
Principal Component Analysis
of Kinetic Models

S. VAJDA, P. VALKO, and T. TuR"{NyI*
labo\torr lot Chznical Ctbertutica, E6tv6s L. Unib.rsn!, H r1o8.

Mueun *rt.6-8, Budapest, Eungdry

Abstract

An €igenvalue-eiservect r aDalFis b ued lo exrra.r neaninsful kineric i omario,
fhm linea. *nsitjvity @ficienl5 cohputad for eler.l speci€s of. reactiry 3Fr€n
at evenl line points. The main advaDtag€ ofrhis Fethod lies in i!3 abitit' t! evesl
th6e pait! of the Dechanish which @n.isr of strcnsly inre.acrins reacrio.s, md to
indicai€ their importlnce wtbin rh€ nechsdsm. Results @n be usad ro &lve three
seneral kinetic problems. FiBrly, an objelive condirjon fo. consrructing a hiDimat
reaction *l b pres€nt d. S€condly, rhe uDcover.d depeDdencies 6mon8ltr p6ram€ieE
arc shown Lo confm or deny lalidily of quasi,sready{tlt€ ldsunptjoB !nde! lhe
@nsidered ex!€rimenral mndtions. Thirdty, rlkitrs inro a.@uDr only *tu ivities of
obeded speci$, the snalysis b u@d to yield eftr estimtes on unknoh Dsam€reB
dete@ined frch the exp€rimeDt6l obsftaiion!, 6nd t sug8et the pe@et€rs thar
$ould b€ k.pt 6xed in the e.lihaiion pro.edure. To illustEre pe cho* rhe wel.knom
hydrcsen-brcmine raction end the kiDeti@ of fomaldehyde oridarioD i! the Dresnce
ofCO.

Intioductiou

Detail€d kinetic models involving elementary r€actions are primarily
u6ed to gain insight into mechanism ofthe kinetic process. As suggest€d
by AIlara snd Edelson F,21, at the filst stages ofa fundamental kinetic
analysis it is advisable to consider s large famity of relevant elementary
leactions in order to reduce the po6sibility of something irDportant
being left out. However, the more complex the model becomes the
more difncult it is to see the relative importance of its parts or to
explain certlin featules of the kinetic behavior. To solve such problems
some sort of sensitivity analysis is usually required [1-5].

In rnost cases the results of s€nsitivity analysis are expressed in
terms of normalized sensitivity clefficients alntAl/aln4, wh€re [A]
denotes the concentration ofthe species 14 and tr is the rat€ co€lncient
of the rcactionj. S€nsitivities are evaluatad at some nominsl paramet€r
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value rto and are functions oftirne Several€mci€dt numerical methtlds

have been proposed for computing thes€ coefficients [3-6]' thereby

brin" lne "" i"n. iu" ."nsi t iv) ty analysls withln range of pracl ical  com-

ouiui ioi .  r , . r totra be however '  emphasized that for complex models

the arrav ofsensit iv i ty coemcients at each t ime poinl  coniains a large

number of elements and hence. it ls far fiom simple to obtain the

meaningtul kinetic information from such a mass of numerical infor_

mation.-A method proposed in the literature [7]isto rank tbe reactions

accordine to the aisolute values of their normalized sensitivities for

"o"h "p". ie" ut  et 'ch t ime point and thcn to cumulato thcsc ratrngs

ft , r  thr l  cnt i rc cl lculut ion. ' l 'hough tho upproach ol l i r rs a cr)nvcnicnl '

measure fur rel . i l ivc rcact ion signrf icance the rat ings can no longer

be used to oredrct concentration changes brought about by 3 varjation

in rare constants. Funhermore. as it will be shown. lhe information

on oammeter interactions. origrnally conlained in the array ofs€nsitivity

coeffcrenLs, is also lost in the rdnk-ordering procedure

ihe objective ofthe present paper is to propose a less heuristic and

more informative sulnmary of the sensitivity results in terms of e!

genvalues and eigenvectors of the matrix SrS' wher€ S denotes the

i..." ofnormali"Jd sensitivity coefficients. Eigenvalues will be shown

lo pio"ia" ." absolute measure of significance for some parts of the

-""h"ni"*, conaisting of closely interacting elementary reactions'

This information then ofers an objective criterion for selecting a minimal

reaction set. The second and perhaps even more imponant advantagP

of the eigenvalue-eigenvector aDalysis is that it reveals the Possible
dependeicies among the parameters in the model and can confirm or

deny the validity of simplifying kinetic assumptions rsuch as quasi

steaiy-state hy'pothesis, under the considercd experimental condrtions'

Resoonse Surface and Sensitivities

Let y.{1, &'  denote the conrentrat ion ofthe i th species at l ime I  and

pu."." t" . ,  A. To simpl i fy the ptesentat ion we wrl l  restr ict  our con-

lderat jon to isothermal processes and the components of the p_vector

I *iti Uu t.t "" as rate constants. Assume that sensitivities are of

interest lor species concentrations v, (t, ft), , v- ( ', & ) at selected time

points rr, tr, . .. , to Asusual, we introduce the normalized paramete$

( r )

Let [o denote nominal parameter values' then al = ]n ]l The efect

*ii" ""i""f"t"a t"ft"vior of a reaction mechanism brought about bv

a variation in the rate coeffi€i€nts may be quite naturally expressed

in terms oI a function defined bY
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t2t o,",  = i  $ fY,., ' ' r  -r , ' ."r  l '- 
;,. '  L y,. '" ' , j

where J,J{a) = ! , \ t ,  a),  i  = 1, 2,  . . . ,  m, denote concentrat ions of"observed" species. Since Q(a) is the sum ofsquared relative deviations
ofthese "observed" concentrat ions. i t  g ives a clear prcrure ofrhe effect
or a pan)cutar change ln the parameter value" ,  see Fig. I , .  Expanding(2) about rhe point ao into i ls Taylor ser ieb gjves us

1 3 )  Q t , , t  e t r r t  -  C r r u , , r : o  +  
l , : t r l g , , i ' , 1 , ,

where A.r = a - o", d is the gradient vector and Il is the Hessian
matrixofQ, denned by lcl, = "Q/da and Ui,, = ,r7e no.oo , resp€covety
Both G and lJ are evaluated ar.  ao. Since oo is a ,nrn,.um of q,
Q(ao) : 0 and c(ao) = o, thus

\4)

Furthermore

(5)

I
Q ( a r  = ; ( l a r / t l r a o l l o

"=  [Jg l  =  2srs  +R
Lda,  da) )  r - t .  .e

Figure L The respon* surface.
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(6)
s =

is the array of normalized sensitivities according to the time points

f"'l

tt
a lnfr.,  a lnyr.,
a l n t r  a l n & ,
dln Jt., it ln Y2.'

