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PROCESS MODELING USING STRUCTURtrD NEURAL NETWORKS

Abstruct
A modcling approrch is dcvclopcd whicb conbincs a

panitl fi6r p.inciples nodel, ir@rpoBting the availablo pior
knoslcdge about rhe pmcess being hodeled, wnh a neu.ar
delwork which sewes d a non-panneric esrinab. of
unmeasurcd prccess pa.4ereN (har ft difficdr ro modcl.
This hybrid model is superior to staidant "bl&t-bor" n@ral
nerworl modcls in thar ir imerpolars ed exrEpola&s nuch
moE accuntely, is elsier to ealyz ard imeArcl .nd equiEs
significddy fcwcr t..ining er@ples. The hybnd uwork
model. qhen lsed to modcl a fcdbatch biocactor. c'ves
esrimaFs or lnc unobsetucd procc$ p.lM(te6 ed c'l be
t*d to malc pEdictions. This apprc.ch @ also b. applied
whcn only pan of lhe slarc is n.durcd by lsing a statc
rcco6nucrion metlbd fo. tlE fi6l pri*ipl* @mponcnt of th€

l. Inlroduclion
Anincial ncu6l ncteo.k e comccrionist hodels that

have lhc abiliry to'lem . kaming ls ric proccss whcft drc
netwo.k appreximatcs thc lnd.rlyin8 nrnction mapping ihc
sysan iDpurs ro its ourputs. Sivcr a s.r of obs.rvations of
inpur and co.rcspondtnS o'ltputs. A rypicd cntin.c.inS
application of $is kitrd is devclopins Droc.ss nodcls of
dynahic systcms, entch ffc offcn uscd for comrcl 16,14l.
Modeling wilhout uling d pdor, kro*lcd8c has otlcn provcd
succesrd n.14,161 .nd h thc only possiblc n.tlDd when no
ptRss krbwlcdSc is avNilablc. Howdcr.lhc lbiliry of nclrd
networks  ro  l c rm non-paremc$ ic  Grucrurc - f rcc )
approiima$ons to a$irary functioN is .lso a weltress, A
lypical tuural neteork involves hundrcds of intcmal
ParDcer6. and lhis amplc t.n rality cd l.ad !o "orcrlitting -
filtng of Lhc nor$ !s w€ll as lhc undcdy'n8 funcrion. dd
poor gcncRlizalion. Funhemor!, physical intcrprttltion of
such non'pajmertc modc,lr h dimc{ [ l2l.

As a rerulr, ih.r. bas bccn u ircrcding inr.rest in
dcvclopi.g mod.ling n.thods tbdr ar lcar p6nially dlcviarc
thcsc problcms. Sinc. rcdundancy rerc€ss deSrce! of
lilcdor') Eay Esuh in poor bod.ls, one mut. hrs b.cn ro
defie.sc ttE rcdundancy of the n.urel ncrwort nodel by
dcvcloping alSoriduns $al'pruEi lh! q.i8hr! r}r havc no
siSnrficanr cff.cr on rlE netwo*s Frfonnancc (7,t31. Th.se
Ecthod., however, do ror addEss tlE iNc of lact of itltcmal
Dodcl structuE &d do nor usc prior tnowlcdgc .bout rhe
pocess bcing Dodeled. A ditfccnr apDreach ba focused on
inposirg inremal itrucrurc in rhe neur.l n.rworl bodcl,
tr"'ca!y by Bing som. prior lnowl.dgc rlour rlE prcccsi
One possibi[rr is ro ircorporat. a trom liEd modcl widin a
nonlituar ncural etwo* I5l, An alt m.tivc h€thod is ro
impose int .nal structurc on lhe neural n.rwork dodcl by
consttuc'ing irs ropology based or Dnor ddysii of thc
sysr€m s beh.vior []21,

we belicvc Llul il is advdtagcous lo 4 /nbn .trucruE Us
ncural n rwort hodclsi in th. IaF. w. deyclop a oodcling
srotcgy thal combiEs 16r pdffiplcs krDwlcdge. iD rhe fom
ot eq!.tions such as mass ed encrsy bald6, wirh neuEl
nelworks s no!-pemeric estimabrs of iDlDrr! prcccss
pardcrcB. Thc resulring ood.ls cd b€ lhought of as
structurcd reural nel*orks vhich contain soDe tnown
coBt6inrs, such ar nass ed encrey bal@s o. .quadons
ehich conlain 'Dlmeters whose d.DeDdence oD srare
vanablcs is modeled by neu.al nelwo*s- Tb€ lse of !.
approrimare (o' equivtcndy. pdial) fi^l priffiplct model
pmvidcs a beuer shninS point for l€ming, ar|d als auo*r lor
bolh suucunl and paraneBic unceflaiort, Our goat is lo
dcvelop hybrid neurdl nctworL proccss Dodcls that geoeElie
and cxtmFlale b.tE. rbd clNical "bla.k - tor" lEural
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nerworks and wnich, at Ine samc ine, arc morc Etiabte md

