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A bstyackt

In this paper;, we study the properties of gotimal gronth mooek pr
I elbon and P hebos (966) where the Ebor resaurass of an econamy
G be allocated freely ather 1o productian, tednology adgptian or
pialmantenene. | e iIstdaractarize the balbnosd gronth paths
of a bendmark madel withaut maintenaenae serics- T hen we in-
roduce the maintenenae ectivty va the depreaation rate of Gpital.-
W e daraderize the gotimal allocation of Bbar aaass the thiree ac-
tivities_. / e proe thatwhen tednologcal shods oaaur, eou ibrium
maintenance and adgption qperate in pasite directias- T he main
prediction of the madel is that thaugh pital maintenence degpans
the tednologcal ggp by diverting Bbor resourass fram adgotian, it
oererally inaeeses the g run autput el ateopi ibrium -

Keywords: T edrology adgptian, Cepirtal maintenance, T ednolog-
algp, L ag run astput bel

Jaumal ofF Eaoamicl iteratuwe: BE22, E32,0 40 .

= he authars adknonedee the suppart of the B elgan ressardh programmes \ P olss
df trectian interrunivarsiairess'” PA | P4AL, and \A ctian de R ederdies CacrSE'”
9944235

YCanmespading authar. U nverst catholige de L anain ad IRES, P e Il ar
tesquieu, 3,B 1348 L anan-Bl ene @ ebqe)- E-mail: baucddkind iresudachbe

ARESU L

YRESUCL



1 Irtrod uction

Severalcortrb utbrshave sres®i INthe recert yearsthe ro k oftechro bgy
al optorxodsinthe gow th process. W hik partc ulkr immportarne hasheen
agvento the gu y oftechrobgral irmevatonproceses the cord erab B
weidht ofad optoncogs(Lp-to twerty timeshigher thanthos Br irrova-

toniNG DP, e Jovarove, 1997) hasrecertly re-d rected irtereg iNthe
proEssontow ard sthe su y ofprob Bmsof RPuldonart ai optonofraw

techro bges. T here isa veryextersave Bterature ofad option dresgrgmos by
the peci ¢ virtage physcalari humancapitalrequired Hr imp Ementirg
inovators (ke amorgothers Parerte, 1994 ,Berlnabb ari Spiecgel 1994,
art Parerte art Presott, 1997 .Basxall, mp Ementirga rav techro bgy
requirescapitalari (dallkd ) Bbor resurces. By d vertirg tho® redurtces
Fom the prod utive sctors the mp Emertationcogsare a reallb ud endr
the ecoromies w hith may either prod ute a Sbmp IN6 DP ari prod utivity
gowth ¢ reerwood ari Y orukogly, 1997), or evencaus the ecorem iesto

cet rto a poverty trap (Dmark ari Le Vary2000)-T he prob Em oftog iy
al optonisobviously muh more cru B IPr d eve bpirgcourtriesw heh typ-

raly kekcapitalann ddalls. Asa corgquenie, mos devebpirgcourtries
have kept onirvegirg iNnd omiratel techrobges®r brgpernd softime,
whrh hasinuel a geal y riee inthe techrobgrallgap w ith repect to the

rched courtries. T histreni isevensharper afer the debt crigsofthe early
eighties.

Astechrobgy al optoniscog ly, inu irga Sgi cart d ehy inthe mp B
mertationoftechro bgralimprovements the mairterarne ofthe techro b-
gesinuk an the asoctel fockotapitalisa key I8 e_ Suprigrgly, the
recera macroecorosmt Bterature hasalnog d isecari el it Amorgthe very
By exceptiorsl eairgw ith mairterare iNnthe macroecorsmy, ore caneru
merate I ¢6 rattamard Schmitz (1999), Lrariro ara Puh (2000) ari Col
hri ari K o lirizas(001)2 AMthes papersare mos l/cornerrei w ith the
cye kalpropertiesofmairterane ani itsimp katiors®r thebugaresscy b
Inpartcukr, the correctionb etw eenthe al optbNart mairterare deck
wrsisrot gU k! T hisom isoniscertairly rot motivatel by guanitative

' ot so in the seventies with the noteble cotributias of Felostein and R othschild
9724y, ad\ idell (975).

2A nother aotribution dealing wWith investment ad cepital maintenance is die o
B auakkirne and R uiz-T amaxit Q001 ), but it takes a deliberate miaosooamic gopraach.-



cordl eratbrs. Actuall, mainierane ar al optoncogsare comparab b
iNntermso® DP _W hik the Brmer are esximatel to be aroun 6 of DP
(el ¢ rattanard Schmitz, 1999, inthe Carad enca<s), the htter typt
callyamourt to about 10% iNd evebpel courtriesasreported INJovarove
(1997) - T here are trther rearsto beleve that ai optibonart mairterare
d ecigorsare rieel corrected ,ard shoull be treatel assrh. Anobvious
rea®nNisthat mary rmshave inmin the mairterane imp katorsoftheir
al optiond eciors. A rm cand isecani the ad optionofa rew techrobgy iF
it ank patesa cod W/pace ofmairterane cogshoth iNnphyscalarn human
capta LT hisisevernmore cru ialw hentechre bgra lad varanesare emb od ied
incapitall

T here Isarwther reanto treat mairterane art al optornw ithinthe sime
Famework.Actua iy, just Blke al optiory mairterane ( vertsreutestom
the other sctorsarn activities it coreqertly "tompetes*w ith al option
iNthisregect .l airterane activitiesd o require hunanari physcalcap-
ital g Blke ad option though ore canreasrab Iy thirk that ad optionis
more irtergve INhunarcapitalL T he Bbor opporturity cog ofmairterane
iIsdresei INT Renart || ortimore (1994) who gul kel the rok oftapt
talmairterarnie ari techrobgy al optioninthe gow th recovery ofK erya .
I airterarne experni ituresare ineel iNLiel iN@cilcog-bere taralgs
iNthiscourtry ca but ""_it isrot abaysrealkel that Bbor onmairte-
rarne may have a rigrgopporturity cog _thisrequiresa w i maragemert
ofrecurert mairnterane cossifthe bere tsofirvesmertaretobe hsirg'”'.
Inthispaper,we gu y the outcomesofoptimalgowth modelbp h NelbbnN
art P hebs(1965) w here the Bbor resutcesofanecoramycanbe albcated
Feelyeither to prod wtionad optionor mairnerane.Techrobgralprogess
ist imbod kel , the certrallp hrrer hasto deci e how muh Rbor hasto be
d evoted to nreagrgthe gockofkrow Bl g ofthe ecoromy (ad optior) ani
how muh Bbor shoull he asgag®l to the mairterarne oftapitall