a I n A ,  d l n & ,

a  l n / r . ,
' ' ' a l n A 2

i ,  l n J , ,
' ' ' a l n & e

0 kr J^,,
d l n & ,

; ln y-, a lnt-,,
d l " r '  a t t i ,

In eq. r5r only rhe term R involves second derivatives ofconcentrations

i"""] "".,  gi.a [8], p gTl According to the we]l 'known Gau$ aP-

pro*rmition [81. thls le-rm can be neglected and hence we can use the

approximate resPonse lunctron

(8) Q(d) = Q(a) = (a")? srs (Aa)

to study the eIlect of Pqram€ter variations

PrinciPal ComPonents

Expression r8r is a quadratic function of rhe variat ion Aa" t -

1 .2 . . . . . p .  A t  an r  f i xed '  rhe  i nequa l r t v  Q 'a '  <  a  de f i nesan  e l l i pso id

- rh" o".u."t"..pu.e wilh principal axe: in general not along lhe

""."",t""t" "f,  r"ee Fig 2r'  To-see how Q changes wirh a we need

," " i"* i"",t" ereenvalue' ofSrS The function Q is most sensit ive

i" "ir"t*" i" a alJng the principal axis corresponding to the largest

",*"""" ir" r.a is le-ast sensit lve to change in o- along !he principal

axis corresponding to the smallest eigenvaluP ol 5 J

The full picrure is obtained bv diagonalization 'ergenvalue-eigenvect'or

decomoosition) of the rnatrix S'S, say

9 r srs = uA u"



Figure 2. AD appmxihaLe egion defned by Q(o) € .,

x,here  

 

is a disgonal matrix formed by the eigenvalues of StS end
U denotes the matrix of normed eigenvectors ui, i = 1, 2, . . ., p such
thaL u! ut = I for each i. Define the new set ol the paramet€rs
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00)
called principal components (see Bard [8], p. 184), th€n A\y = Ur Aa.
In their terms

(11 ) 8(v) = ^, llav, | '�

where_ ,\r > )tr . . , > trp are the eigenvalues of S"S and llAv,ll'� =
(av,f (Av,).

I.fJt q = futr, u\2, . . ., r'.p)? denote the eigenvector corresponding
to the targest eigenvalue ̂r .  thus Vr -  rur rar.  .  .  .  ,  ur,oprt .  Select ing
Aa; = 1n11r,1U", = &r. , ,  i  = 1, 2,  . . . ,  p,  w€ move along the vector &t
in the space of parameters o. Then llAvrl] = I and by orthogonality
ofthe eigenvectors Q(V) = Ir. IfurJ < 0.2, then Aar cont butes less
th.an 49c to this eflect and hence for an approximate analysis such
components of rr can be excluded from consideration. Assume that
dropping i ts smal l  entr ies, u '  takes on the form t  = (ur.r ,  ur! ,  . . . ,
ur. . ,0,0, . . . ,0).  Then the largest ef fect on concentrat ions is brought
about by a simultaneous change in the rate coefficients Ar, . . . , i,
along the vector tr. Therefore, the correspondi ng el em€ntary reactions
form the most influential pa* of the mechanism. This analysis em-
phasiz€s thatsuch a "mechanism kernel" is notBimply a setofseparate
significant steps, but a closely interacting reaction sequence.

Useful kinetic information can be gained also from the existence of
small eigenvalues. The following section presents this result.
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Dependencies among the Parameters and tbe
QuaslSt€adY-Sbte APProximation

Corlsider first the particular ca6e in which the eigenvector coII€'
sponding to a small eig€nvalue r, = 0 possess€s two nonzero components'
say, z, - (u,., ,  &,.. ,  0, . . . ,  O) and let c= u,.r/u,.,  be constant. Then

Q(a) - const &long the line Lo., = Lat/c, which defines the curve
lr/&i = const in the sPace ofthe origlnal parameters Therefore, the
response function Q(a) depends only upon the parameter combination
lr/E and does not depend upon the parameters,tr and rt, seParately.

From a practical point of view the most important particular cases
ar€c = landc = -1. Since u, is normed (i .e., l lu, l l  = 1),atc= I
we obtain u, = (0.?0?, 0.?0?, 0, 0, . . . , 0), and this specific form of
the eigeDvector reveals that the response function (8) depends only
upon the ratio \/h2 of Lhe two iDvolved parameters. Similarly, at
c = -1 the normed eigenvector is u, = (0.?07, -0 ?0?' 0.' . ' 0.)
and then the response function depends only upon the product irlr.

Consider now th€ more general case lli = fu, u/c2, u/ca, . . , u/cp),
where c2, . . . , c, are constants. Retuming to the original parameters
shows that now the response function (8) depends on th€ nonlinear
paranreter combination h,/h7, \/h7, .. ,  kr/h7.These parameter
combinations are obviously not unique, since, e.g., tt/lfcan be replaced
by ti'/i?. It should be, however, emphasized that the case ol sevenl
interconnected parameters in the P ncipal comPonent V, can always
be reduced to the more simple situation already discussed. Indeed,
evaluating the s€nsitivity matrix S only with resPect to a pair of the
parameten, say &1 and h, while keeping the others fixed' we obtain
u, = (&, !/c) and the analysis enables us to determine the exact form
of dependency among the parameters.

As it iswell known, aPPlication ofthe quasi-steady-state hypothesis
to some of the species in the redcting syst€m usually leads to nonlinear
parameter cornbinations of the form k,/k: ^Ppeatir\g in the kin€tic
differential equations and hence in the response function (2) Therefore,
as our 6rst example shows, the Presence or lack of such paramet€r
intemctions can confirm or deny, respectively, the vaiidjty of the
hypothesis.

Erample 1 : Hydrogen Bromine Reaction

The well-known reaction m€chanism

7 - 2  B r , + X = 2 B r  + X

3 , 4  B r + H , = H + H B r
5 H +  Br?=Br  +  HBr

(  13 )
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was chosen to give a first rnsight into the proposed analysjs rnethod.
r,xpresstng.concentratrons in mol/cm,. the rate constants are l, _
b.zt t  /  10",  Az -  1.56 > 10,6. Aj  = 26t ,  l0r,  t .  = 1.39 .
1013, anil Iu = 1.17 x lO!. The constants and the iDiti;l conditions
lBr,lo.^= lHzL =_-t r 10-3, ILl ' = txt = L l0-' *;;; ' ;k;; ' ;;
Dnow lyl. where x represenrs the "Lhird body .and 

LXI is kept conEtant.
-. 

Let the."obs€rved" componen-ts be Br.. Iir. and_HBr. il;;;;;;;
l rme pornts wtthjn the interval  0.01-l  s we obtain eigenvalueJand
ergenvectors shown.in Table I. The principal component rp5, corre.
apondtng to the-srnal l  eigenvalue l5 clear ly reveals Lhat the;esponse
runcuon depends only upon lhe ratio ArlA5 and does not depend onr. and r5^separately. To prove this rhe kinetic equations were solved
a t & } ,  =  A l . i  =  1 , 2 , 3 . h 1 =  l o i r o , a n d A s  =  t O  l 3 . , i . " . .  f . * p i " C  i . , l l
fixedr. As shown in Tabte II. even at the end point of tf,u .oriia"*j
t ime interval  concentrat ions ofthe molecular species are only 6l ieht lv
changed in spire of Lhe cons)derable changes in lB.f  a"d lHi.-O;- i ; ;oth€r hand, seuing A{ = t0lf whjle keeping l, = ig n*a,l.rit l"
ralher drt lerent solut ions for the molecular species as wel l  rspe column
3 of Table II).

