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Abstract
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17 years. We find that the production chain for the world as a whole has become longer. While the
relative ranking of the length at the sector level is stable across countries, the average length for a
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1. Introduction

The emergence of global value chains (GVCs) has changed the pattern of international trade
in recent decades. Different stages of production now are often conducted by multiple producers
located in several countries, with parts and components crossing national borders multiple times.
While the deficiency (i.e., due to trade in intermediates) of official trade statistics as a description
of true trade patterns has been well recognized, measures of global value chains based on
sequential production are still under development.

A “value chain” represents value added at various stages of production, which runs from the
initial phase such as R&D and design to the delivery of the final product to consumers. A value
chain can be national if all stages of production occur within a country, or global if different stages
take place in different countries. In practice, most products or services are produced by a global
value chain.

Production length, as a basic measure of GVCs, is defined as the number of stages in a value
chain, reflecting the complexity of the production process. Antras et al. (2012) believe that such a
measure of relative production-line position is first and foremost the quantitative indicator
necessary to assess specialization patterns of countries in relatively upstream versus downstream
stages of global production processes. The upstreamness and downstreamness indexes discussed
in recent literature (see also Miller and Temurshoev, 2015) are numerical estimates based on
production length to measure a sector/country’s position in a global production process.

Fally (2011) proposes two measures, “distance to final demand,” i.e., the average number of
stages between production and final consumption, and “the average number of production stages
embodied in each product” to quantify the length of production chains. The first measure, also
referred to as “upstreamness” in the literature is further described in Antras et al. (2012); the second
measure, also referred to as “downstreamness” in the literature is further explored in Antras and
Chor (2013). However, there are two common conceptual caveats for these measures discussed in
previous literature: first, they all start from a sector’s gross output, which includes not only final
goods and services, but also intermediate inputs. As argued by Erik (2005, 2007), a production

chain must start from the sector’s primary inputs (or value added) such as labor and capital, not its



gross output.! Second, current “upstreamness” and “downstreamness” measures do not imply each
other, and may indicate inconsistent production line positions for the same country/industry pairs.

Therefore, in this paper we define production length as the distance from primary inputs to
final products. We show that indexes built on such definition are more consistent and with better
economic interpretations. We demonstrate that the average production length of any value chain
always equals the ratio of the portion of gross output and the corresponding value-added that
induces the output. Most importantly, based on the gross trade accounting framework proposed by
Koopman, Wang, and Wei (to be subsequently cited as KWW, 2014) and Wang, Wei, and Zhu (to
be subsequently cited as WWZ, 2013), we further split the total production length into a pure
domestic segment, a segment related to direct value-added trade, and a segment related to GVCs
that reflect deeper cross country production sharing activities. This allows us to define the GVC
production length more clearly for the first time in the literature.

We show that there is a conceptual difference between production length measure and
production line position measure. Once we define the production length by segments at the
bilateral and sector levels, indexes representing a country-sector’s position on a GVC can be easily
constructed at various levels of disaggregation. With this, we can gauge whether a country or an
industry is likely to be located in the upstream or downstream part of a particular global value
chain.

We also modify the global value chain participation index defined by Koopman et al. (2010),
redefining both the forward and backward industrial linkage based participation indexes by
considering not only export production but also production that satisfies domestic final demand
through international trade.

We apply the new measures to the recently available WIOD database and obtain some
interesting results. We show that Fally’s result on the lengthening of production chains is not
globally representative. More precisely, his main empirical result that the production chain has
become shorter, and his main hypothesis that value-added has gradually shifted towards the
downstream stage, closer to the final consumers, are both unique to the US input-output tables.
We overturn his results with our newly defined GVC production length index and global ICIO

L1t is important to bear in mind that gross outputs are endogenous variables, while primary inputs and final demand
are exogenous variables in the standard Leontief model. Converting gross output (gross exports are part of it) into
final demand is the key technical step to establishing their gross trade accounting framework in both Koopman, Wang,
and Wei (2014) and Wang, Wei, and Zhu (2013).



databases. First, we show that emerging economies like China have a gradual lengthening of the
overall production chain and the lengthening of production by these countries dominates
shortening of production by others, so that the world as a whole experiences a lengthening of the
production process. Second, we decompose changes in total production length into changes in the
pure domestic segment, changes in the segment related to direct value-added trade, and changes
in the segment related to global value chains. By further separating the production length of GVCs
into domestic and international segments, we show that the ratio of international production length
versus total production length of GVCs has increased for all countries. Third, we show that all
countries in the world increased their GVC participation during 1995-2011. And finally, we use
the three types of newly defined GVC indexes as explanatory variables to analyze the role GVCs
have played in transmitting economic shocks in the recent global financial crisis and find that a
country/sector’s GVC position has significant impacts. The further the country/sector pair is
located from the final consumption end, the lesser the impact of the global economic shock. In
addition, the impact of the financial crisis increases with the length of the international portion of
the relevant global value chains.

KWW and WWZ have presented a complete gross trade accounting framework at the country,
bilateral, sector, and bilateral-sector levels. While the accounting exercises conducted in the two
papers provide useful new measures of production sharing and cross border trade, the determinants
and consequences of production sharing and these double counted components are not addressed.
To make the decomposition useful for economic analysis, an important first step is to construct
various indexes that can measure a country/industry’s position and participation in GVCs and
systemically ranking all country/industry pairs in available ICIO databases and econometrically
studying the determinates of these indexes over time as guided by economic theory. The GVC
production length, position and participation indexes defined in this paper are part of our efforts
in this direction.

The rest of the paper is organized as follows: Section 2 formally defines the GVC production
length, position and participation indexes; Section 3 reports major empirical results based on
WIOD; and Section 4 explores the implications of our findings and concludes.



2. Length of Production Chain and GVC Position and Participation Indexes

2.1 The length of production chain in a closed economy

Let us first define the production length measure in an N-sector closed economy.

Table 1 Input-Output table in a closed economy

i Final use
Outputs Intermediate Use . Total
(Consumption and
Inputs 1.2 n . _ Output
> Capital Formation)
1
Intermediate | 2
VA Y X
Inputs
N
Value-added Va
Total input X'

where X denotes the gross outputs vector, Y denotes the final goods vector, Z denotes the
intermediate goods flow matrix, Va denotes the value added vector, and ' denotes matrix transpose
operation.

In the Leontief model (Leontief, 1936), the input coefficient matrix can be defined as A =
ZX~1, where X denotes a diagonal matrix with the output vector X in its diagonal. The value added
coefficient vector can be defined as V = VaX~1. From the output side, gross outputs can be split
into intermediate goods and final goods, AX + Y = X. Rearranging terms, we can reach the
classical Leontief equation, X = BY, where B = (I — A)~! is the well-known Leontief inverse
matrix. The value added and final products are linked by the following equation: Va’' = VX =
VBY.

It is obvious that primary inputs (value added) of sector i only can be directly embodied in
final products of sector j if sector i and sector j are the same. Therefore, in the first stage of any

production process, the value added of sector i embodied in final products of sector j can be



quantified as 6;;v;y;, where §;; isadummy variable. If i and j are the same, &;; equals 1, otherwise
it equals 0. At this stage, the length of the production chain is 1.

In the second stage, the value added of sector i directly embodied in its gross output that is
used as intermediates to produce final products of sector j can be measured as v;a;;y;, which is
the value added of sector i in the first round indirect value-added embodied in final products of
sector j. Up to this stage, the length of the production chain is 2.

The indirect value added from sector i can be embodied in intermediate goods from any
sector. In the third stage, the value added of sector i directly embodied in its gross output that is

used as intermediates in all sectors to produce their gross outputs which are used as intermediates

n
to produce final goods of sector j can be measured as Vizaikakj Y;. This is the second round
k

indirect value-added from sector i embodied in intermediate goods and absorbed by final goods of
sector j. At this stage, the length of the production chain is 3.

The same goes for the succeeding stages.

Generalizing the above process to include all rounds of value-added in sector i directly and

indirectly embodied in final goods of sector j, we obtain the following:

n 1 i=j
é‘ijviyj_‘_viaijyj+Vizaikakjyj+"' 5ij:{o i 1)
k ' J
Expressing (1) in matrix notation
VY +VAY + VAAY + - =V(I+ A+ AA+ )Y
=V({I—-A)Y =VBY 2)

The element of row i and column j in the matrix at the right side of equation (2), v;b;;y;, is
the total value added of sector i embodied in the final goods of sector j.

Using the length of each stage as weights and summing across all production stages, we obtain
the following equation that gives the length of a particular production chain (sector i to sector j):

VY + 2VAY + 3VAAY + - =V (I + 24+ 344 + )Y

=V(B + AB + AAB + ---)Y = VBBY (3)

It captures the footprint of sector value added in each production stage.



The element of row i and column j in the matrix at the right side of equation (3)
isv; Xk by byjy;. Dividing by v;b;;y;, the average length of value added from sector i embodied

in the final goods of sector j can be computed as:

Vizbikbkj Yi ;bikbkj

| =k = (b, *1nb.b. 4
Vy ij Vibijyj bij ( |]) ; ik ™kj ( )
Rearranging equation (4) gives:

Vylij *bij :Zbikbkj ®)
k

Denoting VYL={vyl;;}nxn as the matrix of production length from value added to final goods,

equation (5) can be expressed in matrix notation as
VYL#B = BB (6)

where # is an element-wise matrix multiplication operation,? VYL is an n by n matrix of production
length. The detailed derivation is given in Appendix A.
Aggregating equation (4) over all products j, we obtain the total production length of value

added generated in sector i, i.e., the production length measure based on forward industrial linkage:

n | vb.y. Zbikbkj n Zbikbkj Yj
vl = i%ij Y X _ .
i 2 n X bij ; n —
Zvi b Vi z b, Y, )
k k

a n n a n
=4 kMg Y T A i
XY bubg Y =% by X,
ik k

n n
where Zbikyk = X;and Zbkj Y; = X . Expressing in matrix notation gives:
k j

VL =X"'BXu' = X"'BX (8)

We define the output coefficient matrix as H = X~* Z, and the final products coefficient

vector as F = X~Yas in Ghosh (1958). From the input side, gross inputs can be split into

2 For example, when a matrix is multiplied by an nx1 column vector, each row of the matrix is multiplied by the
corresponding row element of the vector.



intermediate inputs and value added, X'H + Va = X'. Rearranging terms, we can reach the
classical Ghosh inverse equation, X' = VaG, where G = (I — H)™ ! is the Ghosh inverse matrix.
The linkage between value added and final products can also be expressed as: Y’ = X'F = VaGF.

It is easy to derive the linkage between the input and output coefficient matrices as: X 14X =
X~1Z = H. Similarly, the linkage between the Leontief inverse and the Ghosh inverse matrices

are:
R1BR =811 - AR = R - )R]
=(1-%4R) =1 -H)"'=¢ (9)

Based on equation (9), we can further simplify from (8) as
VL =X"'BX = X~'BXu' = Gu’ (10)

where u is a 1>N unit vector with all its elements equal to 1.

It is the sum along the rows of the Ghosh inverse matrix, which equals the total value of gross
outputs that are related to one unit of value added created by primary inputs from a particular
sector. Therefore, equation (10) measures total gross outputs induced by one unit of value added
at the sector level, which are the footprints of each sector’s value added in the economy as a whole.
The longer the production chain, the greater the number of downstream production stages a
sector’s value added is counted in the economy. This means that primary inputs of the sector are
more to the upstream side of the production chain.

To better understand this point, let us use the diagonal matrix of sectoral value added to

multiply with VL, obtaining:
VaVL = VaX 'BXu' = VBX = VX + VAX + VAAX + VAAAX + - (11)

Its ith element equals
1 n n n n n
Vavl, =Va XY b X =V, Y by X =ViX VD ag X, VD0 88, X + ...
K k K K ]

On the right side of equation (11), the first term is the value added directly embodied in its
own sector’s output, and we may name it as the footprint of the sector value added in its own sector
gross output; the second term is the value added embodied in its own sector’s gross output used

by all sectors as intermediates to produce outputs, and we may name it as the footprint of the sector



value added directly and indirectly embodied in total gross outputs of this second stage production
process. Summing up all terms on the right hand side of (11), we obtain footprints of sector value
added in the whole economy, which equals the total value of gross outputs that relates to the sector
value added created by primary inputs from a particular sector. Therefore, equation (11) also can

be written as
VaVL = VaX *BXu’' = VBXu' =VBX = Xv?

where Xv is the gross output induced by sector value added. Therefore, the average production
length of sector i based on forward industrial linkages equals the ratio of sector value added
induced total gross output in the whole economy and the sector value-added.