Labor onmairterane ( ecreaesthe d eprec etbnrate oftapitalasinil c-
0 rattanard Shmitz (1999). A FactionofFhbor reducesisievotel to
ad opt the irrovatiorscom irg¥om abroad , fom a Bal rgcourtry Br exam-
pEB_There isro R& D activity ari hbor resucesare >al . T hisis el
to cererate anever hgirgtechrobgralggp asinthe origralNebnani
Phebs cortrbuion T hisconguationisrot orly suitab B Br the du y
ofievebpirgecoromies. kt isvery we Bkow Nnbr examp k that the hrges



part ofR& D devotel to the inbrmationtechrov bgesisun ertakeninthe
USA, ani that inthisseci ¢ el , the £ uopeancourtriesare \ad opters*
rather thanirmvators. INnsxth a feci ¢ cae, there exatsa techrobgr
callagap betweenthe USA ari £ urope, a peragert techrobgealcap i eed
agventhe INreagryl Rerenie INR & D experwsh etw eenthe two cortirerts
inthis el _ Thisgap canderive fom a d el erate srategy, al optibnNmay
he prefrrel to R& D.T hispaper ai § sarether pokyoptiornyan aid reses
acomp Bmertary isge: Coull it be acas w here captalmairterane ispre-
Frrel toad optior? W hat isthe optima labcatorofhunarxapitallreuces
acrossactvities? Hpreamab by the mairterarne actwvity d verts hbor fom
al optonani istheretre Bkely to i eepenthe techrobgralgpp, doesit IN
courterpart ri the ((etreriel ) BveloFinnome asit rel uwesthe recative
mpact oftapitalld eprec mtor? How ¢ 0 mairterane ari ad optiord ec I90rs
shrf uni er exogeroust hargesinthe pace oftechrobgrallprogess ari how

il oesthisa®ect the ecoromy? ABthes questiorsw illbe tackk! abrgthis
paper . Sine the short rund yramcsofthe cordl erel modelbdo rot ad(
muh to the resulksobtaire! iNnthe bakrel gowth pathg we redrit our
aral/asto the htter paths.

T he paper isorqarzel asTtThhvs. The rexdt sctonisdevotel to bre°y
prert ari characterize the geal y gate equilb rium ofa bernhmarkmod el
ofal optonpa k Nelbnar P hebs(1966) w ithout mairterane. SectionN3
inorporatesmairterane iNthe bernhmark mod elar e>xamireshow this
a®ectsthe propertiesofthe mod elinthe gead y gate -Sectiornd corn i es.

2 Thebernmhmarkmod el

Wecordl erarecorsmyw hcthcompriesa cortiruum ofin rite lvel agenis
ime>xed fom 0 to 1. ARin vl tlak dare the ssme prefrenesthat are
characterzed bythe KEtime uility fntior

X
“WCo:
€0
where 0 < < 1 isa corgart ¢ isourt fctor ani C ¢ iscorgmptionin
pernl € There isrot i eskility oFhbor ari Bbor spp V ise>oceriusan
equallto ore_We assme that hbor iIshomogereous but it canbe ( evoted



either to prod uwtion(L) or to al optionofrew techrobges(l, © that

1= Let W

T he ad optionoftechro bgesisthereBre cod by 9ne it requiresa FfactonoF
totalbor sppl/-We cordl er the ca ofa snallcourtry w ith ro rearch
activity_ Acrepreristhe sate oftechre bgy INnu= iNthiscourtryat d ate ©
A repreenisthe state oflkarow Bl ¢ at time t; that isthe bes techrobgral
Bvelachievab B,w hch coull be irterpretel asthe techrobgral Bvelofthe
ret ofthe worl . A} gow sexogerousl at a rate <. The more hbor is
d evoted to ad optiory the snalkr the techrebgral cap betweenthe snall
courtry ari the red ofthe worl is. Thismod elirg reemb EsNelbnan
Phebs(1965).-Il orepreciel,we st the Tbw irgad optionequatiort

£0 o)
At: Aﬁl"‘dﬂulA._—lliAl‘.l
0 < p< 1:

A ri inthe techrobgy inue bvel A > Ay, re’ectseither aninreas
iNthe kbor Factiond evotel to ad option or anuyw ard s iNthe gate oF
krow Bl g, A%, or anexogerousshif inthe prod utivity ofthisactivity, d -
Aninreask iNthe htter varib E may Br examp k re°ect ane>ocerousim-
provemert iNnthe dillsonthe kb or Brce - Note that ad optionhast ecreagrg
retursto kbor, k. iscornave w ith repect to wL Dowb Brgthe kbor Faction
d evoted to ad optionw ilinrease the techrobgy iNpractre Bvelby a #c-
tor grctly bwer thantwo . T hisassmptionm m csthe hypotheasusa ly
d ore inthe R& D Mterature accord rgto w heh there exast § ecreagrgreturs
to the rearch eRort (br examp E, e Jores 1995, or Cabalkro ari J a®e,
1993 .We assame that s lke rearch, techrobgy al optbnissb gct to
acrowd rge®ect whrh mainly re°ectsred urdany iNthe ad optioNe®ort -

Firaly the ecoromyprod wesa ralgpod w ith a Cobb-Doughkstechro bgy
ugrgcapitalars khbor,w ith® the capitaldare_T he techrobgralprogess
repreeriel by the gock oFkrow Bl g Ag, ISl Imbod el - | oreover, we
hypothesze animp Emertationd e by ofore period , iNnother wort sit takes
ore perind to irorporate the techro bgralimprovemertsinthe prod utive
xctor:

Ye= AgiKgLe":



21 The certrallp hrrer prob Em

T he Triamertald ec Ionto he takenby a certrallp hrrer iNngch anecon
omy isvery amp k: For a gvengockofapitalK ;;,an sockofiaow ki o
A;1,how muh Rbor hasto be devotel to inrea the Sock oflaow Bl e
art how muh hasto g to prod ution r the w e Mre ofthe ecoramyto be
ma>am el ?

