A Appendix

A.1 Mathematical Proofs

A.1.1 Increasing Trade-Cost Elasticity

We demonstrate that Proposition 1 holds true for arbitrary constant-returns-to-scale production technologies.
With that in mind, let the sequential cost function associated with a path of production £ = {£(1),¢(2),...,£(N)}
be defined by

Pin) (€) = Gy (Ce(nyp?(;l,l) (€) Te(n—w(n)) , for all n e N, (A1)

where the stage- and country-specific cost functions g?( in equation (A.1) are assumed to feature constant-

n)
returns-to-scale and diminishing marginal products. The cost of the first stage depends only on the local
composite factor, so constant returns to scale implies p%(l) (£) = ge}(1) (Cm)) for all paths £, with the function
91}(1) necessarily being linear in cg().

Define ﬁ?(;)l (£) = p?(;bl_l) (€) To(n—1)e(n) to be the price paid in £ (n) for the good finished up to stage n—1

in country ¢ (n — 1), so that we can express the sequential unit cost function as
sn—1
Pty (8) = Gty (Cety» i) (0)) -
Define the elasticity of pf (€) with respect to the trade costs that stage n’s production faces as

dlnpf (£)
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with the convention that £ (N + 1) = j so that #% is the elasticity of pf () with respect to the trade costs
faced when shipping assembled goods to final consumers in j. Because 7(,)¢(n+1) increases p?(n 1) (£) with a

unit elasticity, the following recursion holds for all n’ > n
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At the same time, the unit cost elasticity at stage n + 1 satisfies

alnp?(:in (& alnp?(ﬁﬂ) (£)
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Hence, the elasticity of finished good prices can be decomposed as

N Jln p?(/n,) (L)
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invoking the convention Hfj,: n41f(n') =1 for any function f(-). Constant returns to scale in production
implies that the function g?(n) is homogeneous of degree one. As a result, the elasticity of unit costs with

respect to input prices is always less or equal than one, so for all n > 1 we have
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with strict inequality whenever a stage adds value to the product. From equation (A.2), it is then clear that

with strict inequality when value added is positive at all stages.

A.1.2 Fighting the Curse of Dimensionality: Dynamic and Linear Programming

When discussing the lead-firm problem in section 2.2, we mentioned that there are JV sequences that deliver
distinct finished good prices pf (£) in country j. Hence, solving for the optimal sequences #7 for all j by brute
force requires JN*! computations and is infeasible to do when J and N are sufficiently large. However, we
show below that use of dynamic programming surmounts this problem by reducing the computation of all
sequences to only J x N x J computations. Furthermore, in the special case in which production is Cobb-
Douglas, the minimization problem can be modeled with zero-one linear programming, for which very efficient

algorithms exist.

I. Dynamic Programming

Define EZL € J™ as the optimal sequence for delivering the good completed up to stage n to producers in

country j. This term can be found recursively for all n = 1,..., N by simply solving
E% = arg minp;. (Eﬁ_l) Thj, (A.3)
keg

since the optimal source of the good completed up to stage n is independent of the local factor cost c; at stage
n, of the specifics of the cost function gj, or of the future path of the good. For this same reason, we have
written the pricing function pf in terms of the n — 1 stage sequence Efkl since it does not depend on future
stages of production (though it should be clear that p}? will also be a function of the production costs and
technology available for producers at that chosen location k). The convention at n = 1 is that there is no input
sequence so that E’g = @ for all k € J and the price depends only the composite factor cost: p. (&) = g} (ck)-

The formulation in (A.3) makes it clear that the optimal path to deliver the assembled good to consumers
in each country j, i.e., & = E?W can be solved recursively by comparing J numbers for each location j € J at
each stage n € NV, for a total of only J x N x J computations.

To further understand this dynamic programming approach, Figure A.1 illustrates a case with 3 stages
and 4 countries. Instead of computing J~ = 64 paths for each of the four locations of consumption, it suffices
to determine the optimal source of (immediately) upstream inputs (which entails J x J = 16 computations
at stages n = 2 and n = 3, and for consumption). In the example, the optimal production path to serve
consumers in A, B, and C' is A —+ B — B, while the optimal path to serve consumers in D is C — D — D.

I1. Linear Programming

In the special case in which production is Cobb-Douglas, the optimal sourcing sequence can be written as a

log-linear minimization problem
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Figure A.1: Dynamic Programming — An Example with Four Countries and Three Stages

This can in turn be reformulated as the following zero-one integer linear programming problem

N-1
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A.1.3 Proof of Proposition 3

If there is free trade or 7 is constant across all country pairs (including domestically), then all countries source
each variety from the same sequence of countries with mg; = m, for all j € J. Analogously, price indices are
the same in all markets so that P; = P for all j € J. The probability of sourcing a variety through a given

sequence is thus
n -0 1/N
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We will now prove that wages are equalized across countries. Note that the total probability of any country

Teg —

being in a given stage n is the same regardless of the destination country and equals
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Now, suppose that wages are common across countries with w; = w for all 7 € J. Since the probability of

any country being at a given stage n needs to equal 1, this implies that
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where the second line uses our assumption that the geometric mean of T* across countries is constant across
stages of production. Let us now plug this into the right-hand side of the general equilibrium equation together

with our guess that wages are equalized across countries
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Where the third line uses the previous result and where the fourth line uses our assumption that the geometric
mean of T} across stages of production is constant across countries. Hence, guessing that wages are equalized
across countries delivers a fixed point in those wages. Since the equilibrium is unique, this is the only set of
wages satisfying the general equilibrium equation.

To derive the share of goods produced in a domestic supply chain under free trade, rewrite © as

o= @) =@xT)" <J><]1[Z(TJ”)I/N>N7
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for any j € J. Inserting this into the domestic expenditure share finalizes the proof
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A.1.4 Proof of Proposition 4

If all countries are symmetric, wages are equalized and the domestic expenditure share is
1
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The denominator can be rewritten as
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Substituting this in the domestic share finishes the proof.



A.1.5 Proof of Proposition 5
Let (Tﬁ)ie = p;p;- In such a case, the probability of country j sourcing through £ reduces to
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and is thus independent of the destination country j. The aggregate probability of observing country ¢ in

location n can thus be expressed as
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where the second line follows from the fact that, for GVCs in the sets A} and A}, the set of all possible
paths excluding the location of stage n are necessarily identical (and independent of the country where n takes
place), and thus the second terms in the numerator and denominator of the first line cancel out.

For the special symmetric case with a,,3,, = 1/N and «,, = 1/n we obtain that

(1)) " (20"

2n—1

5 (T ™) (o)™

keJ

Now consider our definition of upstreamness

U(i):Z(N—n—&—l)xM.

N
n=1 > Pr (A?’)
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(A7)

This is equivalent to the expect distance from final-good demand at which a country will contribute to

global value chains. The expectation is defined over a country-specific probability distribution over stages,
fi(m) = Pr (A7) / 2Ny Pr (A7),

Finally, note that for two countries with p,, > p, and two inputs with n’ > n we necessarily have

> 1.

for () [ (n) _ <pi,>2<”'">/N
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As a result, the probability functions fir (n) and f; (n) satisfy the monotone likelihood ratio property in n.
As is well known, this is a sufficient condition for f;: (n) to first-order stochastically dominate f; (n) when
py > p;- But then it is immediate that Ef, [n] > Ey, [n], and thus the expected value in (A.7), which is simply
N + 1 —Ey, [n], will be lower for country ¢ than for country ¢ when p; > p,. This completes the proof of
Proposition 5.

We can finally consider the case with a general path of a,, but common technology T; = T across countries.
From equation A.6, we have
(e)"" " ()
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We then have
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Let’s inspect the exponents more closely. Note 8,,_; = (1 — ay) 8,,, 80 anf,, = B,, — B,,_1 and

n
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because 3,_; < 8, This can be iterated starting for n” = n’+1. This result implies that a sufficient condition
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for ' > n and p; > p; is that (c,;)_e p; is larger for more central countries. Unfortunately, the general
equilibrium conditions of the model are too complex for us to be able to formally establish that this is indeed
the case for all possible parameters values. But, as stated in the main text, we have run millions of simulations

and have not found a single case contradicting the claim.