Using the shares of sectoral value added in GDP as weights to aggregate equation (11) over
all sectors, we obtain:

(VaX~1BXu')/(uVa) = (VBX)/GDP = (uX)/GDP (12)

where VaX 1=V, Xu' =Xand VB = u.

Equation (12) indicates that the average length of the production chain in a closed economy
equals the ratio of total gross outputs to GDP,* which can be regarded as a form of complexity of
the production process in the economy, i.e., the higher this ratio, the more complex the economy.

Aggregating equation (4) over value-added from all sectors i that have contributed to the final
goods and services produced by sector j, we obtain the production length measure based on

backward industrial linkages as:

n vb.y. z by by non N
yl; ZZ X & zzvi;bikbkj :Zk:bkj (13)

- 3 b,
zvkbkj Yi !
K

n n
where Zkakj = ZVibik =1 . Expressing in matrix notation
k i

YL = uB (14)

3 Please note that VBXu' = Xv and uVBX = X'. They are the row and column sums of the GN by GN matrix VBX,
respectively. Its row sum is the gross output (across different industries in the whole economy) induced by a particular
sector’s value-added; its column sum is the gross output with value-added embodied from every sector in the economy.
Therefore Xv does not equal X' at the sector level, but equals each other at the aggregate.

4 This is also recognized by Fally (2012).



This is the sum along the column of the Leontief inverse matrix, which equals the total value
of inputs induced by a unit of final product produced in a particular sector. Therefore, equation
(13) measures total intermediate inputs induced by a unit value of a particular final product
throughout all upstream sectors in the economy, which is called the footprints of final goods and
services in the literature. The longer the production chain, the greater the number of upstream
production stages a particular final product is counted in the economy, the more to the downstream
the products are located.

Using the sectoral ratio of final goods to GDP as weight to aggregate equation (13) over all
sectors, we obtain:

(uBYu')/(uY) = (uBY)/GDP = (uX)/GDP (15)
which gives the same gross output to GDP ratio as equation (12) and therefore has the same
economic interpretation.

It is worth noting that the length of a production chain based on forward industrial linkages as
expressed in equation (10) is mathematically equivalent to the upstreamness index defined by Fally
(2012a, 2012b, 2013) and Antras et al. (2012, 2013);°> On the other hand, the length of a production
chain based on backward industrial linkages expressed in equation (13) is mathematically
equivalent to the downstreamness index defined by Antras and Chor (2013). However, there are
two notable differences. First, similar to Miller and Temurshoev (2013), we define our upstream
or downstream indexes by the sum of the rows/columns of the Ghosh/Leontief inverse matrices
respectively, which are simpler in mathematics and are part of the classic input-output literature;
Second, and most important, we measure a production chain length from primary inputs in sector
i to final products of sector j, starting from primary inputs (value added), not gross outputs (as
Fally and Antras did), and provide very clear economic interpretations for both the numerator and

denominator in the production line position indexes discussed above.

2.2 The length of production chain within and across national borders

Let’s now expand the closed-economy model to an Inter-Country Input-Output (ICIO) model. The

structure with M countries and N sectors is described by Table 2:

® The proof is provided in Appendix B.
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Table 2 General Inter-Country Input-Output table

Outputs Intermediate Use Final Demand Total
Inputs 1 2 | .. | M 1] 2 M | Output
1 le ZlZ . Zlm Yll Y12 L Ylm Xl
Intermediate 2 721 7 22 zam |yl |y22 o yem X 2
Inputs
M Zml Zm2 me le Ym2 Ymm Xm
2\’ my s
Value-added (VALY VAT VAT
. X m 14
Total input (XH | (x?y S

where Z°"is an N> matrix of intermediate input flows that are produced in country s and used in
country r; Y*"is an Nl vector giving final products produced in country s and consumed in country
r; X*is also an NxL vector giving gross outputs in country s; and VA® denotes an N1 vector of
direct value added in country s. Both the input coefficient matrix A = ZX~* and value added
coefficient vector V = VaX~* can be defined in a similar way as discussed in the closed economy

model.

2.2.1 Production activities with and without cross-country production sharing arrangements
The gross output production and use balance, or the row balance condition of the ICIO table
in Table 2 can be written as:

M M M
X2 = ATXT 4+ ATX 4Y 1Y YT = AP 4Y S+ Y BT = AX+Y S +ET (16)

S#I S#I S#I

where A is an NxN domestic input coefficient matrix of country s (block diagonal), A®" isan

G
NxN foreign input coefficient matrix of country r (block off diagonal) , and E* = ZE“ is the

S#I

N1 vector of total gross exports of country s.

Rearranging the right hand side of (16) yields
XS =(1-A%)YS +(1 - AS)E” (17)
With a further decomposition of gross exports into exports of intermediate/final products and their

final destinations of absorption, it can be shown that
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M M M M M M
(l _ASS)—lES* — LSS(ZYsr +zAsrxr): LsszYsr + LsszAsrzBruZYut
t

r#s r#s r#s r#s u 6
M M M M M M M M (18)
:LsszYsr+LsszAsrzBquur+LsszAerBquus+LsszAsrzBru ZYut
r#s r#s u r#s u r#s u t£s,r

1, . o
where L¥ =(1 =A®)7is the local Leontief inverse. B™ s are block matrices in the global

Leontief inverse.

Inserting (18) into (17) and pre-multiplying with the direct value-added diagonal matrix \7 :
we can decompose value-added generated from each industry/country (GDP by industry) into

different components:

M M
Vas :sts :VsLssYss +VSLSSZYsr +VSLSSZAsrXr

r#s r#s

M M M M M
:VsLssYss _I_VsLssZ( sr _I_AsrerY rr)_I_VsLsszAsrzBrquut _VsLsszAsrerY r

(1-DVA_D) r#s r#s u t r#s
(2-DVA_RT) (3-DVA_GVC)
7 7 S r ry oy 7 S S r r ry It (19)
:VsLssYss_l_VsLss s _I_As LrYr _I_VsLss Asr BuYu —L"Y
LY Z(Y ) Z (Zu: )
(2-DVA_RT) (3a-DVA_GVC _r)
R M M R M M M
+V5LsszAsrzBquus +VsLssZAsrzBru ZYut
r#s u r#s u t#s,r
(3b-DVA_GVC _s=RDV _F) (3c-DVA_GVC _t)

There are five terms in this decomposition, each representing domestic value-added generated
by the industry in its production to satisfy different segments of the global market. These domestic
value-added or total GDP in country s are generated from the following three types of production
activities:

(1) Production of domestically produced and consumed value-added (VsL=y* ). This is
domestic value added to satisfy domestic final demand that is not related to international trade,
and no cross country production sharing is involved. We label it as DVA_D for short.

(2) Production of “directly” traded value-added, including value-added embodied in both

final and intermediate goods and services with domestic factor content embodied in these exports

6 A detailed mathematical proof of equation (18) is provided in Appendix C.
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that are directly absorbed by trading partners. DVA crosses the border only once, with no indirect
exports via third countries or re-exports involved. We label it as DVA_RT for short.’

(3) Production of “indirectly” traded value-added. It is embodied in intermediate goods and
services exports that the source country contributed to global value chains. We label it as
DVA_GVC for short. It measures the amount of domestic value added that is generated from the
production of such intermediate exports regardless of where these value-added are finally absorbed.
It can be further split into three categories according to their different final destinations of
absorption:

3a. Indirectly absorbed by partner country ». Value-added embodied in intermediate exports
to a third country that is used to produce its intermediate or final product exports that are finally
consumed in country r (i.e., domestic value added to satisfy importing country’s final demand
indirectly, production sharing between the two partner countries, s and , or between the importing
country » with other third countries, or among s, r, and third countries, DVA_GVC r);

3b. Returned (re-imported) to exporting country s and finally consumed there. Value-added
embodied in intermediate exports that are used by partner country r to produce either intermediate
or final goods and services and shipped back to the source country (possibly via third countries in
the production chain) as imports and consumed there (i.e., domestic value-added to satisfy
domestic final demand that is related to international trade, production sharing between home and
foreign countries; we denote it by DVA_ GVC s);

3c. Re-exported to a third country ¢ and finally consumed there. Value-added embodied in
intermediate exports that is used by partner country r to produce intermediate inputs for its own or
other countries’ production of final goods and services that are eventually re-exported to third
countries (i.e., domestic value added to satisfy a third country’s final demand, production sharing
among at least three countries, DVA_GVC t).

Such a downstream decomposition based on forward industrial linkages is critical to
understanding the measures of international production length or Production Length of the Global
Value Chain (PLGVC) that we will define in this paper. It measures the number of production

stages the last three parts of the domestic value-added would take to reach the final consumer in a

" Borin and Mancini (2015) have recognized the difference between (2) and (3) and refer to (2) as “Ricardian Trade.”
However, since we discuss value-added trade and not goods trade here, we will use traditional trade as reference only
in the sense that this part of value-added crosses borders only once as traditional goods trade. They are not exactly the
same, to avoid confusion.
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particular country/sector pair, including in the home country. However, it excludes domestic value-
added measured by the first two terms of equation (19) because those production activities are
accomplished either completely within the national boundaries or directly absorbed by trading
partners. Therefore, they can be treated as pure domestic production activities (the first term in
equation (19)) and production activities related to “direct” value-added trade (the second term in
equation (19)), respectively.

Note that we use the term GVC related trade here narrowly to refer to value added in
intermediate goods that crosses borders at least twice. A broader definition of “’global value chains”
trade could also include any value added embedded in intermediate good exports even if they cross
borders only once. Indeed, the broadest definition of GVC should also include some of the
domestic value added exports that are embedded in the final goods exports absorbed abroad as
long as the production of the final products involves foreign value added. For this study, we decide
to group value added in intermediate products exports that crosses borders only once as part of the
“direct value-added trade” or “Ricardian Trade” in the term used by Borin and Mancini (2015).
With this, we reserve the term “GVC related trade” to trade in value added that crosses national
borders at least twice.

Note that the summation in the last four terms indicates that the domestic value-added
generated by export production can be further split at the bilateral level into each trading partner’s
market. The sum of terms 2, 3a, and 3c gives the amount of value-added exports as defined by
Johnson and Negara (2012), which is the total (direct and indirect) domestic value added to satisfy
foreign final demand, while the sum of 1 and 3b is the total domestic value-added to satisfy
domestic final demand. Finally, the sum of (2) and (3) gives the measure domestic value-added
(GDP) in gross exports, or DVA related production and trade activities to the most broadly defined
“global value chains.”

The decomposition is also illustrated in Figure 1.

14



Figure 1 Decomposition of GDP by industry
— Which types of production and trade activities belong to global production networks?
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2.2.2 Length of pure domestic production

Let us first consider the segment of domestic value added that is generated and absorbed by
production activities entirely within the country at each stage of production.

We know from equation (19), in an infinite production process, domestic value added of
country s embodied in its final products that satisfy its domestic final demand equals V L=y * (
DVA_D®).

Following a similar logic as equation (3) in the closed economy, i.e., using the length of each
production stage as weights and summing up all production stages, we obtain an equation that
gives the product of the value-added and domestic production length as follows:

X rvd = =\75\i = +2\75A155YSS +?\75ASSASSY S 4. (20)°
=VEi(1-A%) (I-A®) Y® =V LoL®Y®

where | +A® + ASA® +..=(1-A%)" =L®

8 A detailed mathematical proof of equation (20) is provided in Appendix D.
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Because production activities that generate this part of domestic value-added have no relation
with cross border trade, we define its production length as that of pure domestic production. It
equals the portion of gross output of country s generated by the production of the country’s GDP
without any cross-border trade activities. Therefore, the average pure domestic production length
of country s equals the ratio of this portion of gross output to the corresponding domestic value

added, and can be expressed as®

PL D= X_vd :VAL LY :L LY 21)
DVA_d°® vsL®Y*® LY *

2.2.3 The production length of “direct value-added trade "

Let us now consider the segment of domestic value added that is generated by activities
related to trade at each stage of production (terms (2) and (3) in equation (19)).

In a one stage production process, the domestic value added generated from a particular
country/sector (for example, sector i of country s) is directly embodied in its final products that
are exported to country r and consumed there. It can be measured as V°y* and its domestic
production length equals 1 and its international production length equals 0.