To show rhat lhe relatronshlp between A. and i ,  srems from rhev^alrdrty ot_a quasi-sready-state assumption ,  QSSA,, we 6rst consider
tbr lancl  l t tJas also obs_erved" 66mpqn.r1..  then thesmal l  eigenvalue
ls removed (see Tdble III, where according to Vr, the para-meter l.

2

r . 6 3 (  r )
5 . 6 6 ( - r )
r . r r ( - r )
5 - ? t \ - 2 )

. 1 t t  - . 3 5 4  . 1 A 9  - . 1 6 9  . 1 5 9
,550 , {5 r r  .  io5  ,490 _ .490

- . 2 7 6  - . 6 9 2  - . O 4 5  . 4 7 0  _ , 4 1 0

, 6 5 3  - , 1 3 6  - . 6 0 3  - , o 9 9  . O 9 9

. . ta7  ,701

T{38 | 
- 

Ergenvalu* and eiClnvftroG In rh" hydmgeh_bromnp
sys tem I t  a t t  mote .u la r  spec i€s  are  ,obseNed, ,

:

'T ine points are 0 01,  0.05,  O. l ,  0  2,0 3,  0 4,  O.S,  O.?.  0 8.  an. l
h Numbers h parenrhes.s Cenole powers oi te,
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T^E!t U. Compu&d concenlrations ih rhe hrdrog€n-brom'ne syst h at I =
I 3 with nominal and perturbed ral€ c€iicients..

t u . t O l ^ U ' , r r . r o r i

r la r  l ions  t
Dores / . ! r  d . v i a -

t  1o t  . i on .  !

3 1 r 9 9 ( - 6 ) 95377( -7)

23323(0)  r  21 .3

f 3 1 5 5 (  t )  - 2 t . 2

31225(0)  r07 . '

ro /9 r (0 )  4a ,3

4ea t6 ( -6 )  -4O.7

k l

l

9 , 3 r ( - r )

2 ,  e 3 ( -  i )

. \ 1 6  - . 3 5 7  . 7 7  |

- .o l l  .007  .23a

. 6 2 3  - . 5 0 2  ' . 5 4 9

,524 ,705 .o93

- , 3  r 3  - . 1 5 5  , 2 0 1

has a significant and independent ellect on concentrations). On the
other hand, the partial QSSA dlHl/df = O leads to rate equations

. .  _ , . .  _ tHBr l  -  2 r ,
( 1 4 j  d t ' - ' "  '  ' '  d t

.1 .1

;IH,I = - rz; :- lBrl = 2.,
ar  da

TaBLE UL Eigehlglues and eigenveclo.6 in rhe hydrogen bronine sysrem if
aU specres are "ob*ryed.
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with

(15 ) .l = A,lBr.llxl- &,lBr t'lnt: ,, =,*:'l+:]l&'- a. lHBrl
d' fB"J 

* t

depending on kt ,  k , ,  kJ,  and h. /h. .

,''1::.',iff $"4;3l %ltrJi 1,1y"":.;"[".1;:T*ilfi Jli"""".l,,lx#i
ff lii'ln:j,lf :1,,',lT',1[ dl'$T"'J',T#.j;;" 

j ";;;;;i;;';;
i l 6 )

with the well-known rate expression

!.n,; = -,. Lnsa =2, ,  
* tT" t  

=  "

(r7) *, lH,l lBr. l ' , '
. lHBr l" ' tu,J *  t

depending only upon the parameter combinations h, = &t/h)i,rht;:,'-i: ;,';lfi" ln::#':i,im"m*:l[ff f *::]"xxof parameter &, is excluded. This result is obvio*, fo" tt" "on""nt."Uoi

:i ;i:T:i::il::;T:li*\ffi:i,T"*''au "" *'" "o""""iiJtlon
Since the }ydrogen-bromine reabtion played a key role in the de-

iilifi il :;i:ilFil;:3T,r,:r:ln:i'lin*'*.,:*l"i:
applies. Consider the time interval I_10 s and "r"l""tJb;S'i". ,t "molecular specjes. Then we still have

l*,':ffi tqr,f a$ xfi.;li*#13" i, :ffi rfi i j-'"ilicomponenl is HBr. Then we obtain i t .ee "rnutt ";g"nurtu"" ,  r t0i: i

;: :x:'ti':1":';";,x:' j",il:Tl:.T]:l"t;1,t",xfr"*' f ; i; i il,,"ii(2,3), re5pgsl;r.1t, of the sensitjvity matrix S. Table iV "f,J*" lir"

ll',"il"11:l.xli; li.f Tii,",x'J ?:,:1,,,iff[l' .",""'":ii"l"#,1;,1'#ill
d-erryrng parameter group is, i ,  &.r  A;.  Appl icabrl i t l  " f  t f , "  or"" i

i6lx n:fJiffi i* ;:.:",.,'"x$"1#i,illn: "l;.i t?f;concentrations olother species, jncluding Br,."a nr, .* _".ia"""i'fv
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T^BL. IV. Nieenveclors @rresponding to smalles! ergen_

varues of partiar s's mafi.Si"4l-Uglf" gry:{
:::

. 3 9 3

,393

'Tim€ poinls are I 0, 2 0, 3 0, 4 0 5 0' 6.0 ? 0. 8'0, 9 0.

Remark l: Though our analysis is completely deterministic, it is

obviouslv rooted in the nonlinear parameter estimalion fieory' Indeed

the resoonse function r2r rnay be regarded as the least squares objertive

function. If we want to estimate the parameters of the model by

minimizing this function, then linear combinations (principal com'

ponents) oi the Parameters d that corr€spond to small eigenvalues

are poorly determined r large var iancel.  whereas pr incipal components

corresponding to large eigenvalues are well det€rmined rsmall variancel

Srncenearsrngulantyof thematr ixS'Sisoneof most frequentcauses

of failure in nonlinear parameter estimation' its eigenvalue-eigenvector

alecomposjtion is a well'established steP of the estimation procedure'

