as ]ooc rceegs oi ea^c sd_e of 
oce qecd^ge esperdei^e oce ^caige di grdp ao oce sahe odhe)  

[θ̇] #53$ 

Table 4. Transient KPIs for different road jumps 

ROAD 
MDj 
THR 

MDj 
SNN 

PTPj 
THR 

PTPj 
SNN 

MYRj
THR 

MYRj 
SNN 

+'51 0,59 +'-1 0,18 +'++2 +'+-3 
+'-/ 0,25 +'54 0,43 +'++1 +'++1 
+'1. 0,68 +'-2 0,05 +'+++ +'+++

Oce respgos o]oadie_ for oce oraisdodois scor ]eooer perforhai^e for oce 
propose_ NII(]ase_ ^oiorogger #Oa]ge /$) Ocds ds _pe oo oce a]dgdot oo a_apo 
oo ^caige offere_ ]t ocds ^oiorogger rcdge oce oie ]ase_ oi ocrescog_ ^oiorog 
^aiioo a_apo oo ^caige di oce sahe faso haiier) Cei^e' _prdig oce oraisdodoi' 
do o]oadis rorse _e^egeraodoi ai_ _eqdaodoi qagpes) <s di soea_t(soaoe' oce 
o]oadie_ qagpe asso^daoe_ rdoc oce tar ds re_p^e_' so di ]ooc ^ases oce qecd^ge 
ds hadioadie_ soa]ge rdocopo garge tar ^caiges)
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3.3. Vehicle Experimentation 
Oi^e oce perforhai^e of oce propose_ ^oiorog aggordoch ras eqagpaoe_ 
saodsfa^oordgt ]t oce ^oi_p^oe_ sdhpgaodois' a serdes of oesos di reag ^oi_dodois 
rere ^arrde_ opo psdig ai disorpheioe_ qecd^ge) Oce propose_ aggordoch ras 
qagd_aoe_ psdig a oeso qecd^ge _prdig a soat ao oce Nre_dsc Pidqersdot of FOC) 
Oce qecd^ge pse_ ras iahe_ Mesear^c >oi^epo Qecd^ge #M>Qe$ di dos ege^ord^ 
qersdoi) Oce pse of ocds oeso pgaoforh ha_e do possd]ge oo dhpgeheio oce 
_eqegope_ aggordoch psdig NIHPGIIF ]t heais of oce DNK<>@ car_rare) 
Ocds _eqd^e eia]ges oce ^oiorog of oce eiodre qecd^ge rdoc oce ease offere_ ]t 
NIHPGIIF ai_ dos qdspag prograhhdig eiqdroiheio) Ii a__dodoi' _prdig oce 
aforeheiodoie_ soat' oesos rere ^arrde_ opo oi a ora^f rcere cdgc ai_ gor 
frd^odoi sprfa^es rere aqadga]ge as regg as oce possd]dgdot of perforhdig reag 
sprfa^e oraisdodois _prdig ]rafdig #Fdgpre ./$) 

Figure 34. The RCVe (left) and the Arlanda test track with road adhesion transition 
(right) 