In a two stage production process, the domestic value added generated from country s will be
first embodied in its gross output that is used as intermediate input either by country s or other

countries (through exports) in the production of final product exports. It can be measured as

M

M
VEASY +VA" > Y™ and can be decomposed into two parts: V*A®y = and VAT YY" Their
t

t
domestic production lengths equal 2 and 1, respectively, and their international production lengths
equal 0 and 1, respectively.
In a three stage production process, the domestic value added generated from country s will

be embodied in the final products produced from the third stage and consumed in all possible

destination counties. It can be measured as \js a= asy s 4 \js A A“iy” RVE Asri Aruiym and
t

u t

. ~ n M n M M R
can be decomposed into three parts: VSASASY* , VEASATY YT, and VEATY AU Y Their
t u t

domestic production lengths equal 3, 2, and 1, respectively, and their international production

9 A division symbol below denotes elements-wide divisions.
10 A detailed mathematical proof is provided in Appendix E.
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lengths equal 0, 1, and 2, respectively. The product of value added in country s’s gross intermediate
exports and its domestic/international production length can be expressed as
M

7S ASS ASS\/ ST 7s ASS er rt 7s er ru ut d 7S ASS er n 7s SVM rUM ut
AV EASATY T LV TASATY YAV EATY AMDY and  VCATATY YT VCATY AUD'Y ,
t t u t

u t

respectively.
The same holds for an n-stage production process.

Summing over all production stages in an infinite stage production process, we have
M
DVA_ FSF :V sYsr +(\/SASSYSF +V SASFZY rt)
t
R . M . M M 1
+ (V sAssAssY sr +V sAssAsr ZY rt +V sAerAru ZY ut) +.. (22)
t u t

=V‘sLssYsr _'_V‘sLssAsriBruiYut :\isLssEsr
u t

M M M
where igru is the limit of the series | +ZAru +ZArkZAk“ +.... It measures the amount of
u u k

"
domestic value added that can be generated from the production of gross exports E*" in country
s, regardless of whether these gross exports are finally absorbed in importing country r or not.
Summing equation (22) over all trading partner countries (i.e., over r), we obtain the last 4 terms
in equation (19), which are the domestic value-added of country s generated from all production
activities that are needed in the production of its gross exports to the world.

As equation (19) shows, domestic value added of country s embodied in its gross exports can
be separated into DVA in direct value-added exports and narrowly defined GVC related exports.
“Direct value-added exports” can also refer to “Ricardian trade” (final goods exchange and supply
of raw materials) in the following sense: It is the final product exports from country s consumed
by direct importer r or intermediate exports from country s used by direct importer r in its
production of domestically consumed final products. All domestic value added of country s in such
exports is directly consumed within country r and it only crosses national borders once (either for

consumption or for production activities). Mathematically, it can be expressed as

A

DVA_ R-l-sr :VsLSS Sr _l_AsrerYrr).

11 A detailed mathematical proof of equation (22) is provided in Appendix E.
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Using a similar logic as equations (3) and (20), we can also obtain an equation that gives the
product of the value-added and domestic production length of traditional exports, which equals the

portion of total gross output generated by the corresponding domestic value-added:

X _RT _vd™ =V°L*L®(Y¥ + A"L"Y™). Therefore, the average domestic production length of

country s’s direct value-added exports equals the ratio of this portion of gross output to its

corresponding domestic value added and can be expressed as

pLd RT* - X_RT_Wd* _LELS(Y* + ALY 23)
DVA_ RTSI’ LSS(YSI’ +ASI’LFI’Y I’I’)

Because final product exports are consumed by direct importers and do not enter the
production process in any foreign country, its international production length equals zero and its
total production length is the same as its domestic production length. It can thus be expressed as
LeLey ™

L¥y
consumed final products are involved in the production process only within the direct importing

. Intermediate exports used by direct importers in their production of domestically

country; therefore, the international production length of the source countries’ domestic value-
added embodied in such intermediate exports equals their production length in the direct importing
country r. Following a similar logic as equations (3) and (20), we obtain the equation that gives

the product of this portion of value-added and its production length in country r as

A

X _RT _vf* =V L*ATL"L"Y"™ . Therefore, the average international production length of “direct”
value-added exports from country s to country r equals:

X _ RT _Vf sr B LSS ASI‘ LI‘I‘ LI‘I‘Y r
DVA_ RT sr LSS sr + ASI’ LI’I’Y rr)

PLf_RT" = (24)

Adding equations (23) and (24), we have the total production length of direct value-added

exports as

X RT _v

PL_RT¥=PLd_RT"+PLf RT =2=""="_
- - - DVA_RT*

(25)
LSS LSS ( sr + Asr LI’I'Y I'I’) + LSS ASI‘ LI’I‘ LI‘I'Y rr

- LS (Y ST ASTLTY rr)
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2.2.4 The production length of narrowly defined Global Value Chain related trade

The production process of GVC related intermediate exports is more complicated than the
previous segments. Unlike DVA embodied in direct value-added exports, DVA embodied in GVC
related intermediate exports cross national borders at least twice. Subtracting direct value-added
exports from equation (22), we obtain the source country’s domestic value-added embodied in its
GVC related intermediate exports. It can be further decomposed into three parts according to
equation (19) as follows:

SE__\]S|SSAS S ruy ur 75| ss er ruy/ us 7S] ss er ru S ut 26 12
DVA_GVC™ =V LFAT (D BUY " —L"Y ") +V LTATY BMY*® 4V LFATY B 'Y

u t#s,r

(3a-DVA_GVC _r) (3b-DVA_GVC _s=RDV)  (3c-DVA_GVC _t=DVA_ INTrex)

They are the source country’s DVA indirectly absorbed in importing country r (DVA_GVC r),
returned (re-imported) and absorbed by the source country s (DVA_GVC_s), and re-exported by
importing country r to third countries t and finally consumed there (DVA_GVC _t), respectively.
Summing equation (26) over all trading partner countries r, we obtain the last 3 terms in equation
(19), which are domestic value-added of country s generated from all production activities that are
needed in the production of its GVC related gross intermediate exports to the world.

Following the same logic to derive equations (3) and (20), i.e., using the domestic or
international production length of each stage of gross exports production discussed in the last
section as weights and summing across all production stages, we can obtain the average domestic
and international production lengths of global value chain related exports as well as its 3
components in a particular bilateral trade route.

For instance, the product of domestic value-added embodied in bilateral GVC related exports
and its domestic production length equals the portion of gross output in country s (labeled as

X _GvC__vd* ) induced by the production of country s’s domestic value-added embodied in its

GVC related exports, which can be expressed as:

12 please note that the first term in equation (26) is part of the second term of equation (21) of WWZ. The second and
third terms in equation (26) are exactly the same as the fourth and third terms in equation (21) of WWZ.
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M
x _GVC_Vd sr :VSLSSLSSASI’ (Z BFUYUI' _ LI‘I’Y rr)

(3a)X _GVC _r_wd* (27)13
M M M
+VsLss LssAsrzBquus +VsLssLssAerBru ZYut
u#r u t#s,r
(3b)X _GVC _s_wd*" (3c)X _GVC _t_wd*"

Term 3a is country s’s gross outputs generated by country s’s domestic value added in GVC

related exports indirectly consumed by trading partners; we label itas X _GVC _r_vd* for short.
Term 3b is country s’s gross outputs induced by country s’s domestic value added in GVVC related
exports returned and finally consumed at home; we label itas X _GVC _s_vd* for short. Term 3c
IS country r’s gross outputs induced by country s’s value added in GVC related exports that are re-
exported by country r and finally consumed in third countries; we label itas X _GVC __t_vd* for

short. All of these different parts of gross outputs are associated with domestic value-added in
GVC related exports before it leaves the country through forward domestic inter-industrial linkage.

Therefore, the average domestic production length of GVC exports can be computed as the
weighted sum of the ratio of the portion of gross output to its corresponding domestic value-added

of its 3 components in equations (26) and (27) respectively:

M
X GVC d N DVA GVC N Lss Lss Asr (Z B qu ur erY rr)
PLd_GvCY =2=>>=YC  DVA_BVL T v
DVA_GVC* DVA_GVC*

M
Lss Asr (Z Bqu ur erY rr)
u

(3a)PLd _GVC _r*

M SS | SS sr Y ru Y ut (28)
SS SS sr ru us L L A B Y
, DVA_GVC_s* LA zu:B Y Z 2

DVA_GVC¥

DVA_GVC _t¥
& " Tbva_evcT g g
LssAerBqu us _ LssAerBru ZY ut
u u

t#s,r

t#s,r

(3b)PLd _GVC _s* (3c)PLd _GVC _t*"

LSS LSS ASI’ (i B ru iY ut _ LI’TY TT)
u t

M M
LSS Asr (Z Bru ZY ut erY rr)
u t
The average domestic production length of the three components are labeled as pLd _Gvc _ r*

,PLd_GVC_s¥,and pLd _GvC _ t* respectively.

13 The average production length of traditional trade and a detailed mathematical proof of equation (26) is provided in
Appendix F.
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Similarly, the product of domestic value-added embodied in bilateral GVC related exports

and its international production length (labeled as x _Gvc _vf =) equals total international (both

domestic and foreign) gross outputs induced by domestic value-added of country s embodied in
its GVC related intermediate exports, which can be expressed as:

M M
X _GVC_Vf sr :VsLssAsr (Z Brvz BvuY ur er erY rr)

u

(Ba)X _GVC _r_vf s (29)14

R M M R M M M
+VsLssAerBerBvuYus +V5LssAerBerBvu ZYut

t#s,r

(8b)X _GVC _s_vf¥" (3c)X _GVC _t_vf*
Term 3a represents international gross outputs generated in the process between domestic

value-added of country s embodied in its GVC exports arriving at country r and the value-added

indirectly absorbed by final products consumed in country r; we label itas X _GVC _r _vf " for short.
Term 3b represents international gross outputs generated in the process between domestic value-
added of country s embodied in its GVC exports arriving at country r and the value-added shipped

back after further processing in country r and absorbed by final products that are consumed at

home; we label it as X _GVC_s_vf" for short. Term 3c represents international gross outputs
generated in the process between domestic value-added of country s embodied in its GVC exports

arriving at country r and the value-added finally absorbed by final products consumed in third

country t; we label it as X _GVC_t _vf " for short. All of these different parts of gross outputs are
associated with domestic value-added in GVC exports of country s after it leaves the country
through forward inter-industrial inter-country linkages. Therefore, the average international
production length of country s’s GVC exports to country r can be computed as the weighted sum
of the ratio of the portion of gross output to its corresponding domestic value-added of its 3
components in equations (26) and (29), respectively:

14 A detailed mathematical proof of equation (29) is provided in Appendix G.

21



M M
LSS ASI’ B ru BuvY wro_ er erY r
X _GVC_vf* _DVA_GVC_r* (Zu: Z :

DVA_GVC*  DVA_GVC¥

PLf GVC™ = .
Lss Asr (Z Bqu ur erY rr)

(3a)PLf _GVC _r

M M M M M " (30)
SS sr ru uv us LSS ASI’ B ru BUV Y
DVA_GVC_s*" LA Zu:B ZB Y DVA_GVC _t¥ Z Z 2

t#s,r
DVA_GVC*

X
LSS Asr i B I'UY us DVA_ GVC o LSS ASI’ i B ru iY ut

t#s,r

(3b)PLf _GVC _s* (3c)PLf _GVC _t*

M M M
Lss Asr (Z Bru Z Buv ZYVI _ er erY rr)
_ u v

t#s,r

LSS Asr (i Bru iY ut erY rr)
u t

The average international production length of the three components are labeled as PLf _GVC _r
, PLf _GVC_s,and PLf _GVC t.
Summing equations (28) and (30), we obtain the total average production length of domestic

value-added of country s embodied in its bilateral GVC exports as follows:

X_GVC_v" X_GVC_vd" +X_GVC_vf* (31)

PL_GVC* =PLd_GVC* +PLf _GVC¥ = =
- - - DVA_GVC™ DVA_GVC™

Obviously, the sum of X_GVC_v"and X _RT _v" measures total world gross outputs
generated by domestic value-added of country s embodied in its total gross exports. The weighted
sum of PL_GVC™ and PL_RT* defines the average production length of domestic value-added

embodied in bilateral gross exports.

