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Second-Order Sensitivity in Applied General
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Florian Landi$

Abstract

In most policy applications of general equilibrium modeglircost functions
are calibrated to benchmark data. Modelers often choostutietional form for
cost functions based on suitability for numerical solutgfrthe model. The data
(including elasticities of substitution) determine firatlesecond order derivatives
(local behavior) of the cost functions at the benchmark. flimetional form im-
plicitly defines third and higher order derivatives (globahavior).

In the absence of substantial analytic and computatiorfaiteft is hard to
assess the extent to which results of a particular modelrdiepe third and higher
order derivatives. Assuming that a modeler has no (or weakjrical foundation
for her choice of functional form in a model, it is thereforpréori unclear to what
extent her results are driven by this choice.

| present a method for performing second-order sensitaitglysis of mod-
eling results with respect to functional form. As an illadion of this method |
examine three general equilibrium models from the liteatind demonstrate the
extent to which results depend on functional form.

The outcomes suggest that modeling results typically dodepend on the
functional form for comparative static policy experimemtsnodels with constant
returns to scale. This is in contrast to an example with eirey returns to scale
and an endogenous steady-state capital stock. Here resats far from bench-
mark equilibrium and significantly depend on the choice ofctional form.

*ETH Zurich, Centre f. Energy Policy & Economics (CEPE), ZUH,Zurichbergstrasse 18,
8032 ZirichTel.: +41 44 632 64 39, E-Mail: landisf@ethz.ch



1 Introduction

As general equilibrium models have grown in popularity asiaeto policy design,
concerns about the robustness of modeling results haxenariswas argued that the
modeling results could not be trusted without further exeation, because certain pa-
rameters of model calibration - especially elasticitiesustitution - can not be reli-
ably determined. Only after considering the variance of efiod results induced by
this uncertainty can one properly assess the conclusioasrafdeling experiment. A
thorough treatment of these ideas was provided by Pagan lsenah8n (1985) who
systematically analyzed the effect of uncertain calilbraparameters on modeling re-
sults. A numerical application of such sensitivity anadyisi given by Harrison and
Vinod (1992).

For econometric analysis of substitution elasticitieseerchers employ flexible
functional forms EFrs). The free parameters of these functional forms allow gtie e
mated functiorC( ) to reproduce any set of factor demamngdand elasticities of substi-
tution gj; at any one given set of factor pricps By assumption of cost minimization,
the restrictions on the parametersGyfg) are more specifically given by Shephard’s
lemma for factor demands (X = Gi(p) := dC(p)/dpi) and the definition of Allen-
Uzawa elasticities of substitutiowff = C(p)Gij(p)/[Ci(p)C;(P)]). These restrictions
determine the first and second derivative<C0p). Two Frrs calibrated to the same
benchmark data therefore are asymptotically identicajsfer p. But as||p— pJ| — 1,
higher order terms of the Taylor series expansion

C(B) = C(F) + OC(F) (P~ B) + 5(P— ) D(OC(R) (B F) + (15— 7Y

with coefficients proportional to 3rd and higher order datives ofC(p) become im-
portant. But these are determined by the spee#eand will normally differ across
functional forms, even when the first two terms of the Tay&fes expansion are iden-
tical.

In applied general equilibrium modeling, it is rarely theseahat econometrically
estimatedFFs are employed as cost functions. This can on the one handotedresd
by the fact that econometric estimations of cost functioay mot be available for all
sectors in question. On the other hand cost functions estthfaom severaFrr are
not necessarily globally regular (non-decreasing and@emin prices). Unfortunately,
only general equilibrium models featuring cost functiomattare globally regular can
be guaranteed to have counterfactual equilibria for aniretktax experiment (Shoven
and Whalley, 1995).

If a modeling method is to be restricted to using only regdlerctional forms
to represent cost in the models rather than #Res used to estimate elasticities of
substitution in the first place, two assumptions need to bdemdrirst, the regular
functional form should be flexible in the sense that it candibbcated to the benchmark
demands and elasticities of substitutibrSecondly, such a method implicitly assumes
that changingrrrs from the originally estimated one to the regular one doéstmenge
the modeling results significantly.

The argument for the second assumption is that local caéncie of functions with
benchmark data is enough to obtain reliable results, becsalstions to counterfac-
tual experiments normally remain close enough to the beackinin line with these

Iperroni and Rutherford (1995) present such a “regulardiexunctional form” which is convenient to
use in modeling, but unwieldy for econometric estimation.



assumptions, the examples given by Pagan and Shannon (@88&ntrate on the
problem of possible misspecification of elasticities of stitbtion. Yet Despotakis
(1986) rightfully raises the issue of misspecificationFef and thus of higher order
derivatives at the benchmark: he presents a case whereat@ibof two different
FFFs to the same benchmark produces different experimentabmes. And even if
Despotakis’ results have been weakened by the correctitee moKittelsen (1989),
Kittelsen still insists on the conclusion that “differesda economic performance of
FFF, and accordingly in results of economic models that empksyin partial or gen-
eral equilibrium, can well be substantial.”

This indicates that the sensitivity analysis of Pagan anan8bn should be ex-
tended to a second-order sensitivity analysis, which takiesaccount sensitivity to
third and higher order derivatives of cost functions. Sudeeond-order sensitivity
analysis coul@x post determine if results are influenced by the choicers, or if they
are mainly driven by first and second order derivatives otthst function. | propose a
method of second-order sensitivity analysis, where thelteasing a regular-flexible
functional form are compared to the modeling results ole@ifnom using threerrs
commonly used for econometric estimation. The thus obskseasitivity is what in-
terests a modeler using the regular-flexible functionahfand assuming that the elas-
ticities of substitution he inserted have been estimatedjume of the three alternative
FFFS.

Normally, formulating a model with four differemEFs for cost functions basically
requires four times the work involved in formulating onegd@nmodel. This is be-
cause the cost functions can enter all equations of a geegudibrium model and
the calibration process has to be repeated for each codfidonaf eachFrr. The
work required to do this by hand can be prohibitively largeit@mation of calibration
makes second-order sensitivity analysis practicable foid&r application to general
equilibrium models. The script for automatizing caliboatthat has been used for pro-
ducing the results of this paper along with some documemtaiin be obtained from
the author’s web site.

The remainder of the paper covers the following: The nextigediscusses why
only local properties of cost functions drive modeling fdesfor small distortions of
the benchmark situation while big distortions require ¢desng the global properties
as well. Section 3 gives a detailed description of the calibn process, which is the
core of the presented method of second-order sensitivit§yais. In section 4, the
sensitivity analysis is applied to three examples pubtishehe literature in order to
illustrate its relevance. The experiments in this papeirdesnded to give an overview
of the impact that changingrrs can have on different models. | will conclude that
choice of functional form should not influence conclusionsaowide range of realis-
tic tax experiments in constant-returns-to-scale moday under conditions of very
big shocks do global properties have a considerable effeth® overall results. By
contrast, one finds relevant sensitivity in models in whiotréasing returns to scale
and endogenous investment decisions allow for far-regateniations from the bench-
mark. In such a case, second-order sensitivity analysigatuable tool to appraise the
reliability of the model results.

2 Global versus Local Behavior of Functions

The implicit assumption in general equilibrium policy exipgents is that the model
results are mainly driven by first and second order derieatof cost functions rather



than higher order derivatives. Thus, calibrating cost fioms to benchmark demands
and elasticities of substitution should determine the Itesith sufficient precision,
and the higher order derivatives implicit to the choicerpF should not significantly
influence the results.

The intuition from Taylor series expansion of analyticastfunctions tells us that
this is true if experimental results stay close enough tdrehmark data but becomes
increasingly difficult to defend when counterfactual expents substantially move
away from the initial situation.The following gives a mathatical sketch of why this
intuition is usually right and illustrates such a situatimsing the proposed method of
sensitivity analysis.

I want to look at a standard general equilibrium tax expenirte illustrate the
sensitivity of results for small tax changes in differentdats employing functional
forms. In this model, a representative household is endawidfactor quantitie£,
which are used to produce final good demahadvhich the household buys with its
incomeM. Sectorsj incur costc;(p) for one unit of output and eanp; from selling
it if prices arep. By Shephard’'s lemma, the cost-minimizing demand for pcauy
yj units of output isyjﬁcj(rj). In policy experiments, government raises taigson
the good input of sectorj and hands the tax revenue to the representative household.
Taxes on sector are combined in a matrix

0 tj.

wherel is the number of goods in the economy. debe the vector of matrice'ﬁ.
The general equilibrium is given by the solution to the systé equations

~Ni(P):=cj(p+TjP)—p; > 0 Vj (zero profits)

Zyjﬁﬂj(rﬁ)JrQ > d(p,M) (market clearance) (1)
]

M (income balance)

p-Q+ 3 yi(0c) TP
J

If the weak inequalities hold with equality at the equililom, this can be written in
the form of F(B,y,M;T) = 0, a system of as many equations as varialiek.is as-
sumed here that the solutiofisg*,M* to (1) are continuously differentiable functions
of T around benchmark tax rat&s= T° (if det(0pymF|t0) # O the implicit function
theorem guarantees this). Thus, changes in solution pdigese proportional to @,
if those are infinitesimal.

Assume now a reformulation of the model with different castdtionscj(p),
which we shall denoté& (p,y,M;T) = 0. | assume: andc¢'to agree in Oth to 2nd
derivative atg*(T?), i.e. for small ¢ = p— p*(T°), dej(P) = [c;(P) — & (P)] is of the
form ¥ ; ker & jkdpidpjdpx + 0(dp*). So for small tax variationsT ||dc;(p)||. goes
to zero like||dp| | ~ ||dT || (||dT ||« = max;i{t;i}). By construction oF andF the

2Walras’ law says that in (1), one market clearance equasiamplied by the others. We therefore have
one fewer independent equation than listed. This is congteddor by the fact that one price can be fixed as
a numeraire (Cost functions are required to be homogendalegoee one in prices. Then, i @) describes
an equilibrium, so doe(A B), VA e R").



dc;(p) ~ ||dp||3 resultin

||C1F(V*£T)7 5*91)
= (IR (T), B (T
~ mjax||Dﬁde(F5)| w ~ [|dp[Z,

going to zero like||dT||2. By arguing that the difference between the solution
(V,p\M*) to F(y,p,M;T) = 0 and the solution (y*,p*,M*) to
F(¥,P,M;T) =0 is proportional to & (y*, *,M*;T), | conclude that the differences
between the solutions of the two models go to zero |iki&||2, while the solution
p*(T) itself only goes to zero likgdT||.

