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1 Intocductian

T he key assumptian in vintece Gpial ed ooy is that ted nical progess is em-

badied in nrewwmadhines, and newwmadhines are alnays betierthen ol aes; because
ofthat; itis an gppropriate framenark 1o study the adgotian ofnew tednologes.

A rumberofpgpers have stressed the impartance ofadaptian assts in the proasss of
impkEmeting newtednolges P arate and P resaott (19 9 4) assume thatadqotian
isaastly actiMty ad .. ims’ dedsias toadqotbetier tednolges implyatrade o

betnean the additicnal adption asts ad the inaeese in the. Ms” evaLes die to
the use dfabetierted nolgy; In tharmadel adgption asts ae exogpas ad ake
the fam ofirstitutional and exiermral castrants. ¢ reawood and Joanoac (199 8)
emphesize the er ect of adptian asts ad thar interactian with skill in adgoting
better tedologes. Sane empirical pgpers |niaee te prevas ideas Flbgad
H erconrz (1997) .nd that an inareese in equipmattinestment keds toarse in
the damad of skiiEd Eoar: A dierad Clak (199 1) showv that the gpening of a
plantis ollonad by atempaary inaeese in the use ofski liBEd BEbarwhese jdo is o
et the production procsss ”’up o spesd’. 1N atherwords, skillied Boarfd ates
the adption proc=ss.

Aan atheaetical vienpdntthere are thowvnays todalwith adgptionasts. T he
adptian ofa newtednology may cany a large fargae autput asstinauned dunng
the bBaning periad as ittakes saone time Torthe new ted1nology 1 Qoerake atits
theaetcal bBel Paatie 1994; Baucdddre ad il artinez, 1999). 0 n the otter
hand an inaeese In the Boar devoled 1o adptian, ar an inaeeese N praductian
axts durngatempaary periad can heb the newtednology 1o reedh is potettial
productivity. || agnec ad Verdier (199 3) analyze in a dugpadlist framenak the
procsss of adptian when the new ted ooy is daeradierized by adgptation asts
ad bkEaming eedts. T hey asider that adgptian shons o phesss. In the .. 1st
phese the..m mustinaur exger asts sine Iitmustadgptto the newtsd oy it
is tsing Tor tre ... 1Isttime; in the seaaod periad, the .. m hes alkeedy bamed hovto
use the new tednology ad itis abk o praduce at baer ast

In &t the pravias thearies are equinalaitin that they ause adedire in e
.IMS” Net revaues; in e .. 1ist e this is introduced directly in the madel vwhie
in the st e itis assumed thatt the deaesse in praductivity duning the adgotian
periad is aampersatied by hinngan extraanauntof Bbar;, arextrapraductiaon asts.

In this pgper;, we axsider the seaod gopraadh. W e study a R amsey gonth
vintece apralmadeiwth nearutiity adl eontier tednolagy previasly studied
byB auddne (¢ emainandl icadro (199 7), ad relbx the zaroadptian ast ey
assume. W e madel adgption asts loning trell agnec ad V erdier setup ofF tno
adptan phesess, a6 an additical Bbar ast 1o be pad oer a .>&d internal of
time. Tokep things as SImpk as passibEe we do notimpase any skill caandiian
an the Boarinput reguired Toradgption so that the Ebarmarketis notsegmented
in armatkel W e shov honeer that aur resulls are not gualitatinvely aliered it
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a skl diz erential were 1 be intraduced, espedally with respect O the dynamics.
Indesd, aur man resulls ame essentially fran the ot that our sped..catian of
adptian involes an adgotian periad Whose duratian is signi.. cantly dic era it fron
the time freouency of riplEeEment inestmeant as endagenacsly determined in the
madel W hatis audal in aurssttingis not really the sk ll ofFthe enployess wakding
an the adgption side ofthe econamy but rather the Bt that the duration of thar
sped..cactivty is gererallly mudh bbnerthan the gotimal Fetime of the productian
units.

T he dojectine OF tthe paperis 1o study hovwv the shartand the lbg run dynamics
are ar ected by adgption asts ad 1 aalyze the asaguencs of adptian asts
in tednologal substitution. 1N aontrast 1o the zero adgptian model aasidered by
B aucddine 6 emain adl icandro (199 7), inwhidh the dynamics ofinvestmentis
purely pericdicin the shartand in the lbngrun, the indusian ofadqption asts g\es
Hse 1o same "inegular patierrs” in the shart N and anvergenee 1 te steedy
staie in the kbg run. T o deal with the er ect of adgpotion asts an tedrnolgal
substitution we make o exersias of tte madel FHirst we Et adgotion asts
depad an the rate ofted nical pragess in aderto analyze fadqotion assts dessttoy
the inherent dosolescance e ect dotainad in vintege Gpirtal macek. W e shovthat
when adptian asts dgpad an the tednical gonth rale the e ect oFgonth an
e gotimal Fetime ofFmadines is indeteminate. T he aeative destructian er ect
G be aampersatied by the adption e ect; and Ester gonth raes imply the use
of dder tednolges by ... 1ms ar cuntries with hider adgptian asts. Firnally we
rebx the assumption acocading O vwhidh itis alnays pro. ebke o adgpt the best
t=edrolgy ad assume that adgption asts dgpend an the adqoted ted ooy,
In this framenork we albo dedk the rdoustness of the dosobeseenee ecectad e
intuenee oftte ted nical pragess rate an the tednologcal gp.

T he pgperis agamized as TOllbns. Sedlion 2 desaibes and shons the caral
ized equi ibrium ofthe simplesstmadel adgption axsts are astantad exogenals.
Sedtion 3 dnaradierizes the steedy state ofthis econany and ghves the aomparatine
statics. Sectian 5 develps the dynamics, in partialler; wWe study the asymptolic
stabi ity ofthe madel ad the shartrun bdaviar: Section Gard 7 extand the macel
dedkthe rioustness of the dosolescanae e ecvihen adptian acsts depad ante
tednial pragess raie and when they dgpad an the adgoted tednolagy. Sectian
8 aondldes.