Secrjor 2 dcscnbes lne resr prcblcn on whi.h ye applied
os modcl'ng nerhod- Scction 3 erDlains in nore ddjij lhe
lybdd ed shdard neu6l nerworl modehnS apprcach(.
Sccoons 4 md 5 dcscribe Lhe tdinrng pmceduR\ ro. boLn
mernods ed hcir rclarive perfomde. Thc as\umplion ol
tull strle acess'bitily is rclaxcd 'n secrion
erponcnrial obs.Fo is deveroped and In(o.rorrcd ,n lhc
h)bnd neural n.lwork model, dd Rsulls irc dbcuscd
Secrion 7 prcscrG an appliclion ol thc hybnd modct ro
p'wss opnmizrton ud, dorc spe(rficdlly, ro ll)e catcul ron
ol oFimal fcld tDlicies for ledb ch Eacro'n. A d'sussron on
rhe pokntial 'mpacl of rhc prcposed hodetrng mclh@ so a
swmary ot @r rsults rs given in |ne final sccl@n

- I Mod€tin8 prcbl.m : fedb.rch btorqdo.
LoBEcr. oynahrc s)sren descnbcd by rtre touo*in8

gm.ni Ep€s.nhdon

d x  . -
;a  =  r (x ,u .p )  r | )
p = g(x,u) (2)

whcE r denocs rhc sl!l! vecb. ot rhc systcm, ! rhc co!@r
ve(ror and p a v.clor of process paramcrcrs This
llpEscn|anon irnpli$ rh4 rhc overall dyM,c behatior ot rh.
tynch rs @kmiEd by rh. ser of equ ioDs tO which cer bc,
ror .rarnprc. rimplc nars balanccs. Th. oah,ncku D
csscrtially Eprcsc rh. plDce$ kincdcs and sF rctared lo di€
s'slem vdi.bks lhrouSl rhc scr of .quadons r(), shich aE
oricn dimculr !o dcltvc frcn firsr onncibrcs. 

-

_ B'oloSicd Racrors .|! a tood;i.D_pr. or slch sysems, a
uE Enerrc_b.h.vior or $c livingorgsishs Iccllt. Encdcd b,gu, rs.orrncu|| ro dcnve ,ron nfl pnnciplcs e.tonmg ed
tpically unlnom. Howcvcr. ir is rhc prese!@ ofrhis @rirplex
unl(noM tunc'toMlry. rh.r makcs biblogicar r.aclou hilNy
nonlh.ar. A rypicd rcdbrGh rrirFd horcicr,or cai b;
describ.d by Ur folowin! equadons I4l:

( l )

t = - t , . r , t , t  x ( r ) + 6  l S i n , r r -  S n r l  { 4 r

qa _. , . ,
dr  

-  ' ' v  ( t )

whcE X(t) is rh. bionas con..nral.on md S(l) ir tr sub{rdc
concenrnuon. Th.s mass bal$es on rhe rcacrin8 yr(,rs
pmv'd.s a pdiat modet, The tincfics ot rh€ Drc((s are
ruEFd n lne km F(t) which accouB for tnc cdv.6ron ol
$bqrrk.ro biomN, Tltrs ltm, Irown d slEcific srcwlh mrc.
l,-jryllllLl t -TpF' ruDc'ion-or rhe b,ochemrcrr: bioro8,ca.r
am phyletthicat vrriable\ ot ff sr$cm [4] As a Fsult, a
trgc numb<r ot m.tdcts ha\ bcen prcposeJ !o de{nbe rhe*
krrcucs aryt e the choie of a gro*|n hodct for d ordjrul,r
rcoDaaf, remcnutron prcces\ is nor d dlt .rdrrlJotuaru rn
our dereropment ir ra as\med Lhdr lhc rtue. bur ullM*n
mo.unmca\uEd grcwrh rlc wJs dc,cr.bcd by dre Hatdsc
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Lle inler .ubstrale leed @ncerranon S,n 6 dE Deipulal.d
.npur od lhc nownk Frr) ws hcld ctsr.aln. Eq( t:o *rur
P.rMcrcr values kl = I, Kn=10, Rj = 0.t ed U'= 5 wcrc
usd to deyeiop ! lrining dar. scl, The subsrrae fed i er
conccntntron was randomly pcnurbed within 50% of a
rcminal vajue oro0 &41. folosng a mirom disuibldon. The
in'rjJ slare of Lhe proccs wd atso chos ir such r way as Lo
clploe rhe $atc spacc a much a posible. Tne inirjal belor
volume sa set eqnal to r noBinal varu. of t0 ll in .ll
simulakd barch turu Dau ER sdpled ewry 0.2 ho6, and
Lhc bdch pDlicy on\isled of a feediog p.riod ol t5 houc ed
d sub$quenl "qu€rch'ns penod of 5 bou6, wh.e lhe
subsrnre fccd Snr ard ttoenrc F *cr s€r equat ro &e. A toul
or nine dala seE, each consisrin8 or 100 dala poinls, *ce
crcrled in &is wayi Lwo addidonrl Ms wilh short r feedirg
lime (5 hou6) and differem inirial condidoB vcl! crcaEd,
each @npnsing of 50 dara poin$. AI oeasurencns weE
@tuPlcd wilh nomat caussim mi$ N(0,O0t).