The following model that obeys equations (1) shall illusithe results of the above
mathematical considerations. The basic model is formdlating CES functions to
describe production and utility. Second-order sensjtigitalysis is applied by replac-
ing the CES functions with three alternative functionalnfigr The alternative func-
tional forms are calibrated to have the same first and secendatdives at the bench-
mark as the original CES functions, but will gradually dégi&rom them as prices
move away from the benchmark situation.

In the model, 3 sectors produce sector specific godasn factors labor and cap-
ital. The representative agent buys and consumes these goodrding to his Cobb-
Douglas preferences. The social accounting matrix in Téblgives the benchmark
supply and demand that were used in this model. The elgstic#ubstitution between
labor and capitals is 3 for all sectors. In different policgperiments, a tax of up to
500% on capital input of sector 2 is raised.

Table 1: Social accounting matrix for the generic examplelehoSectors buy labor
and capital from the respective markets and sell their dutpilne representative agent

sectorl sector2 sector3 labor capital rep.agent
sector 1 2
sector 2 4
sector 3 6
labor 1 2 3
capital 1 2 3
rep. agent 6 6

Figure (1) shows the reaction of the price of good 2 to diffiétax rates. The
results reflect the behavior predicted by the above matheahabnsiderations: the re-
sults from different calibratedrrs converge faster to one another than to their bench-
mark values as the tax approaches the benchmark tax. If thrdexfactual tax rate is
too different from the benchmark however, the results ddgeran increasing degree
on theFFF that was used. In terms of order of magnitude, the seconer@ehsitiv-
ity analysis of this model reveals that if the tax does noeexic100%, the predicted
changes in market price of good 2 are relatively stable vatipect to exchangirerrs
in the model formulation.
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Figure 1: Price of the good of the taxed sector in a simple geneodel. For taxes
below 100%, the sensitivity teFrs is small compared to the impact of the tariff

3 Functional Forms

As mentioned in the introduction, the implementation pnéseé here of second-order
sensitivity analysis considers one regular-flexible fioral form appealing to general
equilibrium modelers and threers that are commonly used for econometric esti-
mation of substitution elasticities. The regular-flexifWlactional form is theN-stage
nested CESNNCES) presented by Perroni and Rutherford (1995). The work of Per
roni and Rutherford shows that a nested CES cost functidw pffices is guaranteed
to be flexible if its depth of nesting is limited té and each nest is allowed to haMe
subnests. While the constructive proof that the authorgigeds useful for calibration
of NNCESto given benchmark data, the genewalCES functions contain parameters
far in excess of what is needed for econometric estimatidreathmark demand and
substitution elasticities alone.

The remaining threerrs on the other hand are prominent examples of functional
forms that have been custom-made for estimating the abavehbgark data. These
threerrrs are the Translogr() (Christensen et al, 1973), the Generalized Leontieff
(GL) (Diewert, 1971), and the Normalized Quadrati@] (Diewert and Wales, 1987).
Table (2) displays the general formof, GL, andNQ cost functions.

The automated process | pursue takes the given formulatemmodel withNNCES
cost functions (of which simpleEes cost functions are a special case), computes the
value share§; = piCi(p)/C(p) and the Allen-Uzawa elasticities of substitutia€s)
oi’j* =Gij(p)C(p)/(Ci(p)Cj(p)) at pricesp, and then calibrates therFs TL, GL, and
NQ to reproduce these benchmark data. Appendix A explains basystematically
compute Allen-Uzawa elasticities of substitution for aggiwNCES cost function. The
calibration ofTL, GL, andNQ unit cost functions to benchmark valuesmfﬂ_,andoi/j*
is given in Table (2).

Unfortunately, the reformulation of a model in terms of diintFFFs can have un-
desirable effects on the computability or even on the exgstef the model’s solution.
As Perroni and Rutherford (1998) have found, “the Transiégneralized Leontieff
and Normalized Quadratic forms are all prone to loss of ryf, particularly when

3In a 2006 GTAP conference paper, Gohin, A. and Laborde, Budishow by introducing the notion of
virtual prices,NQ can always be viewed as being regular. Here, this idea isunthtefr pursued. The paper



Table 2: TherFrused for sensitivity analysis and how they are calibratdzetechmark data
FFF | Parameter Calibration © = C(p), i, 8, cri/j* Cost functionC(p) | Demand functiorC;(p) = ag—éf)

TL bo =C/L(P),

bol—lplul—lpaulnpj/Z (bi+2aijlnpj>0(ﬁ)/pi
i J

bi =6 —3;ajinpj,

. —L(p)
aj=606i(0—1), 1 #]; ai=—Yj4a (

GL i = 46,6,C Vegh, i#] L =

aj =466,C(pip)) 77a), i#] Ezau(pipj)”z 52 ai(Pi/p) e

- o I
an=29.C/pi‘Zg"’“i(pj/pi)l/2 J |
|

6,6, L

NQ C—E_- ( ,]Zbkpk+p.+p,> i # s 12ij&jpipj 3j&p; —biC(p)
2 yibipi >ibjpj

6C (Zbkpk—k p.) —];aijﬁiﬁi]
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they are calibrated to large cross-elasticity values, "levhkiNCES are globally regular
(i.e. non-decreasing and concave in prices everywhereda ppace). However, global
regularity of cost functions is required to warrant a saotto the respective general
equilibrium problem (Shoven and Whalley, 1995). This iraplthat the replacement
of NNCEscost functions with cost functions of differertFs might convert a solvable
model into a model that has no solution.

But the lack of global regularity does not only affect thestaihce of a general
equilibrium for counterfactual policies. It is a basic eoaric assumption that cost
functions should be regular (convex and non-decreasingige$). Cost functions
that are not globally regular therefore seem somewhat distiailding blocks of an
economic model.

One can still defend the use of cost functions that are ndiadip regular, if a
model containing such cost functions does yield solutiongblicy experiments. The
cost functions might actually accurately represent casthfe price ranges in question
and only deviate from regularity for prices away from benalknand counterfactual
solution. But even in this case, the danger exists that a rioatsolver, on his way to
find this solution, still evaluates cost functions at poimtere they are not regular and
thus fails to find the general equilibrium.

Generally, if a reformulation with a certaiFr yields a model that does not solve,
| do not consider this reformulation and its failure to sdieethe sensitivity analysis.
In such a case, the solver apparently evaluates cost funsctibprices where they are
not regular and therefore not credible representation®sf. cSuch a reformulation
therefore risks to display non-regular cost functions atlsimations of prices that are
relevant for our economic analysis and then should be thmfgis a ‘wrong formula-
tion’.

4 Examples from the Literature
4.1 A Tariff Experiment: Miller and Spencer (1977)

In 1977, an important issue in UK politics was the accessioi® UK to the Euro-
pean Economic CommunitgEC). In order to base the decision for or against acces-
sion on scientific grounds, economists looked for relialskdtions as to what the
gains or losses for the members of the customs union wouldhben that the com-
plexity of such a trade union forbids detailed algebraidysis of the situation, many
economists at that time argued that the only way of findingtbeteffects of a trade
union would be to turn to empirical measurements. But uofwately, trade unions
are seldom very similar to previously established onesjstofiical conclusions about
earlier trade unions could hardly be applied to predict ffeces of future ones.

Miller and Spencer decided to use CGE in order to get a moueatsin specific
forecast for the changes at hand. By simplifying the repriadion of participants and
turning to computational methods, it became possible teitato account all the effects
implied by neoclassical trade theory.

The authors stylized the situation as follows: Tariffs betw countries varied de-
pending on region of import and exports and depending on thdygt class. The
regions UK,eec, Common Wealth and the Rest of the World were chosen. Priothuct
was split into the two sectors 'food’ and 'non food, both duzed from given factors
of capital and labor according to a Cobb-Douglas produdtioction. The two factors

can be found ittt ps: //www.gtap.agecon. purdue.edu/resources/res_display.asp?RecordID = 2108



Table 3. (UK model) Tariff rates beforeec accession and how they were due to
change in the course of accession. Additionally, 30% of UKffteevenues on X-
imports and 90% on Z-imports were to be transferred tcetheafter accession.

imposingP&¥iNng UK EC cw RW

GOOD X

UK 0.15-0 0-0.15 0.15

EC 0.15- 0 0.15 0.15

cw 0.05-02 0.2 0.2

RW 0.125 0.125 0.125
GOOD Z

UK 0 0—-02 0-02

EC 0.2 0.2 0.2

cw 0 0 0

RW 0.2 0.2 0.2

were assumed to be perfectly mobile between sectors, bubbiberbetween regions.
Trade of goods between regions was modeled to be frictioaled conducted in terms
of world prices. The consumers of each region filled theikbtef commodities with
food and non-food goods, badly substituting one for therofB&S assumption, elas-
ticity of substitution: 0 = 0.1). Both food and non-food goods are modeled as CES
Armington aggregates between imported and domesticatigyred versions of the
good with an elasticity of substitutiofrmington 0f 3.0.

The accession of the UK to theec was modeled as a change in tariff regimes.
Table (3) shows how tariffs were due to change in the coursacoéssion. In the
paper the post accessiandsT) situation is further divided into a scenario where there
is a transfer of UK tariff revenues to theec as intended by the customs union, and a
scenario where these transfers would not be paids@(NT)). As a third counterfactual,
the authors have considered global free trae®,(where no tariffs are imposed by
any region. The resulting changes in the models welfarexirfld®el of composite
consumption) for UK and Commonwealth are given in the rowelad CES in Table
(4).

For second-order analysis of the model results, the funatimrms for description
of production, Armington aggregation, and consumptiordbimg were replaced byL,

GL, andNQ. The effects on the results of changing functional forms lsambserved
in the respective rows of Table (4).