2 Themocel

W e acasideran economy with vintece Gpitaland al eantier tednology. Tednolog
ical progess is exkagenass and we assume thattis aattinuacsly enbadied in the new
pital goock. Casistantly we assume thataureconany does notinnowate, itsin-
ply adpts the mastachancsd tednolages, honever; itmusteertan e attoadmt
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nevwtedrologes; in ot we assume thatadqotian is aostly and thatitreguires an
extra anaunt of Bba-rduring a .>&d interal of time say D. T he madeling of
adptan thraugh additicnal Bbar requiremants is stendard. 1N some riecentcaotn-
butias (as INnt rawood and Y ad<oghy, 199 7), adgotian requires skillied Boar: In
others, as in Essterly etal (199 4), adgotion asts are simply t@ken proparical 1
te Bbarfoce Inarrsetting althoudh we asiderthat adgotion and productian
are t\o distinct activities, we do notintraduce any ski ll dic erartial in the macel
Ebaris honagaeas ad hencee the Ebaor market is notsegnatted (as itwll g
pear\ery dearly Bier; aur resullis will not be altered ifa skill dic ereniial were to
be inraduad). | ae predsely, productian and adptian are inked as Ollons. 1
Tom aproductian unit. a. m shauld acombine ae unitofepital ae unitofBbar
devoted 1o praductian (Whidh is nesded along the FEtime of the productian unit)
ad ® units of Bbar Tor D periaks of time devoled © adptian. T he enbadied
tedrnolgal pragess is assumed tobe Ebaraugnetingad inaessingatarate <.
0 ursped.. catian can be intexpreted as Olbns. T here are thodistinctphesss inthe
FEetime ofapraducicn unit Irte . 1IstD periasks an extra Bbarer artis nesded
10 peraie the pital goacks Wwnidh incapaaie the Biest tednologal achvanass.
0 na=this pheseis ..nishad the ..M is assumed 1 have enaugh eoertise o produce
e same quantity of autput with a baer anant of Bbar.  1tis warth panting
aut that because ofthe underbingl emier structiure,. aur setting is ecuinalB Tt o
assuming a deareese In Boar productivty Tor te .. 1istD periads wnidh the ..im
aonpersaties by hinng an extraanauntof Bbannhidh is astandard sped..catian in
the recnt erature of e ..ed.

Ifwe denotie by T (9 the age ofthe ddest peratingmadiines atime t© aggecaie
enpbymaitL (§ and autputyY (O are gven by.

Zt

Y(® = H(s)eSis
Z:tm) z,

L(® = H (s)ls+ ®H (s)s
470 4D

whereH (9 denoies the producion unirs aeatlion rakie die O tel eatiee t&d
nology. A s ittwillbe deax Eiey; the Etime dfproducianunits, T (), is determined
endogenacsly in the madel in aonrast o the adaptian periad D whidh is Eeken as
astait T he asumptias uderhing ar spad.. catlias are dMasly asistait
wthT(9 > D Toreeay t the adptian phese anotex=d the Fetime of the
production unis. Irsteed in the spirtofthe madkel the Hetime ofthe productian
units shauld be signi..cantly greatier then the adgptian time. W ewll retum o this
issLe Bfer:

W e assume that the invesstmatt ast is neer and proparticnal © the keding
productivity, K = H (9™ Todoe the madel we spedfy the aasumer sice
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the econamy aomprises aaatinuum ofegats, indeed fran (0 ©1. A Bindviduak
share the same inear preferaas oer Fetime cosumptiat
Zl
C(eiit
0

wherer > ( is the subjectinve rate oftime preference ad C (9 is the individual’s
asumption attime t; there is nodesuti ity of Ebar;, hence the supply is exoaogpas
adegaltoae.

21 ThheCawmaP BraerP rbkEm

T he cantral planner sales the lloning prablem:
Zl
max C(@ei'ft
0

subject o
C® = Y(@®ik9
9 = Hz(ﬁf‘
Y@® = NOINE @)
GT(®
Zt Zt
H(S)s+ ®H (s)s=1 (@)
GT(® 4D

gvenH (D orallt 0.

In adertosdle this aotral pradblem e maximize theassodatedl aganganfnc
1on; then after dangng the ader the integration (ollonngll alkbomsan (19 75)),
and same algpborg we et

Zl
L(® = : Y (® iH @ iA®Y O+ 1@ &
Z, " Re 369, < - s _#
€ [eolA(S) 1 !(S)]:"lr(slﬁdsl ir
, 1O T R geireings e
Z Reao <y /oy - i B o <
[eolA(S) 1 !(S)]:"lr(slﬁdsl ir
iT(O)H ® ° ®Fi”D!(s)eif<Si‘>ds et

J®= T I®)
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T heinteriarsoluitian ofthis gotimizatian pradblem is daracterized by the Tolloning
~Istaderadtas

A® = 1 8t

et = (& J 3
Z(E J(1)(13) ] z.. ©)

e ™ = AR ™il(s) ei"Ci%s 0 1cki"Ci%s @

J®O = T(& JM) ©)

W here A(®ad ! (§ are the mulipliers esssodated with the aostiaints (1) ad
() respectinely. Equatian (3) is an exdtaoditian vnidh requires that tthe margnal
vale of BEbar'! (9 is egal o its magnal productivty, Equatiaon (9) is an etry
aoditiahvwhidh equalizes the margnall astohinestmentand the expecied margral
reveaLeoseritpblrad Fetime J(9. Equation () is justade. niiat theexpedied
Fetime ofthe newGpirtal goocs J(P) is equal o the age ofthe ddestepital gooos
attme t J(0.

W e are nowvabk o de.ne an equi ibrium Toraureconamy.

De.nitianl ( iven the adptian time D _ 0, ad g\en te infial coditas
Ho (0, 8t< 0, an equlibium foraurecoxamy is apath ™ T (9, (O, H (© ad
Y (0, 8t_0, suhhtatT (§ ad IJ(O arestrictly geater tenD _ (, and satis..es
te system ofeqLatias.

Z&J(ﬁﬁ O Z&D
1= 1 ieic’(ﬁS+T(S)) eirGif)g 0 pi GsHTE)irGiY) g ©
T T
J®= T(& I®) Q)
Zt Zt
1= H (s)ls+ ®H (sys
4T 4D
Zt
Y([®= H(s)e s
4T

3 0 puamal SagopimnmgadA dptaan T ime

0 urequi ibrium aaditias shovadearreaursive Taovnad bddngsub blodk nemely
the sub blodk Tomed by equatias (§-(7)- T his sub-blodk alllons 1O sohe Tor the
tmingvariabks T (9 ad J(0 indgprendantly ofthe otherendagenas \ariabks. By
direreriating (6, using (7) and rearvangng &ms, v ...nd the olloning functiaal
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relian

T(9

-
=

F (T (& D);J(9)

- iloh 1+1® 115G i9 i_o(l §eirI0) 4 @i T®D)ICiID
.