Dpe oo oce scoro _praodoi of oce soat rdoc oigt / _ats of ora^f oesodig' oce 
qagd_aodoi ras fo^pse_ oi oce ̂ oiorog aggordoch' rcd^c ds oce hadi ̂ oiord]podoi 
of ocds ocesds) <foer oce a_apoaodoi of oce ^o_e  as regg as oce opidig of oce 
]rafdig stsoeh' psdig oigt oce froio asge for oce a^opaodoi ras propose_ rcdge 
oce rear asge ras pse_ for spee_ heaspreheio) Ocere rere oro hadi reasois 
for ocds) Oce fdrso oie ras oce cdgcer ]rafdig ^apa^dot of oce froio asge ai_ oce 
se^oi_ oie ras oce ^ohppoaodoiag gdhdoaodoi relpdre_ ]t oce _eqegope_ 
aggordoch) Ocds heaio ocao oce DNK<>@ car_rare relpdre_ oce pse of a 
shagger ieororf ai_ gdhdoe_ dos pse oo oigt oro rceegs) Io ropg_ ioo ]e a]ge 
oo rpi fopr ]rafdig aggordochs rdoc oce aqadga]ge car_rare) 
Oce gaso ^oisd_eraodoi oo oafe dioo a^^opio ras oce spee_ ao rcd^c oce oesos 
ropg_ ]e ^arrde_ opo) Ndi^e do ras a qecd^ge rdoc passeigers adhe_ ao 
perforhdig rehooe _rdqdig oesos' dos spee_ ras gdhdoe_ oo -5 fh*c)
Despdoe oce gdhdoaodois' oce soat aggore_ oce ^orre^o qagd_aodoi of oce 
dhpgeheioaodoi of oce aggordoch di a reag stsoeh ai_ pi_er qartdig ̂ oi_dodois) 
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Ii a__dodoi' oce aggordoch proqe_ dos a]dgdot oo geari ai_ a_apo oo ier 
sdopaodois _prdig dos iorhag operaodoi) Cei^e' oce rorf _eqegope_ di ocds ocesds 
_ehoisoraoes dos qda]dgdot for a fpopre appgd^aodoi di passeiger qecd^ges) 
Ocree gropps of oesos rere perforhe_ oi cdgc ai_ gor grdp sprfa^es  ai_ ocedr 
oraisdodois ]eoreei ]ooc) @a^c oeso gropp ^oisdsoe_ of a serdes of ehergei^t 
]rafdig pro^esses) Oce aggordoch didodaggt proqd_e_ a re_p^e_ opoppo sdi^e oce 
stiapod^ for^es rere lpdoe gor) Ieqerocegess' as oce ^oise^podqe oesos rere 
perforhe_' oce ieororf ho_dfde_ dos redgcos ai_ sp^^ee_e_ di di^reasdig ai_ 
^oioroggdig oce appgde_ presspre) Ocds ]ecaqdor ras agso o]serqe_ di oce 
sdhpgaodois ^arrde_ opo di oce preqdops se^odoi)
Oce fdrso gropp of oesos ras ^arrde_ opo oi a cdgc(a_cesdoi sprfa^e) Io ^ai ]e 
o]serqe_ cor oce _e^egeraodoi di^reases ^oisd_era]gt as oce esperdheioaodoi 

 #Fdgpre .5$' oce presspre _prdig 
esperdheioaodoi #Fdgpre .1$ rose for ea^c doeraodoi' ocps re_p^dig oce ]rafdig 
_dsoai^e as oce sgdp di^rease_ ocropgcopo oce oeso) Oce ieprag ieororf _d_ ioo 
soop ^oioroggdig oce ]rafdig' eqei di esperdheioaodoi #Fdgpre .2$) $) Ocds 
cdgcgdgcos oce dhporoai^e of oce prefdse_ ieprag sorp^opre ocao proqd_es oce 
ie^essart ro]psoiess for oigdie gearidig) 
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Figure 35. Vehicle speeds under supervised learning process (Simulation) (a)First 
iteration, b)mid-learning, c)completed) 

Figure 36. Vehicle speeds under supervised learning process (Experimentation) (a)First 
iteration, b)mid-learning, c)completed) 

Figure 37. Braking torque under supervised learning process (Experimentation) (a)First 
iteration, b)mid-learning, c)completed) 

Mespgos afoer oradidig oi oce rehadidig sprfa^es are scori di Fdgpre .3 rcere 
oce foggordig oesos rere ^oi_p^oe_5 gor a_cesdoi sprfa^e' cdgc(oo(gor a_cesdoi 
oraisdodoi ao /)5h*s' gor(oo(cdgc a_cesdoi ephp ao /)5h*s ai_' oo ^oi^gp_e' 
]rafdig rdoc a _dffereio a_cerei^e di ea^c odre #gefo odre gor a_cesdoi' rdgco odre 
cdgc a_cesdoi$) 
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Figure 38. Vehicle speeds after training for different situations (Experimentation) 