The results in the lower half of the table were obtained bijr&pt = Oarmington = 1.
Miller and Spencer (1977) used this alteration to make a mmosensitivity analysis
of their results with respect to elasticities of substdati | assume that the authors
chose these values because they cover a range of elasttbigiecorresponds to their
uncertainty about these values. | also assume that the wostidns yielding such
elasticities could be adequately estimated by at least dleecrFFs considered in
the second-order sensitivity analysis. Under these astsomspone can how compare



Table 4: (UK model) Relative deviation of the welfare indexpercent. The figures
illustrate sensitivity tarFF as well as to elasticities of substitution.

POST(NT) POST FT

Oarmington = 3,0 = 0.1

UK CES -0.012 -1.824 0.696
GL -0.077 -1.917 0.597
NQ -0.117 -1.967 0.469
TL -0.034 -1.850 0.650
CwW CES 0.161 0.164 0.450
GL 0.173 0.172 0471
NQ 0.175 0.172 0.488
TL 0.159 0.160 0.454

Oarmington = 0 =1
UK CES/TL 0.573 -1.898 0.652

GL 0.594 -1.883 0.672
NQ 0.644 -1.822 0.637
CwW CES/TL -0.136 -0.122 0.106
GL -0.138 -0.135 0.120
NQ -0.137 -0.177 0.177

the effect on modeling results of plausible variations iasétities with the effect of
plausible variations ofFr. Comparing the effects of these simple 1st and 2nd order
sensitivity analyses, one can summarize that results snekperiment are generally
more sensitive to the change in elasticities than to thegdanfunctional form.

In order to show again how 2nd order sensitivity depends disypimnpact, Figure
(2) illustrates how in the limit of the counterfactual appcbing the benchmark, the re-
sults for differentFFrs converge faster towards each other than each of them gmsver
to the benchmark value. In this example, the tariff regime wantinuously shifted
from the benchmark case (tariffs have initial values listedable (3)) to global free
trade (no tariffs at all).

4.2 Discrete Resource Shock: Condon et al (1987)

Condon et al (1987) use CGE to make predictions for the ecarfomore of Cameroon
after the discovery of substantial oil reserves on its matiderritory. They were the
first to use the General Algebraic Modeling Systesanis) for implementing a CGE
model. The model was formulated as a nonlinear constraipéthzation program,
and vacuously optimizes an objective function which repméswelfare of households.
At the time, the most important sector of Cameroonian econeas agriculture,
accounting for 32% of GDP. Cash crops (mainly coffee and apowade up 72% of

10
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Figure 2: (UK model)FFF dependent EV resulting from different mixtures between
benchmark (left hand side) and global free trade (right heidd). Functional forms
hardly matter close to the benchmark.

export earnings, which in turn constituted 20% of GDP (Candbal, 1987). This
fundamental source of productivity was seen as imperilethbyeffects of the ‘Dutch
disease’, which were expected to follow the inflow of foreggpital.

The term ‘Dutch disease’ describes the paradoxically asveffects that a tem-
porary increase of revenues from natural resources candragecountry’s economy.
The inflow of foreign capital from the sales of the naturabigses creates an appreci-
ation of the real exchange rate (a rise in domestic pricddéndhe case of Cameroon:
Cameroon’s nominal exchange rate was fixed to the French)traihis makes imports
more attractive in the domestic market and exports lesaditte in the world market.
Thus, domestic sectors of traded goods lose profitability shrink. If the country
finally runs out of the natural resource, foreign capitapstfiowing in. The shrunk
sectors of tradable goods cannot take over to employ labgeoerate GDP immedi-
ately. With temporary revenues gone and formerly well wogksectors crippled, the
economy is now clearly worse off than before the appearahitematural resource.

The Cameroonian model divides the economy in 12 sectorh, @acucing a sin-
gle good. Sectoral production, consumer utility and Arnbdmgaggregation between
imports and domestic products are all described by CESifametThe model assumes
the new oil wealth to affect the Cameroonian economy onlygforevenue from oil
sales, which is justified by the fact that oil extraction niaiemploys highly skilled
foreign labor. The value of annual oil sales after the resmshock was set to $500
million (approximately 5% of Cameroonian GDP). The invesirrsector then uses this
wealth to invest into new production-specific capital, whiceates increased demand,
and subsequently the Dutch disease.

Besides analyzing the effect on the economy of the increagedserves and the
Dutch disease per se, the work of Condon et al focuses on seagtion of two dif-
ferent tariff policies and their effectiveness in alleingtthe Dutch disease. One is a
doubling of tariffs on food crops in order to sustain food-selifficiency, the other a
doubling of those on intermediate goods and constructiciernads in order to protect
those sectors. The authors tested both policies and fowerd th have little effect

11



compared to the shock created by the capital inflow from délssa

The results of Condon et al (1987) for domestic productiothefdifferent sectors
after the resource shock are reproduced by the data in theditsmn of Table (5).
The model reformulations used for sensitivity analysidaegd the CES functions for
production, utility, and Armington aggregation by functsoof theFFrs GL, NQ, and
TL. Results for the resource shock scenario are displayeceirespective columns of
Table (5).

Table 5: (Cameroon model) Percentage change in outputddyake scenario with oil
revenues

CES GL NQ TL
Food crops 2.75 2.77 2.83 2.83
Cash Crops -14.17 -14.26 -14.26 -14.63
Forestry -6.66 -6.78 -6.74 -6.89
Food processing -7.39 -7.26 -6.72 -7.57
Consumer goods 0.91 1.10 1.38 0.88
Intermediate goods -2.67 -2.72 -2.58 -2.78
Cement & base metals -4.71 -4.86 -4.88 -5.94
Capital Goods 10.17 10.25 7.39 7.98
Construction 23.17 23.10 23.96 22.98
Private Services -0.68 -0.69 -0.61 -0.64
Public Services 0.41 0.41 0.39 0.41

Apparently, second-order sensitivity of these resultsigligible (maybe with the
exception of the capital goods sector) for shocks of thismitade. In order to see
what role second-order sensitivity can play for bigger aleshocks, Figure (3) shows
results from annual oil sales of up to 50% of GDR displays therFF-dependent im-
pacts of such oil revenues on one of the most vulnerablersethe cash crops sector.
Unfortunately, the formulations using tifeFs NQ andTL cease to produce results for
oil revenue shocks above 15% of GDP. If we look at the sectmtality in the domes-
tic capital goods sector, we see that the modeling resuts ftifferentFrrs diverge
as revenue shocks approach 15% of GDP (see Figure (4). Giatmptices and de-
mand for aggregate capital goods are relatively stablgjtidicates that the calibrated
cost functions of differenerr on the demand side of domestically produced capital
goods are of very different shapes, and it is very likely thatNQand TLversions of
these cost functions are the ones whose irregularities thaksolution for big revenue
shocks impossible. And indeed, the Armington aggregatedpital goods is highly
dominated by imports at the benchmark, which leads to thieme sensitivity ta-FF.
On the other hand, the fact that domestically produced @agitods make up only a
small fraction of the Armington aggregate makes the agdedgarely sensitive to the
price of the domestically produced part. So aggregate mcedemand remain sta-
ble even though price and demand for domestic capital goathiption are sensitive
to FFF. That way the sensitivity remains isolated in the relativahall capital goods
sector.

The general result—that the cash crops sector is indeedahit by the Dutch

“For comparison: According to http://en.wikipedia.org fregroleum sector accounted for roughly 50%
of Saudi Arabian GDP in 2008
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Figure 3: (Cameroon model) Domestic production of cash <axpa function of oil
revenues. The effects of the Dutch disease are more sevengfooil revenues. Oll
revenues assumed in the original paper were roughly 5% of GDP
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Figure 4: (Cameroon model) Domestic production of capitalds as a function of oil
revenues. The prospects for the capital goods sector hifgggnd on therFrFused to
model the situation.
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disease—is invariant under exchangerefs in model construction. But if we look
at the actual remainder of the cash crops sector in the came @f revenue shock of
50% of GDP, it becomes difficult to pin down exact numbers. @GE&GL indicate that
results have to be expected to vary between 15% and 25% @l isite. And while
the cash crops results for the differemrs are consistent for a wide range of oil sale
shocks, the capital goods sector becomes very unpredictabkhocks that exceed
10% of GDP.

4.3 Economies of Scale: Balistreri, Rutherford, and Tarr (09)

In the context of the Doha Development Agenda, Kenya has temprested to lower
barriers against foreign investment in business servicetheir work, Balistreri et al
(2009) argue that “in practice, the Kenyan regulatory regimposes even higher in-
efficiency costs on a non-discriminatory basis”. They iptet as regulatory barriers
all impediments against offering a wide variety of servit@businesses. Important
examples are time-consuming administrative procedurbsraters and ports, market
restrictions in the telecommunications sector, and squerielems accessing credit for
smaller enterprises caused in part by regulations in baghbdnking and insurance
sector.

The expected benefits of deregulation are decreasing cpsbwailing services on
the one hand and increasing productivity through betténditbusiness services on the
other. The increase in business service quality with thebarrof service providers was
modeled within the Dixit-Stiglitz framework (Dixit and $litz, 1977). This gives the
utility of business services increasing returns to scatéckvmakes the model harder
to solve but also interesting for second-order sensitaitglysis: it offers the possibil-
ity to examine the effect of exchanging functional formshe tontext of increasing
returns to scale.

In order to find out about the effects of reducing the reguabarriers, Balistreri
et al devised a “full reform” experiment. Full reform cortsi®f cutting in half all
regulatory barriers against investment (both foreign asrdektic) in business services.
Furthermore all tariffs are set to a uniform level which lesvariff revenue constant.
Besides this full reform package, the authors also conslidesffects of partial reform:
reducing only those barriers that are non-discriminatagycing only discriminatory
barriers, reducing all barriers, and only changing théftsystem to uniform tariffs.