A.2 General Equilibrium under Decentralized Approaches

This Appendix demonstrates the isomorphism between the general equilibrium conditions derived under the
lead firm (chain-productivity) formulation in the main text, and the two alternative decentralized approaches

outlined in 3.2.

A.2.1 Incomplete Information Approach

We begin with the first approach with stage-specific Fréchet distributions and incomplete information. On

the technology side, we now assume that 1/a? (z) is drawn independently (across goods and stages) from a



Fréchet distribution satisfying

Pr (a? (2)*Fn > a) = exp {—a9 (Ti)a"ﬁ"} . (A.8)

To build intuition, we begin by sketching why and how the approach works for the simple case with only
two stages, input production (stage 1) and assembly (stage 2). Later, we will show how the approach naturally
generalizes to the case N > 2.

With N = 2, input producers of a given good z in a given country ¢ (1) € J observe their productivity
1/ a}(l) (2)

Py (2) = agy (2) con). Assemblers of good z in any country £(2) € J observe their own productivity
1/aj (5 (2)

, and simply hire labor and buy materials to minimize unit production costs, which results in

(2), as well as that of all potential input producers worldwide, and solve

a9 1—(12
P?(z) (2) = min {(a?(z) (2) Ce(z)) (aéu) (2) Ce(1)Te(1)e(2)> } .

L(eg

Independently of the values of aﬁ(m (2), cy2), and ag, the solution of this problem simply entails procuring
11—«
the input from the location £* (1) satisfying £* (1) = arg min { (a}(l) (2) Ce(]_)Tg(l)g(Q)) ’ } As is well-known,

the Fréchet assumption in (A.8) will make characterizing this problem fairly straightforward. Consider finally
the problem of retailers in each country j seeking to procure a final good z to local consumers at a minimum
cost. These retailers observe the productivity 1/ agm (z) of all assemblers worldwide, but not the productivity

of input producers, and thus seek to solve

o I-a
pi () = m“;ienj { (‘1?(2) (2) Cé(2)> 'E {aé*u) (2) C#(1)T@*(1)£(2)} : Te(z)j} . (A.9)
If retailers could observe the particular realizations of input producers, the expectation in (A.9) would be
replaced by the realization of a%(l) (2) coyTeyec2y in all £(1) € J, and characterizing the optimal choice
would be complicated because it would depend on the product of the distributions a?@) (2) and a}(l) (2),which
is not Fréchet under (A.8). Given our incomplete information assumption, however, the expectation in (A.9)
does not depend on the particular realizations of upstream productivity draws, and this allows us to apply the
well-know properties of the univariate Fréchet distribution in (A.8) to characterize the problem of retailers.
To see this, take two countries ¢ (1) and £ (2) and consider the probability mp; of a GVC flowing through
£(1) and £(2) before reaching consumers in j. This probability is simply the product of (i) the probability of
£ (1) being the cost-minimizing location of input production conditional on assembly happening in ¢ (2), and
(ii) the probability of £(2) being the cost-minimizing location of assembly for GVC serving consumers in j.
Denoting &) = E {7-4*(1)5(2)6@*(1) (2) Cg*(l)} e , and using the properties of the Fréchet distribution, it is

easy to verify that we can write mg; as

11—« —0(1—aw2) «a s —0 0
ryy = ) (i) 7 (Tiew) ” ()~ Tems) (&(2)) (A.10)
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A bit less trivially, but also exploiting well-known properties of the Fréchet distribution, it can be shown
that

1 1o 1—as oo
Eyz) =E [W*(l)e@)%(l) (2) Ce*u)} =< (kZJ (Tw) (enTree2)) ) :
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for some scalar ¢ > 0. This allows us to reduce (A.10) to

e}

1—as —0(1—a2) Qg 2 —6
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e =

It should be clear that this expression is identical to (9) — plugging in (10) — for the special case N =
2. It is also straightforward to verify that the distribution of final-good prices pf (£, z) paid by consumers
in j is independent of the actual path of production £ and is again characterized, as in equation (8), by
Pr (pf £, z) < p) =1—exp {—(:)jpe}7 where (:)j is the denominator in (A.11), and is the analog of ©; in (10)
when N = 2.

In sum, this alternative specification of the stochastic nature of technology delivers the exact same distri-
bution of GVCs and of consumer prices as the one in which the overall GVC unit cost is distributed Fréchet.

We next generalize this result to an environment with more than two stages. It should be clear that the
input sourcing decisions for the two most upstream stages work in the same way as outlined above. Let ¢ (n)
be the tier-one sourcing decision of a firm producing good z at stage n + 1 in j. Generalizing the notation

above, define for any s > 0 the expectation

&' ls] = R [(p?;'(n) (2) Tezm)j)s} ”

where we have written the expectation with an n subscript indicating that the expectation takes that unit costs
(and prices) from stages 1,...,n as unobserved. To be fully clear, a firm at n + 2 observes the productivity
draws from stage n+ 1 but does not know previous sourcing decisions. Hence it must form an expectation over
the location from which its stage n suppliers source, ¢4 (n), and use this to calculate the expected input prices
& [s]. As will become clear in the next paragraph, denoting the expectations for a general s > 0 is useful
since downstream firms between n + 2,..., N and final consumers will all use the information on expected
input prices at n but in different ways depending on the objective function they seek to minimize.

Substituting in the Cobb-Douglas production process in (1), we can write

& s = B [(ay ) D) X ERL 10— an)s) x (100,) |-

The crucial observation is that to determine expected input prices from stage n a firm must also incorporate
expected input prices from stage n — 1, and so on until input prices from all upstream stages have been
incorporated. Note that productivity draws across stages of production are independent, but even more
importantly, sourcing decisions across stages of production are also independent. Hence, one can use the law
of iterated expectations to compute expected input prices from n—1, 525) ['], in the computation of expected
prices at n in } []. The latter expectation is over £/ (n) but once we condition on a specific value for £/ (n),
the expectation 52.?;) [] is a constant. Finally, note also that this recursion starts at n = 1 with £ [s] = 1
since only labor and materials are used in that initial stage.

Let us next illustrate why these definitions are useful. Consider the optimal sourcing strategies related to
procuring the good finished up to stage n < N. Given the sequential cost function in (1), the problem faced

by a stage n + 1 producer in j can be written as

)Oén(lfot',k',l)

t2 () = g i, { (a2 e

n— l—ant1
X Egiy [ = an) (1= )] X (7o) " }

where the 1 — ay, 11 superscript comes from the stage n 4+ 1 producer wanting to minimize its own expected

input price and in which the stage n input price enters its own unit cost to this power. Meanwhile, final



consumers (or local retailers on their behalf) source their goods by solving

anN

; . N N-1
0L (N) = arg 5(1]9)12‘7 { (ae(z\r) (2) Cg(N)) X EZ(N) [1—an]x TZ(N)j} .

The probability of sourcing inputs from a specific location i at any stage n can be determined by invoking
the properties of the Fréchet distribution, given that 1/a () is drawn independently (across goods and stages)

from a Fréchet distribution satisfying
'nﬁn I 6 7’1/877,
Pr (a? (z)mPm > a) = exp {—a (T;)" } .
In particular, we obtain
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These probabilities can now be leveraged in order to compute expected input prices. Define a;; =

_Bn
(ci)* MM (1 — @) 8] (1i5)° so that 1/ (ad®a;;) ~ Fréchet <Tia"ﬁ”dij -0 ’i"@) (note that the above distri-
bution is the special case in which s =1 — a,41). Then using the moment generating formula for the Fréchet

distribution, it can be verified that
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where T' is the gamma function. From this equation it should also be clear why we are denoting E7 [s] as
a function of s, since as we move down the value chain we need to compute the upstream expectations at
different 'moments’.

We are now ready to determine the equilibrium variables: (1) material prices P; and (2) the distribution

of GVCs. Material prices can be derived recursively using our expectations:

Py = () L =a)) ™7 = |3 @)™ (@)™ i)~ & (1= aw) (1 - o)]_lf”] g (1 + U)

leg
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1
where ¢ = H::;l r (1 + ﬁ) "7 This expression is identical to (11) up to a scalar (which is irrelevant for all
equilibrium conditions and that could be ‘neutralized’ by an appropriate rescaling of the stage-specific Fréchet

distributions).