l. SrlDd.rd md hybrld Ru.t i.twrt md.tt
N.uEl ncrvo*s havc b.en usd d 'bt!ct-bor" pDccss

vlnablc cstioalo'8 in bioEacor dod.linr $plic.rioB it0,151.
Itr ln.s cnorE rhc prcccss wa! openrni in r conrinuoui
nodq howdcr, idoritlc{don of batch pnEss.s is nuch not!
dirrcult. simc a widc rdgc of oFftrjig l!8rE.s i5 irvotved
&d lcss d.ra hay bc availabl., This *crion disc{3sq rlE
.dvanta8cs of struciurcd nclral ftrwort modclins and
dcsdibcs rhe dclelopmc of borh . rrandnt and a iybrid
oeurat rcrwo* model of rhc bioElctor svs.d.

Thc ccnrrrl idca of lnis pap.r'is ro in!.gr.r. an
rpprorihak model, dcdvcd fioD- $nplc nrsr p;nciplcs
coBdcBtions, *irh r murar ne$o* *hrich rpprorimateirtre
un*roM Lirctics. in ordcr !o d.velop a hybdd i.ural ne|qo*
Preccss i0od.l. This lpptlach otLrs sgnn@t.dv|nos.s
over. _bldl.box n€ural ncrwork nodcling mcdodotogy. In
. hybdd neu.d nctwo* nodel tne i cllcrion dong proc.ss
variablcs is clcady d.tcnnincd by th. inrcm.l .tructure
inpos.d br rhc approrloalc nr3r priEiplcs mod.t. In
ccn|ralr, lnc d.nsc 'Dr€iconn cion of ! tradioon:l ncuEl
ncte* allows inarrcrion ofaU peas v.drbl.s, cvcn ifech
Inlchcriotr' a€ alhysical. Duc ro ils E@ingfut inlema.l
srEctur!, |rrc hybnd neunr m$ork model is .atier to aftly4.
Thc n6l princrplcs pan allows physral inl.rF"tation of ttE
proc.ss vaiabl. inreracriom and rhcir rnDdr on rh. nodclt
pEdictions, while non-oarametri. csrinaiion is Esriclcd 10
lerms for which litle or Do kroet dg. is avdlablc, Such
slncturcd models ae crpecLd lo oerforio bcrcr rie blacl-
boi" mur.l .elwo* Dodals in Dd;s! idcnriliclrion rartj.

Funtt.doE, in dlla Econciliadon Jld ad.Drive nodcljns
ild co.rml it is v.ry iDponei b b. abtc o coircdly identjJi
which pan (or pans) of rhe poccss nodcl e BpoiBiblc foi
enoncous predicrions and rhui nc.d b b. uDdrrcd.
Todr.ioal neural net*o* preGss hod.ls cu b. adaF.d !s
nev dau becoDe lvailabla, tur &. gcncraliry of rucn an
adrptcd oodcl is questionnblc 161 bccaus .ll of rn. modcl\
'ntcmal paranetcrs a.e updared sinc. all ae considercd
panidly esponsible lor Lhe cmr ln conr6e, rhc physicatly
meaninBfut inremal struc$re of a hybdd ncuni rcrsorr
model cle,ny 'dcnri'les rhe conrnbudon of (ach pJn ot rhe
modcl b irs prcdicrjoDs. As r Esulr. Lh. nMb(r of lDrcnrial
cmr souEcs co be da$ically Educ.d dd dE adaotarioo co
bc noe focused.

A schendjc epresenradon of rhe hybnd Eunl ncrwork
nodcl of thc bioEa.to. of secdon 2 is shom in fis. l. The
neunl ncreork conpone rcc.ivcs as inpuc $; pocess
vuiabrcs od prDtid.l u csumale ot dE ptGs! pdmeLer
lalues, in this cN lne cell Soq,rh 6le. The rrwort's olrpul
sedcs as a input 10 thc ti61 principl€s @mponen! which
prcduces as ourp( lhe values of the pmccs vuiabtes ar UE
cnd of eich smplinS dne, The conbination of 6ese reo

builditrg bl$li foms rhe hybrid neunl nework nodel of Lt€

. For rhe 
_sllndaid 

ncural nervorr nodeline apPtod..r,
developbcnl of a process bodcl tor rbc bfurcacror is
:gq-li.jy"'d, civetr a inpu6 obstu,lioG or dre pm6s
vaiaDles (stak) and rlE meipdarcd inplrs, the n.urat ;ere*
ITll 