From the aspect of modeling technique, the full reform sdemeas also run with-
out variety-induced productivity gains (largely but nothgaletely reducing welfare
gains) on the one hand and with steady state capital stocistaggnt (drastically in-
creasing the welfare effects of the reform) on the other harke drastic deviation
from the benchmark (see Tables (6) and (7)) is again an stiegeaspect of Balistreri
et al’s model to the analysis presented in this article.

Table (6) shows the range of outcomes for some characteraiables in the cases
of the different scenarios. Policy recommendations basethe welfare indices are
mostly stable with respect to functional form (however, thedel using the Normal-
ized Quadratic functional attributes negative welfare&f solely to removing dis-
criminatory barriers). The basic message of the paper—lyatimat the biggest gain
for Kenya would come from a general reduction of regulataayriers—remains un-
affected by exchangingrr in the model structure. If we want to use the model to
estimate how a full reform package would affect single sa¢toowever, second-order
sensitivity analysis indicates that results from any smgF cannot be relied upon too

14



much. Especially predictions for aggregate exports andaneings from land use look
very unreliable in light of this sensitivity analysis.

5 Conclusion

This paper introduced the notion of second-order sensitanalysis for applied gen-
eral equilibrium models. The method varies the global pridgg of cost functions by
changing their underlying functional forms. The effectiiton modeling results gives
the modeler an estimate of the uncertainty in results thgtrmates from choosing an
FFFfor representation of cost without knowing if anotteF would estimate the ‘real’
cost structure more precisely.

In the first order sensitivity analysis by Pagan and Shanh®85), the analyst can
decide on the probabilistic distribution of the uncertaamgmeters and get a distribu-
tion of modeling results in return. My method of second-os#msitivity analysis only
allows for implicit 'control’ of the distribution of unceain parameters by choosing the
set of FFFs that are cycled through. This however suffices to verify tivaethe use
of one of the analyzedrF is defensible, given that the cost function estimated by an
econometrician would be of &FFthat is also included in the set of analyzetts.

The paper presents the results of applying the sensitivigyyais to three applied
general equilibrium models from the literature. The foundance in results never pro-
vides a reason to refute the principal messages of the afigiorks. But if benchmark
and counterfactual results turn out to display drasticedéfices, there may be sectors
for which even the direction of change may depend on whigthwas used. In such
cases, an automated framework for second-order sensdivélysis proves valuable to
appraise the reliability of modeling results.

While NNCES cost functions are globally regular, possible irreguiesitin cost
functions of the three alternativeers can make the corresponding model unsolvable.
In such cases the second-order sensitivity analysis isatest to therrrs for which a
solution can be found. In the various tests that were run meetmodels in this paper,
such insolvabilities were encountered in two of the mod@lsdy for one model did the
problems with irregularities appear in the counterfacexgleriments proposed by the
original work.

Finally, it should be noted that a rigorous analysis of maaelsitivity in the spirit
of Pagan and Shannon should not only include changing thaiéumal form of all cost
functions at once, but also changing it for single sectofg.orhe economic intuition
for an efficient analysis is that sectors that experiench bltange in relative factor
prices should be the first to be analyzed with differerrs.

A Extracting AUES from NNCES

The following explains the functioning of the automatedqgass of second-order sen-
sitivity analysis used to obtain the results presented imghper. The approach im-
plemented is to use theNCES cost functions that MPS/GE assumes in its model, and
calibrate cost functions of theFFs GL, NQ, andTL to the same benchmark data. The
benchmark data needed for calibration @re;, 6, anda?. While they are not ex-
plicitly given by the MPS/GE formulation of the model, thegedmplicit to the cost
functions used by MPS/GE. The following describes the matimNCES cost func-
tions and how to extract benchmark data from them.
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Table 6: (Kenya model) Summary of results for different sg@s. Unless otherwise stated, numbers are percentaggefam initial equilibrium.
The minimal and maximal values obtained using differ@rare given. Bold print indicates a NNCES result.

Scenario definition Full Reform® Al services barries  Only non- Only barriers Only uniform CRTS Steady Stafe
discriminatory against FDI in tariffs?
services barriefls  service8
Liberalization of regulatory barriers for Yes Yes Yes No No Yes Yes
all services firms
Liberalization of discriminatory barriers No Yes No Yes No No No
on foreign services firms
Uniform import tariffs? Yes No No No Yes Yes Yes
Steady-state capital stock No No No No No No Yes
Dixit-Stiglitz variety-induced productiv- Yes Yes Yes Yes Yes No Yes
ity gains
Aggregate welfare
Welfare (EV as % of consumption) 8.5t012.0 2.8t108.3 -0.7t0 6.5 2.1t0 2.2 0.6t0 0.8 2.9t03.0 31.2t0 52.3
Welfare (EV as % of GDP) 7.1t0 10.1 241t07.0 -0.6t0 5.4 1.7t0 1.8 0.5t0 0.6 2.5t02.6 26.2t0 43.9
Government budget
Tariff revenue (% of GDP) 2.713.8 2.9 2.9 2.9 2.9 2.9 2.0t02.4
Tariff revenue 0.0 3.7t04.4 0.9t0 3.4 1.2th.3 0.0 0.0 0.0
Aggregate trade
Real exchange rate 0.4104 1.0t02.5 0.8t02.4 0.5 0.2100.3 0.21t00.4 1.4t03.5
Aggregate exports -11.2® -1.0t0 5.6 -1.6t0 7.7 1.5th.6 -4.210-3.0 -3.0to-1.4 14.2t0 47.6

Source: Authors’ estimates.

2model with the ‘Translog’ functional did not yield a solutidor this scenario
bmodel with the ‘normalized quadratic’ functional did noeld a solution for this scenario
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Table 7: (Kenya model) Continuation of Table (6)

Scenario definition Full Reform®  All services barrie  Only nondiscri- Only barriers Only uniform CRTS Steady Stafe
minatory services against FDI in tariffs?
barrier§ service8
Liberalization of regulatory barriers for Yes Yes Yes No No Yes Yes
all services firms
Liberalization of discriminatory barriers No Yes No Yes No No No
on foreign services firms
Uniform import tariffs? Yes No No No Yes Yes Yes
Steady-state capital stock No No No No No No Yes
Dixit-Stiglitz variety-induced productiv- Yes Yes Yes Yes Yes No Yes
ity gains
Factor Earnings
Skilled labor 9.1to 15.9 8.4t017.8 6.410 15.2 2.6t02.7 0.2t0 0.6 2.3t02.6 28.7t0 44.6
Semi-skilled labor 5.3t011.1 4.9t0 10.7 3.1to 7.4 0.4 0.8to 1.1 1.1t0 1.3 25.5t042.0
Unskilled labor 11.7t0 15.8 8.5t010.4 5.6108.0 3.4t03.5 1.3t01.6 5.0t05.3 34.1t056.9
Capital 9.5t0 13.7 8.2t09.2 6.3t0 6.5 2.6 1.0to 1.2 3.7t04.0 -4.51t00.5
Land -7.6t04.5 4.3to7.4 3.8t04.9 2.3t02.5 -2.4t0-1.7 -2.3t0-1.2 1.8t03.9
Factor adjustments
Skilled labor 8.1t0 10.7 9.1t013.2 7.7t012.2 4.2104.6 ©.6.9 4.4t0 4.7 9.3t010.6
Semi-skilled labor 9.9t0 11.7 8.9t012.0 7.9t0 10.6 4.6104.8 2.1t02.2 4.7t05.0 10.3to 12.6
Unskilled labor 2.1t03.2 2.0t0 3.7 1.7t0 4.4 0.8 0.6 0.201.0 3.9t05.6
Capital 3.5t05.1 3.3t05.3 2.8t0 4.4 1.3tol.4 0.9t0o 1.1 1.7t0 1.9 1.2to 1.3
Land 19.1t024.4 22.0t025.1 20.9t022 13.6t0 14.8 2.718.7 12.7013.1 26.81030.2
Capital stock and investment 32.4t063.1

Source: Authors’ estimates.

2model with the ‘Translog’ functional did not yield a solutidor this scenario
bmodel with the ‘normalized quadratic’ functional did noeld a solution for this scenario



If pi,i € # ={1,...,N} are all prices appearing in a givemces cost function, it
can be constructed from levéhests

] L1y

cﬁ(rn:[ Z A () , Oy >0, Zaﬁk/ﬂ @)
ket

K

where.#! is the set of all level + 1 subnestscf{,+l is again of the form (2) ik’ € .#*
or a terminal nesti{ € .#):

C H(P) = pr/Pr- (3)

All sets.#* shall be finite and there shall exist &ac N for which all & are empty.
In no nest shall the number of subnels#’ U.#| be greater thal. If Cﬁ*l(ri) is the
cost incurred through the goods entering the lé¥el-1) subnesk/,

Ay = Cﬁ,*l(r;) .
YhestusCn (P
and 0+1
C€+l(r—j) _ Ck (D;)
k A :
G ()
An NNCEScost function is then written a3 times a level NNCES-nest
B B 1/(1-y)
C(p) =CcO(p)=C [Z aEC&(ﬁ)l‘V]
For the MPS/GE production sector
$PROD:X s:5 va:6
0:PX Q:15
I:P1 Q:1
I:P1 Q:2 va:
I:P2 Q:3 P:4 va:
theNNCEScost function is
_ B 11/(1-5)
C(p) =C|alci(P)' >+ agcva(P)'°
with
C = 1+2+3.4=15
a = 1/15
al = (2+3-4)/15
and
aP = m
B _11/(1-6)
CalP) = [0dack(B)°+ o3P

SFor information on MPS/GE syntax and its interpretation.eage refer to section B.4 in
http://www.mpsge.org/mpsge/syntax.pdf
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with

01 = 2/14
Opo = 3-4/14
C% = p1
G = p/a

Let us now turn to the task of extracting benchmark data frgiven NNCES cost
function. Value share§ can be either computed directly from given MPS/GE figures
or recursively from theuncesformulation: If we defineelfi as the value share of good
i in the level? subnesk

pi dc(p

=

O = —— = e Bt ™, ke
“ c(p) 9pi k/e.s;uf Kk
1 ifi=k
elfl ::d(i:{ 0 else 5 kej,

6 is just the level 0 value share of gobcﬂio. It remains to compute theuEs oi’j*. This
is again done by recursively calculating thees of the level{ nestk:

1 /+1 [ al+lpl+l i
6l gl Z (O-k’?_j — Vo e ek/er , 1#]
ki “kj ke Ty

o (F) = Y+

and thus obtaining the benchmaxkes a7} = o) (p).
Given6 andoi’j*, calibration of the remainingrFs is then just a matter of applying
the information in Table (2) due to Perroni and Rutherfor@b@).
Acknowledgements: This research was supported by the GA8iéd General

Equilibrium Research Fund.
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Second-Order Sensitivity in Applied General
Equilibrium

Florian Landi$

Abstract

In most policy applications of general equilibrium modeglircost functions
are calibrated to benchmark data. Modelers often choostutietional form for
cost functions based on suitability for numerical solutgfrthe model. The data
(including elasticities of substitution) determine firatlesecond order derivatives
(local behavior) of the cost functions at the benchmark. flimetional form im-
plicitly defines third and higher order derivatives (globahavior).