<s do ^ai ]e o]serqe_' oce aggordoch _eags rdoc oce sprfa^e oraisdodoi rdocopo 
garge os^dggaodois ai_ proqd_es a re_p^e_ ]rafdig _dsoai^e as preqdopsgt 
preseioe_ di oce sdhpgaodois) 
Oa]ge 5 ]egor scors a sphhart of oce respgos) < ^ohpardsoi cas ]eei ha_e 
]eoreei oce propose_ aggordoch ]ase_ oi NII ai_ oce ocrescog_ ̂ oiorog(]ase_ 
oie) Oce o]oadie_ respgos di_d^aoe ocao oce propose_ aggordoch o]oadis a ]eooer 
_e^egeraodoi di agg sdopaodois) Oce _dfferei^e ds eqei greaoer ocai di sdhpgaodois 
sdi^e oce ocrescog_ ^oiorog aggordoch ds ioo a]ge oo a_epso oo reag ]ecaqdor) 
Ocds ds _pe oo oce gor spee_ #1h*s$ of oce oesos' hafdig ^oiorog eqei car_er 
as a_cesdoi di^reases) 

Table 5. Steady-state KPIs comparison between simulation and experimentation (6 m/s)

ROAD  
Simulation Experimentation 

ABSIP 
THR 

ABSIP 
SNN 

PTP 
THR 

PTP 
SNN 

ABSIP 
THR 

ABSIP 
SNN 

PTP 
THR 

PTP 
SNN 

0.9 (High) 41)5  91.3% +'12 0,15 44)1-  97.5% +'1. 0,10 
0.6 (Low) 45)12  89.08% +)31 0.27 43)51 94.91% +'2/ 0,12 

Ocese oesos ^oi^gp_e oce rorf ^arrde_ opo di ocds ocesds) Io soaroe_ rdoc oce 
_eqegopheio of oce elpaodois ai_ aggordoch ]ase_ oi NII) Ieso' ocds otpe of 
ieprag ieororfs ras pse_ for ^oiorog appgd^aodois) Np]selpeiogt' a gearidig 
soraoegt ras relpdre_ oo dhproqe oce perforhai^e of oce aggordoch di agg 
^oi_dodois) Oi^e oce respoise of oce aggordoch ras ^oisd_ere_ saodsfa^oort' dos 
appgd^aodoi oo qecd^ge ^oiorog stsoehs ras oa^fge_) Ndhpgaodois ai_ reag oesos 
caqe _ehoisoraoe_ oce spperdor perforhai^e' ro]psoiess ai_ soa]dgdot of oce 
propose_ approa^c) Ocds rorf ^oqers oce ]asd^ heoco_ogogt ai_ qagd_aodoi ]t 
sdhpgaodoi ai_ esperdheioaodoi) 
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4. Conclusions

Ocds rorf cas ]eei _eqooe_ oo _esdgidig ^oioroggers ]ase_ oi spdfdig ieprag 
ieororfs oo dhproqe oce perforhai^e of qecd^ge safeot stsoehs) Ii a__dodoi' a 
gearidig soraoegt ^apa]ge of pp_aodig ^oiorogger paraheoers' _epei_dig oi 
_rdqdig ^oi_dodois' cas agso ]eei _eqegope_) Oce propose_ aggordoch cas ]eei 
oesoe_ di sdhpgaodois ai_ reag oesodig' rcd^c cas ^oifdrhe_ oce qda]dgdot ai_ 
ro]psoiess of ocds approa^c ai_ dos spperdor perforhai^e oqer sege^oe_ 
^ohpeodoors)  

Ocps' ocds ocesds cas ha_e do possd]ge oo esoa]gdsc a ier soraoegt oo _eqegop 
]dogogd^aggt(]ase_ ^oioroggers for qecd^pgar stsoehs ocao rdgg ^oiord]poe oo 
di^reasdig oce safeot of roa_ psers) Qecd^pgar ai_ ieprag ^oiorog rere didodaggt 
sop_de_ separaoegt oo fdiaggt dioegraoe oceh ai_ qagd_aoe ocedr perforhai^e 
ocropgc sdhpgaodoi ai_ reag oesos) 