The re;lly new contribution ofthis paper is, however, demonstrating

the advantages stemming from the use ol normalized sensitivities

,tln I laln h,li.e.. the introduction of the parameter transformalions

a, : in i,, i = 1, 2, . . ., p). As it has been shorn, the linear dependencies

among the transformed parameters o, uncovered by the principal com-

ooneni analysis. correspond to nonlinear dep€ndencies of the lbrm

i l :  = .oni ,  among the or igrnal paramelers and lhPse lal ter rela-

r ion.hros are usual ly connecled wir  b thc val idi tv ofsome kind ofquasi

steady-state assumPtion

Remark 2: The method extracts information from the response

function (2) and is a compact wav of exhibiting relative importance

of svstem par;meters. However, the response function measures only

total sensitivity of the system over arbitra ly selected time points,

whereas the importance of certain reactions can be diferent at difi'€rent

stages of the process. Similarly, the analysis does not necessarily

u.,*u"r patu-"ter d"pendencies existing only for a cetain pedod of
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liT"'"',,;""ff {J$:i"'tr:ffi :Tiill:itT::#::,xxini","":1
ff 1""'#yJ::fl"::T"",9 i};i':3;:.::':"'"" "r'i'i" p"i"^*iii',irl.
prjncipar componenr un"t". i .  ""0ur","1'" l t*e 

rntervals and apply the

",ff;,,HH;::::: in;",x'J[:'i ''":: can be direcr,v used ror
hovever, quite tediougl" ""l,'01". -"jii[t-tl';r:'""]_"""""ffi ,J;"il:

liJ"':: il":,i""f l" ;T:".t.,";, li:I:*' 
componen rs wit h properi v

p,.ouia" qu"n,itf ii"-ul;;;;;;il; # ;,TH""""r"i::,::H::: il:parameters,

, "oi,T-*+ :; 
To obtain the very small ergenvatues , e.g.. ̂. , 2 25

;;r". ;"';::: i;:':::ffioTl'j';llJJ:",0"""'. are required rn ,h,<
premented as the compact FoRTRAN slDb?"?::;i{f,lr'iiiily"'J
ii:i,,:i"#,,1"i :;Tj,,,Tilicit 

Runse.Kutta arso.i*,. r rir'iol J,i"g

;l3H, #*{'fi :!::T"drli#tl,:};i$l{;i;iiffi :i,;xcomprlter trme requirements. To analyze hlghly cornpt"x mect ani-"rnsi;Ilffi """i,111111i1,'":"::"-?*uH#l{lrf:';r;il}:i
of accuracy in the results. Then the smallej "tg";r;i;;" ;;;;;:
i l i"191 

*t 
i** rhe eigenvettors are genera y qurte ;nuurrunt Fo.

itlrJ:il::uf L"i:ii il:H:: J:,i; ilT::,l .ll,T:'":T ;xl,A proper setecrion of rhe syid point" i; cF a"a pe ,rr"ir,"al ' i"-."i[ i ,

:ll;ilTili::ifili i:",1::l:ffi:: *'pu'�ariona' cos, and re,i

lltii;,1i"""$f trt*ilrf $i"r:i,""""'"#H:[f f ltfacc-urat€ for computing the eigenvalues.
we note- rhar rhp i rsr ing of rhe ROtf4S pro.edure rs avai lable brrequest 1121.

Mechanism Reduction

,-As 
ir  has already been nored. rhe fundamcnlat k jner ic Jpproach ol

Iilil5j "i," ".;,1"'l ff i:f H;:.1";::.;; ":*,:"*:r:Hit:
:::::'il"T:::i.:',T,::,?:X1i:;lx"i,iT:T::l,:il::i,i;,i:"l;::f
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Thoush sensitivity rs a measure ofreaction significance, the possibility

of eliirrnating reactions with small sensiiivities is far from obvious
lsee 11 and 2l). Now we will show that the principal component analvsF
offers an effective m€ans for the solution of this problem

Since the transformations I I ) are not defined at i, = 0, we introcluce
another parameter transformation given by

, l 8 J

It should be emphasized that at rt, = h\'t u" obtdin

a In:y.  ,  i  ln ] .

a,  =  h , /h " , , r  =  r ,2 ,  ,P

/ 1 9 )

rhus both transformations (1) and (18) vield rhe same normal jzcd

sensitivities. Therefore, the properties of SrS can also be studied in

rerms of the parameters 6
Let ^,  and r,  denote a smal l  ergenvalue and rhe correspondrng ei-

qenvector, respectively As shown in the previous section, several

srenificant ti.e., > 0.2) entries in u, reveal dependencies among the

ou'.uaut"r" and hence we here restrict our consideration to the case

u  =  r 0 , 0 ,  .  . ,  1 ,  0 ,  . . . . 0 ' .  t h u s  V  -  d ,  f o r  s o m e J

S r n c e  a l  -  & i l A l  -  l ,  & ,  -  O  i m p l i e s  l l v . l  l . \ a  -  l a  l  I
= t  Set i ine A. -  0 we move along 4..  h 'nce Qr; '  -  ^,  Therefore'

,r, is u m"usu.e of the €ffect bmught about by setting &r = 0, thus-

eiiminatins thejth reaction Then the change in the concentration of

the species i at the time point l, can be characterized bv the relative

deviat ion

1291 -I :  =

l f  we requrre l lJ, , ,  ] , '  '00J for e 'ch I  and '  rhen approximately

e t  . a '  =  ^ n  '  i O  ' .  S ' n " "  Q ' d r  {  F l r m r n a t  n g  a  r e a c t i o n  w h i c h

i-" a dominant element of a pdncipal component corresponding to an

eigenvalue I ,  < mq >< 10 n we.may expect smal l  l<1*) changes tn

each of the observed concentratrons

Exanple 2: Fornal<leh1de Otidatian Kineti's

To show an application of the proposed procedure we chose the

moderately compi"x rnechuttis- given by Vardanyan' Sachyan' and

:l"itu.ay." tlil for the kin€tics of formaldehvde oxidation in the

presence of CO. Note that detailed sensitivity results arc available

for this model [5] .
The reaction set, rate constanLs. and initial species concentrations

are listed in Table V We calculated normalized sensitivities for all
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s p e c i e s  d t . t h e  t i m e  p o i n t s  1  r  t O  5 ,  i  x  t 0  5 ,  1 x  t 0  { .  l x l 0 3
2  x  l 0 : r , 3  x  1 0  3 ,  a n d  5  x  l 0  3  s .  i . e . .  u p  t o  t h e  t t m e  f o i n tconsidered in I5). Eigenvalues of SrS and "ie"tii"unt "ntri"" ri0,il
of the correspondrng eigenvectors are shown in Table Vl. Accordi;;
to the magnitude of eigenvalues, the reactions can be d;vided inii
three classes as follows:

(i) Eigenvalue-s trr-tre are much larger than the remarning ones(>:=, I,/ l,r:, I, = 0.999). princip;l co-pon".,rs v,_v" ciJin
steps 1,2,3,4, 9,  10, l t ,  12, 16, and 22, forminj  the,,basic, ,
part of th€ mechanisrn_ (Though step 8 is p.es""nt in V", ,is
contribution is small and hence is moved to the next group.l
According to r1,,, the most influenriat rea€tion ""q;Jn""'o
forrned by (22), (10), t4), and {9). Thi" "reu"tion ke;;;i;;;m:
phasizes rhat rhe. largesr ef lecr is brought about by sel l rng
i , ,  = r . .  c 1r e. .  hu o.Si h: , .  e, , ,  = 0.59 t l ,  .  A. _ 0 ?3
f ; . a n d A r  _  1 . 5 l A i ' a l j n 6 s 6 r O " n u r b j n g a s i n g l e p a r a m e r e r

'rrr  rn this example n .  12, q -  7,  and nq t0 '  = 8.4
t U _  .  A c c o r d i n g  r o  V r o _ V , . .  r e a c r r o n s , g r .  , t 3 j ,  a n d , 6 .  a r e
ot transi t ional importance. As i t  wi l l  be shown. jn cprre of
their smali contributions they can not be remored from the
mechanism.