In the absence of substantial analytic and computatiorfaiteft is hard to
assess the extent to which results of a particular modelrdiepe third and higher
order derivatives. Assuming that a modeler has no (or weakjrical foundation
for her choice of functional form in a model, it is thereforpréori unclear to what
extent her results are driven by this choice.

| present a method for performing second-order sensitaitglysis of mod-
eling results with respect to functional form. As an illadion of this method |
examine three general equilibrium models from the liteatind demonstrate the
extent to which results depend on functional form.

The outcomes suggest that modeling results typically dodepend on the
functional form for comparative static policy experimemtsnodels with constant
returns to scale. This is in contrast to an example with eirey returns to scale
and an endogenous steady-state capital stock. Here resats far from bench-
mark equilibrium and significantly depend on the choice ofctional form.

*ETH Zurich, Centre f. Energy Policy & Economics (CEPE), ZUH,Zurichbergstrasse 18,
8032 ZirichTel.: +41 44 632 64 39, E-Mail: landisf@ethz.ch





1 Introduction

As general equilibrium models have grown in popularity asiaeto policy design,
concerns about the robustness of modeling results haxenariswas argued that the
modeling results could not be trusted without further exeation, because certain pa-
rameters of model calibration - especially elasticitiesustitution - can not be reli-
ably determined. Only after considering the variance of efiod results induced by
this uncertainty can one properly assess the conclusioasrafdeling experiment. A
thorough treatment of these ideas was provided by Pagan lsenah8n (1985) who
systematically analyzed the effect of uncertain calilbraparameters on modeling re-
sults. A numerical application of such sensitivity anadyisi given by Harrison and
Vinod (1992).

For econometric analysis of substitution elasticitieseerchers employ flexible
functional forms EFrs). The free parameters of these functional forms allow gtie e
mated functiorC( ) to reproduce any set of factor demamngdand elasticities of substi-
tution gj; at any one given set of factor pricps By assumption of cost minimization,
the restrictions on the parametersGyfg) are more specifically given by Shephard’s
lemma for factor demands (X = Gi(p) := dC(p)/dpi) and the definition of Allen-
Uzawa elasticities of substitutiowff = C(p)Gij(p)/[Ci(p)C;(P)]). These restrictions
determine the first and second derivative<C0p). Two Frrs calibrated to the same
benchmark data therefore are asymptotically identicajsfer p. But as||p— pJ| — 1,
higher order terms of the Taylor series expansion

C(B) = C(F) + OC(F) (P~ B) + 5(P— ) D(OC(R) (B F) + (15— 7Y

with coefficients proportional to 3rd and higher order datives ofC(p) become im-
portant. But these are determined by the spee#eand will normally differ across
functional forms, even when the first two terms of the Tay&fes expansion are iden-
tical.

In applied general equilibrium modeling, it is rarely theseahat econometrically
estimatedFFs are employed as cost functions. This can on the one handotedresd
by the fact that econometric estimations of cost functioay mot be available for all
sectors in question. On the other hand cost functions estthfaom severaFrr are
not necessarily globally regular (non-decreasing and@emin prices). Unfortunately,
only general equilibrium models featuring cost functiomattare globally regular can
be guaranteed to have counterfactual equilibria for aniretktax experiment (Shoven
and Whalley, 1995).

If a modeling method is to be restricted to using only regdlerctional forms
to represent cost in the models rather than #Res used to estimate elasticities of
substitution in the first place, two assumptions need to bdemdrirst, the regular
functional form should be flexible in the sense that it candibbcated to the benchmark
demands and elasticities of substitutibrSecondly, such a method implicitly assumes
that changingrrrs from the originally estimated one to the regular one doéstmenge
the modeling results significantly.

The argument for the second assumption is that local caéncie of functions with
benchmark data is enough to obtain reliable results, becsalstions to counterfac-
tual experiments normally remain close enough to the beackinin line with these

Iperroni and Rutherford (1995) present such a “regulardiexunctional form” which is convenient to
use in modeling, but unwieldy for econometric estimation.





assumptions, the examples given by Pagan and Shannon (@88&ntrate on the
problem of possible misspecification of elasticities of stitbtion. Yet Despotakis
(1986) rightfully raises the issue of misspecificationFef and thus of higher order
derivatives at the benchmark: he presents a case whereat@ibof two different
FFFs to the same benchmark produces different experimentabmes. And even if
Despotakis’ results have been weakened by the correctitee moKittelsen (1989),
Kittelsen still insists on the conclusion that “differesda economic performance of
FFF, and accordingly in results of economic models that empksyin partial or gen-
eral equilibrium, can well be substantial.”

This indicates that the sensitivity analysis of Pagan anan8bn should be ex-
tended to a second-order sensitivity analysis, which takiesaccount sensitivity to
third and higher order derivatives of cost functions. Sudeeond-order sensitivity
analysis coul@x post determine if results are influenced by the choicers, or if they
are mainly driven by first and second order derivatives otthst function. | propose a
method of second-order sensitivity analysis, where thelteasing a regular-flexible
functional form are compared to the modeling results ole@ifnom using threerrs
commonly used for econometric estimation. The thus obskseasitivity is what in-
terests a modeler using the regular-flexible functionahfand assuming that the elas-
ticities of substitution he inserted have been estimatedjume of the three alternative
FFFS.

Normally, formulating a model with four differemEFs for cost functions basically
requires four times the work involved in formulating onegd@nmodel. This is be-
cause the cost functions can enter all equations of a geegudibrium model and
the calibration process has to be repeated for each codfidonaf eachFrr. The
work required to do this by hand can be prohibitively largeit@mation of calibration
makes second-order sensitivity analysis practicable foid&r application to general
equilibrium models. The script for automatizing caliboatthat has been used for pro-
ducing the results of this paper along with some documemtaiin be obtained from
the author’s web site.

The remainder of the paper covers the following: The nextigediscusses why
only local properties of cost functions drive modeling fdesfor small distortions of
the benchmark situation while big distortions require ¢desng the global properties
as well. Section 3 gives a detailed description of the calibn process, which is the
core of the presented method of second-order sensitivit§yais. In section 4, the
sensitivity analysis is applied to three examples pubtishehe literature in order to
illustrate its relevance. The experiments in this papeirdesnded to give an overview
of the impact that changingrrs can have on different models. | will conclude that
choice of functional form should not influence conclusionsaowide range of realis-
tic tax experiments in constant-returns-to-scale moday under conditions of very
big shocks do global properties have a considerable effeth® overall results. By
contrast, one finds relevant sensitivity in models in whiotréasing returns to scale
and endogenous investment decisions allow for far-regateniations from the bench-
mark. In such a case, second-order sensitivity analysigatuable tool to appraise the
reliability of the model results.

2 Global versus Local Behavior of Functions

The implicit assumption in general equilibrium policy exipgents is that the model
results are mainly driven by first and second order derieatof cost functions rather





than higher order derivatives. Thus, calibrating cost fioms to benchmark demands
and elasticities of substitution should determine the Itesith sufficient precision,
and the higher order derivatives implicit to the choicerpF should not significantly
influence the results.

The intuition from Taylor series expansion of analyticastfunctions tells us that
this is true if experimental results stay close enough tdrehmark data but becomes
increasingly difficult to defend when counterfactual expents substantially move
away from the initial situation.The following gives a mathatical sketch of why this
intuition is usually right and illustrates such a situatimsing the proposed method of
sensitivity analysis.

I want to look at a standard general equilibrium tax expenirte illustrate the
sensitivity of results for small tax changes in differentdats employing functional
forms. In this model, a representative household is endawidfactor quantitie£,
which are used to produce final good demahadvhich the household buys with its
incomeM. Sectorsj incur costc;(p) for one unit of output and eanp; from selling
it if prices arep. By Shephard’'s lemma, the cost-minimizing demand for pcauy
yj units of output isyjﬁcj(rj). In policy experiments, government raises taigson
the good input of sectorj and hands the tax revenue to the representative household.
Taxes on sector are combined in a matrix

0 tj.

wherel is the number of goods in the economy. debe the vector of matrice'ﬁ.
The general equilibrium is given by the solution to the systé equations

~Ni(P):=cj(p+TjP)—p; > 0 Vj (zero profits)

Zyjﬁﬂj(rﬁ)JrQ > d(p,M) (market clearance) (1)
]

M (income balance)

p-Q+ 3 yi(0c) TP
J

If the weak inequalities hold with equality at the equililom, this can be written in
the form of F(B,y,M;T) = 0, a system of as many equations as varialiek.is as-
sumed here that the solutiofisg*,M* to (1) are continuously differentiable functions
of T around benchmark tax rat&s= T° (if det(0pymF|t0) # O the implicit function
theorem guarantees this). Thus, changes in solution pdigese proportional to @,
if those are infinitesimal.