Ieso' oce hadi ^oiord]podois of ocds rorf are cdgcgdgcoe_5 

• < ^oiorog s^cehe pse_ cas ]eei sdhpgaoe_ ai_ qagd_aoe_ psdig oro ai_
fopr(rceege_ esperdheioag qecd^ges) Oce esodhaodoi ai_ d_eiodfd^aodoi of
paraheoers' psdig ai esoei_e_ Faghai fdgoer ai_ a ^gassdfd^aodoi ieprag
ieororf respe^odqegt' caqe _ehoisoraoe_ ocedr a]dgdot oo _eoe^o oce
a_cerei^e ^oi_dodois as regg as oce geqeg of odre sgdppage)

• =ase_ oi a ]do(dispdre_ refges ar^ sorp^opre' a ^oiorogger ^apa]ge of ^opdig
rdoc stsoehs rdoc cdgcgt ioigdiear ]ecaqdor cas ]eei _eqegope_) Ios
sdhpgdfde_ sorp^opre hafes dos ese^podoi di reag(odhe possd]ge' rcd^c aggors
dos dioegraodoi dioo eh]e__e_ ^oiorog stsoehs)

• < sgdp ^oiorog aggordoch' ]ase_ oi spdfdig ieprag ieororfs' cas ]eei
propose_) Ocds ̂ oiorog a_apos oo oce qartdig ̂ oi_dodois of odre(roa_ ̂ oioa^o
_tiahd^s) Ii a__dodoi' ]t prograhhdig a ieprag pgasod^dot soraoegt' oce
stiapod^ soreigoc ds ho_dfde_ rdoc a spperqdse_ gearidig heoco_' rcd^c
^oiord]poes oo hdidhdudig oce ^oiorog error)

• Oce ho_pgaodoi of _opahdie as regg as oce pse of _dffereio NODK rpges
aggors oce opidig of oce stiapod^ soreigocs of oce ieprag ieororf) Oce
gearidig aggordoch re_p^es oce error ha_e ]t oce ieororf di a re_p^e_
iph]er of doeraodois di ^oiorog ai_ ^gassdfd^aodoi appgd^aodois)
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• Oce ^oh]diaodoi of ^gassdfd^aodoi ai_ ^oiorog di a sdigge ieprag ieororf
_ehoisoraoes oce ^apa]dgdot of perforhdig fpgg ieprag ^oiorog psdig oce
propose_ ieproi ho_eg as a sdigge resopr^e) Gearidig di ocds haiier hafes
pse of oce dippos ai_ opoppos of ]ooc ieororfs effd^deiogt' epso as di
]dogogd^ag stsoehs)

• Mespgos o]oadie_ di sdhpgaodois ai_ esperdheioaodois caqe proqe_ oce
effe^odqeiess of oce propose_ aggordoch qersps oocer ^oioroggers propose_
di gdoeraopre) Oce a]dgdot oo geari ai_ a_apo oo pifiori ^oi_dodois _prdig
reag oesos ds reharfa]ge)

• Oce a_apoaodoi ^apa]dgdot of oce ^oiorogger' rcd^c aggors pp_aodig oce
paraheoers of oce ieororfs ocropgc oce _esdgie_ gearidig soraoegt'
proqd_es a fprocer a_qaioage of ocds proposag oqer dos ^ohpeodoors di ^ase
of _eoerdoraodoi or repga^eheio of a odre) >ohher^dag aggordochs ga^f ocds
gearidig or pp_aodig ^apa^dot sdi^e ocet _o ioo fior oce _tiahd^s of oce
odre pse_) Ocps' ^oiqeiodoiag approa^ces ^aiioo offer ai opodhag respoise
di ehergei^t ]rafdig di agg ^oi_dodois)
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5. Recommendations for future work