Finally, since input decisions from n are independent from the decisions that firms at n — 1 made then

e = Pr (eg (N) = £ (N) ’eﬁm (N—1)=¢(N - 1)) X
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which is identical to equation (9) in the main text obtained in the ‘randomness-in-the-chain’ formulation of

technology.

A.2.2 Oberfield Approach

We next turn to the second decentralized approach inspired by work of Oberfield (2018). To ease the notation,
let us define

Ziny = (“Zn))ia"’

so that we can write equation (1) as

n 1 Qn n—1 l—an
Den) = ‘ZZL( ) (Cf(n)) <pe(n—1)74(nfl)f(n)) :

A key conceptual difference with this approach is that the efficiency level Zgb(n) is now assumed to be buyer-
seller specific (or match specific). In particular, a firm producing stage n in location ¢ (n) meets a certain
number of potential sellers of stage n — 1 in each location £ (n — 1), with each of these potential sellers being
associated with a distinct ‘match’ productivity of combining the good completed up to stage n — 1 with the
labor and materials at stage n. This buyer-seller specific productivity is drawn from a Pareto distribution with
shape parameter 6 and lower bound Zj,,). Below, we will focus on the limiting case in which Z(,,) — 0. Given
all the available match-specific productivities and production costs, each stage-n producer (or buyer) chooses
the supplier offering the lowest cost for the good produced at stage n — 1. The number of available potential
suppliers in each sourcing country ¢ (n — 1) varies across producers, and the precise number m;’}(n_l) o(n) of

potential suppliers based in country £ (n — 1) available to a given firm producing stage n in country £ (n) is
-0
assumed to follow a Poisson distribution with arrival rate (Tg(n))u” (Z?(n)) . For n = 1, and for the time

being, we assume that productivity in location ¢ (1) is fixed at Z}(l) = (Tg(l))l/e, though we will relax this
assumption below.

We now derive the distribution of final good prices in country j when sourcing goods through an arbitrary
supply chain £. To build intuition, let us first study the case with two stages (N = 2). Consider the distribution
of prices that a stage 2 producer in country £ (2) can offer to consumers in country j if stage 1 output is bought
from country ¢ (1) and the highest matched-pair productivity with suppliers in that country is 242(2). This

10



distribution is given by

_ZT

1 a 1—ao
Gi(ple(1),£(2)) = Pr (p < (co2))™ (Péu)w(l)e(z)) 76(2)j> ;
0(2)

= Pr(Zy < 20),
where Z (p) = (caz))™ (eet) (Tew) ™"’ Teu)e(z))l Tl
Now remember that the stage-2 producer has various potential suppliers in each country £ (1), so for the
price to be higher than p, or for max;—1,..mq,q {Zz(g)} = 23(2) <Z (p), we need ZZQ(’;')’ <Z (p) for all the
draws p associated with all the potential suppliers my(1)e(2) that a specific firm has. Since both the number
of suppliers and productivity of each set of suppliers is stochastic, we can obtain the overall distribution of
prices invoking the formula for the Poisson probability density function and also plugging in the cumulative

density function for the Pareto distribution:
Gi(ple(1),€(2))

=> [P (Zf(’g) <Z (p)) x Pr (meyee) = m) ,

. (%)6 y <(Té(2))a2 (Zg(z))_9>m exp {— (Ty2))™ (ﬁ(z))_g} (A.13)
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0 - —9 _0
= exp {_p (Té(l)ceu)%u)az)) (TZ(Z)Cz(z)) T€(2)j} :

This is the same expression we obtain in the “Fréchet-in-the-chain” formulation in the main text.

Now let us extend these results to the case with N = 3, and consider the problem of producers of the
final assembly stage n = 3 in country ¢(3). For such a producer, the distribution of prices it can offer to
consumers in j when stage-2 inputs are bought from country ¢ (2) is more involved than before because it now
depends on the product of the distribution of buyer-seller productivity draws Zé?(:,)) and the upstream input
prices p§(2) that each input seller itself sells at (that is, influenced by the buyer-seller productivity that the
stage-2 seller has with its own input suppliers). However, note that the buyer-seller productivity draws at
stage-3 are independent of the upstream productivity draws. Instead, what is crucial to take into account is
the fact that stage-3 producers that get more stage-2 matches will get, on average, both a better buyer-seller
productivity draw but also a better stage-2 input price. Thus, we can split the problem into two parts. We
first obtain the expected price distribution conditional on a buyer-seller relationship and then we obtain the
price distribution by characterizing the distribution of optimal matches.

Define the distribution of stage-3 prices in j from a given supply chain £ = {£(1),¢(2),¢(3)} conditional

on a specific buyer-seller relationship characterized by Zg(g) as

3 1 as 9 1—asg
F} (p £, Ze(3)) =Prip< Z (ces)) (Pz(z) (€) 72(2)5(3)) Te3)j | 5
0/(1—as)
_ o PZy(s) '
=expgy — £(1)€(2) 1—as as ’
To2)e(3)Ce(3)T(3)4

l—« «
where Og1y¢2) = (Tg(l)cé_(?)Tz(?)é(Q)> ’ (Tg(g)cé_(g)> ’ and where we have invoked our above distribution
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(A.13). As in the N = 2 stage case, with N = 3 the distribution of prices along chain £ will be determined
by the fact that each producer at the assembly stage chooses the upstream supplier that offers the best
combination of buyer-seller productivity and input prices. That is

Gj(ple(1),0(2),£(3))
= Z H / 6(3)) Pr (ZZ(3) = ) dZ x Pr (mg(g)g(g) = m) ,

m=0 pu=1 /(3)

> 0
_ as [ 3 )
= exp {_ (Tf(?’)) <Z2(3) - /23 Ej (|, 2) 70+1 dZ) }

Zy(3)

where we used the fact that Z é(:’;) is a Pareto random variable with lower bound Z 2(3) and shape parameter 6.

az)) = exp {x (») (Zg(g))g/ (1-as)

taking the limit when g;"(?)) — 0 and using a change of variable ¢ (p) = x (p) Z%/(1=23) to obtain

Now, define x (p) such that F} ( , and solve the above integral by

)1—(13

* X (p
F; Z 7 =
A J (p |£7 ) Zg+1 d 1 — ag

1—O¢3
X (p)
=~ T
1—as (ca),

/0 e (¢} )™ (v),

where T'(+) is the gamma function. Plugging this back in (and remember that we took the limit Zﬁ(g) — 0)

we obtain that

3 2
_ an/Bn Qﬂ” —6 F Q
= exXp {—pe X | I (CZ(fL)Té(n)) I | To(m)e(n+1)) x (Tus);) X 1 E;i } :
n=1 n=1

N
where notation is such that 3,, = [] (1 — a,,) and a3 = 1. This last expression is the exact same expression
m=n+1

we obtain in the main text for Pr (p;F (£, z) > p) in the N = 3 case except for the last scalar term involving
the gamma function term. Nevertheless, this scalar term is irrelevant for the main equilibrium conditions in
the model.

We have derived this result for stages n = 3 and n = 2, but it should be clear that the above derivations
would work for any two stages n and n — 1, as long as the distribution of production costs in upstream
stage n — 1 is Fréchet distributed. This has two implications. First, our assumption above that, for n = 1,
productivity in location ¢(1) is fixed at Z 41(1) = (T 3(1))1/9 can be relaxed and we can instead assume that
Z 21(1) is Fréchet distributed with shape parameter ¢ and scale parameter T} (1). Second, one can use induction

to conclude from our results above that, for a general N, we obtain

anf, N _
Pr (pj (£,2) 2 p) = exp{ Kk H (ca Te) H Tamensn) % (Teyy) % 6}7

where ¢ is a positive scalar that is irrelevant for all equilibrium conditions and that can be ‘neutralized’ by

an appropriate rescaling of the stage-specific Poisson distributions. It should be apparent that this expression

12



coincides with equation (8) in the main text, up to this immaterial scalar <.

Finally, it remains to be show that this decentralized solution not only delivers the same distribution of
final-good prices, but also the same GVC trade shares as in expression (9) in the main text. But this is implied
by our previous derivations related to the decentralized approach with incomplete information. In particular,
fixing a downstream stage n, the distribution of upstream costs at n — 1 is again Fréchet distributed, so
applying the law of total probability in the same manner as in (A.12) above, it is straightforward to re-derive

equation (9) in the main text. And, to reiterate, the scalar < is irrelevant for these equilibrium conditions.