Assume now a reformulation of the model with different castdtionscj(p),
which we shall denoté& (p,y,M;T) = 0. | assume: andc¢'to agree in Oth to 2nd
derivative atg*(T?), i.e. for small ¢ = p— p*(T°), dej(P) = [c;(P) — & (P)] is of the
form ¥ ; ker & jkdpidpjdpx + 0(dp*). So for small tax variationsT ||dc;(p)||. goes
to zero like||dp| | ~ ||dT || (||dT ||« = max;i{t;i}). By construction oF andF the

2Walras’ law says that in (1), one market clearance equasiamplied by the others. We therefore have
one fewer independent equation than listed. This is congteddor by the fact that one price can be fixed as
a numeraire (Cost functions are required to be homogendalegoee one in prices. Then, i @) describes
an equilibrium, so doe(A B), VA e R").





dc;(p) ~ ||dp||3 resultin

||C1F(V*£T)7 5*91)
= (IR (T), B (T
~ mjax||Dﬁde(F5)| w ~ [|dp[Z,

going to zero like||dT||2. By arguing that the difference between the solution
(V,p\M*) to F(y,p,M;T) = 0 and the solution (y*,p*,M*) to
F(¥,P,M;T) =0 is proportional to & (y*, *,M*;T), | conclude that the differences
between the solutions of the two models go to zero |iki&||2, while the solution
p*(T) itself only goes to zero likgdT||.

The following model that obeys equations (1) shall illusithe results of the above
mathematical considerations. The basic model is formdlating CES functions to
describe production and utility. Second-order sensjtigitalysis is applied by replac-
ing the CES functions with three alternative functionalnfigr The alternative func-
tional forms are calibrated to have the same first and secendatdives at the bench-
mark as the original CES functions, but will gradually dégi&rom them as prices
move away from the benchmark situation.

In the model, 3 sectors produce sector specific godasn factors labor and cap-
ital. The representative agent buys and consumes these goodrding to his Cobb-
Douglas preferences. The social accounting matrix in Téblgives the benchmark
supply and demand that were used in this model. The elgstic#ubstitution between
labor and capitals is 3 for all sectors. In different policgperiments, a tax of up to
500% on capital input of sector 2 is raised.

Table 1: Social accounting matrix for the generic examplelehoSectors buy labor
and capital from the respective markets and sell their dutpilne representative agent

sectorl sector2 sector3 labor capital rep.agent
sector 1 2
sector 2 4
sector 3 6
labor 1 2 3
capital 1 2 3
rep. agent 6 6

Figure (1) shows the reaction of the price of good 2 to diffiétax rates. The
results reflect the behavior predicted by the above matheahabnsiderations: the re-
sults from different calibratedrrs converge faster to one another than to their bench-
mark values as the tax approaches the benchmark tax. If thrdexfactual tax rate is
too different from the benchmark however, the results ddgeran increasing degree
on theFFF that was used. In terms of order of magnitude, the seconer@ehsitiv-
ity analysis of this model reveals that if the tax does noeexic100%, the predicted
changes in market price of good 2 are relatively stable vatipect to exchangirerrs
in the model formulation.
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Figure 1: Price of the good of the taxed sector in a simple geneodel. For taxes
below 100%, the sensitivity teFrs is small compared to the impact of the tariff

3 Functional Forms

As mentioned in the introduction, the implementation pnéseé here of second-order
sensitivity analysis considers one regular-flexible fioral form appealing to general
equilibrium modelers and threers that are commonly used for econometric esti-
mation of substitution elasticities. The regular-flexifWlactional form is theN-stage
nested CESNNCES) presented by Perroni and Rutherford (1995). The work of Per
roni and Rutherford shows that a nested CES cost functidw pffices is guaranteed
to be flexible if its depth of nesting is limited té and each nest is allowed to haMe
subnests. While the constructive proof that the authorgigeds useful for calibration
of NNCESto given benchmark data, the genewalCES functions contain parameters
far in excess of what is needed for econometric estimatidreathmark demand and
substitution elasticities alone.

The remaining threerrs on the other hand are prominent examples of functional
forms that have been custom-made for estimating the abavehbgark data. These
threerrrs are the Translogr() (Christensen et al, 1973), the Generalized Leontieff
(GL) (Diewert, 1971), and the Normalized Quadrati@] (Diewert and Wales, 1987).
Table (2) displays the general formof, GL, andNQ cost functions.

The automated process | pursue takes the given formulatemmodel withNNCES
cost functions (of which simpleEes cost functions are a special case), computes the
value share§; = piCi(p)/C(p) and the Allen-Uzawa elasticities of substitutia€s)
oi’j* =Gij(p)C(p)/(Ci(p)Cj(p)) at pricesp, and then calibrates therFs TL, GL, and
NQ to reproduce these benchmark data. Appendix A explains basystematically
compute Allen-Uzawa elasticities of substitution for aggiwNCES cost function. The
calibration ofTL, GL, andNQ unit cost functions to benchmark valuesmfﬂ_,andoi/j*
is given in Table (2).

Unfortunately, the reformulation of a model in terms of diintFFFs can have un-
desirable effects on the computability or even on the exgstef the model’s solution.
As Perroni and Rutherford (1998) have found, “the Transiégneralized Leontieff
and Normalized Quadratic forms are all prone to loss of ryf, particularly when

3In a 2006 GTAP conference paper, Gohin, A. and Laborde, Budishow by introducing the notion of
virtual prices,NQ can always be viewed as being regular. Here, this idea isunthtefr pursued. The paper
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they are calibrated to large cross-elasticity values, "levhkiNCES are globally regular
(i.e. non-decreasing and concave in prices everywhereda ppace). However, global
regularity of cost functions is required to warrant a saotto the respective general
equilibrium problem (Shoven and Whalley, 1995). This iraplthat the replacement
of NNCEscost functions with cost functions of differertFs might convert a solvable
model into a model that has no solution.

But the lack of global regularity does not only affect thestaihce of a general
equilibrium for counterfactual policies. It is a basic eoaric assumption that cost
functions should be regular (convex and non-decreasingige$). Cost functions
that are not globally regular therefore seem somewhat distiailding blocks of an
economic model.

One can still defend the use of cost functions that are ndiadip regular, if a
model containing such cost functions does yield solutiongblicy experiments. The
cost functions might actually accurately represent casthfe price ranges in question
and only deviate from regularity for prices away from benalknand counterfactual
solution. But even in this case, the danger exists that a rioatsolver, on his way to
find this solution, still evaluates cost functions at poimtere they are not regular and
thus fails to find the general equilibrium.

Generally, if a reformulation with a certaiFr yields a model that does not solve,
| do not consider this reformulation and its failure to sdieethe sensitivity analysis.
In such a case, the solver apparently evaluates cost funsctibprices where they are
not regular and therefore not credible representation®sf. cSuch a reformulation
therefore risks to display non-regular cost functions atlsimations of prices that are
relevant for our economic analysis and then should be thmfgis a ‘wrong formula-
tion’.

4 Examples from the Literature
4.1 A Tariff Experiment: Miller and Spencer (1977)

In 1977, an important issue in UK politics was the accessioi® UK to the Euro-
pean Economic CommunitgEC). In order to base the decision for or against acces-
sion on scientific grounds, economists looked for relialskdtions as to what the
gains or losses for the members of the customs union wouldhben that the com-
plexity of such a trade union forbids detailed algebraidysis of the situation, many
economists at that time argued that the only way of findingtbeteffects of a trade
union would be to turn to empirical measurements. But uofwately, trade unions
are seldom very similar to previously established onesjstofiical conclusions about
earlier trade unions could hardly be applied to predict ffeces of future ones.

Miller and Spencer decided to use CGE in order to get a moueatsin specific
forecast for the changes at hand. By simplifying the repriadion of participants and
turning to computational methods, it became possible teitato account all the effects
implied by neoclassical trade theory.

The authors stylized the situation as follows: Tariffs betw countries varied de-
pending on region of import and exports and depending on thdygt class. The
regions UK,eec, Common Wealth and the Rest of the World were chosen. Priothuct
was split into the two sectors 'food’ and 'non food, both duzed from given factors
of capital and labor according to a Cobb-Douglas produdtioction. The two factors

can be found ittt ps: //www.gtap.agecon. purdue.edu/resources/res_display.asp?RecordID = 2108





Table 3. (UK model) Tariff rates beforeec accession and how they were due to
change in the course of accession. Additionally, 30% of UKffteevenues on X-
imports and 90% on Z-imports were to be transferred tcetheafter accession.

imposingP&¥iNng UK EC cw RW

GOOD X

UK 0.15-0 0-0.15 0.15

EC 0.15- 0 0.15 0.15

cw 0.05-02 0.2 0.2

RW 0.125 0.125 0.125
GOOD Z

UK 0 0—-02 0-02

EC 0.2 0.2 0.2

cw 0 0 0

RW 0.2 0.2 0.2

were assumed to be perfectly mobile between sectors, bubbiberbetween regions.
Trade of goods between regions was modeled to be frictioaled conducted in terms
of world prices. The consumers of each region filled theikbtef commodities with
food and non-food goods, badly substituting one for therofB&S assumption, elas-
ticity of substitution: 0 = 0.1). Both food and non-food goods are modeled as CES
Armington aggregates between imported and domesticatigyred versions of the
good with an elasticity of substitutiofrmington 0f 3.0.

The accession of the UK to theec was modeled as a change in tariff regimes.
Table (3) shows how tariffs were due to change in the coursacoéssion. In the
paper the post accessiandsT) situation is further divided into a scenario where there
is a transfer of UK tariff revenues to theec as intended by the customs union, and a
scenario where these transfers would not be paids@(NT)). As a third counterfactual,
the authors have considered global free trae®,(where no tariffs are imposed by
any region. The resulting changes in the models welfarexirfld®el of composite
consumption) for UK and Commonwealth are given in the rowelad CES in Table
(4).

For second-order analysis of the model results, the funatimrms for description
of production, Armington aggregation, and consumptiordbimg were replaced byL,

GL, andNQ. The effects on the results of changing functional forms lsambserved
in the respective rows of Table (4).

The results in the lower half of the table were obtained bijr&pt = Oarmington = 1.
Miller and Spencer (1977) used this alteration to make a mmosensitivity analysis
of their results with respect to elasticities of substdati | assume that the authors
chose these values because they cover a range of elasttbigiecorresponds to their
uncertainty about these values. | also assume that the wostidns yielding such
elasticities could be adequately estimated by at least dleecrFFs considered in
the second-order sensitivity analysis. Under these astsomspone can how compare





Table 4: (UK model) Relative deviation of the welfare indexpercent. The figures
illustrate sensitivity tarFF as well as to elasticities of substitution.