Inaderfortncdion F (5 ) omegp franR . =R, INOR . ., we nesd the TOlloning
assumptiat

A ssumptian 1 T he paraneters of the madel must satisty the Olloning aodi-
taos 0 < o< r< 1:

T his assumptian an the parametass is a standard aditan for the exdstence of
soltias in exogeas gonth madek; 1tis not dic¢ ault o proe that uder ss
sumptian 1, (i) Tnaian F (5 ) is inaessing wWith respect o eedh ofits algumeants
ard (i) Tonctian G (X) = F (X; x) hes auniguee striclly pasitinve .>e&d pant T he Ol
loning exdstence unigueness resulitgeneralizes B auadddng ¢ ermain andL icandiro’s
P rapasiian 2 (199 7).

P rapasitian 2 U nder assumptian 1, Tor any \vale of te adptianh tme D _ 0,
te unigpe equi ibrium petts or T (9 and J(P, €_ 0, are arsttand eqpal © te
el pantT ® oftte TNAan G (X) = F (X; X).

P yroof T he praofFaxsists in aastruding a sequence of upper baunds and boner
baunds & T (P, 8t ad toshonvthatthese tZWoseguencs annvarge o the.. >ed pant
offincian G (X).- R ecall that

1 _£ i i o
T® = i-hA+Bei™®4 CeiT®D)
A = r ioul -1ﬂ> 0
T 1+ r !
= >
B r(l+ ®) !
® ...
= |(r|<)D
C 1+®e >0

A ndovias bnerbard T (® isF(0;0)= §L HA+ B + C] andasimpk upper
bardisF(1;1)= jL1HA]L W egt
A+ B+ C]-T(® - i< HAl

Torallt - (. Sinee the praviass inegalities hod frall t ey hod act+ D ad
arty J(®. A sT(E J(0) = I(®, e an ..nd another baerband and another
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upperband T T (9§ using the et that finctian F (5 ) is inaessingin eedh ofits
agumats
h i
h A+ Be="EB*Cl, celiarBC]
1 N ) i
- T® - iohA+Be="™+ ce'™

0ol

W e an kegp an gerrerating suaessive bonerbaunds (a,) and upperbaunds () Tor
T (9 inthisway. Far bnerbands we getttessquencea, = jLHA+ B + Clad
an = LA+ Beranit+ Ceit]= G (an;1), P‘aln - 1. Forupperbards ve
cettessequanceh = jLiHA]Jadh = j2hA+ Be™it+ Ce™it = G (o).
T hessguenea, (1) is tivially inaessing (deaessing) and baunded. T hus, bath
saQuEnas anvere they anvarge tothe.. >ed pantoffunaianG () by costruciaon.
P rpasitian 1 ollons immediaiely. m

| ofe that the aastancy of the qotimal (interiar) ketime of production units is
dotaned even in the zaxo adgpotion ast se namely ifD = (0. T his property is
wselul Tor aamparison puipasss. A . istinteresting eaconamic insid it éan be gained
fran the study ofFgotimal Fetime when the adqgotian time \aries.

P rgpasiian 3 U nderassumptian 1, e gotimal ketime ofpraducian unis T is
an inaessing butancae Ttnctiaon of te adptian tme D.

P roof See the proofin el ppadix =

T he prgpaeitian shons ®n\0 interesting econamic prgperties of the madel FHist
adptan axsts inaeese the Hetime of productian uni's ad delbby replcament of
e ddsstmadiines. Seaodly, the gonth rake ofthe praductians unis Fetime is
deaessing With respect 1o the adptian time. T his is rather an expected property
having in mind ecuiibrium eguatian (6. A n inaeese In the adgotian tme Wl
inareese the assadated Eoarasst, whidh tands o inaeese the Fetime \vaxriabke J(0
as it reguires time 1 rieer the additical Bbar asts. H onever; an inaeese in
the FEetime \aricbke J() deaessss the shedon’ wagss by egpatian (3), soitwill
reduce ex pcsttte Bbarasts. | s aresult the gotimal etime tends togonth ks
then the adqgpotian ime.

Indeed the Hfer issle as avinok is notthatimpartantin aursmp ke framenark
sinee the adgptian time is exagpas ad éan be . >&d O a anvenientvale aon
sistatly with the view uderiving aur sped...cation of adptian. R el et by
ce.nitian of equi ibrium, the gotimal Fetime of productian uni's shauld be bner
then the adptiaon time. T he aaxaity resultaboe implies that the tfer desired
praperty may notbe dotained Tor lxge \ales of D . W e aan praevantsudh an un
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desircbEe an. guratiaon by restricting the vallies ofFadaptian time. W e aan esteblish
the Olloning exdstence resulit

P rapasitian 4 Underassumption 1, tereedse D, > (| such et T°> D ifad
awif) -D - D

T he pravias propaeition restricts the \valbe of the adgptian time under whidh
TO= T isanequilibium Torallt _ (. W e think ofadgotion time as ashat
transition periad aconmpared o thewhoke Hetime ofpracducionunits. Inthis aaiext,
propasitian 4 warks extiamely vell?

4 Steady State ad Canparatine S tatics

T his section daradieyizes the steedy state and analyzes the er ects ofdangss intte
rate ofted nial pragess, < ad theadgptionasts (0;D) anthe bgrunvales of
the \arabks ofthe madel T he steedy state of this econamy is asituatiaon in wWhidh
the rate of jdb aeatian, detraded productian and the gotimal e ofthe madines
acastats ie, HO=H,Y®=YeXT@®=T D)= IJ(®=T" Itis

1 ieirT“ _ei°F° ieirT“ _®ei°F°(1 iei(ric)D)

1 = - i ri°o i ry° ®)
1 = HT®+@HD ®

U sing the equatias aboe we an esteblish the lloning comparatinve stalics

resulls, Whidh are dotained by dic erantiating the equalias above (see the gppandiX).
eT*" eT*" eT*"
D—>0; —/—>0; —5<0

A ninaeese in the adgotion periad aran inaeese in the additiaal Bbarreouired
WimpEmentthe newvtednology rases the assodated Eborasts and augneants the
recuired time 1 reoer the inestment; casaguantly adaption acsts inaeese the
gotimal ketime ofthe madhines.

T heinvarse reltion betneen T ° and <is standard in virntege sprtal maoeks; itis
the tpical dosokbeseane e ety retecting thatan inaemeantin the rate oftednolg-
alpragess makes riplbeEmattmare pro. Bbk. | s adptaon asts ae astant, the
dosolescance er ectis notae ected by them. Insubseguentsectias wew lishovthat
this resultno kbngerhols when we rebx the aostant adqotian assts assumption.

2 Farexampk ifr=0195,° =093,® =02 andd=3, T “equak 1011 25 years, whikd is 167
YEarS.




. @H OH OH
m—-—<10; —>0, —
Q) D a0 0=
A nse in the adgptian asts shaud deaeese the jdo asation rake; in Bt there
are tonecatine er ects. First thereis adirecter ect adgption asts inareese Bbar
axts ad discourace investmant Seaaod, thereis an indirecter ecowvwhidh reinfarass
tedrectae adptan asts augnattthe qotimal Fetime T ) and so jdo aeatias
shauld dminish to maintain the Eba-marketequ ibrium.