M aXs gAagiel €¥eC ¢l g W
€0
b pct to
Ye= AgiKg L' ®
Kt: [1 ii]Kﬁl'i' If; (2)
£ =]

A= A1t (e Ag: i Agt s €)]
1= Lt W @)
Ye= Cot g ®

ogveNnA;; ard K;; ari the correpor irg pogtivity con itiors (rotab Iy
0 - W - 1)t isthe capitalld eprec mtioNrate an | ¢ iIsgossirvesmert.
T he inerior @ Ltionofthisoptimeationprob bm ischaractereel by the
Thvirg rdorer contitiorse

UqC o= _UO(Cm)%AK%”L%‘? +[1 ii]o: ©
£
KLU e 1) = Lei Le1 idnlliflo; @
A i ®)AGIKEG LU= g @)
£ o]
AeYt AL 1 AGr = 1 ©)

where ! ari , are the mukip Eersasmc itel w ith the Bbor market ¢ Barirg
cont itionari with the bw oFfaccumubtonofiaow Bl g repectively. 1
canbe irterpreted asthe adow wace at t ari | casthe adow prre oF
krow Bi g at thisdate. £ quatbnN(6) isthe farnarni £ ukr equationNob-
taired fom Ram=y gow th mod et gquatioNn(?) provil esthe optima lruk
Br krow B e accumubton T he margrallprod utivity ofkrow B e (eval
watel INntermsofthe margral uility at t+ 1 becaus ofthe ore-period
mp Emerntatond eby) shoull be equallto itsshalow prie at € mirusthe
poterti lgaininthe valle ofikrow B ¢ fom to & 1.t quators(B)-(9) are

the optimality cont itorsw ith repect to the Bbor varieb ks_ Sine hbor is
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homocerovus the margirallprod uwtivity o b or ( evoted either to prod ution
or to al optionghoul be equallto the shalow wace-

Anmportart I8k that canbe tackki very eagly w ithinour famew ork
A h Nelnarn Phebs 1965) conerrsthe behaviour ofthe techrobgral
Copp over time arl acrosscourtres (e ab Berinab b ari Spegel 1994) .
Ineed , the techrobgiallgrp, TG  at tisby d e‘rﬁbn%,w hih by
equatoN(@A) mp ks

1”At 11
il :

TGe=
Gt Ut Ag:

T hetechrobgrallgap d epert sorthe al optore®ort yrari onthe exocgerous
prod utivityvariab Bd - Together w ith the ad optiorequation(7), thisamp k
expressonperm itsaneasy asessnert ofthe { yram c softhe techrobgral
op ani its brgrunproperties. Note ab that rfthe brgrunvale ofthe
al optoneRort isroeriero, thenthe techrtbgral ggp d oes rot varish in
the the gead y gate, a remarlkab E property ofiNelonari P hebs al opton
mod e bw hth makesthem mog appropriate to gulyecorsmi d evebpmert

prob Bms. We row irvesicate the seal y sate propertiesofthe i yramk

sygem (1)-Q)-

22 Thebahrne gowth paths

We asmme a baarithmr uility fntion. Abrgthe bahrnel gowth path
Lpart Leare cordart,art the remairirgvariab ksgow at corgtart rates
Derotirghy g« the brgrungow th Hctor ofa variab kB X cari X itsbry
runkvel we have the Tbw irgproperties

P ropodtionl HA) gowthat rate <> 1, allthe other variab Bsgowth at
gric tly pogtive ratesw ith

ga= <
1

Oc = Ok = 01 = Oy = gA’

1
® = e

T he propertiesare trve By checkel by w ritirgthe regrctiorsamorgthe
i Berert gow th ratesthat the s/gem (1)-(9) mpo<=_To compute the brg
runkvelE the sme approach hastobe ©bwel - Inord er,to amp kfya Etk



bit,we ux equation(9) to eimirate the mukip ker | _ T he resukirg eigt
redrrtorsare:

T gAKOLI 4 1 s
o £ o}
TKOLYNO=Ee b 25 (gl
C Jpuil@ § A
(L §0)AK®LI® = C1<ne
ACCil) = dul iA
Kens = (1 jH)K+ | =us
Y = C+I
L+u=1

Yo = AKCLIC:

k isthenquite easy to prove that the previbus datiorary s/dem hasa
9 Ltonrfthe gow th rate oftechre bgralprogess <ish igervugh -

Propogtiorn? H<=> 1:
() a ugLe datiorary equilbrium exdgsBr our ecoromy,

o.

(i) the brgruntechrobgealagp beirgTG6 = d—;j we have the Blbwirg
comparative datk sproperties

ou _ @TG

o <0: i <0

ou TG

-— > 0; = >0

0= ]

T he proofisinthe apperd iX-T he comparative Satk sresuksare mportart

to unergant the bhast mecharisnsat workw ith our ad optionspeci cation
The sme mecharisnsw ilwork iNnthe exersorscordl erel aferwan s
Frs rote that the prod uwtivityofthe ad optioractivity inreaes ke .d ries
the Factiorofhbord evotel to ai optongpest ow N ut the techre bgra lgap

opesd ow Ntoo -6 iventhe expressonofthe brgruntechrobgralgp, this
mearsthat the prod ut d Ut riesw hend greswp (epite the rel Ltonin
the ad optione®ort - k Isrot hard to i ergar thisoucome _P rod utvity
mprovemertsinal optorna by to inreas the gockofikaow B e everw ith
a bwer Bborcorirbutionto ai optiorn. INngchacas, more bbor iIsassagr#d

Ve



to prod wtorn Hthe inrea INd comperwmtesthedecreae iNU k- M U
iNreaes 9 that the gockofiaow B ¢ keepsonrigry, the ecoromy airs
adow B advartage: !l ore prod utionara bwer techrobgralgp -

W hen<inreass the techro bgralagap is kel to rie sharp by ifthe econ
omy oesrot inreae b garia by itsal optione®ort - How ever rfthe ad op-
toneRort Inremert i1stoo big, a very bv FactonofFhkbor willbe BT Br
prod utiorn ari the coremption kvelari welfre ofthe ecoromy w ilER
dramatcally. T here Isa ¢ Bar trad e-o® here. Inour mod el thistrad e-o®
isxttbl as©hbw s W hik the Bbor albcationto ai optonw illri, it w il
rot rie erough to 0@<et the recative eRect ofthe exoceroustechrobgral
acce Bratbnonthe techrobgralagap -

Let usirtrod e mairterane row -

3 Inorporatirg captal mairterarne mthe
ad optiornmod el

We irtrod Lce mairterarnne oftapitalasa Bbor ®rvie.Laborcarbed evoted
toathird activity, mairterarie,arit wed erotebym _T he¢ Barirgcon iton
ofthe Bbor market hecomes

1= Lt+ Ut M (10)

I airterare frviesalbw to rel ue the physsalld eprec etbnofapital as
Nl ¢6 rattarard Schmitz (1999), Lrardroart Puh @000)ard B ou ekkire
arm Rue-Tamarit ¢C001). INnsch a famework, capitalevolesover time
accord rgto the Tbw irg bw ofmotior

Ke= [1 i+ 9K g1+ 1€ 11)

By choogrgm ,the rmsor the certrallp hrrer d etermire the d eprec ation
rate +(n ). T he d eprec mtibnrate shoul I Bthe T v irg requirements
(e Brexamp B,Bouekkire art Rue-Tamarit,2001):

@x@Mm)>0,xMm)< 0 +qm)> 0
OL UREE D EE



Coni tiors (i) are the expectel pogtwity, morstorxity ari corvexity re-
guiremerts. Coni itioN (i) ersresthat the ecoromy canrot ¢p hebw a
mirima lva Le correport irgto the \ratural"d eprec atbnoftapitall + .