There is a nice symmetry among the terms in equations (26)—(30): all of them are based on
the measurement and decomposition of both domestic value-added in global value chain exports
and global gross outputs. It is consistent with the gross trade accounting framework proposed in
Koopman, Wang, and Wei (2014). Using corresponding components of domestic value-added in
GVC related gross exports in equation (26) as the denominators to divide equations (27) and (29)
(i.e., the corresponding part of value-added induced gross outputs as numerators), we can obtain
the average length of production of each segment and their weighted average in a particular global
value chain (equations (28) and (30)). This measures the amount of global gross output that can be
generated by one unit of domestic value-added in country s and its total subsequent utilization in
the global production network.
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Summing equations (27) and (29) over all trading partner countries r, we obtain

ix _GVC_Vsr :\isi BsuiBuv int _\isLssLssYss

r#s t#s,r

M M M
_ (VsLss S8 ZY SRVAI Lssz ALY ™ +VSLSSZ ASLTLTY rr)
.M M M M R
:VSZ Bsuz BW Zth _Z X 3 RT _Vsr VAR A
u v tes,r r#s

(32) 15

Equation (32) shows clearly that the sum of production length of traditional and GV C exports

(equals global total output induced by domestic value-added in gross exports of country

s to the

world) defined in equations (25) and (31) plus the length of pure domestic production defined in

equation (21) equals total production length as defined in equation (3), i.e., VBBY , the

product

of total value-added and total production length, which, in expression, is the same as what we have

defined for a closed economy in Section 2.1. The only difference is that matrix B here represents

the global Leontief inverse from the ICIO model of the global economy. The structure and

internal

linkage of our production length index system can be represented as a tree diagram, as shown in

Figure 2.

Figure 2 Production Length Index System: Structure and Internal Linkages

Total Production Length
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(PL_GVC r) (PL_GVC._s) (PL_GVC_t)/,.':

Domestic Portion (d) + International Portion (f)

15 A detailed mathematical proof of equation (32) is provided in Appendix H.
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2.2.5 Production length based on backward inter-industry and cross-country linkages

Similar to the definition based on forward linkages, the specification of production length
based on backward linkages starts from a decomposition of sector production of final goods and
services. Following equations (7) and (9) of WWZ (2013), final products produced by sector i in
country s can be decomposed into its value-added sources as follows:

S d st s r rs L st sSpSss M st 4 r rs 3 st
Y, =Z[:Yi =>V'B ZYi =V°B ZYi +Y VIB®YY,

r#s t
M M M M M M
:V S LSSYi Ss +V S LSS Yi sr + V r er Ars LSSYi Ss + V r er Aru Bus Yisl _ V r er Ars LSSYi Ss

1-DWY _D
- 2-DVY _RT 3c-FVY _GVC (33)

M M
— V S LSSY- Ss + V S LSS Y sr + V r er Ars LSSY- Ss
| PAAEDY |

r#s r#s

1-DWY _D
2-DVY _RT

M M M M M M M M
+ ZV T Z A BusYiss _ ZV LA LssYiss + ZV L z A" BusYisr + ZV T Z ABY ZYist

u#r r#s r u#s r u#s t#s,r

3a-FVY GVC_s P GVC_r oY GVC
where Y.’ is a scalar, representing final products of sector i produced in cou_ntr)_/ s, which is the sum
of country s’s domestic final demand and final product exports. The first term in equation (33) is
value-added in domestically produced final products that satisfy domestic final demand (DFD)
without involving any cross border trade and production activities; we label it as pure domestic
value-added (FDY_D). The second term has two parts: term 2a is foreign value-added embodied
in country s final product imports; term 2b is intermediate exports from country r used by direct
importer s in its production of domestically consumed final products. The common feature of both
2a and 2b is that value-added embodied in such imports only cross national borders once, so we
label them as direct value-added trade (FDY_RT). Please note that the difference between term 2a
in equation (33) and term 2a in equation (19) is that the former includes value-added sourced from
all countries in the world, and it is similar to term 2a. Obviously, the third term is value-added
from GVC related trade embodied in the final consumed products of country s. It also has three
parts, corresponding to the three parts in equation (19). However, similar to term 2a and 2b, value-
added in these parts are sourced from all countries in the world (foreign value-added), except for
the producing country s, so we label them as FDY _GVC _s FDY _GVC _r  and FDY _GVC _t

, respectively.
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Following the same logic of Sections 2.2.2 to 2.2.4, we could compute each part’s domestic
and international total and average production lengths as summarized in the following two

equations. Detailed derivations can be found in Appendix I.

where Y.’ is a scalar, representing final products of sector i produced in country s, which is the sum

of country s’s domestic final demand and final product exports. The first term in equation (33) is
value-added in domestically produced final products that satisfy domestic final demand (DFD)
without involving any cross border trade and production activities; we label it as pure domestic
value-added (FDY_D). The second term has two parts: term 2a is foreign value-added embodied
in country s final product imports; term 2b is intermediate exports from country r used by direct
importer s in its production of domestically consumed final products. The common feature of both
2a and 2b is that value-added embodied in such imports only cross national borders once, so we
label them as direct value-added trade (FDY_RT). Please note that the difference between term 2a
in equation (33) and term 2a in equation (19) is that the former includes value-added sourced from
all countries in the world, and it is similar to term 2a. Obviously, the third term is value-added
from GVC related trade embodied in the final consumed products of country s. It also has three
parts, corresponding to the three parts in equation (19). However, similar to term 2a and 2b, value-
added in these parts are sourced from all countries in the world (foreign value-added), except for
the producing country s, so we label them as FDY _GVC _s FDY _GVC _r  and FDY _GVC _t
, respectively.
Following the same logic of Sections 2.2.2 to 2.2.4, we could compute each part’s

domestic and international total and average production lengths as summarized in the following

two equations. Detailed derivations can be found in Appendix I.

M M
X ds =V SLSLSY.S + VILTLTYS & VLU ALY S
_YG i Z i Z !

1-xd_D r=s r=s
2—-Xyd _RT
M M M (34)
+ ZV r er er Ars z Bqui us ZV r er er Ars LssYi ss

r#s u#s r#s

3b—Xyd _GVC _r
M M M M M
-|-V s Lss Lss z Asr Z Bquius + ZV r er er Z Aru Z ButYits

r#s u#r t#s,r

3a-Xyd _GVC _s 3c—Xyd _GVC _t
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M
X _ yfis - 9 + 0 + ZV r er Ars Lss LssYiss

1-Xyf _D r#s

2-Xyf _RT

M M M M (35)
+ ZV r er Ars z stz BvuYius _ ZV r er Ars Lss LssYiss

3b-Xyf _GVC _r

M M M

+VSLSSZ Asri Brvi BvuYius + iv rerZ Aruz Buv i ButYits

r#s u#r v t#s,r

3a-Xyf _GVC _s 3c-Xyf _GVC _t

X _yd?and X _ yf*are the products of value-added and production length and equal to

the domestic and international gross outputs induced by the production of final product Yis in

country s, respectively. Therefore, the ratio of these gross outputs to Y, is the average domestic

and international production length based on backward inter-industry and cross-country linkage.
Because global final demand always sums to global value-added, the forward and backward based
production lengths are equal to each other at the global level. However, they may not be equal to
each other at the country or country/sector level due to international trade and cross border
production activities. This naturally raises the question: What is the relation between production
length measure and production line position? Can production length measure be used directly to
infer upstreamness or downstreamness of a country or a country/sector pair? Current literature is
not clear on such important questions and often uses production length measures to infer
production line position directly. This is the topic we will address in the next section.
2.3 From production length measures to production line position index

As we have defined GVC related production and trade activities earlier, it is easy to see that
a GVC production line not only has a starting and an ending stage, it also has to involve at least
one and often many additional middle stages because value-added in GVC production chains needs
to cross national borders at least twice. We thus need to identify and quantify value-added
embodied in intermediate goods trade crossing national borders, at which country/sector pair and
in what amount, in order to correctly measure the production line position of each specific middle
production stage for a particular country/sector pair.

Let us consider a global value chain starting from primary input or value-added at sector i of
country s, embodied in its gross (intermediate) exports used by sector j of country r, but finally
absorbed by final product of sector k consumed at country t. According to the measure of
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production length of GVC related trade based on forward linkages described in Section 2.2.4, we

can express such a specific GVC production line as follows

M
DAY _1; =V L AT B}V, (36
.00 0 a7 O 0 --- 0 0
Where VP = 0 w2 0, AT =i & £l B =[bi o bl Y=y
0 0 . 0 aj O o - 0 0

Following the same logic to derive equations (3) and (20), we can obtain the product of the

value-added and production length backward to (s,i) and forward to (t,k) from (r,j) as

M
Xy 15 =VILEL®ATY BY," (36.1)

Xt _15 =VoL® Aj.fi B i BUY," (36.2)
Therefore the total production length of this particular GVC equals
X1 =VILSLAT i BIYS +V LAY i B i B™Y," (36.3)
It can be proved that summing equation (36.3) over r, j, t, and k allows us to obtain the same results

M
as equation (32), i.e.,, X _1= Z X _GVC _v* . Therefore, both equations give the same production

t#£s

length for value-added originating from sector i of country s based on forward inter-industry, cross-
country linkages.

Similarly, summing equation (36.1) over s, i, t, and k, we can obtain the product of the value-
added and production length backward from (r,j) to all (s,i) as:

Xyl = SV ATY BE Y B”VZT:YV‘ (36.4)

S#I u

Summing equation (36.2) over s, i, t, and k, we can obtain the product of the value-added

and production length forward from (r,j) to all (t,k) as:

Xv! = iVSLSS LSSAjFi B;_ViYV‘ (36.5)
\ t

S#I
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As a special production node in the global production network, the closer sector j of country

r is to these value-added crossing national borders that it used as inputs, the smaller the gross

output it can induce (measured by Xy;); the closer sector j of country r is to these final products

that use its value-added as source, the smaller the gross output it is able to push out (measured by
Xv}). Therefore, its average production line position in the global value chain can be defined as
GVC_P| = —Xy;X:’rXV; 37)
This index is bounded by one. The larger the index, the more upstream is the country/pair.
Importantly, under our definitions, the upstreamness and downstreamness of a given country sector
are really the same thing, thus overcoming the inconsistency of the production position indexes
widely used in current literature, such as the N* and D* indexes proposed by Fally (2012) and the

Down measure proposed by Atras and Chor (2013).

Let us consider a simple numerical example, illustrated in Figure 3.
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Figure 3 GVC position in a 3-country, 2-sector example
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There are 3 countries (S, R, and T, respectively) and 2 sectors (1 and 2) in this simple
production chain. Countries S and R only produce and do not consume, whereas Country T only
consumes and do not produce. The arrows indicate the direction of value-added flows, and the
numerical value on each line indicates the gross trade sent from the relevant upstream node to the
corresponding downstream node. Thus, the total value added generated in the first node (Country
S, sector 1) is assumed to be 2, of which 1 is sent to S2, and 0.5 each is sent to R1 and R2,
respectively. The values added in both R1 and R2 are assumed to be 1. The values added in T1

and T2 are zero (because Country T does not produce).

Whenever a node bifurcates into two export routes, it is assumed that the both domestic value
added and foreign value added will be evenly split between the two export routes. Thus, from node
R1, the gross value of 1.5 is split into an export of 0.75 to T1 and T2, respectively.

There are 4 routes between the value-added originated from S1 and consumed at the final
destination T1 or T2:

®S1—R1—T1

S1 produces intermediate goods and exports to R1, and R1 uses it to produce final exports

to T1 and consumed in Country T.
@S1—R1——T2
S1 produces intermediate goods and exports to R1, R1 produces final exports to T2 and

consumed by its domestic consumer.
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®S1—R2—T2
S1 produces intermediate goods and exports to R2, R2 produces final exports to T2 and
consumed there.

@ s1 S2 R2 T2

S1 produces intermediate inputs to S2, S2 produces further processed intermediate exports to
R2, and R2 produces final exports to T2 and consumed in Country T.

The total value-added of this production network is accounted as:

Total Value-added (TV) = (S1)+ (S2)+ (R1)+ (R2)=2+1+1+1=5

The values of the final products are

@ s1 R1 T1
0.25 + 0.5 = 0.75
@ Ss1 R1 T2
0.25 + 0.5 = 0.75
®s1 R2 T2
05 +05 =1
@ s1 S2 R2 T2
1 +1 + 05 =25

Therefore, the total value of final products of the network equals:
FD=0.75+0.75+1+2.5=5, i.e., the value-added and the value of final products are equal to
each other at the global level.