p$91!r. |ne srare or 'nc sysreD .r rhe stl smprinsrro@. ruE a *t of brEer oulpu's is avait de ror eer, &r oT
rnpuE pffit(d ro tr'c leural ncrsor* ood€t, a speFi*d
rn,nug Dc|nod cd be ued ro carculate |tl< emr sie;at wd
Lo chage L\ nerwort s $ejghLs. flowcv€r, fo. thi hyb.id
neurcl nelvort ao&l sach an emr sign t is Dot |smedialct,
avelade. as u'e adal rerwortt ourpu (miaobhl Sro*rh Rle)
is mr,diEdy o.Nr.d. tn rhis ase: de tmq paijal plws
mod.l cute us€d to caloraLc a suirablc emr siiT.l to upd{e
oe,krs*s wcighE: The ob€ed€d eno. b.rwe-s LIF hrbnd
nodels pRocrioE od rhe acmdl ms$Rn.nB c4 be -6ar.
prypa8lcd" qryu8n ft! brow Fr or equalloN. q*majt, b,
us'ng (nc prnjal nodch ,r@bi&, ed tlAtrled iflo d .rcr
srSrEr ror th nalnt nci@rk @mponfnl TtE inruirion behnd
e3 rs. rD.t |n. proc.s prrueLeB shoutd be cheScdprcponjonally.ro their erccr on rhe st,rc vdiabte pEdicri;N,
mdrpxcd Dt na ob6.ded cmr in 0E slaF pEdicrbN. Srarcd
ryI lglTll'l wc Frfod sndiem dce.nr on 'ne ourpur
edsr_$DJ.ct ro . *t ot coB|rdnu Ep(snr.d by uE rirsrpnnopl4 p.niat Dodd. TtE d€rlitr of lhe rnining-pMcduE
ror bo(h hybrid ed sledlrd mural rctwork;odets rRaddGs€d in lhc fouowing sccrion.

4. TrlDing oln ndsrd.nd hybrld neunt n€rsorl

. A srandarl rlurel mtvork dodct wa d.vcloFd *Nch,
Srvcnirl inp(! obscRatlons_ of rhe 3tae rnd nianiputar.d
vrnrDlcs, ptldicrcd uE sr!r. ot rhc ryn€m ar lhe n samotDs
sme, si@ lltc nalc rlriibles, panicutarlv rh. bio;s:
concenbaudt ondcrSo cltergcs of ovcr d od.r of namjndc
*nrh ce cae probtcEs qhen usins n.urat ncr*oa6. *c
oerhcs ortD.nslolllcss D'omass concenmrion rrd subsrEre
clrc€nF.uon variabl.s, Tha inpuu ro rhc n uEl nclho,r r.E
rn. DaNhl lotdiom ol rhe bionN conccn@ljon x 4d lh.
suDsuaG conccnrrstion S. and a scaled valuc of rh.
mupulat.d vdiabl. Sin. The dqircd n rso*s oueurs wcF
De diEclnior css forDs of rhe strc vdi&lcs X ad S,

, rm ryFrDonc |.nSor wer chos.n a! &dvaron tuncdof,
end |rl. naining m.rhod was oc crrc! brck.prcpaSarjon
1!-oll!T: *lP,*!i8l'F bcins updaGd lfl.r ca.h ao;pLr.plls.n|aud ot uE odning dara i.t ro Oc ftuat ndwort To
svord ov.mlunS of lne naininS daLN, 'r tEqu.nr hrdat,
ounng uE r.rnug scssiotr rhe n(ertt wcirhls wcE fman
&o ul. nc2n squaE pEdicrioD .mr on 3 scP3Bre EsdrS dal.
slr us cakrlatcd, TraininS *as sroppid $h.h n was
ocrernrrco In.t |n.. n.l*orks pEdicrion accur.cy woutd
aerenontc utotr @rirucd uaidfi,
- ,Fi. rh. hybnd ncurat. ncrioA Eodel. !h. quaEo
pRorcuor cmr, E. ov.r bot.h pocess vdiabtcs Oiodak ed
suD$dc com.ntraoon) wal EinimiTed a wiLh rtE shd&d

E=G-$ ' �+ (s -s ' ) ' �  ,  Q\
whcE dle prine d.nor6 Dc'lUFd vrlucs ot thc @raspJmrne
l1ll,"!1.-rr tu ncurat.nerworr's ourplr (ceu srcwth,aG ll,ooes rct ap?er expl'c'0' ir Lhe above eipE$ion. Howevrr; ii
'l.rs-.consdcrcd @atul lor each smpling rns@r, rlE ts,d,cnror trc hybnd mod.ts ourpul wtrh rspcct o tnis inrcmll
!-a:i!l9 co be org-la'e1 @!sh inksnLion or dE ,ysr.o.s
*Bruqry equrtm I2l ThUs ur gndienr ol lh. Derfo;nseme4w (rrltr /) wrtn BFo ro Ae nerqorks outDor is rcaditv
avaraDk rnd cd b< used o CcneBre an enor sisuj lhar i's
usco ro urdar. rb. ncrwo* r weich6.
- 