Thisisthe uque d eviatbncordl erel INthis<sctionw ith repect to the
bernhmarkmod e Iirpart ukr,the al optiongl e ofthe mod e lisunharged ,
kE.equationd) isrot akerel - T hismearsthat the ad optiond ec iIoNisorly
correctel to the mairterare d ec igornthrough the kb or re@utcescordrairt
(10) - Incertainca<es, the pace ofad optiorncansbw d ow Nb ecauw ofthe ex

pectel I uel mairterane codsaswe mertioral inthe irtrol wtoN.T his
isepec il the ca w hentechrobgrallad varnesare embod kel incapital
ool s. Hitechrobgralprogessisi iembod k! , the Brkbetweerncapitalac-

cunuktonar the mp Emenatonofrmvatorsishrokend ow nard ore
canperktl/ disorrect the two decigors. INnsrh a ca<, al optonan

mairterane irteract via hbor re@ucescompetiton T hisisthe approach
Thvel INnthispaper. Techrobgralprogessisi iembod kel , the mairte-

rane frvresa®ect the pace ofap talaccumuktoran the ad optiore®orts
shape the pace oftechrobgrallprogessw ithinthe courtry.

Bothactivitiesa®ect the prod utorEntion via the capitalirpu Br main

terane, an ( irect by through tota Ictor prod uwtivity A Br ad option Ac-

tua iy there Isa thin (ird irect) e®ect onprod wetioncom irg fom thes two

leciIrs Asuani /orm rie, there isksshbor BT Br prol uwtiomn.Herne,
lepite itsamp bk sruture, our mod elpreriserouch irteractioncharre b
to albw Br a rontrivield isuson. Bedl e the d erivatibnofthe optmal
albcatbnofreucesacrossactivities a very irtereirg IS8 e ariesinowr
<t-Lp,asmertoral iNthe irtrod uwtiorn Hmairterare ( iverts kb or fom

al optonarni istheretre Bkely to i eepenthe techrobgralgpp, doesit IN
courterpart rie the Bvellofirnome grne it terd sto inrea<e the gockoftap-

ital? T he ab ove fatel three eRectsofmairterarne ari ai optiononNoutp ut

s0eg that thisquedionmay rot be tt bl ina amp bk arabtralfEdhion
We tackk it hebw atfer characterzirgthe certrallp hrrer prob bm _

31 Thecertrallp hryer prob km

T he certrallp brrer prob Bm isthe ssame asthe ore cordl ered inthe benh-
markmod ellw ith two d Rerenues the accunubtionbw oftapital(equation
(11) rdeal o)) ant the ¢ Barirgcon itionofthe kbor market (equaton



(10) irgteal oF(@))- The irterior © Lionofthisoptimeationprob km i1s
characterzed bythe Tbwirg r< orier optimality cont itiors

U= ‘u°(cm)£®Ad<%”L;‘f>+ 1520w L)
£ o]
_K%Ll&i?uo(ctl): el oLe1 1 gddg,
@ i®)Amr£<%1L{®U°(ct): g
j@]
Ldagt Aoql iAgr = 1
Kgi[itm U= ¢ @3

where ! ari |, arede rel asingb<sction? 1_ The recesary conl itors
w ith repect to krow Bl e, A, Bbor, Ly art ad optiony y, are rot akerel -
Asore cancheck, the scont , thiri arn Hurth equatioNnofthe s/tem jus

above, correpori irgto the htter cont itiors are the optimality coni itiors
(?, 8) ari (9) ofthe certralp hrrer prob Bm iNnthe berahmark mod elL
The £ ubr equation(12) row inorporatesthe mpact ofmairterarne on
captalaccumubton A charge inthe mairterane path over time a®ects
the accumubktionoftapitalar the pathsofprod utonNar coremption
A raw optimality coni itbnhasto be takenirto accourt. £ quatoN (13

characterzesirieed the optimalmairteranedecison.The margiralbere t

Ffom mairtainirg the dock oftapital (evalatel INtermsofthe margral
uility oftorgmptior) soull be equallto the shalow wage, whrh isthe

margiralcog ofmairtainirgcapitall We row provil e a characterzatono®
the bakrned gow th paths.

32 Bahkrnel gowth paths

Thebahrnel gowthpathsaredie red asinsb<ctior? 2 . Inpartcubr,we
are sekirgpathsw here L m ¢art yeare corgart ara comprisd between
0 ard 1, ari where the other vareb Bsgow at a cordgart rate. k isrot
d & cul to check that P ropogtionl sillapp ks inour exterdon that is
0a= S,anm gc = gk = Q) = Qy = <T@ _ Inord er to come w ithanmarabtral
characterzatonasamp b aspossb E ofthe exddene an rgLEressSI|S eSS
we parameterze the d eprec atoNEntonastibhv s

M) = aja’
0 < b<1l
a > c© 0:

10



T he redrrtibrsonthe vaLesofthe parametersare st to il Bthe require-
menis(i)-(itobe satisel byarad missh Bd eprec mtiorEntion( < b< 1
isrequirel Br d eprec etoNTNtioNbe corvex, ari a > cmearsthat the
\ratual'd eprec BtbNrate, + = a j cispogitive P arameter a isthe capital
d eprec etonNifthe p hrrer d oesrot d evote ary hbor to mairtaincapital
an a j asthe ratualld eprec mtonrate .W ith thisseci catiornythe mod el
mp kesthe Tw rgresrrtiorsofthe Bvelbofvariah Esabrga bahned
gow th path:

Tie
= @AKOILNiI®t 1 jat @P
_ £ _ o
KeLtie 1 =i @ gdd)
<ns C (pUit @A)
ban Ptk = C1 e
(L §i®)AK®LI® = Ccl<ns
ACil) = ¢dQ A
1 S} 1
Tie C = AKLYiI®+ 1 ja+ @P K jTiT K
L+m+u= 1
nFY = AKOLL®

T he brgruns/dem irvoleseight varab BsL,unm ,C,Y ,K,Aari ! _ k
isposb Bto n a st ofatciert conitbrs®ranai misb B s Ltionto
exas ari to be urigue, arl to d erive ©me comparative fatrs.