There are three ways to compute the average production length:
Firstly, based on forward linkages (sum over the starting node, S1, as example ) :

The value added created by S1 in each route is listed below:

OS1—R1——T1: 0.25
@®S1——R1——T2: 0.25
®S1——R2——T2: 05
@ s1 S2 R2 T2: 1

Summing them, the total value-added created along this production line equals VA =

0.25+0.25+0.5+1=2
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The cost push gross output induced by S1’s value added can be measured as

@ Ss1 R1 T1
0.25 + 0.25 = 0.5
@ s1 R1 T2
0.25 + 025 = 0.5
®s1 R2 T2
05 + 05 =1
@ S1 S2 R2 T2

1 +1+1 =3

Therefore, the average production length of value-added created by S1 based on forward
linkages can be computed as:
(2>0.25+2>0.25+2>0.5+3x1)/2=5/2=2.5
For each route, we can split the gross trade into a “domestic portion” and an “international
portion.” For S1,
Domestic Portion: (1>0.25+1>0.25+1>0.5+2x1)/2 = 3/2=1.5
International Portion: (1>0.25+1>0.25+1>0.5+1x1)/2 = 2/2=1
The following identity always holds:
Total production length (2.5) = Domestic Portion (1.5) + International Portion (1)
Similarly, the value-added created by S2 equals:
VA:S2——R2——T2: 1
The total output induced by value-added created by S2 equals :
GO:S2——R2——T2:
1 +1=2
The average production length of value-added created by S2 based on forward linkages can
be computed as: 2/1=2 and its domestic and international portions both equal 1.

The above accounting and computation results can be summarized into the following table:
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VA TO PL DPL FPL

S1 2 5 2.5 1.5 1
S2 1 2 2 1 1
5 3 7 713 4/3 1
R: 1 1 1 1 0
R2 1 1 1 1 0
R 2 2 1 1 0
World 5 9 9/5 6/5 3/5

Note: We assume no value-added at T, so all indexes equal to zero.

Secondly, based on backward linkages (sum over consumption destination, T2, as example)
There are 3 routes contributing to the value-added of the final product consumed at T2. The

total value-added absorbed through each route is listed below:

@ s1 R1 T2:
0.25 + 05 = 0.75
@ Ss1 R2 T2:
05 + 05 =1
®s1 S2 R2 T2:

1 +1 + 05 =25
The total value of the final products at T2 equals 0.75+1+2.5=4.25.
To produce such amount of final products, the required gross output produced by each

production line equals:

@ Ss1 R1 T2:

0.25% + 0.5%1 = 1

@ s1 R2 T2:

0.5%2 + 05xL = 15

® S1 S2 R2 T2:

13 + 1 + 05x1 = 55
Summing the accumulated value-added in each route and dividing by the total value of final
products produced at T2, the average production length of value-added absorbed at T2 based on
backward linkages can be computed as:
(1+1.545.5)/4.25=8/4.25=32/17
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It is obvious from such a simple example that the production length computed from forward
and backward linkages only equal each other at the global level, not at the country/sector pair;
there is no clear implication for upstreamness or downstreamness from production length measures
either based on forward or backward linkages because they may give different rankings for each
country/sector pair.

The results can be summarized into the following table:

VA TO PL DPL FPL
T1 0.75 1 4/3 1 1/3
T2 4.25 8 32/17 21/17 11/17
T 5 9 9/5 6/5 3/5
World 5 9 9/5 6/5 3/5

Note: there are no final goods production for S and R nodes by assumption, so
their backward linkage based indexes all equal to zero.

Finally, aggregating for an intermediate production stage (R2 as example to introduce

production line position index)

R2 is located in the middle of 2 production and trade routes originating from S1 and ending at

T2. Total value-added flow in and out of this production node are:

OS1——R2——T2:

0.5 1
® s1 S2 R2 T2:
1 1 25

The total value added embodied in the output of R2 can be measured as 1+2.5=3.5.

The production length of the starting stage (S1) of R2 (total gross output driven by final goods
consumption in T2) based on backward linkages equals:

Xys = (120.5+2x1+11)/2.5 = 1.4;

The production length to the ending consumption stage (T2) of R2 (total gross output pushed
by value-added from R2) equals: Xv, = (1x1+1>2.5)/3.5 = 1. Therefore, the production position of
R2 can be computed as

Xv,

-=1.4/2.4=7/12=0.508

GVCP_P, = -
A

r

Xv, +
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This implies that all production lines starting from S1 and ending at T2 are located at a relative
downstream position, just as shown in Figure 3, closer to final consumption.

The above computation can be summarized into the following table:

VAl GO1 PL1 VA2 GO2 PL2 Relative Position

R1 0.5 0.5 1 1.5 1.5 1 Ya
R2 2.5 3.5 715 3.5 3.5 1 7112

R 3 4 4/3 5 5 1 4/7

S1 0 0 0 2 5 2.5 0

S2 0 0 0 1 2 2 0

S 0 0 0 3 7 7/3 0
T1 0.75 1 4/3 0 0 0 1
T2 4.25 8 32/17 0 0 0 1

T 5 9 9/5 0 0 0 1

This simple numerical example shows clearly that the production line positon index is closely
related to the measure of production length, but the production length measure may not directly
imply production line position. Only through aggregation, for both forward and backward linkage
based production length measures for a particular country/sector pair located in the middle stages
of production lines, by first determining its “distance” to both the starting and ending stages of all

related production lines, can relative “upstreamness” or “downstreamness” be correctly estimated.

2.3 Global Value-Chain participation index

The amount of Vertical Specialization (measured by both VS and VS1 as proposed by
Hummels et al., 2001) as percent of gross exports has been used widely in the literature as the
index to quantify the extent of a country’s participation in global value chains (Koopman et al.,
2010; OECD, 2013). However, it excludes production to satisfy domestic final demand (which
includes both pure domestic and international trade related production activities), and by only
considering export activities, may not cover all the possible ways a country could contribute its

domestic value-added into the global production network.

Firms in a country/industry may participate in international production chains in three ways:
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1. Exporting its domestic value-added in intermediate inputs used by other countries to
produce exports directly or indirectly; it is the source country’s value-added that shows up
as foreign value-added in other countries’ production of exports;

2. Using other countries’ value-added to produce its exports directly or indirectly; it is the
other countries’ value-added that shows up as foreign value-added in the source countries’
gross exports;

3. Exporting its domestic value-added in intermediate inputs used by other countries to
produce other countries’ domestic consumed final products indirectly (via the source or a
third country).

The global value chain participation indexes used in the literature, such as the VS and VS1
as percent of gross exports, only take the first two channels into consideration, even if the third
channel may be quite substantial especially for large economies.

Using the decomposition of value-added generated from each industry/country pair (GDP by
industry statistics) expressed in equation (19), we can fully identify all the three possible ways a
country can realize its domestic value-added in the global production network and construct an
index that helps us to measure the full extent to which production factors are employed in a
particular country-sector involved in the global production process. Such a GVC participation
index based on forward industrial linkage can be defined mathematically as follows:

iNSLSSEl sr _V‘sLssAsrerY rr] iNsLssAsrii Bqu uv _\isLssAsrerY rr]
GVCPFS — I#s ~ — I#s u_ v ~
VSXS VSxS
R M M R M M . M M M
VsLsszAsr (z By _ Ly rr) VSLSSZ Asrz Buy U VSLSSZASI’Z ZBqu ut (38)
_ r#s u r#s u r#s u t#s,r
- VeX© ’ VeX© ’ VeX®

i[DVA_Gvc_rS] i DVA_GVC_s° iDVA_GVC_tS

— I#s + r#s + r#s

VeXs VeXs VEXS

The denominator of equation (32) is the value-added generated in production from a

country/sector pair; the numerator of equation (32) is domestic value added of country s embodied
in its narrowly defined GVC exports to the world. It excludes domestic value-added embodied in
final goods exports (with international production length of zero) and domestic value-added

embodied in intermediate exports, but used by the direct importer to produce final products within
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its border and consumed there without going through a third country (with international production
length of one). So equation (32) gives domestic value-added generated from GVC related
production activities as a share of total sector value added. It differs from the forward industrial
linkage based GVC participation index defined in previous literature (VS1 as percent of gross
exports) in two ways: (a) it is based on the value-added concept while both VS1 and gross exports
are based on the gross concept; (b) it is a production concept, not only trade. It includes domestic
value-added embodied in intermediate inputs from the exporting country that is indirectly absorbed
by its direct trading partners. Therefore, it completely reflects the degree of participation of
production factors employed in a particular country/sector in cross border production sharing

activities.

Based on the backward decomposition of final goods production discussed in Section 2.2.5,

we can define another GVC participation index based on backward industrial linkage as follows:

M M M M
ZV r er Z Aru Bus ZYist _ ZV r er Ars LssYi ss

GVCP_ Bis __r u#r t - r#s
Y;

M M M M M M M M

ZV LA™ Z Bquius _ ZV LA™ LssYiss VoSS Z AY Z Bquius ZV rLT Z AN Z BUTYiIS
_ I#s U#S _ r#£s + r#s _ u + r u=r _ t#s,r (39)

Y v Y
_DFY_GVC_r, DFY_GVC_s,  DFY_GVC_t
v v Y

M
where Y, =>"Y;* ; we already discussed the economic meaning of the three numerators in
r

Section 2.2.5. It gives the share of foreign value-added related to GVC trade and cross country
production sharing in the total value of final goods produced in country s. Its denominator is the
value of each country’s final goods production (both exports and domestic final use). The global
sum of its numerator (and each of its three components) equals the global sum of the numerator in
equation (32).%8 Therefore, at the global level, the forward and backward industrial linkage based
GVC participation indexes (and each of its three components) equal each other, a similar property
of VS and VS1 based GVC participation indexes. However, it also differs from the backward
industrial linkage based GVC participation index defined in previous literature (VS as percent of
gross exports) in two ways: (a) it is based on a net concept while both VS and gross exports are

16 The math proof is provided in Appendix J.
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based on a gross concept; (b) it is a production concept, not only trade. It includes foreign value-
added embodied in intermediate imports that is indirectly absorbed by the importing country (with
product sharing activities with the source or third countries). Therefore, it completely reflects the
degree of foreign production factors’ participation in the home country/sectors’ production of final
products, and measures international production sharing activities from another perspective: how
a country’s production relies on other countries’ production factors’ contribution. Aggregating
equations (32) and (33) over all countries, we can show that the forward and backward production
linkage based GV C participation indexes are equal to each other at the global level (see Appendix
J for details).

3. Estimation Results

Applying the production length measures as well as both the GVC participation and the
position indexes developed in the previous section to WIOD data, a set of indexes can be estimated
and used to quantitatively describe the multi-dimensional structures and the evolving trend of
various GVCs for 41 countries and 34 industries over 1995-2011. Since all the indexes can be
estimated at both the most aggregated “world” and the more disaggregated “country/bilateral-
sector” levels, we obtain a large amount of numerical results. To illustrate the estimation outcomes
in a manageable manner, we first report a series of examples at various disaggregated levels to
highlight the stylized facts based on our new GVC index system and demonstrate their advantages
compared to the existing indexes in the literature, we then conduct econometric analysis on the
role of GVCs in the economic shocks brought by the recent global financial crisis as a more
comprehensive application of our newly developed GVC indexes.

3.1 Production length index

3.1.1 Estimation results

Taking the Electrical Equipment Sector as an example, Figure 4 reports the basic estimation

results for China and the US, at the “Country-Sector” Level for 2011.
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Figure 4 Production Length of Electrical Equipment Sector, 2011
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The estimation results in Figure 4 provide us with the following observations:

(1) The index values are always higher for China than that for the US, which means the value
added created by China has to go through more steps before reaching its final uses. In other words,
compared with the US, value-added created from China’s Electrical Equipment Sector needs to go
through more production stages on average before reaching its final uses.

(2) Compared with the pure domestic and the direct value-added exports production modes,
value added created along the GVCs has the longest production length (PL_GVC). This result is
intuitively reasonable as more participants and production steps are involved in the GVC
production process.

(3) Value added absorbed indirectly by direct importers (PL_GVC_r) have the longest
production length. In such case, value added flows back to the GVC network from the direct
importing country, further going through several production stages, then returns to the direct
importers and is finally absorbed there.

(4) The international portion of GVC production length is always longer than the domestic
portion. This finding reflects the global increase in vertical specialization: the more fragmented is
the production process, the more participants are involved, and the less is the portion allocated to

each participant.
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More information can be obtained if we estimate the indexes at the “bilateral-sector” level.
Using the US Electrical and Optical Equipment Sector as an example, compared to the value added
flows to Canada, Australia, and Russia, the value added imported by some East Asian economies
(such as China, Korea, and Taiwan) has to go through more production stages outside the US to
reach the final consumers®’. So the international portion of GVC length is relatively longer for
value added exported to China, Korea, and Taiwan (from 1.9 to 2.5), and shorter for value added
exported to Canada, Australia, and Russia (around 0.81).