( i i i )  Final ly,  rcact ions (S),  (?1, d4),  (15),  ( lZ),  (18),  ( l9),  120),  r2t) ,
123), (24), and (251 contained in V,._Vb with eigenvalues
below 8.4 ,  I0 'are 

unimporlant and can be ei imrnared
Notlce that the sirnplificarion condttron proposed in rhis sectron
may. immediately only apply to Vrr_Vr5 and \pl l  l i .e. ,  ror€actions (21), (19), (1S), (20), "na ti l f l .-acc*aing io V,-
!,,r steps 17, S, and 23 are not independent, tut alll "om'bi-
nat ions are el iminable. Srmrlar ly,  Vr" and ! ,rs indrcare rhal
rhe solutron depends on &,{ *_ and A. } .{ .  borh berng
unimportant. Finally, we drop sreps 25 and t8 accordlng ii\Yr5 and \Pi?.

Weeding out the class ( i i i l ,  the obtained mjnimal mechanism consjsts
o f ^ t h r r t e e n ^ r e a c t r o n s . , l  ,  , 2 r .  , 3  .  . d ) .  , 6 , .  . 8 , ,  , 9 ,  1 0 ,  r l l ,  r 1 2 , ,  I 3 :i  rbr.  and rzzr As tr  has bccn expecred. rhe mcan change in rhe con
c€ntrations is less then l? and even the maximum deviatlons, obtarned
at-the end point 5 x tO r s arc smal l .  Colurnn A ofTable VII  shows
relative deJiations ofthe product concentrations from the ,.true,,ones.
computed by the compiete model and list€d in column I oftle "u-e
rable._Norrrc rhar lhe product drsrnburjon is even less uffecrcd b1.rhe
reducrron ot thc model dnd the relat ive dpvrarron. remain below 0.S,.for each species and time point. Thus the proposed rule lbr seiectjns
a minimal reaction set is complete)y justified.
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l. ltcoro2+ Ho2+co

2.  HO2+CI I2O+l {2O2+HCO

l. lt?o2+l - 2oil+x

4. 0ll + cn2o ' ll2o+ltco

5. on.H2o2 . H2o.Ho2

o. n,or 113\ 6...*".ion

r .  no"  Y3.LL  a .s t .u . t ion

3, H02+lto2 - tt?o2+02

9. olr+co ' c02+lt

lO,  Ho2rco  +c02+OH

l l .  l l cHzo +$2.1C0

l l .  l l { z rx  +Ho2. } t

14, H02+|1 ' 11€2+U

15. 0itt2 + on+lt

16 .  0 rc t l zo  'oH+t lco

t7 .  H.n202 -  HO2 'H2

t3 .  t r iH2o2 -H2o loH

r9 .  o r l l :02  +on luo2

2 r .  0n .H2 -  l i .o rH

VAJDA, VALKO, AND IU&ANYI

T^BL[ V ForBaldehyde oxidstion iD the presene olCO'

t , 0 ( - l l )

5 , 5 6 ( -  r 3 )

5 .  i ( - 1 2 )

3 . 3 ( - r 3 )

1 . 2  ( -  1 5 )

2 . 1 ( - t 2 )

5 . 5  r ( -  1 4 )

r , o ( - r 2 )

3 . 0 2 ( - r 3 )

5 . 9 ( -  r 2  )
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24. d+lto2 - H20+o

25.  H+Ho2 '  H2+02

5.o t - t2 )

Unil.r: molecules. chr, s tnitiat concent.auonsj lCH,Ol,
6 7 ?  r 6 , , t o - 1 ,  .  r 2 ? r 1 3 , : t c o t  2 s 3 , I . , . t M t  7 u c . l 8 , . r h p
remainjrA iDilial spe.ies con.entrarions a.e zero

We show that no further reduction ol the mechanism is posstble if
all concentration changes should be small. Indeed, according to V,,
the next reaction of low significance is srep 6. Dropping this itep aii
concentra! ions are slgni6cant ly changed rsee column B in Table VI l ,
As shown in columh C ofTable VII. elimrnation ofstep 13, rhe dominant
element of Vro gives a similar ellect. Finally, ampping the s"t {S,fa,6}
4,e,, all reactions of"lransdional importancer quite large mncentraoon
clevrat lons occur (see column D in Table VIL.

Rehar-k 4: According to our result, reactions in principal componentr
wjth,smal eig€nvalues cah be dropped. It should be. however, carefully
checked that the effects of such steps through orher prrncipal compo.
nents also besmall, e-g., dr? is a significant entry in V13 with Ir3 =
4-06, '  l0 ' .  Step 12 is,  however.  also present in rhe imfortant pi in_
cipal componenrs V.,  V..  and Vi and hence can nor be elrmrnaied

Remark 5: As reported by Dougherty, Hwang, and Rabitz [bl, the
mo6t lmportant rate constants at , = 5 x l0 r s are 10, 22, 3, 2, 9,
4. and 8. roughly ln order ofdecreasing sensliviry. whereas we obralned
22. 10. 4,9, 2.  and 16. The di f ference clear ly srems from rhe facr I  har
we selected several time points. Indeed, reactions (2) and (3) are rel-
a.r ively unimportanr at the beglnning of rhe reactron and increase
thelr  rmportance ss lhe overal l  reactton proceeds. I t  was also shor,rn
bJ Dougherty, Hwang, and Rabitz [5] that reactions (14)-(25) (with
the exception of step 22) are unimportant, at least at the considered
stage ofthe reaction. Our analysis shows, however, that reaction (16)
is also definitely important (it is present in the important principal
com-ponents V2, V3, Vi, and \pr, see Tab)e VI). lndeed, dropping siep
l6 from the minimal mechanism, all concentrations are uit"r""a "na
a dramatic incr€ase in I0l occurs (column E in Table VII). The source
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T^tsLEVI Ersenraluesand pnnclpalcomponenrs for th€ forndldehtde oxidatioi kinetn

Doo inan t  . r@.n ( r  o f  t h . p r  i n . i pa l  coopon€n !3  
I

r  r .  r 3 ( 2 )
2 7  1 0  4  9

- , 6 0  - . 5 2

2  2 , t 2 ( t '
2 7

. 5 1
2 9

. ]  r . 1 5 ( r ) r 2 r l  i 6  t  2 2
l r  . t o  - . 2 9  . ? l

2 l l
l r  . l l . 2 4  - . 2 1  , 2 2

r o 9 2 2 3
. 6 2  - . 4 3  - - 4 2  . { l

21

, 3 5  . 1 5  - . 3  r

3  2 . 7 r ( 0 ) . 7 1 . 5 5  . ? 9

9  i ,  r 5 ( 0 ) . t 2
2 t o a 2 2

- . l  r  - . 2 6  . 2 6

3.35  ( -2 ) r t  3  .  l
) r  - _ 6 r  - . 2 2

3 t 2 t l

t2 t . 5 2 \ - 2 )
6 l l

2 t  - . 2 6
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T^"." VL ,C."r,.,.