P ropogtionN3 Assume that the parametersofthe mod e lc hec kthe B ibw Irg
contition
. #
“Tie

T hert
(MMauxe dealybltonexddswith) < < 1,0<m < larnm0< L< 1,
(in) the B Ibw Irgcomparative gatk sapp -

) withrepect to d, TH'< 0, 5> 0, 8-> 0, an & < 0.

(W) with repect to < 2£> 0 ani &% < 0. The sighofFit ani &S is
ambigous.
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T he proofofthe propogatonisextremely heavy, it isreportel iNthe ap-

peri X. Fird Bt uscommert onthe a|’mptionmad e INthe propogtiorn
Quite graichtBrwari by, thisassmptionmpossa bwer boua Br the tech-

robgralprogessfctor, <-T hisbwer bouri d eperdt smairly onthe main
terane parametersa, barmi < Sinme < 1 ard ©> 1, ani dne the
parametersa art care ( wectlyrebtel to the capitald eprec BtbNrates ani

thusare snaBrealrumbers our asamptonsoul be very eagly checked

exept whenbteri sto 1.T hisrever happersinour runercallexperinens
aswe w illze hter inthissb sction

I wwh more mportartly, the comparative datr sresuksakeal y gve me
iraght irto the comp Bx irteractorsat work imour model. Inthe cas
ofanexograusmprovemert iNnthe al optiontechrobgy, k- whend ries
the regitered comparative gatr sare quite am ikr to thos ofthe b ernhmark
mod e LFor the sme rea®rasinthe htter mod el d espite the al optiore®ort
isred uel , the techrebgrallgap gpesd ow Nasthe produt ¢ Uit { ecreaes.
The red uwtioninthe kbor albcatioN®r al optoNpermitsthe asagmert
ofmore Rbor redutesto mairterane .|l airterane art ai optiorwork in
oppogte ( rectorg ari thisproperty femsto be ore ofthe mod s lkert

oucomesofthe mod e linkveralgtuatiors. Ineel ,the sime property aries
iNthe case w here a techrobgralaccebratbnoccus ke <ries. The kbor
albcatonto al optoninreaksw hik kb or onmairterarne goesd ow LT he
Hct that ad optionar mairterarae move iropposte | irectiorsirb othcass
re°ectsmairiy the arb itrage b etw een\prod uwtive'"ari \ronprod uwtve'" k-

bor, ramelybetweenL ard the =m wt m _Suppo<e that both al optiornari

mairterane @ W iNrepore to a techrebgralaccekbratior. Then bbor
albcatonto prod utonarn s to coremptionisikelyto d ecreas Sarp by
W herorillyal optioror mairterarue bbor shrfsuww an , thisguararieesthat

iNnthe wors cae hbor albcationto prod uwtionw ilorly d ecreas siidt /.
Actuelly, the reactionofvariah B L when<chargesisarabtcally amb igu

ousw hik it inreaksc karlywhend gesw - T here iIsaneasy exp hraton
to thiscortrag . Whend varikes it hasa uigue d irect eRect, ramely on
the ad optontechrobgy.- k resulsina charge N kbor onad option an

it orly a®ectsthe mairterane kbor via the hbor re@utcescorgrairt. In
cortrag, w hen<moves it d oesrot orly a®ect d irect by the ad optiontech-

rbgy, it ab ertersexp kit by the optimalcapitalaccunuktiond ec iSon®

W hidh is gven by the " Istequation of the steedly stake system of equatias isted at
the begnning of this subsaction.-
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whh deperi sonm . Herne, w hen<moves there are d e ritely more eco-
romr irteractiorsari mecharisnsat work incompari@nw ith the shock
ond . Asa corgquenie, w hik the htter ca permitsa comp kte arabtral
characterzation the frmer i oesrot .

T he amb iguity inkbor onprod uwtionw hen<shrfswwarl isreporsd b
Br arother amb iguity to ari: T he techroebgralgap cana priori inrease
ordecreae urier a techrobgrallaccekratioryw hik it ¢ Barly goesy inthe
bernhmarkmod elLReca Bthat TG = % asinthe bernnhmarkmod el Inthe

htter mod el a techrobgrallacce brationgimuktesa b iger Bbor albcaton
to al optior. However, thisrie in kbor onald optioNisret S ¢ ert to

keep asc b= to the techrobgralfortker ashe®re the accekratibn. W hen
mairterane isinliel , Bbor onal optioNnisadd itiora By Bvorel by the

l ecrea INmairterane, urkssthe Bbor resuctesteel by thisrel uton
inmairterarne are ukimately assagr® to prod uwtion Sirne the ePect ofa

techrobgralacce Bratiornonl isamb igous 9 isitse®ect onthe magritu e

ofad optionrie - T hise>p hirsinturnthe amb iguity ofthe techrobgra lgpp

repore .

Sine @me comparative datrsare arabtrally amb igous we rert to ru
mercalexperimerts. Fird ofall we calbrate our mod elinori er to meet
Pme preci® criteria - 6 enthe ob pctivesofthisartr B, three prinpal
in catorshave beenkept iNmir abrgthe way: T he Factonofad option
cogsintermso® DP, the Factionofmairterane cogsintermso® DP
ar the ratio irvesmert to output T he tab kB jus hebw gvesallthe ( etailb
about the bernhmark parameterzatiornwe choo -

a b CcC |y |d|® <
042 (02404229 (07| 1(03 0987|1933

T he parameters ,® ard <are >el a priori inlire w ith the rarge ofvalles
usel cordlerel inthe Keratue. The parameter a hasheen >el iIN
ord er to have a capitalld eprec etonrate equelto 124 inthe ab e ofary
mairterane e®ort - Againthisvalle isinthe rarge ofvalescordl erel iINn
the Bterature. T he parameter chasheen >l to 0119 inorier to have
a captald eprec mtionrate o) 1% whenall Bbor reutcesare d evotel to

mairterarne . T he remairirgparametersb, u ari d have b eerchonirori er
to tthree fatidr s a mairteranecos arouri 6 ,arad optiorros arourd

10% ard anirvesgmert rato arourd ore thid - Here are the characterigcs
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ofthe deal y date equibria cereratel w ith thisparameterzation®r the
bernhmarkar exteried mod ek!