A.3 Introducing Trade Deficits

Let D; be country j’s aggregate deficit in dollars, where y D; = 0 holds since global trade is balanced. The
only difference in the model’s equations is that the general equilibrium equation is given by

1 1—7;
—wiLi = Z Z Oénﬂn x Pr (A?,]) X <’ijj'Lj + ’U.)ij - Dj> .
Vi JET neN Vi

where w;L; — D; is aggregate final good consumption in country j.
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A.4 Graphical Description of Multi-Stage Production

final consumers

Figure A.2: Multi-stage production with separate intermediate input and final good supply chains.

final consumers

Figure A.3: Multi-stage production with common intermediate input and final good supply chains.

)
@ >

final consumers final consumers
Figure A.4: Single-stage production with sep- Figure A.5: Single-stage production with
arate intermediate input and final good tech- common intermediate input and final good
nology (Alexander 2017). technology (Eaton and Kortum 2002).

14



A.5 Estimation Results

7; X Ty
N 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
AUS 054 065 074 079 083 7.96 7.97 803 813 829 352 488 501 4.96 4.86
AUT 053 0.63 0.73 0.78 0.83 142 1.04 0.72 055 043  2.64 207 1.74 1.53 1.40
BEL 053 062 0.72 079 0.84 1.67 0.95 0.65 048 036 201 1.64 1.45 1.33 1.26
BGR 0.36 0.48 0.58 0.65 0.70 0.02 0.01 0.00 0.00 0.00 0.03 0.02 0.01 0.00 0.00
BRA 0.56 0.68 0.76 0.81 0.84 0.10 0.08 0.04 0.03 0.02 0.37 0.12 0.06 0.04 0.03
CAN 058 0.68 0.77 0.83 0.87 628 535 459 423 4.03 344 340 325 3.08 2.94
CHE 053 0.62 0.72 078 0.82 921 800 7.85 7.46 692 109 124 145 165 17.5
CHN 033 045 055 0.62 0.67 016 013 007 005 004 035 0.12 0.08 005 0.04
CZE 0.44 0.53 0.64 0.71 0.76 0.15 0.06 0.03 0.01 0.01 0.22 0.13 0.08 0.05 0.04
DEU 054 065 0.74 0.80 0.83 3.0 3.16 2.40 1.98 1.66 557 4.95 4.69 447 4.29
DNK 0.57 0.64 0.73 0.79 0.83 3.01 1.55 1.14 0.86 0.66 539 5.08 4.42 4.03 3.76
ESP 0.52 0.63 0.72 0.77 0.80 057 044 027 020 0.6 1.25 0.78 0.56 0.44 0.38
FIN 0.51 0.60 0.69 0.74 0.78 1.29 0.70 0.51 0.39 0.32 1.99 2.08 1.61 1.35 1.19
FRA 055 0.66 0.74 0.79 0.82  1.87 1.93 1.39 1.2 094 407 3.07 259 228 2.07
GBR 0.56 0.67 0.75 0.80 0.84 3.49 3.29 259 223 2.01 3.32 3.13 2.81 257 2.39
GRC 0.58 0.66 0.74 0.78 0.81 0.08 0.03 0.01 0.01 0.01 0.24 0.14 0.07 0.05 0.03
HRV 046 057 0.68 0.74 0.78  0.02 0.01 0.00 0.00 0.0 0.3 0.03 001 0.0l 0.00
HUN 0.52 0.59 0.70 0.78 0.83 0.05 0.01 0.00 0.00 0.00 0.09 0.05 0.03 0.01 0.01
IDN 0.53 0.65 0.73 0.79 0.82  0.00 0.00 0.00 0.00 0.00 002 000 0.0 0.00 0.00
IND 0.53 0.65 0.73 0.77 0.80 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00
IRL 0.62 0.67 0.79 0.88 0.95 3.03 093 056 033 0.19 297 229 220 222 231
ITA 0.51 0.62 0.71 0.76 0.80 0.91 0.82 0.56 0.45 0.38 1.82 1.28 1.01 0.85 0.75
JPN 052 064 0.72 077 0.80 1.32 1.88 1.39 1.16 1.02  6.56 3.66 3.11 2.73 247
KOR 0.42 0.53 0.63 0.69 0.74 0.55 0.50 0.34 0.26 0.21 1.72 0.93 0.76 0.64 0.56
LTU 046 057 0.69 0.76 0.81  0.03 0.01 0.0 0.0 0.00 002 004 002 001 0.01
LUX 0.32 0.51 0.67 0.79 0.88 0.96 2.65 3.89 4.76 5.19 0.18 1.61 2.80 4.28 5.90
MEX 0.59 0.70 0.77 0.81 0.84 0.05 0.03 0.01 0.01 0.01 0.38 0.11 0.06 0.04 0.03
NLD  0.60 0.69 0.80 088 092 595 3.74 3.18 2.85 2.62  2.89 2.83 283 281 2.80
NOR  0.62 0.73 0.83 088 091 31.8 32.5 40.1 43.7 461 143 212 225 232 232
POL 048 059 068 0.74 0.78  0.20 0.0 0.05 0.03 0.02 032 018 0.11 0.08 0.06
PRT 0.54 0.63 0.71 0.77 0.80 0.13 0.06 0.03 0.02 0.01 0.27 0.15 0.08 0.05 0.04
ROU 049 059 068 0.74 0.78  0.04 0.02 0.01 0.0 0.0 007 0.03 002 001 0.01
ROW 0.44 0.57 0.67 0.73 0.77 0.06 0.03 0.01 0.01 0.00 0.06 0.02 0.01 0.01 0.00
RUS 055 0.69 0.79 0.85 0.89  0.63 045 0.29 0.23 020 006 004 0.03 0.02 0.02
SVK 0.44 0.52 0.64 0.72 0.77 0.12 0.04 0.02 0.01 0.00 0.20 0.15 0.08 0.06 0.04
SVN 038 053 0.65 0.73 079 005 003 001 000 000 006 008 004 002 0.02
SWE 0.55 0.65 0.74 0.80 0.83 3.64 243 1.98 1.66 1.41 4.30 4.39 3.98 3.71 3.52
TUR 0.53 0.63 0.71 0.76 0.80 0.09 0.04 0.02 0.01 0.01 0.15 0.08 0.04 0.03 0.02
TWN 055 0.64 0.75 0.83 0.88 079 035 022 017 014 031 024 017 0.13 0.11
USA 0.57 0.69 0.77 0.82 0.85 9.15 18.7 17.0 16.6 16.6 17.8 16.5 16.7 16.4 15.9

Table A.1: Estimation Results - Asymmetric Parameterizations.
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7; T}

N 1 2 1 2

AUS 0.52 0.88 4.79 3.48
AUT 0.55 0.87 2.14 0.57
BEL 0.54 0.83 1.92 0.45
BGR 0.61 0.95 0.10 0.00
BRA 0.57 0.99 0.15 0.01
CAN 0.55 0.92 3.43 1.65
CHE 0.52 0.81 9.44 6.35
CHN 0.33 0.57 0.18 0.03
CZE 0.48 0.73 0.23 0.02
DEU 0.55 0.87 3.90 1.65
DNK 0.59 0.92 5.04 1.83
ESP 0.54 0.88 0.77 0.14
FIN 0.54 0.87 2.01 0.59
FRA 0.56 0.93 2.58 0.93
GBR 0.55 0.91 295 1.24
GRC 0.63 1.00 0.16 0.01
HRV 0.70 1.00 0.22 0.01
HUN 0.61 0.91 0.14 0.01
IDN 0.55 0.93 0.01 0.00
IND 0.56 0.97 0.00 0.00
IRL 0.63 0.92 3.89 0.94
ITA 0.51 0.85 1.15 0.29
JPN 0.54 0.93 243 1.08
KOR 0.44 0.71 0.79 0.21
LTU 0.71 1.00 0.58 0.10
LUX 0.45 0.81 8.02 42.5
MEX 0.64 1.00 0.11 0.00
NLD 0.56 0.86 2.83 0.81
NOR 0.61 0.98 22.3 17.8
POL 0.50 0.79 0.24 0.02
PRT 0.57 0.93 0.22 0.01
ROU 0.53 0.84 0.06 0.00
ROW 0.43 0.72 0.05 0.00
RUS 0.50 0.84 0.22 0.02
SVK 0.56 0.85 0.47 0.05
SVN 0.62 1.00 0.68 0.25
SWE 0.56 0.88 4.04 1.50
TUR 0.54 0.88 0.11 0.01
TWN 0.51 0.80 0.43 0.06
USA 0.58 1.00 11.2 15.3