0 nthe otherhand an inaeese in the raie oFted nical progess rasss tre rate of
Jdb aeation. Fester tednical pragess deaeesss the qotimal age of the madines
and assguently in e ibrium, jdo aeatian mustinaesse.

>0

@Yn>0; E)O; @_Y
@D 0® 0=

A ninaematin the adgptian asts hes tTho pasing er ects an detrended autput
First itinaessss the gotimal Fetime and tends 1o raise detraded autput Secod,
tere is a necative et ect Waking thraugh a reductian of the jdo aesation rate
pushing tonard an inareese in detranded aufput A swe shovinthel ppadx te
ol e ectis unembiguasly necatie.

A ninaeese In < hes thiree aampeting e ects an detrended autput

<0

QD)

0= s §= 0= <
*) (i) (i)

AHrst there is a paitive e ect whidh waks in the directian of inaessing the
equilibium jdo aeation rale and hence augmenting detrended autput Secod a
rneinthe rate ofted nical pragress deaessss the qotimal Fetime and hes anecatinve
e ectan detrenced autput Fnally @enH adT asgven aninaesse in < reducs
the bgrunauput W hidh ofthe aoticing er ects wi lldaminate w ll depend upan
the size ofttem. W e shawin the gppendix that the tolal er ectis necative and does
notdepend an the valles of the parameters of the mackel

5 DymaEmic adA symptoticP rgperties of Jdo Creation ad
P roductian

In this sectian, we will study the shart run dynemics and the asymptotic stebi ity

of jdb aeation ad producion. A s there is no unemplbymant in the madel the

dynamics of jdb aeation raieH (O(L + @) are idartical 1o those of jdo destructian
rakeH (€§ T+ @H (tj D).



D in ereriating equeion (), the Ebarmarketeqgu ibrium equatiat
H@®=aH (€iD)+ L iaH (EiTY) (€D
wherea = -2 . Toderie the dynamics ofproductian wWe dic erarttiate ecpatian (1)

1+® -

ad tskinginto acocountequatian (10), dotan
Y®=aY(tiD)eP+ @ jaY ®iT)"" 12)

In the Gase here adption acsts are zerg the RV Gl studied by B auaaddine et
al (199 6, the dynamics of jdb aeation and praductian are purely periacdic in the
shartad in te bg run.

H (© HE§T")
Y(® = YT

T he man implicatian ofadgption asts is the gopearance oFa secod ceby In the
dynamics ofjdo aeatian. T his sacod delay is abodotained in the presaae ofaskill
dis erertial betneen the productiaon and adptian activiies under the assumptian
that the o activities hae notidatical timing whidh is why we arge eboe that
the introductiaon of sk il diz erentiaks is Nnotnecsssary T the dynemics ofFaurmackel

the intraductiaon ofadgptiaon asts willl distort the equi ibrium dynemics as bngas
ey invdle a dizr erent timing with respect 1o the man aeatian and destructian
dedsias. A s the dyrnamics ofY (9§ are idaical o thase ofH (), wew il foas an
the dyramics o (9.

P rapasitian 5 A llte nawe=ro raok of (11) are stebke

P roof T he daracieristic Tindiaon essodated toeguatian (11) is

9(.)=1j§ae*P j( jae-"T =0 13)

Let, = x+ 1y, teng(,) = 0 implies thatthe real and imagnaxy partof(13) must
be zera

1 jaei™PcogxD) § (L ja) ™ cokxT") = 0 (%))

ae P aryD)+ L ja)i X dr(yr?) = 0 @15)

First we proe thatg(, ) hes anon paitive real part; we then dedk tratite real
partis zerg the imagnary partis abozero. Itis essy s thakx > ( isimpassibe
sine itimplies ae P cogkxD)+ (1 §a)e X cogxT)< 1, (¢i? adcost - 1, or
aytadiorawyz> (). 0 ntheotherhand ifx = 0, eguatias (14) ad (15) ean
be wittien as

1
o

1 jacogxD) i (1 ja)coXT")
agrD)+ (1 a)sryr")
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and itis tmval o dek thatthe anly vale of y thatsalis . €s the previas equatias
isy= 0. Sq tte unigue real rootis tetival root, = 0 =

T he praviaus prapasitian ghves us the olloning resullitiorthe shartrun and asymp
totic bdaiar:
Caodlixy 6 (i) U nkss te infial aondttan nctian H ( (9 is astantand egual
H , e dynamics of jdb aaation have a o/ di@al but”’assynmetrical’ kehavior in
te shortrun;
(i) ForallH , (9,

1
am H@=H= T=+ ®D

T he previas aaxoliary is adirectresultofeguatian (11) and prapasiian 5. ¢ iven
thatthe daraderistic Tincian assodated o equatian (1) hes oy, = ( ssaredl
root; the dynamics of jdo aeatiaon are ssymptotically sebke andH (9 aonnvergs o
i'ts steedy \al e

INn caTrastwith the zero adption assts madelwne have dotained thomain resulis.
First when the adgotion asts arepasitive fuduatias venishin e kbgrun. Sec
ad anagene o the steedy state is g/ dical butshons saone inegular patierrs;
this assymmetric behaiaris a aaseguae of the exdstence ofasaaod dely that
is the adgption time and dgpaxs an the size ofthe adption asts.

W e analyze equation (11) tosee e rok® and D phy in the shartrun dynamics
of jdo aeation. In Bt H (9 is a inearcaombinatioh ofH (t§ D) adH (€t T9).
T he parametera = 1?® isan incessingfUncian of® . 6 ven D, the adgptiaon Bobar
recuirementmessures the er ectofthe adqgption debby inH (9; If® is lage (amal),
the dynemics ofjdo asatian is dominated by the jdo aeatian D (T ©) periacs befare.
0 nthe otterhand gven ®, the adgotiaon time g\es the frequacy oftre ineguler
patierrs. T he inegulrbedravia-oft (9 dgpends audally an tre inftal aonditias.
A s we shaw ifwe esteblish an inaessing (deaessing) infial codiias, the gp
bethneenH (tj D) adH (t; T, ad the inegularpatiem is bigger then in the
Gee in vhidh the inftial aodiias are o/dical Sane eampks of the prevas
resultare gven in the gopendixx