Bennhmarkmod ell| £ xteriel model
m { 002273
u 0419744 04113392 (G3)
L 0882296 0831226 (G3)
A 087416 08@8538: @)
TG 0 14 /A7 015136 (G3)
K 2 98184 333556 (@)
I 03631 0 3636 (@)
Y 192677 120315 (@)
C 0 880448 082091 (")
al 011763 01098609
- { 0946
¢— 033 03l

T he compari®nb etw eenthe bernhmarkari exteriel mod e bshow sc Barly
that the mairterane frviesiniue a ( ecreagrg hbor albcatonto either
ad optioror prod wtionw hch iNturrd eepersthe techrobgrallgap -Wew il
come backto thisisse inthe rext «ctorw tharmarabtralkharacterzaton
ofthe htter ePects. At the mirute,we w ilirvesicate rumercally the bryg
runimp katiorsofa techrobgralacce brationgrne sme arabtralresuls
are amb igous ramelly tho onhbor irpu INprod utonNart onthe tech-

robgralaap - Recallthat a techrobgrallacce bratbngmubktesad option
(uinreaes but d oesrot recesmrilyimpl/a bwer techrobgralgpp - T he

e®ect onthe techrobgralcpp ¢ eperdt sonthe optima lrea bcatonofhb or,
an iNnpartcubr onthe e ofad optioNeRort’sinremert. To irvesticate

thisime,we cornut the Tbw irgrunercallexperimert _We inreak by
1% ard compute the mued remertsinm , U, L ard TG rehtive to the

inremert IN.We perbrm thiscompuatiorn®r sveralva Lesofl 9ne this
parameter capturesprec il the et ¢ enny ofthe ad optione®ort - A higher
H'svalle shoul in ue higher al optone®ort ard possb b/a d ecreask iNthe

techrobgralgap - T he resuks(gvenint ) ofthe expermert are gvenjus

hebw -

40 bviasly, the parameters b and ¢ are not rekbvant for the bend mark model, whike
t=a.
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H=02 | u=03| u=02 [ u=05|u=0B| =07 u=08|pu=09|u=10295
j—ﬁ 137 214 195 179 165 1536 | 143 1315 13
%, ild 8 il55 | §1549 | §1583| §1615| §1615| §16:/3| §16399 il711l
25 047 | 016 | 044 | §0d6| 0B | il i13B| il® | ilz
44% 24 8 229 2133 20 1886 | 1789 17 163l 159
k shoul be rotel that whik the rumercalld erivativesw ith repect to u

(Rewp _-m ) areabayspogtive Rep - reqative), the rehtive varatonofL is
pogtive Br sk cerntly snally'svalesan regative Br ubigerouch.T his
conmsou arabtcalresuks Br uarn m onore harl, ard re°ectsthe
amb iguity ofprod uction bbor’srepore to a techrobgrallacce Bratbnon
the other hari . Aninreas iNu riesthe pro tab ility ofi oirgad option. As
the va Le ofthisparameter inreas the hbor reabcatonNismore ard more
Hvorab B to al optiornyw hich exp hirsw hy prod wtionbbor d ecreasesfom
U= 05.Firal, rote that even®r y very hich, the eRect ontechrebgral
op isabayspogtive, whrh mearsthat the techrobgrallgpp d oesini eel
worenater a techrobgralaccebrationeveninthisparametrc gtuation
T hough the vale ofuinreaksasy ries thisisrot St ckert to decreae
the techrobgralgpp asthe inremernts Nnuw heNn<riescget snalkbr an
snallkr._ T hissemsto be a rob ug property ofthe molelbp h Nelbonan
Phebs.

33 I airterane, techrobgrallgpp ari waome Bvel

Sine the mairterane actwvity d verts bbor fom adopton it isc kar that
it teri sto nNrea< the techrobgrallgpp asail optionisthe ugLe activity
whch permtsthe cortrolofthisgap - Aswe arge iNnthe irtrod ution
ore canthenad< W hat isthe trai e-o®? Il airterare a®ectsd irect by the
capitalgock, ari via the optimalalbcationofhbor redurces it iIsab a
d eterm irart ofthe ad optioneRort (Y ard the amowurt oFkbor devotel to
prod wtion(L)-T herebre, it a®ectsouput throudh three 1 igint charrels
the capitaldock (K), the gock oflaow Bl ¢ (A) ard the hbor irput (L)-
The rg ePect isoupu-augnentirg bu the two othersare liely to be
recative - T herebre, the eRect onoupu Bvelishard Iy uramb igous. k
semshowever ¢ Bar that a possb k bere t fom maintairirg the gock oF
captal isanoupu Nremert. INthis Stuation mairterane activities
l eepenthe techrobgralgpp but at the sime tme, they ri the oupu
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Bve T hisvery mportan isse istreated ind etaibinthissbh sction

To thiseri, we w illcompare the berahmark mod elw ith the mod ellw ith
mairterane (@assmirgobviously that the parameterscommonto the two
mod elBhave the sme valeg. How doesthe orporationofthe main
terane activity charee the equilb rium valesofal optonbkbor ard kbor
impu INproduton ard what isthe totalle®ect on (@ etrerded ) output?
Wederote by X o Resp - X ) the valle ofa varieb B X inthe bernhmark
mod el(Rew - iNnthe mod elw ith mairterare) .We have the Tbw irgamp b
inermel iate resuks.

Propogtiory | airterane activities have a regitive e@ect onthe hbor
allibcationto either ad optionart prod u tiorn Here they teri to Inreae the
equilbrium techrobgealgyp :

WL> U La> Ly ;TGA< TGy =

T he proofisquite trivial it iIsbhrie°y detchel inthe apperd <. ik ©bw sthat
mairterane hasthree eRectsonoupu kvel each ofthem w ith anuam-

b ig.ous=gL A renaero Bbor onmairterane inNreaesthe dockoftapital
(postive e®ect) but d ecreaesal optone®ort (bwer A, recative e®ect) ani

Bbor iput inprod uton Afer me trivelabebrar marpubktors ore
carw rite the ratio {'- aslu s