-rhe 
hybrid md nenroA aodcl was kaircd a follo*s.

boo sarc vdiabt6 (bioDa ard subsraE corcemndon) wE
!sd^a 'npuls ro dE n uEt ne'"o{ Dod.l conponenr ;t Fig.
r . uDv,o6ly, si@ dE _rruc'Lindics 

onty deD.nd on di6
subsrrate concenradon (Eqn. 61, Lhc biomaiss ci,nenmon
rnpu( rs oeEty a no6y upur ro Lhe nctqork. Ttrc inDuE seE
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scalcd in the sanc way a5 for rhe sranturd neural nciwork
modd. The ncrwo*\ ouipur was a (diDer\ior es, pslnate oI
lne goq|n mle for Lhe turnr snptinS tine and w6 aed d\
mpur !o Lne trnr principhs nod.l .ompoml (€qn. JJ, along
vrn Jin ro prco.cl fie \) \!em s rdh ror lhe mt soDLne Lime.
Trf, ourpuB ot ltus h)brid oodet $ere als dcdime;io;dDed
b ano* ror diFfl,ompdison krd Lhe sladard neual neNork
nders ourpurs Ar Lhc sde rim€. rt€ sensiriv{, cquations
wcre inbg.ared. and a dimensionlcss crrer sienal was
rrlculdred. The cflor srgnals fo. lhe ncural nerwork
componc of rhe hybnd modet were sMned ovcr aII irput-
ourput cramplcs in lhc lJaining dara sct, and hh rolnt ermr tas
us€d ro updatc L'rc weighB using back prcpaSation_

5. Compa.ier of htbrid and dddlrd neural

h is ofien imponJnr to bc able ro acoEtety identfy a
strlem wirn !-rlaDvcly small hning dara $L s'for exaDpte
when onl) 'cw barch tuns have been ocrfomed. For
sufficicnrly large dala scls, a s.ddard ncu6t reteork shodd
Fraom a,birErily well ln appm{mrrjng rhc dynnrc syscm.
wnen lne unrnrnS ddla set size is smrll or rhc sratc sDrce is nor
smpl€tl suffic'enuy denselj, n el'er heavit' on inicrlDlarioD
to?ppoioatc thc dy.amic srstch. Or lhc @nrnry, sin@ a
hybrid ncural ndrork model alc.dy con|3rN r pani.t model,
rhe siz. oI rhc u-ainin8 dJr. set should, 'n pnnciit., havc te$

wc intcsiigarcd rhis issuc by conpdng rhc apprcrnalon
accu6cy of rhe stddard and hybrid ncural nctwo*s rs a
furcrion of tie raining dara ser size. Fivc cascs perc
coDsidcrcd, wirh uaininS darr ser sizB of50. t00,250,5m and
l00O dara poinrs rcspcctivelt. randomtt drrwn frcm rhe
avrilrbl. rrainirg darlba!.. Th. nerworts wcE nained as
described abovc, wnh cach of lhe fivc d . rcrs randonlv
panooncd (wirh a ?0%: 30% nuo) ro r*o sftaltersubseb us.A
tor reining Dd rcsting rcsF(cfiv.ly. Fig 2 shows ONI rhc
pr.(rrcuon efor of thc hybrid n.lwork is .n ordc! of
magdudc lo*er than thar of th€ $andad ncr*orl nodcl and
is Elativ.ly -unaffccrcd by rh. naining da|. s.r si4: srandard
oclrar|otrg or the pl?d'ction .nor ar. indic ed by rh. v.nicat
tlls gowcver. d. hybrid nc$od(t pRdicr'on .iDr iDcEases
as rne data scr Dcconr€s v(ry shall. TtE rDDroximadon
&curacy of rhe standald nerwork, as cxoccre'rj, occrcases
nonoronicrlly as rhe size of rhc data s.r haras€r and should
asymprorically apprcach rhc hybrid ncrwo*s DRdrcrion crmr
a! rhc dit, s.r b.cohcs very lanc.