Table A.2: Estimation Results - Symmetric Parameterizations.
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B Supplementary Online Appendix: Not for Publication

B.1 Partial Equilibrium Model: An Example

In this Appendix, we illustrate some of the salient and distinctive features of our partial model of sequential
production in section 2 via a simple example. We consider a world with four countries (J = 4) and four stages
(N = 4). Technology is given by the symmetric Cobb-Douglas specification in (4), with «, /3, = 1/4 for all
n. The four countries are divided into two regions, the West (comprising countries A and B) and the East
(comprising countries C' and D). The ‘geography’ of this example is illustrated in Figure B.1. Note that we
impose a great deal of symmetry: intra-regional trade costs are common in both regions, and inter-regional
costs between A and C' are identical to those between B and D. On the other hand, trade costs between B
and C are lower than between A and D. For simplicity, all domestic trade costs are set to 0, so 7;; = 1 for
i =A,B,C,D. We are interested in solving for the optimal path of a four-stage production process leading
to consumption in country D (in green in the figure). Note that shipping to D directly is least costly when
shipping from D itself, followed by C' (the other country in the East), then by A and finally by B, which is
the most remote country relative to D.

We compute the optimal path leading to D for different levels of trade costs starting with a benchmark
with 7op = 70p = 1.3, 7o = 1.5, Tap = 1.75, Taoc = Tpp = 1.8, and then scale these international trade
costs up or down by a shifter s (so starting from 7;;, we instead use 7;; (s) = 1+ s x (7;; — 1)).*! For each
matrix of trade costs, we run one million simulations with production costs a}c; being drawn independently
for each stage n and each country j from a lognormal distribution with mean 0 and variance 1. By choosing
a common distribution across countries and stages, we seek to isolate the role of trade costs in shaping the
optimal path of sequential value chains.

The results of these simulations are depicted in Figure B.2 for various levels of s ranging from 0 (free trade)
to 50 (which results in close to prohibitive trade costs). The upper left panel shows the average propensity
of each country to appear in GVCs leading to consumption in D. The upper right panel depicts the average
position (or downstreamness) of countries in these GVCs. Finally, the lower panel decomposes GVCs into
purely domestic ones (with all production stages in D), purely regional ones (with some stages in C' and D,
but not in A or B) and global ones (involving at least one stage in A or B).

Several aspects of Figure B.2 are worth highlighting. First, focusing on the upper left panel, notice that
country B, which is farthest away from country D, appears slightly more often in value chains leading to D
than its Western neighbor A does. The reason for this surprising fact is tightly related to the sequential nature
of production. Even though, A is closer to D than B is, B is relatively close to D’s Eastern neighbor C, and
this makes this ‘remote’ country B a particularly appealing location from which to set off value chains that
will flow to D through C.*?> A second noteworthy aspect, apparent from the upper right panel of Figure B.2,
is that remoteness appears to shape the average position of a country in GVCs, a fact we anticipated above.
More specifically, country B, which is farthest away from D, is on average the most upstream of all countries,
followed by its Western neighbor A, and then by C, with D being naturally the country positioned most
downstream in value chains leading to consumption in D. Finally, the lower panel of Figure B.2 illustrates
how the progressive reduction of international trade costs first gives rise to GVCs that are largely regional in
nature, and then later to truly global value chains involving inter-regional trade. It is also worth highlighting

that even for fairly low trade costs, purely domestic GVCs remain quite prevalent, much more so than would

“IThese parameters are chosen such that for all values of s considered, the triangle inequality holds for any three
given countries.

42 As we show in Online Appendix B.1 of the working paper version of our paper (Antras and de Gortari, 2017), in
an analogous world without sequentiality, the above pattern would not hold and the relative prevalence of countries
would be strictly monotonic in the level trade costs incurred when shipping to the assembly location.
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be predicted by an analogous model without sequentiality (see the Online Appendix B.1 in Antras and de
Gortari, 2017). The reason for this is the compounding effect of trade costs, which other things equal makes
it costly to offshore intermediate production stages in chains in which D has comparative advantage in the

most upstream and downstream stages.

B.2 Proof of Existence and Uniqueness

The aim of this Appendix is to study the existence and uniqueness of the general equilibrium of our model.
Because the core of our estimation focuses on a one-sector version of our model with variation in value
added shares v, across countries, we develop our proofs for that more general case. Let us begin with some
assumptions and definitions.

We shall assume throughout the following:
1. Vie J: v, €(0,1].

2. EnEN anfB, = 1.

3. There exist lower (Tin, Tmin) and upper (Tnax, Tmax) bounds on 7;; V{i,j} € J% and T} Vj € J.

Definition 6 (M-matriz) Ann x n matriz A is an M-matriz if the following equivalent statements hold:

(i) A can be represented as sI — B, where I is n X n identity matriz, s € Ry is a constant and B is the

matriz with positive elements and the moduli of B’s eigenvalues are all < s.

(ii) A has a non-negative inverse.
Definition 7 (Excess demand) The excess demand function Z (w) is defined as

Zi(w) = — (Z S anB, x Pr(A7,j) x ?ijj> -1, (B.1)

JET neN Y
with Pr (AT, j) =3 ,can Tej, and where remember that AT = {£ € TN | {(n) = i}.

Definition 8 (Gross Substitutes) The function F (w) : R? — R’ has the gross substitutes property in w
if

OF;

8wj

Vi, j} € T%i# ] > 0.

We next use these assumptions and definitions to develop proofs of existence and uniqueness that parallel
those of Theorems 1-3 in Alvarez and Lucas (2007).

Theorem 1 For any w € R_JH there is a unique p*(w) that solves, for all j € J

—-1/0
N-1 /

N —0 anﬁn
n - n 79571 —0
Py = n( > 11 (((wan))”( ' (Pam) ) Te(n>> L (Teayenen) " % (Teng) )

LegN -1
(B.2)

The function p*(w) has the following properties
(i) continuous in w.
(#i) each component of p* (w) is homogeneous of degree one in w;

(iii) strictly increasing in w;



(iv) strictly decreasing in 75 for all {i, j} € J* and strictly increasing in T for all j € J.

(v) Yw € R, bounded between p*(w) and p*(w):

Proof. Let us set p; = log (P;) and w; = log (w;). For each supply chain £ € JV, let

dpi () = (1=7) Y anfp<l  dui(®) =7 Y anb, <1

n:l(n)=i n:l(n)=i

Note that for all i € 7, dp; <1 and d,,; < 1. Now, for all j € 7, define f;(p, w)

[i(p,w) = log (k )—*log ( > H exp {—9%5” [W(n)@e(n) + (1 - W(n)) ﬁf(n)}} Zn) "X Te)

eegnN -1

N-—1 79571 —0
where Tp = ] (Te(n)e(n+1)) X (W(N)j) ‘

To establish uniqueness of p*(w), we need to show that the Blackwell’s sufficiency conditions for the
contraction mapping theorem hold. Note that we also need to show that f(p) = f(p, @) is a bounded function
for all values of w. This corresponds to property (v) of p* (w), which will be proven below. For the time
being, we proceed to prove the other parts of the theorem assuming a unique solution to the system exists.

If there indeed exists a unique solution to p — f (p,w) = 0, then homogeneity of degree one in wages
(property (ii)) is simple to verify by noting that, given that ) a3, = 1, if all wages and prices in the right-
hand-side of (B.2) are multiplied by a common factor, the price level in the left-hand-side of that equation ()
is also scaled up or down by the same factor.