2 1 3 o #
STi® _ 1i® V1 Mo
= 1+ a i
A S— 5 o A gk gy
Ya Ti® An La

The rg term ofthe BE hari Sie oF(14) re°ectsthe pogtive eRect oF
mairterarne onoupu through capitallaccumubktion. T he scori ari thirt
mukip Kative termsre®ect the two recative eRectsofmairterare oroupu,
bwer dockofiaow Bl e ard bwer Rbor iNnthe prod uwtonN<ctor. 0 verall
the eRect iIsamb igous ari ursuaprigrgly, there isro arabtrallway to et
rii ofthisamb iguity. So we resort to runercalexperimertsasinthe ks
sbh=cton We keep onworkirgonthe ssme bernhmark parameterzation
0 rewoul ratuallythirkthat the pogtive eRect ofmairterarne onoutp Lt
cand om irate rfthe sze oFhb or onmairterane iserough b igar /or the
e ofhbororald optioniserouch snallLWe aralze thiskin oforgectues
through srativity sul kesw ith reect to the parametersofthe modeLL We
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liphy bebw the mod ineresirg rwtivity su y results ramely tho=s
Pr the parameterscari - A bwer vale Br cRes - 1) inuesa bwer
mairteranne (Resp -ad optior) equilbrium vale_The tab kb jud hebw gves

the resuksofthe expermenisonc

G003 05 | 07 099 | 011l | & 0119
m | 0003 [09128422 | 092124 | 003LB | 09451 00827
u|0117207| 011638 0116 | 0411519 | 0414083| 01136
Vol 100 1945 1973 11 1415 147
Ascogesuw, n Inreaks ugesdow Nart the ratio YYAA res® fven

very sna Bvallesofhbor onmairterarie have a pogtive eRect onoutp ut
equilbrium Bvel T he tral e-o® isthere®re ¢ Bar: Il ore mairterarne mears
abigertechrobgralopp but abe a biger ouput Bvel T he sme resul is
obtaired fom the :rdtivity aralasw ith repect to J asore cancheck in
the tab B bhebw .

| |

[ p=02 [p=0B| p=05|pu=066|pu=08|p=095]

B ernhmark 002 | 0045 | 007/ | 0108 | 04B3] 0175
motel | Y | 1277 | 1196 [147015| 1949 | 09842 | 09253
I airtlerarie [ u | 0019 | 0943 | 00A [ 04029 [ 0137 01663
motel | m | 006 | 0058 | 00588 | 005318 | 005 | 0947
Y | 15 | 181 | 1@&7 | 123 | 145 | 198
H [vo| 148 | 14® [ 145 | 148 | 147 | 146 |

T hissugrdsthe Tbw irg- Hore isprimarilycornnerral w ith the brgrun
oupu kvellofa courtry, the mairnterane d ec iI5oNshoul be p keel at the
heart ofthe aral/gs. Ineed our theorettalard rumercal Nl rgssoed
that evenrfthe sze ofmairterane frvresintermso® DP isverysnall it
cana®ect rotab Iythe brgrunkvelofouput through cap itallaccumubktion
INnthisrepect, Bssaloptbnart more mairterarne may he anoptimal
dec i T hissoul ofirteres Br tho= w ho, lke Parerte (1997),arge oF
the d evebpment theoriesw hh have the property that  Rerernesinpok ks
trarshte irto | Perenesingeal y gate irnome Bve Brather thaningow th
rates.

SItis tivial to proe that the ralio%M; goss ol when ctends ) since in this EImit
Gee the marntenance \ariebke disgppears -
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4 Corn LEon

Inthispaper,we have provi el a Smp k theory oftapitalmairterare an
techrobgy ad optionuarg optimalgowth modelbp h NelnNan P hebs
w here the Rbor resuctesofanecoromy canbe albcatel Feely either to
prod ution ad optionor mairterarne. T here are very Bv papersiealirg
w ith mairterane, ari a Brtiori w ith the rok oftapital mairterane iN
techrobgralchores. Inthispaper, we arallze a gStuationw here ad op-
tonari mairterarne “tompete™ Br hoor re@uces. Thisisorlyore oF
the charrelsthroucth w hch the two activitiesirteract, asw e exp hininthe
introd ution. T houth thisiscertairly the eages way to rebte ad option
to mairterane, the coral erel mod elprovesvery rch iNntermsofin u el
ecoromt mecharignsant ineractioryg arl el s idt onsme mportart
propertiesofmairterane.

Bedl e mathematcally charactere irgthe optimalalbcatonofhbor acros
the three activities w e prove Br examp b that equilb rium mairterarne ani
al optonoperate INoppogte ( irectorsw hentechrobgrall Swocksoccur.
T hisisinpartc ukr trie w henthere isane>oceroustechrebgralcharee -
I airterane isa ki ofsb situe to al optbnissrh caks. | uh more
mportartl, we i that though capitalmairterane d eepersthe techro-
baxalgpp byd wvertirg Bbor re@ucesfom ad option it ererally iINreases
the brgrunoutput kvellat equilbrium _Aswe ¢ bim inthe hd s«ctonNthis
iIsa very irteresirgresul Br the proporeraisofa d eve bpmert theory aime
at derivirgthe pok iesw hrh yel ( Rerenesindeal y gate inome kvelb
rather thaningow th rates.

0 bviousl, muh work remairsto o Br a muh comprehergve apprail
ofthe rok ofmairterane asa d etermirart oftechrobgralchores.Bedl e

entocere irggow th,w hh isret a very hari tadk, more £rdamertallre re-

mertshave to he uniertaker. For examp kB, ore may thirkthat mairterane

p hysa more cruirlrok rftechrobgralal varnesare embod il iNcapital
opol § ani thismay reirnbree the con Lbaorsofthispaper . 0 Nthe other
hari ,oremay i quesiorab Eourassmptioraccort irgtow hch ad option
art mairterane ux the same rpu (kbor), it woul be thenustillto ex

am ire the propertiesofakerrative mod e bw here ad optionard mairterane

do rot uz exactly the s me comb ratonofirpus. ABthex iIssesare In
our rearch ageria.
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6 Appen ix

1_P roofofP ropogtion? : T he proofisampk. Ineel , by the mears
ofarcesve sbhgtuiors ore canrel e the sy/gem ofeigit equilb rium
regrctiorsabove to a Srgk mp kit equatonirvoVirgory u

£ o]
HO= pCiDAivii®)u=j @ jid) =0

k coull beeaglcheckel that H (U Isa ( ecreagrgari cornave finton
whithteristo pu(<il)whernaeristozero,ari to §@1i®)[i (@ §d)]
whenuteri sto ore-Sinne <> 1, < lardd > 0,wehave[<F (@ jd)]
> 0 .T husthere exigsanuigue 2 (0;1)wheh stisesH (U= 0.This
edab Eesproperty (I)- The comparative datrsare derivel expkitly.
DervtebyR = (Cilu+ @ i®)<i @ jddi@ iw)]> 0 -We have:

ou_ i@ i0) ut

0d R :
016 _ aCGiD i+ A i®)i d it
e 17 UIR
fu_Qi®)ul i it o
e iR
016 _ 1 1i(1i®)u[1i_(1idull)]’>0
0= o R

-0 Q

Sime (1 §@M1 i @ §duD]<R,EFE<0.