POST(NT) POST FT

Oarmington = 3,0 = 0.1

UK CES -0.012 -1.824 0.696
GL -0.077 -1.917 0.597
NQ -0.117 -1.967 0.469
TL -0.034 -1.850 0.650
CwW CES 0.161 0.164 0.450
GL 0.173 0.172 0471
NQ 0.175 0.172 0.488
TL 0.159 0.160 0.454

Oarmington = 0 =1
UK CES/TL 0.573 -1.898 0.652

GL 0.594 -1.883 0.672
NQ 0.644 -1.822 0.637
CwW CES/TL -0.136 -0.122 0.106
GL -0.138 -0.135 0.120
NQ -0.137 -0.177 0.177

the effect on modeling results of plausible variations iasétities with the effect of
plausible variations ofFr. Comparing the effects of these simple 1st and 2nd order
sensitivity analyses, one can summarize that results snekperiment are generally
more sensitive to the change in elasticities than to thegdanfunctional form.

In order to show again how 2nd order sensitivity depends disypimnpact, Figure
(2) illustrates how in the limit of the counterfactual appcbing the benchmark, the re-
sults for differentFFrs converge faster towards each other than each of them gmsver
to the benchmark value. In this example, the tariff regime wantinuously shifted
from the benchmark case (tariffs have initial values listedable (3)) to global free
trade (no tariffs at all).

4.2 Discrete Resource Shock: Condon et al (1987)

Condon et al (1987) use CGE to make predictions for the ecarfomore of Cameroon
after the discovery of substantial oil reserves on its matiderritory. They were the
first to use the General Algebraic Modeling Systesanis) for implementing a CGE
model. The model was formulated as a nonlinear constraipéthzation program,
and vacuously optimizes an objective function which repméswelfare of households.
At the time, the most important sector of Cameroonian econeas agriculture,
accounting for 32% of GDP. Cash crops (mainly coffee and apowade up 72% of
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Figure 2: (UK model)FFF dependent EV resulting from different mixtures between
benchmark (left hand side) and global free trade (right heidd). Functional forms
hardly matter close to the benchmark.

export earnings, which in turn constituted 20% of GDP (Candbal, 1987). This
fundamental source of productivity was seen as imperilethbyeffects of the ‘Dutch
disease’, which were expected to follow the inflow of foreggpital.

The term ‘Dutch disease’ describes the paradoxically asveffects that a tem-
porary increase of revenues from natural resources candragecountry’s economy.
The inflow of foreign capital from the sales of the naturabigses creates an appreci-
ation of the real exchange rate (a rise in domestic pricddéndhe case of Cameroon:
Cameroon’s nominal exchange rate was fixed to the French)traihis makes imports
more attractive in the domestic market and exports lesaditte in the world market.
Thus, domestic sectors of traded goods lose profitability shrink. If the country
finally runs out of the natural resource, foreign capitapstfiowing in. The shrunk
sectors of tradable goods cannot take over to employ labgeoerate GDP immedi-
ately. With temporary revenues gone and formerly well wogksectors crippled, the
economy is now clearly worse off than before the appearahitematural resource.

The Cameroonian model divides the economy in 12 sectorh, @acucing a sin-
gle good. Sectoral production, consumer utility and Arnbdmgaggregation between
imports and domestic products are all described by CESifametThe model assumes
the new oil wealth to affect the Cameroonian economy onlygforevenue from oil
sales, which is justified by the fact that oil extraction niaiemploys highly skilled
foreign labor. The value of annual oil sales after the resmshock was set to $500
million (approximately 5% of Cameroonian GDP). The invesirrsector then uses this
wealth to invest into new production-specific capital, whiceates increased demand,
and subsequently the Dutch disease.

Besides analyzing the effect on the economy of the increagedserves and the
Dutch disease per se, the work of Condon et al focuses on seagtion of two dif-
ferent tariff policies and their effectiveness in alleingtthe Dutch disease. One is a
doubling of tariffs on food crops in order to sustain food-selifficiency, the other a
doubling of those on intermediate goods and constructiciernads in order to protect
those sectors. The authors tested both policies and fowerd th have little effect
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compared to the shock created by the capital inflow from délssa

The results of Condon et al (1987) for domestic productiothefdifferent sectors
after the resource shock are reproduced by the data in theditsmn of Table (5).
The model reformulations used for sensitivity analysidaegd the CES functions for
production, utility, and Armington aggregation by functsoof theFFrs GL, NQ, and
TL. Results for the resource shock scenario are displayeceirespective columns of
Table (5).

Table 5: (Cameroon model) Percentage change in outputddyake scenario with oil
revenues

CES GL NQ TL
Food crops 2.75 2.77 2.83 2.83
Cash Crops -14.17 -14.26 -14.26 -14.63
Forestry -6.66 -6.78 -6.74 -6.89
Food processing -7.39 -7.26 -6.72 -7.57
Consumer goods 0.91 1.10 1.38 0.88
Intermediate goods -2.67 -2.72 -2.58 -2.78
Cement & base metals -4.71 -4.86 -4.88 -5.94
Capital Goods 10.17 10.25 7.39 7.98
Construction 23.17 23.10 23.96 22.98
Private Services -0.68 -0.69 -0.61 -0.64
Public Services 0.41 0.41 0.39 0.41

Apparently, second-order sensitivity of these resultsigligible (maybe with the
exception of the capital goods sector) for shocks of thismitade. In order to see
what role second-order sensitivity can play for bigger aleshocks, Figure (3) shows
results from annual oil sales of up to 50% of GDR displays therFF-dependent im-
pacts of such oil revenues on one of the most vulnerablersethe cash crops sector.
Unfortunately, the formulations using tifeFs NQ andTL cease to produce results for
oil revenue shocks above 15% of GDP. If we look at the sectmtality in the domes-
tic capital goods sector, we see that the modeling resuts ftifferentFrrs diverge
as revenue shocks approach 15% of GDP (see Figure (4). Giatmptices and de-
mand for aggregate capital goods are relatively stablgjtidicates that the calibrated
cost functions of differenerr on the demand side of domestically produced capital
goods are of very different shapes, and it is very likely thatNQand TLversions of
these cost functions are the ones whose irregularities thaksolution for big revenue
shocks impossible. And indeed, the Armington aggregatedpital goods is highly
dominated by imports at the benchmark, which leads to thieme sensitivity ta-FF.
On the other hand, the fact that domestically produced @agitods make up only a
small fraction of the Armington aggregate makes the agdedgarely sensitive to the
price of the domestically produced part. So aggregate mcedemand remain sta-
ble even though price and demand for domestic capital goathiption are sensitive
to FFF. That way the sensitivity remains isolated in the relativahall capital goods
sector.

The general result—that the cash crops sector is indeedahit by the Dutch

“For comparison: According to http://en.wikipedia.org fregroleum sector accounted for roughly 50%
of Saudi Arabian GDP in 2008
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Figure 3: (Cameroon model) Domestic production of cash <axpa function of oil
revenues. The effects of the Dutch disease are more sevengfooil revenues. Oll
revenues assumed in the original paper were roughly 5% of GDP
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Figure 4: (Cameroon model) Domestic production of capitalds as a function of oil
revenues. The prospects for the capital goods sector hifgggnd on therFrFused to
model the situation.
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disease—is invariant under exchangerefs in model construction. But if we look
at the actual remainder of the cash crops sector in the came @f revenue shock of
50% of GDP, it becomes difficult to pin down exact numbers. @GE&GL indicate that
results have to be expected to vary between 15% and 25% @l isite. And while
the cash crops results for the differemrs are consistent for a wide range of oil sale
shocks, the capital goods sector becomes very unpredictabkhocks that exceed
10% of GDP.

4.3 Economies of Scale: Balistreri, Rutherford, and Tarr (09)

In the context of the Doha Development Agenda, Kenya has temprested to lower
barriers against foreign investment in business servicetheir work, Balistreri et al
(2009) argue that “in practice, the Kenyan regulatory regimposes even higher in-
efficiency costs on a non-discriminatory basis”. They iptet as regulatory barriers
all impediments against offering a wide variety of servit@businesses. Important
examples are time-consuming administrative procedurbsraters and ports, market
restrictions in the telecommunications sector, and squerielems accessing credit for
smaller enterprises caused in part by regulations in baghbdnking and insurance
sector.

The expected benefits of deregulation are decreasing cpsbwailing services on
the one hand and increasing productivity through betténditbusiness services on the
other. The increase in business service quality with thebarrof service providers was
modeled within the Dixit-Stiglitz framework (Dixit and $litz, 1977). This gives the
utility of business services increasing returns to scatéckvmakes the model harder
to solve but also interesting for second-order sensitaitglysis: it offers the possibil-
ity to examine the effect of exchanging functional formshe tontext of increasing
returns to scale.

In order to find out about the effects of reducing the reguabarriers, Balistreri
et al devised a “full reform” experiment. Full reform cortsi®f cutting in half all
regulatory barriers against investment (both foreign asrdektic) in business services.
Furthermore all tariffs are set to a uniform level which lesvariff revenue constant.
Besides this full reform package, the authors also conslidesffects of partial reform:
reducing only those barriers that are non-discriminatagycing only discriminatory
barriers, reducing all barriers, and only changing théftsystem to uniform tariffs.

From the aspect of modeling technique, the full reform sdemeas also run with-
out variety-induced productivity gains (largely but nothgaletely reducing welfare
gains) on the one hand and with steady state capital stocistaggnt (drastically in-
creasing the welfare effects of the reform) on the other harke drastic deviation
from the benchmark (see Tables (6) and (7)) is again an stiegeaspect of Balistreri
et al’s model to the analysis presented in this article.