To prove differentiability and monotonicity with respect to w, we need to determine the comparative static
2—5. First, note that

05;(p, ) =Y dpiO)me, (B.3)

Opk LegnN

where 7g; is given in (9) in the main text. Then, the Jacobian of the system p — f(p, w) is given by
a(p— f~(p,w)) — I—AP,
op

where [A” ]ZJ of 29(5 %) Note that matrix A” is totally positive (this follows from the equation (B.3)), and

therefore, by the Perron-Frobenius Theorem, we can bound above the largest eigenvalue of A, denoted by

Amax, by the largest row sum of A”. More precisely,

Amax < maxz:af]C pw —maxz Z dp.i(€) T

i e gN

= m}?X Z (Z (1 - vi(n))anﬂn> ek

LegN \neN

But consider the country with the lowest v, = . And note that

Amax < (1 =17) max Z (Z anﬂn> ey | =1—17.

LeJN \neN



Because Apmax < 1, it follows that I — A is an M-matrix, and, by properties of M-matrices, the inverse
(I — AP )71 is totally (weakly) positive. By the implicit function theorem, the Jacobian g—g is given by
Ip

So=[1-a" 7 AY,

where AW is defined as a1
w . i p
[A ]ij - 5w, Z du,j (E)mei-
J LegN
Both A" and [I — AP ] ! are totally positive, so p is continuous (property (i)) and monotonically increasing

(property (iii)) in w.
By analogy, we can show that property (iv) of the theorem also holds by defining V{i,j} € J?2, 7i; = log 7,
and Vj € J, Tj = log T}, and also

S B dni@ =y Y b,

n:l(n)=1 n:l(n)=1

Applying the implicit function theorem to f(p) = f(p,w), we get:

V{k,j} € T?: P o[- AP A,

where A7*i is J x 1 vector with

i OTkj Leg
Also,
. op p1=1 7
ViegJ: —=|I-A At
! or | ]

where AT is J x J matrix with elements

[AT].. = ﬁfz Z dr,i (€) Tei-

ij
Leg

Note that, as was shown above, [I — A”] ! is totally positive. Then, since for all i € J and for all supply
chains dr; (€) > 0, f(p) is decreasing in T. By analogy, since for all {k,j,i} € J°, dr,, (£l> is totally
positive, f(p) is increasing in 7.

As for property (v) on bounds, we can define p* (w) and p* (w) in the following way:

* (W) = exp (f (1Og (p) s W, Trnin, Tmax)) : (W) = exp (f (log (p) s W, Tax, Tﬂlin)) )

ie)
i)

where Tiax (Tmax) and T (Tmin) are J x 1(J x J) vectors (matrices) with all elements equal to the upper
bound on labor productivity (trade costs)Tmax (Tmax) and the lower bound Tiin (Tmin), respectively. Then,

we can note that the set C, defined as

C= {z eR’: log (pil (w)) < z <log (p¥; (W))}

is compact and, by analogy with Alvarez and Lucas (2007), f(-,w): C — C.
Let us finally tackle the existence and unique of the solution by verifying Blackwell’s sufficient conditions

for f(-,W) to be a contraction on C. We have already shown that f(-, W) is monotone. We next show that



the discounting property also holds. Set f;(p) = fi(p, w) for any fixed @. Then, for a > 0 and some v € (0, 1),

using a Taylor approximation and the mean-value theorem, we get:

VieJ: filp+a)=fip)+ ) a aflp+1_V))Sfi(p)—i—a(l—l)

keJ Pk

The last inequality follows from the fact that every row sum of A can be bounded above by

(1—7 )m}?X Z (Zanﬂn>7rgj =1-7.

e TN \neN

Thus, both the monotonicity and discounting properties hold for f(p) = f(p, w). Therefore, we can apply the
Contraction Mapping Theorem to f(p, @), and conclude that there is a unique solution p* (w) to the system
p — f(p, @), and that it satisfies properties (i) through (v). m

Theorem 2 There erists w* € RL which solves the system of equations

Z(w*)=0.

Proof. To show the existence of the equilibrium, we need to verify that the excess demand satisfies the

following properties (see Propositions 17.C.1 in Mas-Colell et al., 1995, p. 585):
(i
(ii

) Z(w) is continuous on R_{Jr;
)

(i) Walras Law: w- Z (w) = 0 Vw € R/
)
)

Z (w) is homogeneous of degree 0 in w

(iv) for k =max; L; >0, Z;(w) > —k foralli=1,...,n and w € R} _;

(v) if w™ — w®, where w® # 0 and w{ # 0 for some i, then

W™ —3qp0

lim (m?x{zj (wm)}) =

Let us discuss each of these properties in turn.

(i) Continuity of Z (w) on RY follows since Pr (A7, j) is a continuous function of w — for strictly positive

wages, each supply chain £ in JV is realized with non-zero probability.

(i) Homogeneity of degree zero follows since Pr (A7, j) is homogeneous of degree 0 in w. To show this,
note that, from the proof of Theorem 1, the equilibrium price level p* (w) is homogeneous of degree
1 in w. Then, both nominator and denominator ( i.e., the destination specific term ©;) of Pr (A7, j)
are homogeneous of degree —6 in w (remember that ) . a,3, = 1). It follows that Pr(A},j) is

homogeneous of degree 0 in w, and thus Z (w) is homogeneous of degree 0 in w as well.



(iii) Walras Law follows since the system, w-Z (w) = 0 is just the set of the general equilibrium conditions.

Moreover, by summing up Z(w), we get:

Zwi'Zi(W) = Z% Zzanﬂ x Pr (A}, 7) x ,waLJ _ZiwiLi

ieJ ieJ JET neN J ieq i

= Z o By, X ZZPr Al 7 ijJ —Zl’wiLi

neN JETET J ieJ i

=1

- Zanﬁ xz ZiwiLizo.

neN jeET Vi i€J i

=1

Hence, w - Z (w) = 0.

(iv) The lower bound on Z (w): Since the first term in equation (B.1) is always positive, it follows that
Z (w) can be bounded from below by Z; (w) > —%Li.

(v) The limit case: Suppose {w™} is a sequence such that w™ — w® # 0, and w{ = 0 for some i € J.
In this case, and given that all trade costs parameters are bounded, the probability of the supply chain
that is located entirely in country ¢ converges to 1, and the probabilities of realization of all other supply
chains converge to 0 (keeping the destination fixed). Let Pr (iN J ) denote the probability of realization
of the supply chain for which all stages are located in country ¢ with destination j. Then,

wm —sq0 w™ —w0

i, (g (20 ()} ) =t (2 ()

and

1 1 1
i, (mpx (Zw)) =t {03 (} j anﬂn> Pr(i™,j) —wily | = —L
et B W oe® \ Wi jeg \nen 7 Vi
1 1 1
= lim = Pr(iVg) —wl | - L
wm—w \ W; ier vj Vi
= lim L E Pr (iN j) iw-L- = +00
wm—w \ W; gy ’ Y5 I '

In sum, conditions (i) through (v) hold and thus a general equilibrium exists.

Theorem 3 The solution w* € R_{_,_ to the system of equations Z (w*) = 0 is unique if the following condition

holds:
2(1 —7) 20 maxge g Tkj/Tki
—(1—7v)—&" >0, where £= max —————1—

0 J =1,
&(1—9) ,5€T MiNge s Thj/Thi

and where 7y and vy are the largest and smallest values of ;.
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Proof. The proof boils down to verifying that Z (w) has the gross substitutes property in w under the
condition stated in the Theorem (see Proposition 17.F.3 in Mas-Colell et al., 1995, p. 613). More specifically,

we need to show that
07;

8wk
Totally differentiating the equation (B.1) wrt wy, k # i, we get:

0Z;(w) _ 1 (Z B x (;Lkpr(A?ka 5 1ijjC”’r(A?’J)>>7
k

V{i,k} € T i#k: > 0.