2 .ProofofP ropogation3: We canrel e the geal y gate equilb rium
cort itiorsto two equatiorsin(m ;Y .-

15

=
1

0O=1ju; iOUTi @il

Wi
% —

® -
1ia+@b+md}nb'l(lim ivi— 0016
1

FM;Y

T he reqative sbpe oFEntong IN(5) isobvious. Conerrirg (16), ore
canapp by the mp kit Entiontheorem _.F(M ;Y de resm asa d Reren
tiab B Entonofu (@ = fJ) an FY = if~.-Sine Fuan F, are
reqative (F, < 0 isassrel by the regrctiononthe parametersmpo<(
inpropogtioN3), the sbpe ofthe mpk it Bntonf isab regitive_We
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row checkthat g isabove T whenuteri sto zero,art g ishebw fwhen
uterd sto ore - Let usprove that g(0) > £(0)-Note that g(0) = 1.0 nthe
other hari ,

- M | bil>  orls
F@m:;0)= aP® 1i1®ibb +®§xﬂ;® i— il+a=0:

1

The ra term ofthe previousequatbnd e resa d ecreasirg Entionofm
whth teristo iNnrity asm teristo zero ard isequallto cbrm = 1.
1

Sinex =T j1+ a;it Flwsthat0< FO)< 1,2 90)> FQ)-
Now ob=rve that g(1) < 0 ard f(1) > 0 gSrne F(m;1) = 1 ja+

®b “1i® S1; 0

@b i1 i— = 0an ashyasmmptbnc (L jb)

So g1) < £Q@)-T herebre, the s/tem (15)-(16) de restwo (n ; J-curves
whrh irtersct orly onne w henboth m ard uvary inthe irterval (0;1).
W hrh edab Ehesproperty (1) -

il+ta .

AsTr the comparative gatcs we cordl er the Tbw irg s/tem ofeque-
torse

®ba Pil(l juim) _ <Te
i

) lja+ @P+ — = 0;
13 o
G) QiuimnpCididi®)u=i A jid) = 0;
=il
T6 §——= = 0:
¢) C i U 0
T he Jacob mnmatrixofthiss/gem canbe expreswl by:
2 3
Fu Fn 0
J=46, Gn 09
Hu 0 1

wherethe rg,<cont ani third cobmrsofJ re€rto theparti ki erivatives
ofthe BT hani g esofthe equatiorsofthe s/em with repect to U
m,ardh TG - k Iseasy to checkthat F, F, ,G ., G, ara Hare all
drrtl/reqative T helJacob ard etermiraryt (F 6, iF, G ) isthusdretly
reqative:

letd= FHn iEmGlu

. ok
=7“(m'1) @®ilibh) — il+a

I #

£ _ _ o}
+ 25 @ idudd)+ dpdt A i®)F, <0: ()]
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By Cramer'sruk we obtain

@m 1
- — F
ad jetJJ[Gd ul
asG; = §( §0) durtc< o,%ﬂ; > 0
@u 1
== Fo 1< 1
0 jetJ[lGd 1< 0 @8)
@TG - Hd(FL,Gm iFmGLD+ HLFmGd
@d JetJdj
where H = 71> 0 an H, = ELD! _Takirgirto accourt (17) ard (18),
we canexpress@@d as

@TG Gid)

0= i 7

[1+ 1G58

— -
*‘G%T” = “a‘j“e”;Deve bpirg the previbusexpressony we caneadly check

that@ﬁ< 0 dre *‘G%T” < 1._Meel :

oUW B F, §= Fad( §0) dpui< jetJj=

KR A g
m a@bi@ib) ilta +[Si @idu)r dpui|aie)F, :

Asr the comparative fatesw ith regpect to <, we u® acqqinCramer’s
ruk to obtairt

@m 1
- (i i Qiddd -
where 6 o= GIMELLILDI> o anf Fo= i< 0
ou 1
0TG -i-l (CiDuour
, 0= du u 0° -
i
The signof 1 j CEXLY peirgamb igous @ isthe Signo S .
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Let us rally Ul y the comparative gattsconerrirglL, the hbor impu
inprod wtibnLFirst, it soull be rotel that 5 d eperd sonthe sze o}
an St

eL _ _@m _Qu_ Gy FuiFn).

o~ "ed ed T jetdj -
Devebpirgab it more the rumerator ofthe previousexpresson it iseas/to
checkthat the recative eRect ol omad optionkbor iIsret compersmtel by
the inremert irm _ Irord er to sitiskythe kborregrcton(l = L+ m + J),

L shoul therebre inrea<s.

- u_l_ ﬂ =
@io)ydurt € =5 qi+a jabi

JetJdj

AsTr the eRect ofa charte iNthe parameter <onL,w hth isequalto:
gn _0u

oL _ _ ,

0= "e="o"
it isamb ig.ous. A quit k bokat the expressbrso L ani ftisar ciertto
urdergari thisresuk T he Sgnofthe | Rererne ofthe two htter expres
0N epert sonthe valLesofthe parametersofthe mairterane fnton
w ith repect to the tho= ofthe al optiontechre bgy, ari there isrv a pri
orirehtorsp betw eenthe two stsofparameters. T he rumercalresuls
reported INthe maiNtext make ¢ kar that the sig1of%—'; 1 oeseRectively
d epert onthe parameterzatomn

3. ProofofP ropogtiond : Assme that the valesofthe parameters
commonto the two mod elbare >&l . From the previousprooofP ropo-
ators? ari 3, ore can<e that ad optionisdi etermired by the Tbw irg
cont itiorsinthe bernhmarkmod elard iNthe exteriel mod elrepectively

HCEIDA TW= i)W @ 1dd)l
HEIDATY imM)= iU TE @l

Abebracally eakirg, the rg equationisa partt ubkr ca ofthe scon
withm = 0. Sine the scon equationde resa recative rehtorn
betweeny ard m, W ishiger thany ,as brgasm > 0. Asthe
techrobagralapp isi ecreagrg inal optoNbkbor TG A< TGy Isd irectly
checked -
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We canrew rite the two cori itiorsjus ab ove iNnterm sofhb or d evoted to
ad optionard Bbor d evoted to prod utiort

THCEIDLA= A i®)WTi A §1d)L
HCEIDLy = @A)y [T A idg)I:

T he htter equatorsie re hbor inprod utbnNasangritl inreasry
Tntonofal optoNnbbor_.Sine > y , it Twsthat Lo> Ly -
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