Table (6) shows the range of outcomes for some characteraiables in the cases
of the different scenarios. Policy recommendations basethe welfare indices are
mostly stable with respect to functional form (however, thedel using the Normal-
ized Quadratic functional attributes negative welfare&f solely to removing dis-
criminatory barriers). The basic message of the paper—lyatimat the biggest gain
for Kenya would come from a general reduction of regulataayriers—remains un-
affected by exchangingrr in the model structure. If we want to use the model to
estimate how a full reform package would affect single sa¢toowever, second-order
sensitivity analysis indicates that results from any smgF cannot be relied upon too
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much. Especially predictions for aggregate exports andaneings from land use look
very unreliable in light of this sensitivity analysis.

5 Conclusion

This paper introduced the notion of second-order sensitanalysis for applied gen-
eral equilibrium models. The method varies the global pridgg of cost functions by
changing their underlying functional forms. The effectiiton modeling results gives
the modeler an estimate of the uncertainty in results thgtrmates from choosing an
FFFfor representation of cost without knowing if anotteF would estimate the ‘real’
cost structure more precisely.

In the first order sensitivity analysis by Pagan and Shanh®85), the analyst can
decide on the probabilistic distribution of the uncertaamgmeters and get a distribu-
tion of modeling results in return. My method of second-os#msitivity analysis only
allows for implicit 'control’ of the distribution of unceain parameters by choosing the
set of FFFs that are cycled through. This however suffices to verify tivaethe use
of one of the analyzedrF is defensible, given that the cost function estimated by an
econometrician would be of &FFthat is also included in the set of analyzetts.

The paper presents the results of applying the sensitivigyyais to three applied
general equilibrium models from the literature. The foundance in results never pro-
vides a reason to refute the principal messages of the afigiorks. But if benchmark
and counterfactual results turn out to display drasticedéfices, there may be sectors
for which even the direction of change may depend on whigthwas used. In such
cases, an automated framework for second-order sensdivélysis proves valuable to
appraise the reliability of modeling results.

While NNCES cost functions are globally regular, possible irreguiesitin cost
functions of the three alternativeers can make the corresponding model unsolvable.
In such cases the second-order sensitivity analysis isatest to therrrs for which a
solution can be found. In the various tests that were run meetmodels in this paper,
such insolvabilities were encountered in two of the mod@lsdy for one model did the
problems with irregularities appear in the counterfacexgleriments proposed by the
original work.

Finally, it should be noted that a rigorous analysis of maaelsitivity in the spirit
of Pagan and Shannon should not only include changing thaiéumal form of all cost
functions at once, but also changing it for single sectofg.orhe economic intuition
for an efficient analysis is that sectors that experiench bltange in relative factor
prices should be the first to be analyzed with differerrs.

A Extracting AUES from NNCES

The following explains the functioning of the automatedqgass of second-order sen-
sitivity analysis used to obtain the results presented imghper. The approach im-
plemented is to use theNCES cost functions that MPS/GE assumes in its model, and
calibrate cost functions of theFFs GL, NQ, andTL to the same benchmark data. The
benchmark data needed for calibration @re;, 6, anda?. While they are not ex-
plicitly given by the MPS/GE formulation of the model, thegedmplicit to the cost
functions used by MPS/GE. The following describes the matimNCES cost func-
tions and how to extract benchmark data from them.
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Table 6: (Kenya model) Summary of results for different sg@s. Unless otherwise stated, numbers are percentaggefam initial equilibrium.
The minimal and maximal values obtained using differ@rare given. Bold print indicates a NNCES result.

Scenario definition Full Reform® Al services barries  Only non- Only barriers Only uniform CRTS Steady Stafe
discriminatory against FDI in tariffs?
services barriefls  service8
Liberalization of regulatory barriers for Yes Yes Yes No No Yes Yes
all services firms
Liberalization of discriminatory barriers No Yes No Yes No No No
on foreign services firms
Uniform import tariffs? Yes No No No Yes Yes Yes
Steady-state capital stock No No No No No No Yes
Dixit-Stiglitz variety-induced productiv- Yes Yes Yes Yes Yes No Yes
ity gains
Aggregate welfare
Welfare (EV as % of consumption) 8.5t012.0 2.8t108.3 -0.7t0 6.5 2.1t0 2.2 0.6t0 0.8 2.9t03.0 31.2t0 52.3
Welfare (EV as % of GDP) 7.1t0 10.1 241t07.0 -0.6t0 5.4 1.7t0 1.8 0.5t0 0.6 2.5t02.6 26.2t0 43.9
Government budget
Tariff revenue (% of GDP) 2.713.8 2.9 2.9 2.9 2.9 2.9 2.0t02.4
Tariff revenue 0.0 3.7t04.4 0.9t0 3.4 1.2th.3 0.0 0.0 0.0
Aggregate trade
Real exchange rate 0.4104 1.0t02.5 0.8t02.4 0.5 0.2100.3 0.21t00.4 1.4t03.5
Aggregate exports -11.2® -1.0t0 5.6 -1.6t0 7.7 1.5th.6 -4.210-3.0 -3.0to-1.4 14.2t0 47.6

Source: Authors’ estimates.

2model with the ‘Translog’ functional did not yield a solutidor this scenario
bmodel with the ‘normalized quadratic’ functional did noeld a solution for this scenario
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Table 7: (Kenya model) Continuation of Table (6)

Scenario definition Full Reform®  All services barrie  Only nondiscri- Only barriers Only uniform CRTS Steady Stafe
minatory services against FDI in tariffs?
barrier§ service8
Liberalization of regulatory barriers for Yes Yes Yes No No Yes Yes
all services firms
Liberalization of discriminatory barriers No Yes No Yes No No No
on foreign services firms
Uniform import tariffs? Yes No No No Yes Yes Yes
Steady-state capital stock No No No No No No Yes
Dixit-Stiglitz variety-induced productiv- Yes Yes Yes Yes Yes No Yes
ity gains
Factor Earnings
Skilled labor 9.1to 15.9 8.4t017.8 6.410 15.2 2.6t02.7 0.2t0 0.6 2.3t02.6 28.7t0 44.6
Semi-skilled labor 5.3t011.1 4.9t0 10.7 3.1to 7.4 0.4 0.8to 1.1 1.1t0 1.3 25.5t042.0
Unskilled labor 11.7t0 15.8 8.5t010.4 5.6108.0 3.4t03.5 1.3t01.6 5.0t05.3 34.1t056.9
Capital 9.5t0 13.7 8.2t09.2 6.3t0 6.5 2.6 1.0to 1.2 3.7t04.0 -4.51t00.5
Land -7.6t04.5 4.3to7.4 3.8t04.9 2.3t02.5 -2.4t0-1.7 -2.3t0-1.2 1.8t03.9
Factor adjustments
Skilled labor 8.1t0 10.7 9.1t013.2 7.7t012.2 4.2104.6 ©.6.9 4.4t0 4.7 9.3t010.6
Semi-skilled labor 9.9t0 11.7 8.9t012.0 7.9t0 10.6 4.6104.8 2.1t02.2 4.7t05.0 10.3to 12.6
Unskilled labor 2.1t03.2 2.0t0 3.7 1.7t0 4.4 0.8 0.6 0.201.0 3.9t05.6
Capital 3.5t05.1 3.3t05.3 2.8t0 4.4 1.3tol.4 0.9t0o 1.1 1.7t0 1.9 1.2to 1.3
Land 19.1t024.4 22.0t025.1 20.9t022 13.6t0 14.8 2.718.7 12.7013.1 26.81030.2
Capital stock and investment 32.4t063.1

Source: Authors’ estimates.

2model with the ‘Translog’ functional did not yield a solutidor this scenario
bmodel with the ‘normalized quadratic’ functional did noeld a solution for this scenario





If pi,i € # ={1,...,N} are all prices appearing in a givemces cost function, it
can be constructed from levéhests

] L1y

cﬁ(rn:[ Z A () , Oy >0, Zaﬁk/ﬂ @)
ket

K

where.#! is the set of all level + 1 subnestscf{,+l is again of the form (2) ik’ € .#*
or a terminal nesti{ € .#):

C H(P) = pr/Pr- (3)

All sets.#* shall be finite and there shall exist &ac N for which all & are empty.
In no nest shall the number of subnels#’ U.#| be greater thal. If Cﬁ*l(ri) is the
cost incurred through the goods entering the lé¥el-1) subnesk/,

Ay = Cﬁ,*l(r;) .
YhestusCn (P
and 0+1
C€+l(r—j) _ Ck (D;)
k A :
G ()
An NNCEScost function is then written a3 times a level NNCES-nest
B B 1/(1-y)
C(p) =CcO(p)=C [Z aEC&(ﬁ)l‘V]
For the MPS/GE production sector
$PROD:X s:5 va:6
0:PX Q:15
I:P1 Q:1
I:P1 Q:2 va:
I:P2 Q:3 P:4 va:
theNNCEScost function is
_ B 11/(1-5)
C(p) =C|alci(P)' >+ agcva(P)'°
with
C = 1+2+3.4=15
a = 1/15
al = (2+3-4)/15
and
aP = m
B _11/(1-6)
CalP) = [0dack(B)°+ o3P

SFor information on MPS/GE syntax and its interpretation.eage refer to section B.4 in
http://www.mpsge.org/mpsge/syntax.pdf
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with

01 = 2/14
Opo = 3-4/14
C% = p1
G = p/a

Let us now turn to the task of extracting benchmark data frgiven NNCES cost
function. Value share§ can be either computed directly from given MPS/GE figures
or recursively from theuncesformulation: If we defineelfi as the value share of good
i in the level? subnesk

pi dc(p

=

O = —— = e Bt ™, ke
“ c(p) 9pi k/e.s;uf Kk
1 ifi=k
elfl ::d(i:{ 0 else 5 kej,

6 is just the level 0 value share of gobcﬂio. It remains to compute theuEs oi’j*. This
is again done by recursively calculating thees of the level{ nestk:

1 /+1 [ al+lpl+l i
6l gl Z (O-k’?_j — Vo e ek/er , 1#]
ki “kj ke Ty

o (F) = Y+

and thus obtaining the benchmaxkes a7} = o) (p).
Given6 andoi’j*, calibration of the remainingrFs is then just a matter of applying
the information in Table (2) due to Perroni and Rutherfor@b@).
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