In the simp e econamny whidhwe have justanalyzed tednical progress aaekbrates
e tEedrnologal substitution processs gven the adgption asts. To deal with the
dosdkesaanee er ectin awide framenark we extand the madkel in twoways. Fistly
we assume thatt adgption asts depad an the tednical gonth rake. Seaodly we
endagenize the adgption asst o alllvy 1 adptian assts 1o degpend an the adgpted
=edrolgy. In the BAtier gopraedy, we showv that we éan deal with the use of
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dominated ted nologes and analyze the rioke ofted nialpragess inthe ted nologcal
O

6 A dytion Costs ad Tedical P ragress

In the previas sactian, wWe assumed exagenas and aostant adqotian asts Whidh
is ecuhnvalTt o incapaating a.>ed asst T his is simple and unrealistic madeling
In Bt the procsss ofimplEmenting newtsdnolages is uncertan innature and the
bestway tO madel itis fran aB ayesian pagpectinve (Joaoicadl yarkq 1995).
H oneverriying todothis in aganeral equ ibrium framenakis adaunting tesk ad
gereral equ ibrium madek deal with this prdolem assuming a mednenistic procsss.
¢ reawood ad Y ad<oglu (199 6 stress the di¢ aulty of modeling the adgotian
procsss in an endogenass manney;, and assume that as the ratie of tednologcal
pragess inaeesss, the mae astly itbetones 1O adpt the new ted oy sine
eterprisss willbe Ess Emillarwth it

In this sedion we aasider the same gppraadh as 6 reenwoad and Y ardaoghu
(199 6 ad assume that adption axts dpad paitinely an te raie of ednical
pragess. W ith this assumptian Estergonth rates inaeeese the adptianast T his
is a surteb ke franenark 10 study whether countries with astly adqptian proosssss
ceby the tednodlogal substitutian and use madhines that other countries (\Wrth
bner adption asts) have akeedy replbcad. Parate ad P resaott (199 4) showv
that the disparity in tednology adgotian barriers (Wnidh Gan be ptured by aur
adptian ats) acoountiorthe huge doserved inaome disparity aacss aauntries. 0 ur
dojectine is O aalyze Whetherthe disparity in adgption asts aneplEn the use of
dir erenttednologes aatss auntries. W e have panted autthatin vntece pial
madek with zero ar aastant adgptiaon asts thare is an dosolkesaene er ectvidn
makes the replbeEmant of the dddesst madines pro. bk, I this sectiaon we study
the oustness of this resultin a aniextwhere the rate of ted nologal praogress
av eck tteadgptionasts. A swesee the tednologcal progress can hold up madniine
replbEmantitihe adgtion asts are sud dantly lxoe.

W e aasidarthe Olloning adagptian assts Tunaian, C (@ (9); D) ; maceling in this
way implies thatthe adqgotian periad is astant W e assume thatthe Eborrequire
ment o impkEmentthe newted1nology depencs an the ratie ofted nical pragess.

A ssumptian2 (9> 0, ad@AD > 0.

A ssumptian 2 states that the adgotion asst TUNcian is inaessing and aanvex
in < Itimples that Bster tednical pragess inaessss the asst of the adgotian
procss. T he aanvexdaty sssumption is reguired O et ect that Esterted nical gronth
rates ked o lrger dic eranass betneen tednologes of dic erent Mntegss, and s
impkEmetation oftre BEiesttednologes is astly.

P rpasitian7 1) ITte edmical pragess rake < the adcditonal Hor reguiremant
12



®, orte duration of te adgption prese D, are st dantly smalll ten%’ beoomes
2) Ifte adoption pragsss is suC dently astly, 9 P sotatls > 0

8> <, Besicks, “is adsaessingncian in D.

P roof W e dic erantiate equation (8) &dng into account that® dgpads an te

rate o tednologal pragess.

gre _ LieTCIDTTiTEE peLiciCiOP A (i YOI TN T i I (i PAIWiei T1IP)
0= - CiDfLieiCiITHoEieiCiID)]

W e an epress the prevas epressian in &ams of C (@ (9); D):
eT= _ @T°+ eT"= c@®(‘)

0=~ 65 00 0°
(i) *)

In arasst with the tpical dosokesaenee e ect vwhidh we dotained with aaostant
adptan asts, tedrolgal praogess abo e edts the gotimal Fetime thraugh the
adptan asts in this framenak A s we an see equatian (13) dearly shons tho
gopcsing er ects.

Arst thereis ad rectdsstrucion asative e ectvinidn deareesss the age ofepital
6 Iiven the adptian asts, an inaeese In the EBdnical gonth rate implies Ester
dosolescanee ad a deaeese e agp oF pital T he direct dsstruction aeative
& ectdaaessss With the ted nologcal pragess raie die o tte Bt thak T7(°) isa
deaessing and aconvex Tunction.

Seaod there is an adgotion e ect Whidh inaeesss the e ofpital an inaeese
in the gonth rate rasss the additical Bbar reguremeanttad inaessss the gotimal
FEetime ofFmadiines as itrequires time 1 recp the bxrgeradgption asts.

. 0T= (i 9BMIA jei®imP)
A = - =
dpineet @® o9 rFrioOl §eiCidT"+ U FeiCidD)]

T he pravias er ectdgpencs mainly an adption asts; the duration ofthe adgptian
paricd ad the ecect of “an @ have a paitive erect an the size of the adgotian
eect

T he tolal e ectis anbiguas ad itdgpaxds an < @ () adD =

19

P rpaitiaon 7 refects the et that tedynologcal pragress acan hod up the ma
dire riplbEmantvihen the adgptiaon asts degpad an the tEednical pragess rake
andvhen they are st dently rce. 1'fwve thinkofFedqotiaon acsts as dic exrerttinstits
taalbamers P aratte ad P resaott, 19 9 4) aatss aoutries, prapasiian 7 producss
an interesting result in cauntries with smalll adgption aosts the dosolescance ep ect
aonpersaties the adgotion e ectand Estergonth rates acebrate ted nologcalsub
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stitutian. H onever; in cauntries with lxger adgption asts the pradominant er ect
is the adption ae ad tEednical pragess discouragss madire replbcamentwhidn
lecs 1o tedologal saaerasis.

BEanpk

W e dealwith arnumerical eamp e to aaompare tvoeaonaomies wWith dis erentadp
toh asts Tuaias (Ci@i(D;Dy), 1= 1;2 (..guwel). A ccading 6 reermoad
and Y ad<oghu (199 7), adgotian asts may anauntto sbaut10% oft DP indavel
goed auntries. W e dhocse adgotion Tinctias, sothat; interms oft reerwvwood ad
Y adagli (199 7), they retecta develped and a develpingeaaanies. W e setthe
Hlloning adgption asts Tncias @ 3(9) = a;=® and the parametars oftre macel are
suppcssd ober = 095 D; = 3yeas D; = 6years a; = 1000, a, = 190, b=2 5.
In the ..Istecoaomy with ©= 3, the anauntof Bbar devoied o impkEmeanting
te tedrolgyis®; = 15 , ad the ratio oFfadptian assts 1O productian daoes not
exaad 10k ;we de.ne this cauntry as adevelped econany. 0 N the caoraxy, with
C,®;,(9:;Dy))), ® = 23 , ad tte ratio oF adqotion axsts 1O productian is ebaut
13 ;wece.rethis country as adevelping econony.