Doo in& !  eL€E .n rs  o !  t n€  p r rnc i p r l  cmponen rs  a

/ .30(-5)
? 5  t 3

r . 7 5 ( - 5 ) . 7 3

2 5

4 ,  ?  r  ( - 3 )
2 3

r . 3 3 ( - 3 ) , 3 2

-53  .25

2 .  t 2 \ - t 3 )

r ,  r l ( -  t 7 )

2 l

2 5  r .  r 7 r  - ? 9 )  l r . o o

I

, -' 
Top. l,ne rcIer" ro rhe r"t" """,,"", .;;;;ffi

rne  rs ts  e 'genvec tor  romponen. .  o t  mcsnr tud"  ,0  20
ofthis contradicl lon is t lat  srep l6 is part icular ly importanr by vrrrue

ili:T:"I ;"1: J"il."::H ; il.i:.:1t:,.1 "Ji",' v. v, v. i nr v
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T^BLE vll Produc! concenrslrons in iormaldehvde oldatron conpuled from rhe

comDlete and differen! partiil nodels ,l / = 5 1-3) s.

t 2 . 9

9 . 5

r  1 . 3  5 t ,  I

' "2 t . 7

2 , 1

1 . i

3 7 . 5
3 7 . 5

r t 3 , 3

9 5 . 5

1 . 9 . 2  t 1 9 . 2  9 6 5 1 . I  l l 7 4 l , 2

Unl |s  molecules/cn '
A reacl ions 11r ,  12r .  r3) ,  l4) ,  16) ,  r8r ,  19) ,  l l0) ,  ( r l r '  r12r '  l l3r '  116)  ahd (22) i  B i

r c a c r i o b s  r l r , 1 2 r . 1 3 r .  i 4 r . 1 8 r ,  i 9 ) . 1 1 0 ) , 1 1 1 )  l l 2 ) . ( I 3 ) , ( 1 6 ) . 6 n d l 2 2 r i C : r e a c l i o h s l l ) ,
2 i .  r3, ,  1 .1r ,  r6r .  3r .  rgr ,  r10r ,  r t1r .  112r ,  {16) ,  asd (22) i  D:  r€acl ions r l r ,  t2) ,  t3r '  r ' { l

9 r . 1 1 O .  r r r ) . 1 l 2 .  i 1 6 r ,  a n d  l 2 2 ) i E  . e a . u o t r s  l 1 ) .  i 2 ) .  r 3 r .  r 4 r ,  L 6 )  r B i  r 9 r .  r r 0 r , l r 1 ) .
r 2 i ,  i l 3 i . . n d  r 2 2 r i  f  r t a c t r o n s  1 l r ,  l 2 )  l 3 r ' l d ) , 1 8 r ' r 9 l  r 1 0 r .  l l r r '  i 1 2 r .  a n d  r 2 ' r '

Remark 6: Eigenvalues and eigenvectors are based on sensitivities

computed for several  components and several  t ime points A simi lar

summary of this kjnd is the "overall" sensil-ivitv coefficient defined

b!

( 2 1 I

'.e.. the sum of squared sensitivities for all observed components and

rime points. Notice that the B's are the diagonal entries of S'S, and

B, = li=, I, tr,]u,. Though B. is a convenient measure of the significance

ot r.eactlon-rir, its application for mechanism reduction can lead to

erroneous conclusions, e.g, in order of decreasing overall sensitivjty
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:i;::il:t:ii :il:lj:y,il",;3;;ll;i j: i;i, i?i :li ;,ii ; iil,:,jl:
i l i l 

,,il 
. 1ll .Ti.l rmlortanr steps li.e.. 122,. ,t0, ,1), ,e,. r2,, ,r6,,

iil fl i * t;i# tff ,tt'rTff i1 1$:i"" :=r"h,'j;i'+ei i mina trns the r",,". "", ? i",.,r"n. il Jil""."""Jil il:;:tT .:llcentrations. Additional elimination of

if :TlliT[f i:.,"1"#i:[::""J"?#,rrd:l,Tr,Tiili-,i jii:
hand..some reacrrons le.g., r l4l and rZ,l  .vi, f ,rn*h frrg"; ";. ; f i

:*rillffi ":ii:{.i:::i",';" T ;J',*::":H",':Ti,t iiil:: jh.il::
ii3"jll,?ili::"J;;ililf llff;1:#:*o*, "ir""t" "* ""i li'i"" rv

Remark^Z: We may ask whether or not tie reduced mechanism.consisting of thiteen reactions can be furtl

::"J:.H1illri[,:;;";[if ,:"",,,,.,ff $."J;"".'fi lfi +i::1;
:::":::""i:::#11'li.],'ii;11'"tl ll,i''"ac'ons' I G'�'� t 3'�. and'� 6,
*u*;niml.[ti,:tt],H;#:T1".;; iiiS::.[ll,fi T
",H:li:;,y:::1;j"':;:::[,j:ii"j':i#",1""ft m a genera, prob,em

( 2 1 ) A - B - C

ilJ';::'lj; i;::,::?:"T:ffJli,k.' k, 'sav. hl/h' r00, and
:*l I i: * d"::,-l"i"g.rr,. asse arar 

'a] dl'3:,llii"?ili,tl 
;1:,'

;*r ffi "rilix ;ffi il:i"t*n* I ""*ir l;r;{d
iiJffi:1i;:".".:.^:i,11ili il il,,,il,i,,i.'i"[: i" :,:lj:;':j,;'T;

m*t***+ru$++t**r*,**:w
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T^BLE vlll. EiseDvalues and €isenvect rs for lhe reduced formaldehvde oxidation

m€chan6m-  ob*n ina  lHO. land ICO, ]

Dminrn .  e l@nrs  or  rhe

l , 8 7 (  r ) , 5 5  . 1 9

3  1 . 6 7 ( 0 )
2 3

1.  3 .57 \ -2 )

5  7 , 2 l  ( - 3 )

! 3 9 t 2
. 3 0  - , 2 9  - , 3 0  - . 2 t

5 9  - . 2 3
t 2

2 r2
l l

t . 0 5 ( - 5 )

1 . 7 3 ( - 5 )