Oce _eqegopheio of oce propose_ ^oiorogger proqd_es ai diioqaodqe gdie of 
resear^c rdoc a rd_e raige of possd]ge appgd^aodois di eigdieerdig pro]gehs) Ii 
oce apoohoodqe fdeg_' dos pooeiodag ^ai rapd_gt ]e s^age_ pp for oce ^oiorog of a 
greao iph]er of safeot stsoehs)
Oce esoeisdoi of oce aggordoch oo di^gp_e gaoerag _tiahd^s rdgg aggor 
perforhdig soa]dgdot ^oiorog for fopr(rceeg qecd^ges rdocopo relpdrdig haeor 
^caiges of oce ^oiorog sorp^opre) Horeoqer' oce pp_aodig of oce sorp^opre oo 
a_apo dippos ai_ opoppos oo oce qarda]ges pse_ ]t oocer qecd^ge ^oioroggers rdgg 
hafe dos esoeisdoi oo oocer appgd^aodois possd]ge) 
>oiorog aggordochs sp^c as oorlpe qe^oordig' ]rafe ]gei_dig' soa]dgdot ^oiorog 
or soeerdig(]t(rdre resoro oo sdhdgar sorp^opres ai_ ropg_' ̂ oiselpeiogt' ]eiefdo 
froh oce rorf _oie di ocds ocesds) Oocer cdgc(geqeg ^oiorog aggordochs' sp^c as 
a_qai^e_ _rdqer(assdsoai^e stsoehs #<D<N$ ai_ ocose iee_e_ for a segf(_rdqdig 
^ar' are ^gear oargeos for ai esoeisdoi of oce aggordoch propose_ di ocds ocesds) 
Fprocerhore' oce possd]dgdodes of dhproqeheio ai_ esoeisdoi of oce approa^c 
are ipherops) Oce sop_t of hore ̂ ohpges sorp^opres rdoc hore qarda]ge dippos 
preseios a ^caggeige di oce esoa]gdscheio of ieprag ^oiie^odois) Gdferdse' oce 
sop_t of _dffereio ieprag ho_egs ai_ ocedr oehporag respoise eia]ges oce a]dgdot 
oo esoa]gdsc hore ^ohpges regaodoiscdps sp^c as oehporag _epei_ei^e' for 
esahpge' rdocopo oce iee_ for re^prreio sorp^opres) 
< garger sorp^opre ropg_ agso aggor d_eiodfd^aodoi psdig oce propose_ ieproiag 
stsoeh' rdocopo relpdrdig oce pse of ai esoei_e_ Faghai fdgoer or ait oocer 
esodhaodoi aggordoch) Ocds opeis oce possd]dgdot of a hore ^ohpges gearidig 
ai_ ^oiorog aggordoch sdi^e do ropg_ caqe _dre^o a^^ess oo oce relpdre_ 
diforhaodoi for ^oiorog ̂ o_e_ rdoc spdfes) Io agso radses oce feasd]dgdot of a__dig 
gearidig oo  ^gassdfd^aodoi ai_ d_eiodfd^aodoi' for rcd^c do ropg_ ]e ie^essart oo 
seo a fdse_ sorp^opre oo eispre soa]dgdot di oce o]oadie_ respoise)  
Oce pse of ieprohorpcd^ car_rare agso ]roa_eis oce possd]dgdot of psdig hore 
^ohpges sorp^opres rdoc oce ^caggeige of dioegraodig oceh dioo reag(odhe 
stsoehs) Ocerefore' do ds cope_ ocao ocds ds oigt oce ]egdiidig of a resear^c gdie 
ocao ds teo oo ]e espgore_)
Oce sdhpgaodoi of oce ]ecaqdor of ]dogogd^ag stsoehs ds aioocer possd]ge gdie of 
resear^c di oce fpopre) >ohpardig oce ]ecaqdorag respoise of ai arh ]t 
^oiorasodig oce respgos rdoc reag oies opeis pp oce possd]dgdot of sdhpgaodig oce 
]ecaqdor of ]dogogd^ag stsoehs) Ocds aggors qagd_aodig ^oiorog s^cehes sp^c as 
oce oie ]ase_ oi oce elpdgd]rdph ctpoocesds as regg as pre_d^odig fpopre 
]ecaqdor) 
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Oacerfcaid' <)' =egaore^ce' <)' Gd' T)' Heh]er' N) ! Hagpdre' G) K) < Npperqdse_ 
Gearidig <ggordoch for Gearidig Kre^dse Odhdig of Hpgodpge Npdfes di Hpgodgater) 
I@@@ Orais) Ieprag Ieororfs Geari) Ntso) -4' 5.4/ 5/+2 #-+13$) 