In the davelgped econamy an inareese In the rate o ted nical progess diminishes
e gotimal Fetime; the dosdkesaence er ectis bigger then the adgption eeect re
gadkss oftre \vale of <. In aatrast; in the develgping economy the dosolescanaee
e ectpredominates Tor lbwalies of < but, as the ted nical progress rate inareesess,
the predominate ecectis the adgption ae inaessing < delhys the tednolgal
substittian.

| ofe thatthesize ofthe .. Istderative of the adgption asts TNcianis audal or
propasitian 7 (the adgotion er ecttends 1o zarowhen @ {°) etk 1o zaro). Further
rumerical eampls shovthat the bigger@ (9, the smalleris the adgotion periad
and the ted nical gonth rate required 1o bresk donn the dosokessceenee e ect

14



7 Bxdoggas A dgotian Costs

In this secian we study the madine riplecament processs Wwhen adgption asts de
pend an the adpted ted 1oy and there is atrade @ betinean adqpting the Eiest
ted oy and the adgotion asts inauned impEmentit Inthe previass secias
itis alnays pro. teb ke toadpttte Biesttied nology because adgption asts areince
pendantofthe guality ofthe tednology. 1tis well knoan thatdevelkpingeconamies
investin dominaied tednologes, because tharimplbmentation are degper; ad the
galty inestmatdedsian thereloe aeates aproductivity ggp betineen the beder
and the adpted tednology. Il adeling adgptiaon asts in an endogenacs Way allons
s Oexiad tte madel o deal with the use ofdominatied tedologes. W ewlishov
thatwhen econonies an antrol adgptian asts by dhoasing the adgoted ted ol
Qy as adaasian variabke we recop the dosokesceanee er et and greatier ted nical
gonth rates reduce the gotimal kHetime ofthe Gpirtal goacs. 0 N the carary, we
wi lldotain thattednolog cal pragress hes anegatinve er ectan the tednologcal gep.

A doptian assts shauld dgpend an the div erence betineen the adpted tednology
and the sagpped ae; honever; this assumptian makes the solutian of the macel
arsiderably mae di¢ ailt W e deal with this prdolem by assuming that the adp-
on asts dgpacs an the dis erence betinean the lederand the adpted ted oy
T his is a reesanebe assumptian as itimplies thatwhatis really astly is adqoting
e nensstiednolgges; the uderbingideais thatted nologal use alog time be
aomes aamman knonedoe, and using obdertednolages is degperthen using nener
aes, indgpendently of the ted ooy cl starting pant

W e dencte the tedrolgal ceby in tby K (9; thatis, in periad t the eant
any adqts the pital goocs aeated in t§ K (9; with an assadated productivity
e WEKM® W e assume that the adgotion periad, D, is aastatt ad the Ebar re
quremant devoled 1o adqotion depandcs mtheied*nnbgcalcblay KM We
assume that the inestmat asstis propartical 1o the acouired ted ooy

T he catral plrer nowv hes 1o sole the olloaing prdolem

Zl
max. [Y (® i 9"t an
subject o
Zt
Y(® = H (s)e Cik®)s 18)
Zstm) Z,
1 = H (s)s+ @K E)H (s)is a9)
470 4D
(D = H@© UKD
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gwenH, (@ Torall t< 0. This prdolan is equnalat o the antral pbrer’s
prdboEm sdhed in sedian 2, yetin this e we hae an addiiaal endagenas
\ariabkE K (9. T he assodated |l agrangan tindian is.

Z

L® = 01 [Y (D i H (051D jADY (9+ 1 (OF 'Y &
i et oy
; L OK@®) £ 1EeeiTCiYs
Z, ‘(o ROEJ(ﬁféc(ﬁK(?\?A(S)i!(s)oeir(siﬁdsi Sirh g
iTO) B ®) , " 1(SeiTCiYs

where A(® and ! ( are te | agrangan mulipliers assodated with aastraints
(A7) ad (18) respectinvely. 4 flier some alggbra ad reesrrangng tems, the interiar
soltian is daracieyized by the Olloning .. Istader adtia s,

Z&J(1)£ ) _ o -
1 = 1 ie.C(ﬁs.K(mK(sﬁT(s)) e,r(sﬂ)dSi 20)
T
Zt—D
oK (®) i TGSiK@KEHTE)irGiY) g
T

ZEJ(1) Z&D
1= eirGifjg+ ®C(Ko(1)) pi TGSIK@OKEHTE)RirGi9| g 1)
Tt Tt

J®= T(& J®) 22)

Equatian (20) is an entry aoditian, and equation (21) is the gotimal codiian

K ; itcan be witien s
Z& J® ZE D
o eirGifjg= °i®c(K(1)) i TGSIK@+KEHTE,irGiY| g
T T

ad requires that the margnal revaue of daaessing the adgotion g equalizes
the magnal astofinestmentand the edditical adgption axsts (We BElerassume
K (®) is deaessingundian ofK ). W e rsstrictauranalysis toothe statiaary
equ ibrnum Toraureconamy.

D e.nitian8 ( iven the adptian time D _ 0, ad g\en te infial coditas
H (9;8t< 0, astatiaaery ecuiibrium Tor aureconany is a Situatian in whidh the
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rake of jdo aeatian, detrended autput; the gotimal ke of the madiines ad the
tedrolgal by aeastaits ie, H([@=H,Y®=Ye X T®= J®=T,
K®= K.

Itis daraderized by the Tolloning ecuatias.

1 ieirT _ei°r ieirT _®(K)ei°r(1 iei(ric)D)

1 = . i pa— — 23
i ri
_ 1ieirT ®C(K)ei°r(1iei(ri<)D)
e Ti9° @
y = Metdiet D @5)
1 = HT+@KMD 29

T he prdblEm of dedding the edstaxe of a statiaary equ ibrium is reduasd ©
varfing that (T;K) edsts whidh sobes eguatias (23) ad (24). Tostdy the
edstee of a statiaaery equ ibrium we nesd t make sane assumptias ebaut
adptan asts.