Table 3 Length of International Production Portion
for Value Added Created by the US Electrical Equipment Sector, 2011

Length of International
Production Portion

Direct Importers

TWN 2.403
KOR 2.219
CHN 1.953
CAN 0.815
AUS 0.813
RUS 0.806

TWN=Taiwan; KOR=Korea; CHN=China; CAN=Canada; AUS=Australia; RUS=Russia

3.1.2 Has the length of Global Value Chains become longer or shorter over time?
One important question addressed in the recent GVC related literature is this: Has the global
production chain become less or more fragmented?

Most studies conclude that global production has become more fragmented today than decades
ago. As shown in Feenstra and Hanson (1996), the imported intermediate inputs in the US have
increased from 5.3% to 11.6% between 1972 and 1990. Similarly, Hummels et al. (2001) find that
the world VS (Vertical specialization) share of exports has grown almost 30% between 1970 and

1990, which accounts for more than 30% of overall export growth.®

17 As we will show later in Table 4, the length of global value chains that East Asian countries participate in is
significantly longer than in other countries, which means their productions are more globalized relatively than other
countries.

18 However, there is a “puzzling” finding in Fally (2011), who indicates that the production chain (or the distance to
final demand) in the US appears to have shortened over time and concludes that such a trend is also a global
phenomenon. Consistent with Fally, our calculation also shows that the production length of the US is getting shorter.
But this finding is reversed at the global level. In Appendix K, we show that the strong assumption “The same
industries have the same production length across countries” is the main factor that leads to the puzzling finding by
Fally.
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Our estimation results clearly show that the Global Value Chain is getting longer, which
reflects the increasing fragmentation of GVC related production and trade activities. Moreover,
the distinction between different types of production and trade activities enable us to further
investigate the major drivers behind the lengthening of GVCs.

As shown in Figure 5, the world average “Total Production Length” shows a clearly upward
trend, especially after year 2002 (this trend was temporarily interrupted by the global financial
crisis during 2008 to 2009). Furthermore, the average production length of GVCs has increased by
0.36 from 2002 to 2011, which is much faster than the direct value-added exports and pure

domestic production length.

Figure 5 The Upward Trend of Production Length, World Average

PL. GVC
Year 2002

05

TPL

M<

1.8 - 1.90 PL._D

1905 1997 1909 2001 ' 2003 2008 2007 2000 2011

=3 TPI -—©—PL D =—&—PL RT =——PL GVC(

In Figure 6, we focus on GVC production activities to investigate the changes of its domestic
and international portions. We find that the increasing length of GVCs is primarily driven by the

rapid growth of its international portion.
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Figure 6 The Production Length of Domestic and International Portion
of GVCs, World Average, 1995 to 2011
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To ensure robustness of results, we further investigate the changes of production length at the
country and sectoral level.

In Figure 7, we compare the major portions of production length across countries. For China,
the total average production length, as well as all of its portions, is longer in 2011 than in 1995.
For Germany, Japan, and the US, their pure domestic and direct value-added exports production
lengths have slightly decreased or remained stable during the sample period. But the average GVVC
production length, especially its international portion, has increased considerably for all countries
over this period, even when the total average production length became shorter for Japan and the
us.t®

19 This may reflect the phenomenon of “offshoring” production activities abroad in these developed economies. When
more production activities go abroad, the international portion of GV Cs gets longer while its domestic portion becomes
shorter.
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Figure 7 Decomposition of Production Length for Major Economies
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The same results can be found at the sectoral level. Figure 8 shows that the world average
production length is longer in year 2011 for all sectors. In addition, compared with pure domestic
and direct value-added exports production length, the increasing trend of GVC production length

is more significant for almost all sectors.

42



Figure 8 Decomposition of Production Length for Typical Sectors
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In conclusion, using the production length indexes newly defined in this paper, we have
observed the increasing trend of fragmentation in production, especially in Global Value Chain
related production activities.
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3.2 From production length measure to GVC position index

The GVC position index defined in this paper enables us to focus on a specific value chain
(originating from Sj and ending at Tx) and measure the distance from any production stage between
the final demand and the initial factor inputs in a production line by a combination of production
linkages based on both forward and backward linkages.

More importantly, this measure resolves the puzzling issue in current literature that the
“Upstreamness” and “Downstreamness” indexes are incomparable. Our GVC position index
measures a middle production stage (any (r,j))’s distance to both ends of the related production
line at the most detailed level that starts from (s,i) and ends at (t,k). At the global level, the sum of
the forward and backward linkage production lengths is equal to the total production length of
GVC related intermediate exports. Therefore, the forward and backward based production lengths
are indeed comparable to our GVC position index. It allows us to accurately quantify the “position”
of any particular production node by comparing its forward and backward production length.
When the position index’s number is larger, it indicates that the forward distance from the
production node concerned is relatively longer so the production stage is located away from the
final consumption end of the particular production line.

The numerical results at the country level show that during 1995-2011, as covered by WIOD
data, China is the country closest to the final consumption end all the times. Another interesting
finding is that among countries worldwide, China ranks at the top in terms of average length of
value chains it participates in.

Our numerical results are contradictory to Miller et al. (2015). Their results show that,
compared with other countries, China is the most upstream country in the world, far away from
the final consumption end; but in fact, our results are not actually contradictory with Miller’s
findings. The reasons for the inconsistency are as follows:

First, the calculation in this paper focuses on “Value-added in Intermediate Exports.” The
direct value added exports and pure domestic production, which are irrelevant to deep cross border
production sharing activities, are excluded from our newly defined measures. Our numerical
results thus more accurately measure the positions of different production nodes in Global Value
Chains.
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Second, when the “Upstreamness” (OU) and “Downstreamness” (ID) indexes of a
country/sector pair computed by Miller et al. are high, it means that the distance between the
country/sector pair to the factor input/final consumption end is longer. However, as we show in
the numerical example, using backward or forward linkage based production lengths alone cannot
tell the country/sector pair’s relative position in a production line because the ratio of the forward
and backward length to each end of the production line could still be relatively shorter or longer.
Just as Table 4 shows, the average length of global value chains that China participates in is
significantly longer than in other countries, but it can still be located in the most downstream

position of GVCs.
Table 4 Country Level GVC Position Index, 2011
Country Position Index Average Lquth of Vall_Je Chains
that it Engages in
DEU 0.54 4.03
GBR 0.54 3.81
RUS 0.54 4.31
IND 0.53 4.08
USA 0.53 3.94
CAN 0.53 4.02
FRA 0.52 4.02
ITA 0.50 4.01
JPN 0.46 4.35
KOR 0.45 4.71
CHN 0.41 5.00

DEU=Germany; GBR=United Kingdom; RUS=Russia; IND=India; USA=United States; CAN=Canada;
FRA=France; ITA=Italy; JPN=Japan; KOR=Korea; CHN=China
The above finding regarding China as the closest to the final end of the value chain is valid at
the country-sector level. In Table 5, we rank different countries according to the GVC position
index, with the highest country ranked first. It shows that in 2011, most sectors in China are

positioned closest to the final consumption end.

45



Table 5 Country Ranking according to the Position Index

Sector China United States

1 Agriculture 1 3

2 Mining 3 35
3 Food 1 5

4 Textiles Products 1 6

5 Leather and Footwear 1 38
6 Wood Products 1 24
7 Paper and Printing 1 36
8 Refined Petroleum 1 9

9 Chemical Products 1 11
10 Rubber and Plastics 1 24
11 Other Non-Metal 10 29
12 Basic Metals 1 16
13 Machinery 1 35
14 Electrical Equipment 1 35
15 Transport Equipment 1 31
16 Recycling 5 31
17 Electricity, Gas and Water 1 35
18 Construction 38 32
19 Sale of Vehicles and Fuel - 38
20 Wholesale Trade 1 36
21 Retail Trade 1 40
22 Hotels and Restaurants 1 17
23 Inland Transport 1 23
24 Water Transport 1 39
25 Air Transport 1 37
26 Other Transport 15 23
27 Post and Telecommunications 14 39
28 Financial Intermediation 2 18
29 Real Estate 13 35
30 Business Activities 7 35
31 Public Admin 23 31
32 Education 7 36
33 Health and Social Work 5 28
34 Other Services 1 16

Note: Sector 35 is not included, as the position index for this sector is computable for only 3
countries.

3.3 Participation index

Hummels et al. (2001)’s Vertical Specification Indexes, the VS and VS1 to gross exports

ratios, are widely used in the literature to measure the extent of GVC participation since they were
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first proposed by Koopman et al. (2011). As shown in Figure 9, the VS and VS1 ratios for China
and the US can provide us with useful information of GVVC participation from at least two aspects:
(1) China’s participation in Global Vertical Specification has increased dramatically since 1998;
(2) The upward trend of Vertical Specification for both China and the US has been temporarily

interrupted by the Financial Crisis.

Figure 9 VS and VS1 ratios, 1995 to 2011
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However, there are two major shortcomings in those traditional participation indexes:

1) Using gross exports as the denominator. The ratio might be very high just because some
sectors may have very little direct exports (e.g., Mining and Service). In such a case, the index
value might become very large. In many empirical cases as we will show later, we may not be able
to determine whether the index becoming larger is due to the large numerator or the small
denominator (in math terms, the index goes to infinity when the denominator goes to zero) and
whether the index overestimates GVC participation.

2) Direct value-added exports (only one border crossing) are not excluded from the
calculation, which also leads to overestimation. In fact, the ratio of traditional intermediates goods
in intermediates exports is declining over time. In the meantime, there is a noticeable rising trend
in GVC related trade (two or more border crossings) during the past 30 years.

The GVC participation index developed in this paper has overcome the above-mentioned
shortcomings and is able to accurately measure the degree of GVC participation as the share of
total value-added production at the bilateral/sector level and can be further decomposed into three
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parts according to where the value added is absorbed. Such detailed GVVC participation measure

will provide better indexes that are needed to conduct GVC related empirical analysis.

3.3.1 Estimation results

The forward linkage participation index proposed in this paper can be understood as “What is the
percentage that value added generated by a specific country-sector pair has contributed to the GVC
production network?” while the backward linkage participation index can be understood as “What
is the percentage of final products produced by a specific country-sector pair that comes from GVC

related production and trade activities?”

(1) Country level

Using China and the US as examples, Figure 10 shows the time series patterns of
forward/backward linkage participation indexes. Our results are consistent with the observed
upward trend of the traditional VS/VS1 indexes, and the negative impact of the financial crisis has
also been clearly reflected. However, the new indexes clearly indicate that China’s backward
linkage based participation index is consistently higher than its forward linkage based participation
index, in contrast with that of the US. This is different from the traditional indexes that provide a
mixed picture. More consistent is the fact that compared to the US, China participates in GVCs
relatively more from the downstream than upstream. Another point worth noting is that the
participation ratio of China, forward or backward notwithstanding, is significantly higher than that
of the US.

Figure 10 Forward/Backward Linkage Participation Indexes, 1995 to 2011

CHN USA

CHN=China; USA=United States
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(2) Sectoral level

Table 6 lists the forward/backward linkage based participation indexes in year 2011 for 6
sectors and 8 countries, which implies the characteristics of different countries when participating
in GVC production.

For example, in the agriculture sector in Finland, the forward linkage based participation ratio
is significantly higher than in other countries. This numerical result is in line with the statement
that forestry is the dominant industry in Finland. Similarly, since Russia is the giant in energy, its
mining sector’s forward linkage based participation ratio is as high as 33.8%, in significant contrast
to the backward linkage based participation ratio (of only 1.7%).

Table 6 Sectoral Level Participation Index, Forward/Backward Linkage

Forward Linkage Based Participation Index

Agriculture  Mining Electrical Equipment  Transport Equipment
BRA 6.0% 15.1% 5.0% 2.8%
CHN 2.3% 6.5% 12.1% 4.9%
DEU 7.3% 22.1% 20.3% 14.5%
FIN 10.7% 20.9% 18.6% 11.8%
IDN 2.7% 21.5% 6.6% 2.8%
IND 1.6% 9.9% 9.5% 4.2%
RUS 1.8% 33.8% 6.4% 4.3%
USA 3.4% 5.5% 12.9% 7.2%
Backward Linkage Based Participation Index
Agriculture  Mining Electrical Equipment  Transport Equipment
BRA 2.4% 2.1% 8.1% 8.0%
CHN 1.7% 4.0% 21.3% 8.0%
DEU 7.9% 5.1% 24.7% 28.1%
FIN 4.4% 7.5% 28.6% 21.9%
IDN 1.4% 0.7% 13.0% 6.4%
IND 0.7% 1.2% 10.1% 7.7%
RUS 2.5% 1.7% 4.5% 11.3%
USA 4.1% 2.3% 6.7% 14.4%

BRA=Brazil; CHN=China; DEU=Germany; FIN=Finland; IDN=Indonesia; IND=India; RUS=Russia; USA=United States

Regarding the two typical manufacturing industries, “electrical and optical equipment” and
“transportation equipment,” Germany is the global manufacturing power, so its forward and
backward linkage based participation ratios are both higher than that of other countries. With a
high forward linkage based participation ratio, a high proportion of value-added generated by

Germany has flowed to the network of Global Value Chains. With a high backward linkage based
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participation ratio, a high proportion of components and parts in the final products produced by

Germany are produced by other countries in GVCs.