Hybdd mlEl nerwo* modih ds c\rrpolak bcncr rhan
tludar(' n.lworks. as a rcsuk of d1c prniat tj6t prjnciples
nod.l rhcy co ajn. Poor e{rapohtior iras bccn rhe olalue of
rr&nioMl neural ncrwo*s llll, ed is wo hore inp;nar
ror prccesses such a! balch rc.crors which ooc6r. n a rcr-
sraronary hod.. Tt'c superior .rrhpohrioir of rhc hybnd
mura n.rworr conpared to rhc sredrrd n.uht nclwork is
shon in Fig. 3, wh€re borh wet! Rquircd lo pfldicl tne suLc
or he sysrcn \ncn rt opented in a srar. spacc Esimc rhar was
not sanplcd by rhc kaining datr ier. Tr'c ataniad rctwort(
moo.r ra'is ro cxkapohlc coftctly, whercas rlE hybnd hodcl
g'v.s qu'tc accurarc pEdicrions. Th. hybrid Dodcl ltso
rnkrporaks bcn.r Tlresc Esulrs .re duc ro 6e arcr rhar rhchyDnd ndwort ecne.alizcs ed.xrrapolar.s only on rhc
umb-scryed patmerer whrle obsctuing thc und.rtying nodcl
srruduE (mds balde!).

Tn. -ability ol lhe hJbrid nerworl dodet b p@vrde
m.uinSrur csrinaLcs of rhe Snwrh Btc is shoM i, Fig. 4. fo,
hc sMc s'nulrrion as above. wheD lh. nois. l.vet is
Eenntte.coDpaEd ro lhe substEte conccnlBlio, (high S
rcg'me), rhr prediclion accuracy is rcoartabte. .Ihe
combn r'on or high nonc kvel dow S EgiDc) and iftl*dl
'npur (Dromass concentralion) of high nasntrudc sliBhdy
dccrcN pcdicLion accu6cy

6. In@mplele sr.re me!.trrencrr. hvbrid nereorl
md€l

.. In ric developme ot Lhe hybnd n€ural rrMork model
drcusscd in senion 3, $e availability ot th. qndienr of lhe
slrte wilh respec! ro process parmeLen ia esscnual in

cdcularing rhe dcriqli\e oI he pcrionnanlc ncrsurt of lhc
l,l."i-" 31o:i -:t1! Fspecr ro Lhc nedrar ncrworr s uurpJ,.

ta r rab le \  dR no l  mca\u ,cd ,  g r rd r rn r
InromaUon may not be dirclrty cdlcutatcd ds d((c;bed in
ecuon 4. une way to o\erumc Uus pobtm i\ lo esunaF rhc

compucs esMdcs oj fie $arc of a drTdmic svsrem srtcn
estimarcs of rhe iniriar skte xo. Fonowiie rhc e;lysis oi I8t.

ocsrcD'e prc'omance chra.rerisl;cs f9l, for the t dbJl.h
brorcdcror sysrem ol $ction 2 undcr lhe astunpuon rhJl ontr
suDsrrare conce mt|on ncasuRmenb dE avaitJblc BJspd on

y =h' ' ) -  t0 r t  l l l  (s)

k co dDN dE ob*rye/s gain matrir B $ch tnar

a = l  ' :  l-  
[ r r r r r  I  

( e j

F(r)

F(t )

I ur,r
v f -  B .  v h  = l

|  -xr
( r0)

is sBblc dd, as a rslll' rhc ctoscdtoop obser.r .tcscdbed by

# = rrt ,  p'  ' ;  -  s(s -3)
fttol = xo 3,0, - ro

( r  t )

( 1 2 )

ls m cxponcnrEt obscrycr ror rhc fedb ch bioEatur. *mr
tnc har-d.notes rhc obs.per cstimaks of rhc staa van.btes
rqr .r r-lz compnsc -tn.. tirsr prjnciptec pan ot |nc hrbnd
ncurar n.twon mo{lcl. $c orhcr compone consists ot a
st nlard n two* rhr.csrima!€! Lhc micrcbi3t 8msrh Brc !.
s 'v .n as.  'nput  onty mcasuremcnB of  rhc subsrr i tc
comcmnuon, In con|'al lo L\c hybnd modct of sclion 4. As
donc,hcc, se ce .lcrivc a sct ofobscper s.nsrviry cquahonswnrcn pmvid. rlE Sradrcnr of rhc perfomsce habuE wnn
Espc( !o oc mrwort3 ourpur. Hoqev.r, thc !|er,omrrrrccmcasuE 'n $is c.& is rhc squaEd pr.dicrjon .'rcr of rhc
suDsrrarc ronc.nrralion onty. The rraiDin! proc.(turc isooc r$ ure sc as rh. one disclsd in scion'{