2 4  9  l ,  1 2

. 4 7  - . 3 7  - . 3 3  . 6 0

2 3

. 1 2

- , 3 2  - . 5 5



'|^BLE vIIl. tcontiar.d lton preuous poqe I

, | . 0 p l | n c r c l i r s L , r h t r u b c o n s t a n ! . , * " f f i
bortom lin€ lists cisenvecror component6 of nagnirude >0.20.

unchang€d at th€ considered stageolth€ reaction. the rnvolvedrcactron
rates are approximately given by rr, = ArriHl and '16 = nslol with
rate coeff ic ients h,z = hn tO") = 6 x 10'and E" = l ,u ICUTOI -
6 x 106, respectively- Therefore, we obtaiD the sequence (21) just
discussed and l16/4,,; - IOO. As expected lrom this anaiysis, a decrease
on the value of /t16 increased its sensitivity even by an order of mag,
nitude. In view of th€ above examples it should be emphasized thit
considering only 'obs€rved" 

species very low sersirivitles can be oblatned
both for relatively slow as well as relatively fast and hence ouite
imponanr reacr ion steps. This intr insrc ambiguity is somewhat over.
looked in,the lit€rature (see, e.g., [2 and 6]), where computing sen-
sitivities for the observable species is usually considered a; the ;ource
of complete and useful sensitivity information. to avojd erroneous
coDclusions, reductjon of the mechanism clearly requires performing
sensitivity anaiysis for all species. It should be, however. noted thai
the reduced mechanism obtained this \a,ay 1dill retain all species Dr€sent
in lhe original sysr€m and hence the rule here proposed can o. consider.d
only as a first and quite conservative step toward a systematic model
reduction methodology.

Rernark 8: Table VIII reveals lurther useful kinetic information
According to q'ro, concentrations of observed species depend only on
the ratio &1/Ae. Notice that in the reduc€d mechanism the OH ra;ical
reacts only in steps 4 and I and hence the eSSA /foHl/dt = 0 vjelds
th€ steady-state concentration

2 h + r n + r n + r $

AalCH,Ol + i ,  tCOl

PRINCIPAL COMFONENT ANAIYSIS OF XINE1IC MODELS

Dor i nan t  €1€Den rs  o f  t he  p r i nc i pa t  c@pon€n r

2 , 2 5 ( - r o )

(22J IOHI"
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where r, denotes th€ rate of the rcaction (i). Setting (22) into the set
of krnetic equations, it will depend onlv upon the ratio &{/&s'

A similar explanation applies also to the dependence between 'l1r

and &',, revealed by Vr in Table VIII lndeed, the QSSA dlHl/dl =

0 yields the steady-state concentration

' "^  e ,  .cH,o l  '  r , / loz l  ,  i , l l l v l l  Io / l

for atomic H. Since step 13 is relativ€lv unimportant' the ratio AD/Ar!

will appear in ihe kinetic equatjon, somewhat corupted by the Presence
of react ion 113 ).

We note that applicability of these two QSSA assumptions differs

consiclerably- Considering all molecular components li e ' H?Or' HrO'

CO,, H?, CH!O, Oz, and CO) and HO, as "obseNed" species' the

re",-rlting "igenu""tors still reveal the relationship between 't. and 'ts'

*hereas iI and 4,, become independent. lndeed, setting A. = 100

&'J and A, = 100 A! all tbe obtained concentrations (including radicals)

differ less than 0.17 from those ofthe reduced (13-parameter) moclel'

on the other hand, I,, = 100 n!' and &1, = 100 &ir give onlv slight

changes in IHO:l and lCO.;l while considerably changing the conc€n-

trati; patterns of other species. We note that there exists a further

dependency among th€ parameters, i e ' according to Vs in Table vlll'

tHb.l and lCO,l depend only on the product A,l3 This relationship

is, however, eliminated if all molecular species are obseNed'

Practical Identifiability of the Parameters

Sl udying formalCehyde oxrdat ion kinet ics the main inrerest of  Var-

danyan, Sachyan.-cnd Nalbandyan 141 was in determinrng the rste

constant i , , ,  f rom L(lO! larrd l t lO. l  mcasured a[ a single point The

rrorurrh rh, v uJ,d f , ' l ies un u numbcr ol  rs 'unrpl iunr i rnd due" ni ' l

u ' . ta ,nr '" . .0.  " . , , t "1es. Ai  oul l ined Dougherly.  Hwang and Rabrtz

i5l, a more fundamental parameter estimation procedure should have

utilized the comput€r model We will now show that the principal

component analysis can be then used to yield the expected error es'

umates on the Parameters
Assume that looil and IHO:I are measured at several time points

such that the method of least squares applies Using sensitivitv in-

formatjon for error bound estimation has been discussed in ll6l Fur-

thermore, as shown in Remark 1, eigenvalues and eigenvectors offer

a nalural characterization of the expected variances lt should be

emphasized that the presence of small eigenvalues reveals large vari

un."" and hen"" ptuciical unidentifiabilitv ofsome parameters ln the

( st imat ion l i r (  f , r ture lhis si lu:r l ion is descr ibfd bv s^vinr.  the modcl
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is poorly parametrized [17] or the parameter €stimation problem is
nearly singular 1181. Numerous emcient minimization methods have
been proposed Ior the solution ofsuch problems 1191, usually resulting
in a reasonable fit to the data. The estimates of ill-conditioned pa,
rameters are, however, frequently at variance with the best expelimental
and theoretical values available 1201. Therefore, many chemists leel
it is advisable to estimate only some ofth€ parameters while keeping
the others fixed at values obtained ftom the relevant literature {see.
e.g., l21l)- We show that the principal componeDt analysis offem a
justification for this "partial estimation" approach.

To answer th€ question whether or not the parameter estimatron
problem is neariy singular let d and a denote the unknown true value
and its least-square estimate, rcspectively, of the transform€d pa.
rametrization vector (18). Since *e can choose i:  = i .  i  = t.  es
shown in J231, using the usual l jnearization approach the average
value of the squared distance d from 6 = I is given by

\24) E \a  l f )  =

\!here d'� denotes the variance of relative measurement errors. Thus
in case of small eigenvalues the least-squares estimates of rhe pa-
rameters wilj be pulled away from their true values. It is reasonabl?
to require 10? relative error margin in each ofthe estimared paramet€rc.
thus E{ a -  I ' }  < 0.01 and > o' � l0.01. Assuming, e.g.,  1? relat ive
measurement errors we have o'� = 10 t and the bound I-,. > 0.01
on the eigenvalues.

Remark 9: Expression (24) assumes I, > 0 for each r, i = 1. 2.
. .  ,  p.  In fact,  the matr ix S'S is posi t ive semidef inire by def inir ion.
thus I ,  0.  ' lhe total ly s ingulrr  t i .e. ,  I , , , , , ,  0) case merns exlcr
l inear dependencies among the sensit iv i t ies. Detecr ion ofsuch modeis
is the objective of tbe numerous studies on deterministic (structurali
identifiabiljty [23,241. Structurally unidentifiable models are rare in
rcaction kinetics and hence we may assume I-,. > 0.