3.3.2 Why do we need the new “GVC Participation Index”?

(1). To eliminate the sectoral level bias in traditional indexes
As mentioned previously, using gross exports as the denominator may lead to overestimation
bias at the bilateral/sectoral level.

For comparison, we use both gross exports and GDP as the denominator respectively, to
estimate the forward linkage participation index. As shown in Table 7, the overall level of the
index value is higher when using gross exports as the denominator. Moreover, the participation
ratios for seven sectors (marked with gray background color) are substantially larger than 100%.
These six sectors have one thing in common: A great proportion of their value added is exported

indirectly, which is embodied in other sectors’ exports.

The overestimation problem is more pronounced for energy and service sectors, as a large
proportion of their value added is exported indirectly. We choose three typical sectors to illustrate
this point. Two of them belong to the energy and service sectors (“Retail Trade”, “Electricity, Gas
and Water”), while the third one, “Leather and Footwear,” is a typical “direct” exporting sector.
As we have expected, the overestimation problem is more serious in the energy and service sectors
(Table 8).
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Table 7 Forward Linkage Participation Index for US sectors, 2011
Comparison between Traditional and New Measures

Denominator: Exports Denominator: GDP

Agriculture 10.92% 3.36%
Mining 47.87% 5.46%
Food 2.96% 0.90%
Textiles Products 12.54% 7.64%
Leather and Footwear 4.05% 2.28%
Wood Products 15.90% 3.86%
Paper and Printing 16.98% 4.36%
Refined Petroleum 9.19% 5.19%
Chemical Products 16.06% 10.26%
Rubber and Plastics 18.90% 7.55%
Other Non-Metal 14.41% 3.84%
Basic Metals 23.54% 11.77%
Machinery 9.04% 7.95%
Electrical Equipment 20.74% 12.87%
Transport Equipment 5.08% 7.16%
Recycling 10.32% 5.58%
Electricity, Gas and Water 553.49% 1.61%
Construction 2318.11% 0.37%
Sale of Vehicles and Fuel 743.56% 0.40%
Wholesale Trade 27.46% 4.54%
Retail Trade 2874.46% 0.26%
Hotels and Restaurants 276.53% 0.62%
Inland Transport 24.86% 5.14%
Water Transport 12.88% 6.61%
Air Transport 9.78% 5.48%
Other Transport 51.27% 7.84%
Post and Telecommunications  53.00% 2.62%
Financial Intermediation 29.14% 3.32%
Real Estate 662.26% 0.41%
Business Activities 50.65% 3.72%
Public Admin 27.71% 0.37%
Education 18.84% 0.15%
Health and Social Work 10.70% 0.01%
Other Services 34.68% 1.50%
Private Households 1111.34% 0.40%
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Table 8 Comparison between Traditional and New Participation Indexes for Three Typical Sectors

Electricity, Gas and Water Retail Trade Leather and Footwear
Denominator:  Exports GDP Exports GDP Exports GDP
AUS 693.0% 3.6% 62.6% 2.7% 9.5% 5.7%
BRA 112.8% 2.9% 217.2% 2.0% 14.2% 8.3%
CAN 51.5% 5.9% 115.5% 3.6% 2.8% 4.8%
CHN 625.9% 5.5% 27.4% 3.8% 2.6% 3.3%
DEU 50.5% 8.9% 769.2% 6.3% 5.3% 13.5%
ESP 188.5% 5.5% 241.0% 3.6% 3.0% 6.4%
FRA 67.4% 5.2% 2x10"% 4.3% 1.9% 4.2%
GBR 276.0% 4.0% 337.9% 3.6% 5.8% 10.9%
IND 9944.8% 3.0% 893.5% 2.0% 6.8% 5.1%
ITA 300.7% 4.8% 38.4% 4.4% 4.1% 7.6%
JPN 619.9% 3.1% 58.2% 1.0% 20.9% 3.0%
KOR 1729.8% 8.0% 56.8% 3.2% 13.6% 10.5%
MEX 341.7% 2.9% 39.0% 5.1% 9.2% 4.4%
RUS 264.6% 11.8% 35.0% 4.6% 39.5% 5.4%
TWN 8751.4% 15.2% 18700.1% 13.6% 4.6% 17.3%
USA 553.5% 1.6% 28745%  0.3% 4.0% 2.3%

AUS=Australia; BRA=Brazil; CAN=Canada; CHN=China; DEU=Germany; ESP=Spain; FRA=France; GBR=United Kingdom;
IND=India; ITA=Italy; JPN=Japan; KOR=Korea; MEX=Mexico; RUS=Russia; TWN=Taiwan; USA=United States

(2). To differentiate between deep and shallow cross country production sharing activities

As shown in Equation (19), the value added in gross exports of a certain country can be
decomposed into 5 parts from the perspective of forward industrial linkages:

Crossing the national border only once — direct value-added trade, representing the type of
cross border specialization that is relatively shallow: (a). Final goods trade (textile from England
exchanged for wine made in France); (b). Traditional intermediates trade (absorbed by direct
importer without further cross-border production activities; raw material supplies such as coffee
beans and crude oil)

Two or more border crossings — GVC related trade, representing the type of cross border
specialization that is deeper: (a) Value-added absorbed by direct importers with additional cross-
border production activities; (b) Domestic value-added re-imported and absorbed domestically; (c)
Value-added re-exported by importing country but absorbed by a third country with additional

cross border production activities.
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The shallow part of cross country specialization is not included in the numerator of the GVC
participation ratio because: (1) Final goods trade are excluded from GVC activities as all its
production processes are carried out domestically; (2) As shown in Figure 11, the relative
importance of “Domestic value added in traditional intermediates exports” is diminishing over
time for all sample countries (although the trend was interrupted temporarily by the Global
Financial Crisis). Instead, the domestic value added exported via GVC related trade is increasing

dramatically.

Figure 11 DVA in “Traditional Intermediates Exports”
as a share of DVA in all Intermediates Exports
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Similarly, from the perspective of backward linkages, the foreign value added embodied
in the final goods produced in a certain country can also be divided into two components: One is
created by deep cross border production sharing activities (two or more border crossings along the
value chain), and the other is created by shallow cross border specialization (only one time border
crossing).

Similar to the forward linkage based participation index, foreign value added embodied in
“direct value-added trade” is also excluded, as there is no multinational production activity
involved in traditional intermediate goods trade, and the relative importance of “Foreign value

added in traditional intermediates imports” is declining over time as shown below in Figure 12.
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Figure 12 FVA in “Traditional Intermediates Imports”
as a share of FVA in all Intermediate Imports
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(3) To provide more detailed data for GVC related empirical analysis

As mentioned previously, the domestic value added embodied in GVC related exports (with
two or more border crossings before reaching final demand) can be further decomposed into three
parts: (A) absorbed by direct importer; (B) re-imported and absorbed domestically; (C) absorbed
by a third country.

The pie chart in Figure 13 illustrates that Part C accounts for the largest proportion in all
four countries selected. Domestic value added embodied in this part is re-exported by direct
importers, and finally absorbed in a third country.

More importantly, the relative sizes of parts A, B, and C may reflect the differences of roles
in the GVCs for different countries. For example, part B, i.e., “re-imported and absorbed
domestically,” accounts for a large proportion in the US, as the US is controlling both ends (design
and sales) of the value chain. In contrast, Part B is relatively smaller for Mexico, which is more

specialized in processing and assembly activities.
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Figure 13 Decomposition of Domestic Value Added in GVC Related Exports, 2011
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Table 9 lists the forward/backward decomposition results for 16 typical countries. Part C
accounts for the largest proportion in the forward linkage decomposition. This result is very robust

for all sample countries.
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Table 9 Decomposition of the Value Added
in Deep Cross Country Production Sharing Activities

Country Part A Part B Part C
AUS 2.51% 2.64% 94.85%
CAN 4.21% 6.77% 89.02%
CHN 2.27% 12.32% 85.41%
DEU 1.98% 11.46% 86.56%

FIN 2.25% 1.14% 96.61%
FRA 2.24% 6.93% 90.83%
GBR 1.74% 5.74% 92.52%
IDN 2.18% 2.11% 95.71%
IND 2.44% 2.34% 95.22%
ITA 2.34% 4.77% 92.88%
JPN 2.57% 5.91% 91.52%
KOR 2.65% 2.22% 95.13%
MEX 4.81% 6.36% 88.82%
RUS 2.77% 2.25% 94.98%
TWN 2.99% 1.00% 96.01%
USA 2.00% 24.56% 73.44%

AUS=Australia; CAN=Canada; CHN=China; DEU=Germany; FIN=Finland; GBR=United Kingdom; IDN=Indonesia;
IND=India; ITA=Italy; JPN=Japan; KOR=Korea; MEX=Mexico; RUS=Russia; TWN=Taiwan; USA=United States

3.4 Index application: GVC length, participation intensity, production line positions and

the economic shocks of the recent global financial crisis

In the aftermath of the Global Financial Crisis, as shown in Figure 14, world trade grew by
6.2% in 2011, 2.8% in 2012, and 3.0% in 2013. This growth in trade volumes is substantially lower
than the pre-crisis average of 7.1% (1987-2007), and is slightly below the growth rate of world

GDRP in real terms.
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Figure 14 The Growth of World Trade before and after the Financial Crisis

As we analyzed before, value-added created by a country can be decomposed into three
parts: pure domestic production and consumption, flow-out through direct value-added trade, and
flow-out through GVC trade. Then, in financial crisis, are there differences in the degree of

effects on the three types of value added?
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Figure 15 The Effects of Financial Crisis to Different Value Added Creating Activities
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Figure 15 shows the result at the global level: During the financial crisis in 2009, pure
domestic production activities were least affected (in comparison with 2008, the fall was only
1.7%), while GVVC production and trade activities were mostly affected, as the fall reached 24.2%.
However, it is also observed that GVC production and trade activities had the fastest after-crisis-

recovery.

Table 10 The Effects of Financial Crisis to Different Value Added Creating Activities
(Sectoral Level, 2009)

Sector China USA
Domestic  Traditional GVvC Domestic  Traditional GVvC
Agriculture 8.6% -4.9% -15.5% -14.9% -29.4% -36.8%
Mining 16.5% -16.2% -33.7% -26.8% -28.0% -47.9%
Food 7.6% -5.7% -17.9% 14.8% 5.0% -12.9%
Textiles Products 21.3% -6.1% -12.7% -22.2% -12.8% -25.0%
Leather and Footwear 16.8% -6.7% -10.5% -22.0% 10.4% -15.4%
Wood Products 14.3% -17.0% -27.3% -17.3% -23.7% -36.1%
Paper and Printing 12.7% -10.7% -21.8% -1.7% -1.3% -20.1%
Refined Petroleum 15.2% -18.1% -26.8% -24.1% -28.7% -47.4%
Chemical Products 16.5% -10.5% -25.7% 10.3% 8.4% -8.6%
Rubber and Plastics 18.5% -8.4% -20.2% -3.1% -4.8% -16.0%
Other Non-Metal 9.9% -19.5% -33.5% -2.5% -2.4% -20.4%
Basic Metals 20.5% -17.8% -40.4% -16.9% -15.0% -33.0%
Machinery 18.4% -20.4% -33.7% -11.3% -5.8% -16.4%
Electrical Equipment 25.1% -7.8% -17.6% 1.1% 4.9% -11.8%
Transport Equipment 13.1% -15.4% -28.9% -1.6% -71.2% -31.7%

Divided among different countries and sectors, the above phenomenon still holds. Table 10
shows that: pure domestic production is least affected by the financial crisis (China even continued
a positive growth). For most sectors, GVC production and trade activities were most affected.