. The p.domanc. of a hybdd Deurrl nerwolk modct tra,n dusrn8, onry suDsrErc cancolhdon hcasurcmenls h sho{n rn
rr8, ),_wneR |Ls predinioB ot rhe runobrcocd) srcqd Bc arc
SNen ror u|e satnc sinutatcd balch run as b.fod. paniat srrre
acc$srD 'ry does nor noric.ib\ dcsndc rhc hybnd modcl.s
aorrry lo .sumalc lne gloqh ratc. Wr found cohpcring sutc
ano proc.ss par.r.crcr .sunadon rechniqles, such js nontincrrprogEmmg oFiDizarion and erEnded Kalmln fil,rnns. ro
I'vc $8tur'cdu, t6s rctunlc pfrnclcr esuhJles dun rhcnyono mlwoL |n n6r ordre o?errung rSimc lhe prcdicLion
accuracy rs qu't. good. wilh rhe possible c\ceDbon of lhcreg'nc shcE |ne subsuak conccnkauon aDD6ach.t z.rchow{vcr. 't shoutd bc cmph6hed Lhlr Lhc signi.to no6c Gtrororue $DsrEt. c@enmion measuEmenrs rs very tow jn |nrsEgrmt. Mor! mpotuflly, rhis plnial srJl4 hlbnd nerwo^
mder. Dr.$. tuU surc h)brid nctqorL.8rvs eslnaks for dr
nelr_.x nelwo s ce onty predicl fr oeasuEd poces ourpurr$e oe au|oEgEsitc model. in Ital or IlD.

7. Phcs opention sheduting usiDA a hrbrid nrural

,..J' y.:gTphai4d abovc ln'r Lhe mo{ imponer adver.sc
or ur nyDnd ncunt o€rwort modcl is lnd it imvides a modi,
or lne unobffred grc*ln kinclir.. A pmcLiajl Jpplcllon rn

1 9 1 9



Y 
r=x(D vto

lubiiccr lo Eqn. 3-5 and

!(r) = ,.(xs)

sno$m€ rhe 6.turms of sch d modet is Oc orrimi/aLion of':.::::l p.:S'. op€nring schedures. i.e.. dciem,nins $c\uqEre,rcedrng policy Dar marmias pmducl yjctij . Onewry ro oDrr,n $ch a4 oprimdj subsrdc aed potriv is ro useornn rTator , |ecnn iques to mr{imia . suiidbte objecrivcruncroni wc,romulated lhe pobtq of deremini;g rhroplrma rced potrcy tor ln. bioFadorotsdon 2 s io|ows.

tban standad neurat mrwo*r. Funhcmorc. hrbrid nerworts
dF muh c6er !o ntlrper rhe o$ructlEd oB, simc |]]eiprcdrcl rearnerul pa@elers rhybrid nFrs) Erhcr rhJn
dls|nourrtr8 rno*led8e of uc enLjrc modet arnong a lar83
rumbcr ol-kighl\ Gladrt lrrs,, Ot eqlat inponae rs lral
srSnrrcmuy less (kra ar EquiRd for minjns hybrjd neural
1"j:9tl ft". p.n!"] nrn pnncipres oodar irmarrcaxy
rcouces |ta Mber ot funcrions t.| rhe Eurat ErMrt ha ro
apprcraaid ac@ct, for dE sae nmb.r oa darr poinb,
hax stadard Eurd Ermrts

Ir was also demoatrared Uar I hlbdd bodcl cd b€
con$Ncr.d .ved when onty paniat $aE dcaslMsl! rR

ils ,Fdicrion accuracy i! nol siE,rtrcerly
dr.Go. | tus E e fiprcvdcll @s s|afthd ncrworl nodcis
stuch catr be $ed onty rs auroEge$ive nodcls in ech.
c.$- An.add'uonat adveage of lhe htbrjd Eu6l nereort,
pan'cuant when coDpaFd ro KalrDe fit&ring or NLppa@e|al 6d6dior|' is rlD| it sN6 s a modet of tE ptr*
prrdcteu ed carl, rhs. givc prdicrioN. This reiuR is
ropoddt tor qpticalioN such a prc@$ oprioiz on. &d
on nk mutusr4p pr.dicriv. or Sain schedutins @nrbt.

Lll Bha!. I. ed McAvoy. T., -Use or N.urd Ncrs ror
t ynasr i,todeli!8 !d Cmnol ot Chcmrcat prc.esg." Crr,p.
L^.h. ErCne. t4, 57?-5E3 (L9m),
[2]_ CaroBios, M..drd Slc*afl, W. E, "Se6iriviry An trsjsof
rnurar value Probtems Wirh Mixcd ODES od At8'ebEjc
tquations,-Cep. Cla, E pr.9. 359.i65 alsril
Ill ctloEu, ,. E. &d BicgLi i. T., "Laploid rnlirsibtc padr
9pu4rzalon ror scqucnrjat Modutar srmuraroB. tr: T}l.
urBudza[|ton ar8orida," C onp. C h.n- E ̂ sry. 9, 25i -261

t4l lbchalr Dj dd Brgdr C., "Adapdve Conrrol or F.dboich
aiorcrcrors,' Cl4. Ed CM.a7-47-as trac'r,r
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This fomutJr'on inplies lhrr dE obJ.ctivc fucllon ro Demaxmr4o 6_lne c.u nas in lhe ercror at rtE dd of.oherceo'n8 Fnod l. Eqn, 3-5 des.ib. rhe procN oodel,.!ijn^t)-cpnsents Lh. ncuEl GNork tuod.t ;f |rE gDwLh Ere;rogeh.r, ln* cqladons coDprisc rhe hybdd rcr;ort hodet.Eqn. rr hpr'.s 0'al oc substt-arc fccd Ms hetd @naer forlmc @Ncuuve rrne inr.ryab. A liE,Jarion forT:ti hours,rouoqd Dt a slbscquenr 'quenching" 
Friod of 5 hous wheE