According to Table VIII, measurements of [HO?] and [CO!] at the
selected time points do not allow one for estimating all parameters
simultaneously. To formulate a sensible (i.e., \L'ell condjtioned) esri-
mation problem the lollowing decisions should be taken.

{ i )  Fix parameters }16, Ar3, and i6 at th€ir  nominal-values ro
el iminate the smal l  eigenvalues Ir3.  I r , ,  and 1".  Noi ice rhat
these selected values wi)l practically not affect the response
funct ion and the est imates of the other parameters.

( i i l  Since wo.rn esl imato the p:rrametcr combinrt ions ArlA!,
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h. / hp, and. kzh, frx h, ,u , and i3 ta elimidate the eig€nvalues
Iro, trrr, and rs. It should be emPhasized that the estimates
i., i", and [, witt the" heavily depend oD the selected nominal
values t3, ,Qlr, and A!, respectivelY

To see the sources of further small eigenvalues, at this point we
performed an additional principal component analysis wjth resP€ct to
the remairung "free" param etcrs kb hz, h$ ka,ho, kr,, and lz According
to its result, there exists a relationship between l. and All' leading
to an eigenvalue I-," = 1.66 x lO_5. Therefore

ri i i ,  6x Au = &!,, therebv inf luencrng i.

A further principal component analysis with resP€ct to ht' kz, h.,
,ts, h0, and rtm shows thst the parameter I. is also connected with

b and ir. Since this parameter combination results id an eigenvalue
r - , .  =  28  x  10  4 . ,

' ivr "et &. = ft l ,  thereby inf luencing the estimates l,  and f^

According to the decisions (i)-(iv), the paramet€rs to b€ estimated
are hr kz, ka, h*, and h*. The corresponding eigenvalues and ei
senvectors shown in Table IX are then used to predict the exPected

farameter variances. According to v' and Vr, the Paramete^ ,t!0 and
A-. though mrrelaled, can be determined with small rca. l'7o) variances.
Notice that 8," and [- wil t  not depend on the estimates of the other
parameters, since Vr andvz are orthogonal to the corresponding co'
;rdinate axes. Small variance {<lo9,r is expected also for Ar, i t  ls,
however, slightly correlatedwith ts and depends on theselected values
,t3, ,1, and 43. According to v., the expected variance of rtr is about
107. and this parameter is indePend€nt ol the others. Finally, only
an "order of maqnitude" estimate can be obtained for tts (see Vr) and
this value depeids on lr, &.b, and A3 This detailed analysis shows
that in spite of dimculties, observations of lHO,l and ICO?] at several
samDle Doints allow one to obtain s reliable estimate for,tro without
the assumptions used by Vardanyan, Sachyan, and Nalbandyan i14l
Though some parameters should be kept fixed during the estimation
nrocedure. their values will not influ€nce the derived parameter i1o.
However, ,t2 should be estimated^simultaneously, since its selected
value i3z would heavily influence iro. Furthermore, to -obtain a good
fit it is.aivisable to estimate also A:,,tr, and ia, though i: will depend
on a number ofassumptions, whereas fr' and fs will have considerable
variances. It should be emphasrzed that such a preliminary anatysis
is absolutely necessary to obtain relaible estimates for some of the
parameters at the least, since otherwise the poor parametrization of
the model will lead to serious numerical difficulties in the estimation
procer t and to meaningless estimates
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T^Bd IX. Xisenvalu6 and eisehvecb6 fo. the reduced.torhaldehyde oxidarron

l:Ti$lirh 
resest 'o !h€ pa.amereh rL, rr, ̂ .. r,,,, -a t,",.r."*_g rHo,;

D@iMn t  e l es .n r s  o f  t be  p r i nc i pa l  cobpon€n t  a

, t 7

2 2

z
. 9 2

3 , 5 o ( - l )

boitom tine Lsts ers€rleclo. .o-pon.nr" or -rgnirua" ,o zo.

3

Conclusions

"The 
main obJectrves ofkiner ic analysis are usual ly the idenLrf icauon

or rne most rmportant elementary redcr ions in a mpchanlsm and el lm.rnalron ot th.e leasl  jmportant ones in order to obtdtn a tractable
l_ ' i : l1t : ,_T9o"l  

A general ly accepted method of.olv ing such probtems
rs senstr lv, ty anatysrs sensir iv l t ) .  studies. however.  produce a massof numerical information, rather difficult to deal witi. As shown inLhe pre^sent paper.  pr jncrpal component analysis ofTers an ef lecl ivemeans ror extractrng uselul  k lnFric jnformation from rhe dprived sen-sitivity tables. Eigenvectors reveal strongly rnteractrng reactjon se_qrlences and the corresponding eigen\alups me.r"ure thp sjgnrt icdnce
or rnese scparate paris of rhe mechJnrsm. Thr.e applrcar lon areashave been briefly discussed.

First ly.  consrderrng sen. i l ivr t jc.  for dl l  speciFs prF.enl r1 rhe syskm,results can be used to select a -tni-ai .ea"tton ""r. ili; "'r;;';;
la: t icular ly 

uscfut when a targc nJrn6s. of  eternpnlnry pr"." : . ; ' .  ; ;ro De inlesrrgated. say 'n dptsr led atmo=phcr.c and combust ion models.
Decondty. e\aluat jng pr incipal cornponents only from "ensl l lv res ofmolecular comDonpnts. rome deDerdencies among r.hr parampter.  ate
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assessed which can confirm or deny the validity of quasi-st€ady-stste
assumptions under the considered experimental conditionE Thirdly,
taking into account only observed species, the identified patameter_
parameter interactions provide answers as to how enors on known
parameters affected the ability to use the mechanism for determining
unknown parameters and how large vaiances can be expected lor
parameter estimates.

As noted by Dougherty, Hwang, and Rabitz [5], in kinetic analysis
one should always be alert for possible s€condary nonlinear ellects in
the mechanism leading to parameter intemctions. Using principal
components forgotten or unkno*n relationships can be made manifest.
When dependencies are found, it is up to the kineticist to un€over
their causes on the basis of available chemical knowledg€.

Finally, we emphasize that having computed the sensitivity coef'
ficients, little eflort need be expended for evaluating also the principal
components. From the same sensitivity table eigeDvalues and eigen_
vectors can be computed with respect to different sets ol observed
species and parameters. The entire time interval of interest can also
be divided into subintervals. The relatively simple examples of this
paper are presented to illustrate the method olanalysis. More comPlex
mechanisms (e.g., pymtysis of simple hydrocarbons) have also been
studied, including estimation ofthe paramete$. Other problems (e-g.,
mechanisms for oscillating reactions) required sepamte Principal com_
ponent analysis over sevenl short time int€rvals These applications
will be described in forthcomrng papers and support that principal
components pmvide a way of gaining considemble insight into chemical
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