Owy, E neN ieg Vj dwy,
where
dPr(A7,j) _ 0Pr(A},j) s oPr (A}, j) 0P,
dwk o 8wk eJ 8Pl 8wk

From here, we proceed in three steps:
Step 1:.
Remember that Pr(A?,j) = Y cn mej, where A? = {£ € JV | £(n) =i}. Thus,

OPr(A7.j) _ Pr(AT.j) (Dlog(Pr(AT.j)-©,) 9log(6)) -
dwg wy, 9log (wx) 9log (wy) ) '
Since in equilibrium ©; = (pj(w))fe, we can use the envelope theorem to get
OPr (AT, ) 0 . Op;
AL D 2 (25 gy w(0)me; + Pr (A7 i),
aUJk Wi ZeZA;" -,k( )ﬂ-eﬁ + r( 1 7]) 8'(177
Step 2: Bounds on 813.
Note that we can bound the row sums of A" and [I — AP]71:
(1-9)1<A”1<(1-9)1,
(1-9) 1< [I-A"] 1< -y"1, (B.5)

where 7 and v are the largest and smallest values of ;.
For two identical supply chains with different destinations ¢ and j, €% and #7 it holds that

V{i,j} e J*: dp 1 (7)) = d,, 1,(£9), Ao 1 (07) = dy 1. (£9)
—0
(Te(v)j/Tenyi)  mei

~0
NZ (TZ(N)j/TZ(N)i) T
ZeA

v{i,j} e J*: Tej =

maxreg Tkj/Tki

- > 1
Mminge gy Tkj/Tki

Let’s set £ = max; jes

v{i,j,k} € J*:



9 - Op; | Op
Since -2 — [I - AP] ! Am , where AE/V] is the jth column of A", we can bound the ratio 1? 23 :
810]' J J 8wk 8wk
1-5 op; | Op; 1—
Wigyegr: UD OB yOh HU7D)
§(1—n) = 0w/ Owy (1-7%)
Since all elements of A" and A" are less than one,
0p; 1
AV < L < —— B.6
[ ]]k_aﬁ)k_(l—ﬁ) (B-6)
Finally we show that for all n and ¢,
> duwm(£)me,
LeAT n -
AW < Pr (A’L 7]) 529 (B7)
[A™ ]

Let A} denote the set of supply chains, identical to £ € JV in all stages except for n (note that there are .J
chains in Ay). With this definition we have

[(AY]0 2 52 dun (B <Z>

LEAT Tej

-1
Z'- n Tgj

min <£E)\‘j (B.8)

LEAT vz

Pr (AT, ) > (max (M» (B.9)

LEAY T

and

£EAT LEAT

<
[AW]]IC B E dw,m(z)ﬂ-lj
LRy

> duwm(£)Te; > duwm(€)me; (

Then, let us bound Pr (A7, j):

Therefore, combining (B.8) and (B.9) we get:

Z dw,m(e)ﬂ'l' -1

Ry ! Dhery T ey T .

— o = | max | ———— | min | ———— Pr (AL, 7)
[AY ], LeA] Tej LEA] Tej

Note that by definition of Ay,

(EZEA? mj) c [Zkeﬂ ((cx)=0T3) """ ¢ D ke ((ck)"Tk)a"ﬁ'ﬂ}
e & ((e)0T)™ P 7 ((e)0m)™ ’

SO

> dw,m(e)ﬂej
LenT

20 py (A™ ).
A, <7 Pr(AYL))

Step 3: To prove the GS property, we need to show that for a fixed destination j, fixed stage n and m # i

OPr (A7, j) OPr (A}, j5) Opx
Jom Ay OB wnm

> 0.



By analogy with Step 1,

OPr (A}, j) Opx . Opx <810g(Pr(A’?,j) -9;) 810g(®j)>
i " — Pr(A7, £ J -
veg  Obr O (47-9) kezj 0w, dlog (px) dlog (px)
Ome; OPy Opr op;
— Omp; | — . B.1
kgj Opr. O ome; ( <k§7d +8 (%fm) * O (B.10)

Combining equations (B.4) and (B.10),

dPr (A7) ) <2Pr (A7) Wp; S (( S dyk(€) Opk ) +dw,m(£)>> .

diy, O, gein ke Dm

Let us use the bounds derived in Step 2: from equation (B.5),

dPI’(A?h?) 29 ( aﬁj (2(1_'7) PI"(A?,]) o Z Tej (Z dp,k(£)>> o Z ledw,m(£)> )

dwy, O \ €°(1 - ) LEAT ke £eAy

Finally, invoking equations (B.6) and (B.6), we have:

dPrd(zj}z’j) 2 014  Jg Pr (A7) <§2‘9((11_77)) C Pr (X?J) zg/;;b e (kgj dpk(e)) - 529>
and thus
AERET) > oAy, Pr (A7) (529((11_?) ~(-2)- f”) - (B.11)
"

Corollary 1 Suppose the trade costs have the following form:
—0
(Tij ) = PiPj-

Then the equilibrium is unique if
1B3=17) =2y (B.12)

Proof. Note that for this specification of trade costs £ = 1, and the RHS of equation (B.11) is positive
whenever (B.12) holds. m

B.3 Further Details on Suggestive Evidence

In this Appendix, we provide additional details on the suggestive empirical results in section 4.5. We begin
by exploring the robustness of our results in Table 1. For that table, we used 2011 data for 180 countries
from the Eora dataset. In Table B.1, we re-run the same specifications but focusing on manufacturing flows
(rather than overall flows). Interestingly, the differential home bias in final-good production in Table 1 of the
draft is no longer observed when focusing on manufacturing flows. Nevertheless, the response of trade flows
to distance continues to be significantly higher for final goods than for intermediate inputs.

In Table B.2, we revert to the full Eora sample, but instead of focusing on 2011 data, we pool data from
the 19 years for which the Eora dataset is available, namely 1995-2013, while including exporter-year and
importer-year fixed effects (rather than the simpler exporter and importer fixed effects in Table 1). As is

apparent from comparing Tables 1 and B.2, the results are remarkably similar, both qualitatively as well as
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quantitatively. The reason for this is that the estimated elasticities are quite actually quite stable over time,
as we have verified by replicating Table 1 year by year (details available upon request).

Tables B.3 and B.4 run the same specifications with the WIOT database using its 2013 and 2016 releases,
respectively. The former covers the period 1995-2011 for 40 countries, while the latter covers 2000-2014 for
43 countries. As mentioned in the main text, the results with the 2013 release of the WIOD are generally
qualitatively in line with those obtained with the Eora database, and indicate a significantly lower distance
elasticity and lower ‘home bias’ in intermediate-input relative to final-good trade. Nevertheless, the results with
the 2016 release of the same dataset are much weaker, and only indicate a lower ‘home bias’ in intermediate-
input relative to final-good trade.

We finally incorporate the scatter plots mentioned in section ??, when describing the results in Table 2.
More precisely, the left panel corresponds to the partial correlation underlying column (5) of Table 2 (i.e.,
partialling out GDP per capita). The right panel is the analogous scatter plot after dropping the Netherlands
(‘NLD”).

Table B.1. Trade Cost Elasticities for Final Goods and Input Flows (Manufacturing)

Total Flows Final-Good Flows Input Flows
(1) 2) (3) (4) (5) (6)

Distance -1.162***  -0.793***  -1.275"**  -0.893***  -1.119*** -0.755***
(0.018) (0.015) (0.019) (0.016) (0.018) (0.014)
Contiguity 1.243*** 1.283*** 1.246***
(0.099) (0.108) (0.096)
Language 0.473*** 0.580*** 0.422***
(0.027) (0.031) (0.026)
Domestic 4.299*** 4.188*** 4.336***
(0.183) (0.206) (0.175)

Observations 32,041 32,041 32,041 32,041 32,041 32,041

R? 0.973 0.976 0.959 0.963 0.977 0.979

Notes: Standard errors are clustered at the country-pair level. *** ** and * denote 1, 5, and 10

percent significance levels. All regressions include exporter and importer fixed effects.
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Table B.2. Trade Cost Elasticities for Final Goods and Input Flows (Eora all years)

Total Flows Final-Good Flows Input Flows
(1) (2) (3) (4) (5) (6)

Distance -1.118**  -0.716***  -1.242***  -0.812*** -1.065*** -0.680***
(0.020) (0.013) (0.021) (0.015) (0.019) (0.013)
Contiguity 1.170%** 1.189*** 1.173***
(0.088) (0.096) (0.086)
Language 0.401%** 0.504*** 0.358***
(0.024) (0.028) (0.023)
Domestic 5.480*** 5.800*** 5.197***
(0.159) (0.180) (0.151)
Observations 615,600 615,600 615,600 615,600 615,600 615,600

R? 0.977 0.980 0.958 0.963 0.976 0.980

Notes: Standard errors are clustered at the country-pair level. *** ** and * denote 1, 5, and 10

percent significance levels. All regressions include exporter-year and importer-year fixed effects.