A ssumptian 3

(M) K 2[0;Knaxl; and Ky ax is sud thaet® (K a5) = 0

(M eAK)< 0, 8QK)< 0. Furtharmarg @(0) §# ®, ad®q0) i 0;

T he previass assumptian implies that the Boar recuiremeantt devoled 1o adgp
ton anotbe necatinve ad restricts the bdaviar of e (K ) In a reesanebke way.
T he adgption ast are daaessing in the tedrnolgal gp, ad te eeect of the
tedrolgal g a6 redudng the adgotiaon asts is inaessing in the gp size. In
othervwads, the asts oFadqpting ted nologes dminishes attan inaressing rake with
e tedrolgal gp. W e denole the additical Bbar recuiremattwen e ..im
auires the keder tednokgy by @ .

P rapasitiand U nder assumption 3, a staticnary equl ibrium exdsts Tor cur eaon
amy. T he eguilibrium is terefoe unig.e.

P roof W e..rstproethatequation (23) de.ness T as adic erantisble and deaessing
TUnaionofK , ad equatian (24) de.nessT as adiv erantisbke and inaessing unctian
ofK,

1 ieirT _ei°r ieirT _®(K)ei°r(1 iei(ric)D)

Faik) = SRR R R £ i1=0@D)
G(TK) = = ire‘rT+ ®‘(K)ei;(1iicgi‘”"[)) $1=0 @8)
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Hgure2. - F(T;K), ---6(T;K)

ITfwe daote the Tnadical reltiaon betneen T ad K gvenby F(T;K) G (T;K))
by £f(9 @(3)
_ ®C(K)(1 iei(ri“?D(K))
) = L §eitioM+ (1 iei(ric)D)®(K)]<
] ORK)IA ieiidn)

g™ I i 91 G §0QK)(L jeiCiop)
W hen the tednologcal delby tacs 1o zero e e essily srovthae TT > T9;in
B

0

0

1 ieirT _eic’l' ieirT i®oei°l'(1 iei(ric)D)

- = T 1=
F(T;0) - i p—_ _— i 0
=ailT
G (T;0) = 1're il=0

Summingup, T = F(K) (T = g(K)) de.nes a deaessing (iInaessing) TUnctian,
adf isaboeg wenK tends tozaro; sq they oy interaptaxe ad the steedy
staie is henceuiige. »

A statioaery equilibrium isany set (T;K;H ;Y ) thatsohes equatias 23) (29.
B ecase the reltion de. ned by F (T ;K) is donnnard skping s i lbstratied in.gure
2, wnE G (T;K) is ysvad skping, there is a singke equlibium soliian © the
wwoegatias. T hen thare is asingle soliion o equatias (25) ad 26, ad te
steedy state equi ibrium is unigLe.

Hgure 2 prodes insidit into how the verias parameters of the madel ae ect
the steedy state gptimal Fetime ofthe madines and tedrolagal gp. | oke that
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e ednodogal g, de.ned as the raio betnean the beder ted oy ad the
adpted ae is equal toe .

A ninaeese in the Ebar riegulrematdevoted 1o adgption when the tednologcal
g Is zexq @, shauld inaeese the Fetime ofmadhines and the tednologcal gp.
A ninaeese in®, shifts e F aurne Up buthes N eectan 6 . Casaquatly te
equi ibrium \alLe of the gptimal FEtime the tednolgcal delby ad te ted1o
lgal gp inaesse Wt @ . T he inaemattin the tedrnologal ggp o redue tte
Ebar requiremant to adptiaon reducss the productivity of the adgoted ted ooy
inaressing the dosolesaenee er ect and induding a sharter Fetime of the madhines.
0 nthe atherhand ®, Gan be uderstood as a.. >ed astad thus augnats te
tmal age ofthe madhines as itrequires mae time 1o reaoup the addiianal adgotian
axst Thetoalae ettis paitinve adinte bgrunT nssswth aninaeesein®, .

A ninaeeseinD rasss the gotimal FEtime the e ectan the ted nolog@l gep is
honeverambiguas. A higerD shifts theF aunewp ad te K aune tothe Eft
0 nceagan T inaessss 1O recp the additical asts; e er ectan K is anbiguaus
as thare are o Ppainger ects. ahigerD ek inasese K In aderto redue
adptan axsts but ahigerT mustbe compasated by asmallkerK inadertorit
10 be pro. &bk o ke the madhine Tora lbngerperiad ofime.

A ninaeese in the rate of tednical pragess shifts te F aune donn ad the 6
anetote Eft adsoimpliesabnerT, butanambigraseectanK . A higer
< makes the iplEamentmae pro. tebke ad reduas T. I'tabo hes ®ho qopaeite
eects N K . Arstly itinaessss the resenation wage and thus inaesses the adp
o asts induangan inaemattinK ; seacodly ansein < kacs Oan inaeesse in
the praductivty of the madiines and stimulaies the adqotion ofbetier tednologes
10 tEke adventege ofthe productivity improemantt A famal dic erentiation ofthe
equiibium adtan yielks anecatne eeectan T, and an anbiguas esectan K ;
extasie epermeants with the parameters g\e apasitive e ectan the tednologcal
delby and s on te edrolgcal gep.

Tosummarize in this section we shovthat the madel is surteblke 1o analyze the
use of doninated tednologes. Bven in this simpke framenak the analysis of the
dynamics 1o the steedy stake is not stragtioovnard it requires soMing equatias
(20) (22), a systam of dir eraial dic erence eguatias With state degpedent kacs
ad bk, B ut restricing the analysis 1O the steedy state we dotan thaet with
endogenas adqotiaon acsts the e ect of ted nicaAl pragess an the gotimal Fetime
is necatinve We rever the dosolkeseenee e ect inherant in vintege apital gronth
madel H onever; tednical progess hes anegative aasagencee an the ednologcal
o, ad Bster ted nical gonth rates ked 1o the adgptian ofobder tedrologes.