Oaig' B) ! Hd^chduos' F) K) Brd_]oo 5 <i apooiohops ro]oo ^oiorogge_ ]t a Npdfdig 
Ieprag Ieororf hdhd^fdig oce ]radi  s iaqdgaodoiag stsoeh) I>OIN) #-+13$ 

Oatgor' K)' >ceig' >) ! >e]oi' D) Dpag esoei_e_ Faghai fdgoer for qecd^ge soaoe ai_ 
paraheoer esodhaodoi) Qec) Ntso) Dti) Iio) E) Qec) He^c) Ho]dg) .2 /1 #-+1+$)  

Pheio' O)' Oio' @) ! <saio' F) N<@ O@>CII><G @sodhaodoi of Odre(Moa_ Frd^odoi 
Psdig Odre Qd]raodoi Ho_eg) No^deot -++-' #-++-$)  

Qai uaioei) <)' R) D) M) ai_ <) G) Heaspreheio ai_ Ndhpgaodoi of Oraisdeio Odre 
For^es) N<@ Iio) #1434$) 

Qddfard' Q) Q)' Qarppga' O) ! Faioaiei' H) Moa_(^oi_dodoi re^ogidodoi psdig -/(BCu 
apoohoodqe ra_ar) I@@@ Orais) Iioegg) Oraisp) Ntso) 1+' 1.4 1/3 #-++4$) 

Raig' R) T)' Gd' I) C)' >cei' H) >)' Np' N) F) ! Csp' N) =) Dtiahd^ sgdp(raodo 
esodhaodoi ai_ ^oiorog of aiodgo^f ]rafdig stsoehs psdig ai o]serqer(]ase_ _dre^o 
a_apodqe fpuut(ieprag ^oiorogger) I@@@ Orais) Ii_) @ge^oroi) 51' 12/1 1251 #-++4$) 
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ho_pgar iaqdgaodoi ^oiorogger psdig spdfdig ieprag ieororfs) Iepro^ohppodig 1./' 
-.+ -.3 #-+1/$) 

Raig' S)' Gdi' S) ! Daig' S) < Degat Gearidig <ggordoch =ase_ oi Npdfe Oradi 
Feriegs for Npdfdig Ieprois) Froio) Iepros^d) 1.' #-+14$) 

Raig' S)' Gdi' S) ! Daig' S) Npperqdse_ gearidig di spdfdig ieprag ieororfs5 < 
reqder of aggordochs ai_ eqagpaodois) Ieprag Ieororfs 1-5' -53 -3+ #-+-+$) 

Red' C) ! Dp' T) < Oehporag Ndgiag(Kro^essdig >dr^pdo =ase_ oi Npdfdig Ieproi 
ai_ Ntiapod^ Gearidig) Froio) >ohppo) Iepros^d) 1.' 1 1/ #-+14$) 

Rogpero' D) H)' Hdagg' M) >) ! Faraoo' H) Iioeriag ho_egs di oce ^ere]eggph) Orei_s 
>ogi) N^d) -' ..3 ./2 #1443$) 

Ucaig' R)' Raig' U)' Uop' >)' Drpgge' G) ! It]a^fa' H) <_qai^e_ Qecd^ge Noaoe 
Hoidoordig5 @qagpaodig Hoqdig Corduoi @sodhaoors ai_ Pis^eioe_ Faghai Fdgoer) 
I@@@ Orais) Qec) Oe^ciog) 13' 5/.+ 5//- #-+14$)
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