Table B.3. Trade Cost Elasticities for Final Goods and Input Flows (2013 WIOD sample)

Total Flows Final-Good Flows Input Flows
(1) (2) (3) (4) (5) (6)

Distance -1.550***  -1.072***  -1.579*** -1.021*** -1.541*** -1.110%**
(0.056) (0.041) (0.064) (0.044) (0.053) (0.042)
Contiguity 0.370%** 0.394*** 0.375%**
(0.117) (0.128) (0.118)

Language 0.212 0.270* 0.181
(0.145) (0.139) (0.156)
Domestic 3.141%** 3.710*** 2.771%**
(0.268) (0.287) (0.271)

Observations 27,194 27,194 27,186 27,186 27,194 27,194

R? 0.981 0.986 0.969 0.978 0.978 0.982

Notes: Standard errors are clustered at the country-pair level. *** ** and * denote 1, 5, and 10

percent significance levels. All regressions include exporter-year and importer-year fixed effects.
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Table B.4. Trade Cost Elasticities for Final Goods and Input Flows (2016 WIOD sample)

Total Flows Final-Good Flows Input Flows
(1) (2) 3) (4) (5) (6)
Distance -1.638***  -1.222***  -1.641"**  -1.142*** -1.654*** -1.289***
(0.053) (0.042) (0.059) (0.042) (0.050) (0.045)
Contiguity 0.266** 0.292** 0.251**
(0.108) (0.116) (0.111)
Language 0.129 0.197 0.091
(0.126) (0.125) (0.134)
Domestic 2.950*** 3.537*** 2.584***
(0.249) (0.263) (0.257)
Observations 26,460 26,460 26,460 26,460 26,460 26,460
R? 0.982 0.986 0.973 0.980 0.978 0.981

Notes: Standard errors are clustered at the country-pair level. *** ** and * denote 1, 5, and 10

percent significance levels. All regressions include exporter-year and importer-year fixed effects.
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Figure B.3: Partial Correlation between Export Upstreamness and Centrality

B.4 Estimation Algorithm

We estimate our model’s parameters using the mathematical programming with equilibrium constraints
(MPEC) approach of Su and Judd (2012). We implement our model numerically in Matlab using the KNITRO
optimizer developed by Byrd et al. (2006). This approach requires providing the optimizer with the analytical
gradient and Jacobian matrix of partial first derivatives in order to deliver precise parameter estimates. We
now provide the formulas for these partial derivatives — a tool that will prove useful in future implementations
of our model. For the sake of simplicity, we provide the algebra for the model with separate supply chains for

intermediate inputs and final goods in the single-industry case. The multi-industry formulas are analogous.

B.4.1 MPEC Estimation Algorithm

The MPEC algorithm requires defining the estimation problem as a minimization problem with two parts.

First, the objective function is given by a loss function capturing the distance between a set of targeted and

13



estimated moments. Second, the constraints include both relationships between the estimated parameters
of interest and the equilibrium equations defining the model’s endogenous variables. In contrast to nested
fixed point algorithms, the MPEC approach does not solve for an equilibrium in each parameter iteration but
yields much faster performance by only ensuring that the equilibrium constraints are satisfied in the very last

iteration.

Endogenous Variables We have three sets of endogenous variables yielding a total of 2 (N X 1) +
2 (NX — 1) + 5J + 2J? variables. First, the parameters {af,ﬂn ,TX F,Bn,TF,fyj} Second, the gen-
eral equilibrium variables {wj, PjX } with PjX the unit price of a CES bundle of finished intermediate input

varieties in country j. Third, the estimated input-output moments {X;;, F;;}.

Objective Function We minimize the following loss function

Q=Y (% - %) + Xl (R - B)

i€J jeT ISVAVISVA

with wi and w . the weights on the targeted moments and X”' and F, ; the targeted data.

Linear Constraints We impose general equilibrium and three normalizations as linear constraints

ijj:Z( Xji+ Fji) — ZXZJ7V]7

i€J ieJ
> w;L; =100,
JjET
> 1 =100,
jeJ
> 1) = 100.
Jjeg

Nonlinear Constraints We impose three sets of nonlinear constraints: i) the relation between the sequential

production parameters, ii) the price index definition, iii) the input-output variables definition:

55 = (1_a§+1) 6§+13 vn< NX?
BF = (1—a5+1)65+1, Vn < NF,

n

pX :r<1+ 1_(7)” [@f]’%, V3,

J 0
= Fox (w;L; — D;), Vi, j
1) 7Tej w_] ] 2/ [ZWD)
LeAY
NP1
} : F § : F
E ﬂn X Te X (kak — l)k)7
n=l geApnArtt keg
NX -1
+ g E /6 X E ﬂ-Zk X kak7
n=1 ZEA;”OA;LJA keJ

1=,
+ Z Wi(j X 7ijLj, Vi,j,
LeAN i
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where T' (-) is the gamma function, D, is country j’s (exogenous) gross deficit. Note that @]X, 7r1)§-, and 7752

are auxiliary variables depending only on problem’s endogenous variables.

B.4.2 Auxiliary Partial Derivatives

Remember from (18) the marginal costs ¢; = (w;)" (P¥ )1_7-7. The marginal cost’s partial derivatives equal

80]' Cj 80]‘ Cj aCj w
—_— =y — = (1 —~.) — — =l — .
gu, w, gpx T UTWEe gy Tl px

Throughout the rest of this subsection we drop the X and F' superscripts for notational simplicity but all

derivations apply for both cases. Define the auxiliary variable

=2

@ £ _ - T anﬁn (e 7% 7‘95” T (‘YNBN N -0
50 = TT ()™ (e mememnsn) % (Tuon) ™™ (el rems)

05—, 3 I (Tumyerl) €5 (0),
" Leg N
00, ) )
5= 2 (onm (Timerly) + 10 (ighinin)) ) €5 0,
m ZGJN
00, 1 &
ar, ~ T 2 60,
90, 0 9c;
T, " e, i 200,
00 0 Oc;
o, = e, 2% 2 010,

N

00; 0 Oc;
SpX = "o 3px D anB, x> 0;(0).
@ PYN p=1 LeAY
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Similarly, the partial derivatives of m¢; can be written in terms of these partial derivatives as

O, - me; 0O
s i) <~ 2
Omej -0 ~0 Tt 99
0B,, (e (Teomeimy) + 10 (ichyonsny) ) % 7es = 0, 08,
ore; 1y ' T 2
o, T, ;O‘nﬁn <) =ilme =5 G
Ome;j 0 Oc; al j me; 09,
i_ Y 1 = 9,
0v; ¢; 0; ngl anfB, X 1[¢(n) =1 e ©; 0v; ’
o 0 O N iy mej 00
du. ~ e, 2 ) == g
Ome; 0 O . ' Tt 99,

oPX ~ ¢ 0PX ;O‘”ﬁ“ <) =dmey =5 5px-

Writing these formulas in the computer can be challenging and prone to typos, so it is useful to note that the

following relation should hold for any parameter z: ), ;v Om;/0x = 0.

B.4.3 Gradient and Jacobian Matrix

Objective Function Gradient The derivatives for the objective function equal

aigj = (X, - %), aag

F N
= 2wij (Fij — F”) .

Jacobian Matrix of Nonlinear Constraints First-Order Partial Derivatives Call C (z) the nonlinear

constraint defining variable z such that C (z*) = 0 at the solution. For example, let C (ﬁf) = X -

(1— ) Bax 1. The Jacobian elements for the nonlinear constraints equal the following.

e Sequential production parameters:

aC (B oC (B 9C (B,
9B _ g 900 _ (), Bo) _ 5 ..
08, 0B, 41 O0n+1
These hold for both intermediate inputs and final goods.
e Price indices: < X oy
oC (P; 1 P+ 007
(j)zl[I:PX]ﬁ’*iX ],
ox J 0O Ox
where x is any of the endogenous variables.
e Final good flows:
oC (Fi) O

TZHCE:F”]_Z X(w]L]—DJ)—l[p:’wj}ZT{'ZXLJ,
LeAY LeAlN

where z is any of the endogenous variables.
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e Intermediate input flows:
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B.5 Multi-Industry Loss Function
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Figure B.4: Multi-Industry Loss Function and Local Minima for N = 2.
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