8§ CaxdleEas
In this pgperwe incapaate adgotian asts in the R amsey gonth vintece Gpial
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madel with neer utiity, T he am of the paperis 1 analyze the aaseouenas of
adptan asts in ednologal substitution and in the dynemics of e madel In
antrastwith the zeyo adgption asts macel we dotain that fuctuatias venish in
e Ibgrun ad thatthe anvargene o the steedy state is o/dical and shons same
imegularpatierrs. 0 N the otherband, the dosolescence e ectiis avell knonn Eature
ofaeatie dsstrtudtionmacek. Estergonth rates make Gpital goods Ess pro. ebke
and induce Bstermadiire riplbcematt W e inroduce adqotion asts in three rea

saebke was ad ..nd that the dosolessaeanee er ect Gan be held yp When adgptian
axts dgpad an te tednical gonth rake. T his is an interesting result stressing
that deelping countries with hider adgotion asts delbby tednologal substitns

ton. Fnally when we Eteconamies adgotdoninated tednologes, we reer tte
dosolescance er ectbutwe \vanfy that ted nical prageess inareesss the tednologcal
g betneen develping ad develped countries; in other-words, develping acoun

tries deal With hider adgotion assts investing in ddertednologes whidh reguire a
smalker adpttan e at
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10 A ppeix

P yoofF of P rqpasiian 3
Total dic ereriation of the . >edpantegquatian T = F(T5TS) = 6 (TP, after
rearrangng &ms in this way

1 ieirT“ _ei°r° ieirT“ _®ei°F°(1 iei(ric)D)

1= i i
r rij° rij°

yvielos
BT _ o i PP :
D ~ [l jeiCidT"+ @(l jeiCiID]
U nderassumptian 1, the gotimal Fetime inareesss ifthe adption assts nse thrauch

an inaeese In D. To esteblish axxaity mudh mae tedias anputatias ae
nesded. L etus ce.ne the TUndian Q (5 ) in the Dllonngway.

0

1 ieirT“ i 77 ieirT“ ®ei°F°(1 iei(riC)D

Q(@;TH= . i i = il=0

then ifwe daoke by T() the Tinctical eltianbetneen T ad D, T = (D), tte
neasssary seaad ader dervative shauld satisty

1 £ o
D) = i(Q—z)?’ QuQ7+ Q207 §#2Q41Q:Q 1

Ql: i®eiornei(ric)D<0

—ITT ] jeiCiI 4 @l jeiCiP
Q.= — >0

Qu= 8@ i 9 TP >

Qp = ®Céi°rc’ei(ri<)D> 0

- B£ - - (o} - - o
idelor 1 iel(rlc)T + 0@ iel(Hc)D

QZZ - r.io

+

ceic’rc‘ei(riC)D
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N ovdosene thak

QZZQ?]_ ileQZQé& — ®2Céi3°|—nei2(ri<)DQ

£
C i i = i (i 9D
pi i 1jger®i r+_®c(>1 pett! -

AsQzQ7>0adQ;,Q7 §2Q010:Q1 > 0, wedogetf(D) < 0

Sectiaon 4. Canparative StatisticR esults

(1) D inerentiating equatian (8) wWith respect o the adption asts gves.
0T _ O@r j DpiCiP

= >
@D L jeiCid"+ @ jeiCidD] ’

@Tﬂ_ 1 iei(ri‘?D S
00 [l jeiCidT"+ @(l jeiCiID]
D ir erentiating equatian (8) wWith respect o < we dotain

0

0T° _ 1iet@OT §T° i 9 .
0= (DL §eiCidNT+ @ jeiCioP] o
® 1 jeiCidD iD(r iC)ei(riC)D iTr i 93 jeiC@ip
iDL §eiCiI+ @ jeiCiD]

A s 1-ei*x0 enolfi-ei(”c)D iDU i il T § O iei(rﬁDois adce
asssingndion of T® and iszarotor T 7 = (), we dotain anegative relatian betneen
the gonth rate ad the Fetime oFmadiines.
(i) W edrectly dotan the er ectof the parameters analyzed anH ; by diz eratiating
egLatian (7) Bkdnginto acoountequatian (6.

i ¢
oD H?

iyre
@_H_ @@W-}-T <O
0® H 2
@H 1 @T"
g=" Tirg="!



(i) W e..rstdak that adgption asts a ectdetraded autputin a necative Way.
RepldngH ineguatian (10), tBking into acoountequatian (), and div erentiating
with respect oD g\es

1 gei™

Y= ey @)
oY 1 [ ] R
9D ST=+ 8D) (RTT @7+ 6D)il+e orn)—@D 0 ie’™)

L.he resulitis dvias & 4 > 0, and te Tnctian

RQiTT"+0D) jl1+ e Hesttevale) TrT%= (| axddeaesss YT >
0. D meratiaing 26 with respecto® we dotain the same paeitive en ect
T o dad the inverse reltian betinean detraded autputand tednologcal progess
wecde.rex= T5 so

1 §eiTT 1 jeiX
T e+ @D X+ 0D

=6 (99

8y _ 86 6, 06

= oxe= @<
D irerentiating G with respect O < ad X, we dotan an invarse relatian in both
G5es.

06 _ 8D jie™)
= " (x+ @ DY

@G e+ xeiX jl+ @ DeiX

- = < 0
0x X+ @ DY
T odedkthe necative relatiaon betnean the rate ofted nical pragress and the gotimal
FEetime V\em.eioproett“atg—fg 0;thatis <T°isinasssingwith respect o ©
oF
0T _ 1a, AT°_ _a_ o0°
=T > =T 3 =2=—
T T T
eT=
where
- AilT"® iTe - 4§rT7"® iT= = Ai@ioD
le.e ie .i) i®e (1.eo )i1=0
r ri ri
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OF 0(T) _ [a0F  gF
@o

oT= 0= oT="
OF oF ] AT
admekaeal%ysknmmﬁg 0 ande 0t == > 0

Section 7. Canparatie Statistics R esults.
Jaabianll atrix oftresysem [(F); G)] ™ (S

1 ieirT _ei°r ieirT _@ei°r(1 iei(ric)D) )

1 =
") e rio i 0
- ailT i<T = Ai@ioD
©) LR, BRRTTC R 4y =
[ ]

T heJachian !l atrix ofthe system Gan be eoressad by,

Fr Fx

J:‘GT 6

W here tre .. rstand the seaod colmrs of J reer 1o the partial derivatives of the
LHS of (S repectinvely writT and K, ad where F+1; Fg; ad G 1 are strictly
paitive adG ¢ is strictly necative.

T he Jacdoian determinentd et J is thus strictly necative

det J= F+Gk iGTFK<O

W edenoeFg,, Ge,, Fp, G p, Fs G < the partial devatives ofF Swrt®, D; ad
S whereFg,, Fp, adG p arestrictly necating F< G < F< G - arestrictly pasitive
andG g, Is equal tozera B y Cramer’s ruk we dotain

0> Vige; > 0ig=< 0556, > 0, arda‘nanhgn,seoectﬁ‘@[) and@o

ShortR un D yraemics ofF Jdo Creatian

Inallte.. gwesswesetr = 095 <= (13 adwevaryD, ad® isoble tee ect
ofeadh ae ofttem in the dynamics ofH (9. In..gures 35, the inftial codiias
are suppaad tobe inaessing H (9§ = ae’?t*frt< (. In cotrast we assumed
odialintal adtias in.gures &3 ; Trthe praJiass .. gures we setthe olloning
infial coditias,

Ho(D= b+ hesir()
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