led in rhe rcacror, wls pcrfomed. WiLh asahpr'ng. I'me or 0.2 hours, lhis fodut.fion led ro anoprnEafionpDbrem wirh 25 d€cition vafi.bt.s. uDler ajrd
nm.ncar dcnvN[vcs w.E used ro d.rcdirt r|l. Sadjcnt ofuE oDj.div. t@dol); dE probt.m was $tvcd 6inl-Succ.ssti;
VuadEric Prcganmiry I3l.

rft iu$rn c rced opriDal pofite, foh barch run wiD
Intrrar @nd'tions ol XE0,5 g,4r. SFo.I &4r rd V_10 l! issnoM in-Fi8. 6: aho, tor comparison,lhc oDrihal omfi1eoo@nco rr u'e samc pmbl.m is sotv.d using Eqn, 6 (rhc_,,lrue,,
towo Et rhodcD inskad or Egr ta. Tli. 3ubsuaL fccd ismruary sctfi a Drgh valuc, so riar dle stbsEr€ con cnradoncs Dc.Eprdly 'ncEa.sed ro a vatu. of rboor t&41 whicb i, lhc
Lalyc_s,Er.m,arrmrr$.tne.ccu gro*rh Br.. Subscqucnr.ly. rhcsu66r. rc.d rs rtubany (lccE45.d ard DDscsivcti inc,las.dIn ordcr ro rcsularc $. rubsrrrrc aoni.nrnd6n rc uus
ladlrTun 8pyn' lale valu.. rr can b.5c.n du| tne hybridDo{c|'s prtdicriom for d|c oprieal pouc, ft in v.rv ioodagrc.at. w'& ine prcdidions usirS rl,. lnc Dodel, 

-This
srgg.sts urar lne nybnd neural n€rwo* no&t c.rl bc 6.s hn. @sr8n or h'8n prcducr yicld barch runs,

& Dis.usston
-__ l-ll!!d *lp'l"y"t hoderine lppmach w.s pllsRo
m usec &, modcl a rcdbaEh btoEaclor, This hybrid-Dodcl isconpnsd or lwo pans: A panial firsr pdnciptes nod.t, whichElccls d p.tdfi kmwlc.lge, and . n urat Easd coqponmr,
wrucn-$p.s rs a non-panmerric .pprerie.br oadimcutFro.
noder prcccss paramcteu. This rom or hvbrid n.unlnerwor* rs usefut for nod.linS prccAs.s wh.E . Drnialn@.r ce De derived trcm sidpl. Dhysical consideidons(e8., m4.rnll.,crgy bat@ca), bu shich atso rmtuucs Lems
pnncrpres, rc. ernple. thc ftural e(wort conponern of dbhyonrt model may be u{ed ro appormac unrrbM rcadion(rneucs, or prcdrr poduct proFn,es who* ofttalion qilh
rne proccss vanlbl.s is diflic!.I ro dckmi& fmm ftbrpnncrprfs, such $ rhc sotuuon viscosily in Dohoenzadon
rcrcrors. Thr broeacror used to dcDo.slral. ihis hybri,j
mo{tcling nerhod only con6in.d ore poces pameler, &r tr's in pnnciple rr.aighraovard ro cricad rhii o.lhod when
moders tor tuul'pte paamereG ac to be lcamcd, *t aE
c!ftiut sludyrng such poblens,

ruch ntbnd kural Derworls hnte disdncr advdr,Scs ovcrnmdrd "black-box curdl Elsorts. As ws argued above,
rhe hybrid hodel !s.s its inremat srruduc ro 

-Esrricr 
rhe

Intenc'roB @on8 prcccss vlnJbles !o bc coNjsr4r *ophysrc.l osideoLions. Thj( produces modets which e morc
rraDre and which generali/c and exhtDtate doR accMrety
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Fi8@ 2, ller squ,ql D[lnicdd ffi vt noba.a ltning tupE!

FiEre a, C.Il gre*rtr BE 6dtuE td llE hybrd EsDit of suon a

FiBd 5, C.ll gtowrh Brl 6dDr! fd lnc hybrid rcrwdl of sdd 6

Fl8d 3r Bil)|la @cotaion v. li4 rd a naxbd n ddr

Fir@ 6. ODdid $bsE t f..d tolicy rd d. tdbrh b'm

figE 3b. Bio,re onc.ntndd s rih. fd . htbrid l4dt nodcl
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Fig@ L Bybdd (st'['.d) Eral 'Ersqr oodcl
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