The second issue is this: Are the GVC positions related to the degree of effects of the financial

crisis? To test this, we estimate the following regression model:
A GVCPijc = fo + pr>Positionic + f2>XPL_GVCic + f3>PL_GVC_fic + fa>Wic + faxZc + yi + Ui

where
A GVCPi. equals to GVCPi¢(2009) minus GVCPic(2008), which quantifies the degree of effects

on this industry according to the variance of the forward linkage based GVC participation ratio

during the financial crisis;
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Position;c is the GVC Position Index calculated in this paper. When the value is high, it means
that this sector is relatively further from the final consumption end;

PL_GVCi is the forward linkage based GVC production length, and PL_GVC_fic represents the
length of the “International Portion” (GVC Production Length=International Portion + Domestic
Portion);

Wic represents the country-sector level control variables, including the logarithm of real
capital stock per capita, and hours worked by high-skilled workers (share in total hours);

Z. represents the country level control variables, including a dummy variable to indicate
whether this is an Asian country (=1) and the logarithm of GDP per capita;

We also control for the sector fixed effects by including a sector dummy y; in the model.

The benchmark regression results are shown in Table 11. Regression (1) indicates that GVC
positions have significant impacts on the degree of effects of the global financial crisis. The further
is the position from the final consumption end, the less affected the node would be by the financial
crisis. Other than this, capital intensive and high-technology intensive sectors are less affected,
and the impact of national economic development (GDP per Capita) is not significant.

Furthermore, Regressions (2)—(4) investigate respectively three possible effects: the forward
linkage based GVC production length, the International Portion of the Production Length, and
whether there is anything special about Asian countries. The regression results indicate that, given
the forward linkage GV C production length, the effects of financial crisis tend to be more severe
for countries with a longer international portion of the chain. The average effects of the financial

crisis are also significantly higher on Asian countries than on Europe and America.
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Table 11 Benchmark Regression Results

(1) 2) (3) (4)
bosition Index 30.97%%  4750%**  5283%%*  47.11%%*
(17.40) (17.66) (17.05) (16.78)
1.43 3,78 5,97
PL_GVC (1.20) (1.26) (1.34)
1821 x  19.74%%x
PL_GVC_T (4.41) (4.46)
. 7,03+
Asia (1.48)
1.20%* 1.20%* 1.03%* 1.68%%*
In(k/L) (0.55) (0.55) (0.54) (0.55)
o 12.96%%*%  12.88%%% 1245wk 14.73%
High Skill (4.39) (4.42) (4.27) (4.26)
_ 11.37 -1.24 0,54 2.10%*
IN(GDP per Capita) (0.89) (0.88) (0.85) (0.94)
Constant 9.10 -20.78 5.94 19.37
(11.64) (13.89) (15.04) (15.08)
Sector Fixed Effects YES YES YES YES
Observations 742 741 741 741
R-squared 0.23 0.23 0.25 0.27

Note: Robust standard errors in parentheses. *** p<0.01, ** p<0.05, * p<0.1

4. Conclusions

In this paper, we have developed a GVC index system that includes three types of indexes
based on both forward and backward inter-industry and cross-country linkages: a production
length index for the average number of production stages and complexity of the global value chain;
a participation index for the intensity of a country-sector’s engagement in global value chains; and
a position index for the location of a country sector on a global value chain, or the relative distance
of a particular production stage to both ends of a global value chain. While the existing literature
has proposed similar measures, our indices contain improvements that we argue are desirable and
sensible from the viewpoint of economic intuition.

We thus can provide a comprehensive picture of each country/sector pair’s GVC activities
from multiple dimensions. All these indexes are built at the decomposition of GDP by industry
statistics and can be further divided into different components with clear economic interpretations.
By estimating these indexes according to real world data, we produce a large set of indicators.
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Note that our conceptual framework and indices are applicable to both service and
manufacturing production chains. Because we lack statistics on directly traded services, our
application concentrates on manufacturing production chains.

We hope these indexes could be widely used by both theoretical and empirical economists in
advancing studies of global supply chains and become a bridge between economic theories of
supply chains and GVC measures based on GDP and gross trade accounting.

These new measures can potentially be linked to productivity growth or changing patterns of
comparative advantage as well. We leave such investigation for future research.
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Appendix

Appendix A. Mathematical Proof of Equations in Section 2

Appendix A.1 the detailed mathematical proof of equation (7)

As shown in equation 5 of main text, the average length of value added from sector i
embodied in final goods of sector j can be computed as:

Vylij = (bij )_1; bikbkj (A1)

Denote VYL={vyl;;}nxnas the matrix of production length from value added to final goods,
then equation Al can be expressed in matrix notation as

(bll)ilzblkbkl (blz)ilzblkbkz (bln)ilzblkbkn
k k k

VYL = (b21)7lzb2kbkl (bzz)ilzbzkbkz (bZn)ileZkbkn (A2)
k k k

(bnl)ilzbnkbkl (bnz)ilzbnkbkz (bnn)ilzbnkbkn
L K k k i

Appendix B. the detailed mathematical proof of Upstreamness

As defined in Fally (2012a, 2012b, 2013) and Antras et al (2012, 2013), the Upstreamness
of an industry’s output in the value chain can be measured as

U, =£+2*Zjaijyj +3*ziaijzkajkyk L
X X X:

| n I n n | (Bl)
Y +2%) Ay 3% ) A Yyt
X.

The numerator of equation B1 can be expressed in matrix notation as
Y +2AY +3AAY +...

=(Y + AY + AAY +...)+ A(Y + AY + AY +...)+ AA(Y + AY + AAY +...)+...
=BY + ABY + AABY +...=BBY =BX

Therefore, Upstreamness of an industry’s output can be measured as
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o

iXi
U; = X =X zbik X« (B2)
i k

The right side of equation B2 is the same to equation (7) of main text.

Appendix C. the detailed mathematical proof of equation 18

Based on general ICIO model shown in table 2 of main text, classical Leontief inverse

equation can be expressed as

S
1u ut
BY BZ .. B[ YH4vZa gy Zu:B Z‘Y
M M
21 22 2m 21 22 2m 2u ut
)| B BT e BT YHAYTe Y =Zu:B Z‘Y 1)
B™ B"™ ... B™ | Y™y py™ | M T
ZBmuZYut
L u t _

Therefore, the gross exports of country s can be expressed as

s* S sr S sr r S sr S SI’M I’UM ut
EX=DYT+> ATX"=>Y"+> A">'B ZY (C2)

r#s r#s r#s r#s u

Inserting equation (C2) into the second term of equation (17) in main text.

M M M M M M
(| _ ASS)—lES* — LSS(ZYsr +ZAsrx r) — LSS(ZYsr _I_ZAer BruZYut)
r#s r#s r#s r#s u t

(C3)

M M M M M M

— LssZYsr + LSSZ Asri Bquur + LSSZ Asri Bquus + LSSZ Asrz Bru ZYut

r#s r#s r+s r#s u t#s,r

Where L* = (1 — A*)™ is the domestic Leontief inverse of country s.

Appendix D. the detailed mathematical proof of equation 21

Multiplying domestic value-added generated from each production stage of section 2.2.2
with production length of that stage and summing all production stages in an infinite stage

production process, we can obtain the product of value-added and domestic production length as
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X _vd® =VEYS LV ASY S LV ATASY S 4

= (VY5 £ VEASY S LVEASASY S )

+(VSASY S £V AT ATY ® LV ASASASY S 1)

+(VSASASY S LV SATASASY S LV SASASASASY S 4 Yy
=V =A%) YS VAT (1 =A%) Y® 4V ASAS (1 — A®) Y™ +...
V(1 =A%) (1 - A®) Y= =VELSLSY S

(D1)

Where | + A® + AA® +..=(I —A®) ' ="

Appendix E. the detailed mathematical proof of equation 22

Based on the definition of Leontief inverse, we can get
M

B"=1+A"+) A"A" + ..,
M

B =0+A"+> AVA" + ... (u=r)

Summing above equation by country r, we have

M

ZB'”=|+§:A'”+§:A”§:BW+... (E1)

u

Summing all production stages of section 2.2.3 in an infinite stage production process, we

have
n n n M
DVA_Fsr =VSYSI’+(VSASSYSI’ +VSAerYrt)
t
n n M n M M
+(VsAssAssYsr +VsAssAsrert+VsAsrzArquut)+m
t u t

:(\Z‘SYsr +V‘5A55Ysr +VSASSASSYsr+...)

Y ) Y ) y (E2)
+(VsAerYrt +VsAssAerYrt +VSASSASSAerYn+...)
. r\tA M . t M M t
+(VEATY AT YT HVEATATY AN Y 4 )+
n i n t M n i l\:I M
ZVSLSSYSF+(VSLSSASFZY“+VSLSSAerAmZYUt+...)
t u t

Inserting equation E1 into equation E2, we can get
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DVA_Fsr :VAsLssYsr+(\75LssAsrint+VAsLssAsriAruiYut+m)
t

u t

M M
:V SLSSY sr +V SLSSAer Bru ZY ut :V SLSSY Sr +V SLSSASFX r :V SLSSESF
u t
(E3)
Appendix F. the detailed mathematical proof of equation 27

Using the domestic production length of each production stage in section 2.2.3 as weights,
summing all production stages, we can obtain a given the domestic production length of a
particular global value chain (primary inputs in sector i of country s to exports products of sector
j to country r):

X _GVC_vd* =GPLd*#DVA_F*

:0+\75A“§:Y” +2\75ASSA“§:Y“ +\75A“§: AFUiYUt ¥
t t u t

M M M
Z(VSAerYn-i-ZVSASSAerYn+3\/SASSASSAerYn+...)
t t t

M M M M

VAT AT YL VEATATY AN Y L)+

u t u t
_(\]‘sAerrr+2\isAssAerrr+3\73AssAssAerrr+m)
_NsAsrArrYrr+2\73AssAsrArrYrr+3\73AssAssAsrArrYrr+“.)_“.

M M M
— (VsLss LssAsr ZY rt +VsLss LssAer Aru ZY ut + ...)—VSLSS LssAsr erY rr
t u t

ZV‘sLss LssAsri B iY ut _\isLss [SASTLTY "™
u t

M M
:V S LSS LSS ASY (Z BFUY ur LI’I’Y rr) +V S LSS LSS ASI’ z BFUY us

u#r

(32)X _GVC _r_wd* (3b)X _GVC _s_wd*

+\75LssLssAsri B iY ut (Fl)

u t#s,r

(3c)X _GVC _t_wd*"

M M M M
Where > B™ =1+) A"+> A"Y A" +...
u u t u
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Appendix G. the detailed mathematical proof of equation 29

Using the international production length of each production stage in section 2.2.3 as
weights, summing across all production stages, we can obtain a given the international
production length of a particular global value chain (import products of sector j in country r to
final products):

M
GPLf"#DVA_F* =0*V°Y* +(0*V A®Y ™ +VSA“ZY“)
t

M M M
+ (O*VSASSASSY sr +V sAssAerY rt + 2V sAerArqu ut) + ..
t u t
_NSAer rr +\7$ASSAer rr +\7$ASSASSAer rr +)
_ 2(\isAsrArrY rr +\75AssAsrArrY rr +\75AssAssAsrArrY rr +)

=(\i‘sAsrﬁ:Yrt _i_\isAssAsrint+\7‘sAssAssAsr§“Yrt+m)
t t t

_}_ZN‘SAsriAruiYut +V‘sAssAsr§:AruiYut +...)+...
u t u t
—NSLSSAer rr+2\75LssAsrArrY rr+3\isLssAsrArrArrY rr+m)
) M ) M M ) M M M
:VsLssAerYrt +2VsLssAerAruZYut +3VsLssAsrzAerAvquut +
t u t \Y u t
_V‘sLssAsrer erY rr

—V LssAer BNZ Bvu ZY ut Lss Asr er erY m
y " (G1)
=\7‘sl_ssAsr (Z Brvz BvuY ur er erY rr) +V‘sLssAer BNZ BvuY us

(33)X _GVC _r_vf* (3b)X _GVC _s_wf¥

. M M M
+VsLssAer Brvz Bvu ZY ut

t#s,r

(3¢)X _GVC _t_vf™
M M M M M
Where > B"> B" =1+2) A" +3> A"> A" +..., can be proofed from the expressing

of BB=1+2A+3AA+....
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Appendix H. the detailed mathematical proof of equation 32

The equation 32 in main text can be rearranged as

3 X _GVC_v¥ =3 GPLY#DVA_F¥ VL5153 V™

r#s r#s r+s

+ \isLssLssAsri gruy us +\isLssAsr§: Brvi BvuYus:|

+ V‘sLssLssAsri Buy ur _l_\isLssAsri Brvi BWY ur:|
(H1)

+ V LssLssAerBru ZYut +V LssAerBerBvu ZYut:|

t#s,r t#s,r

:VsLssLssZY sr

r#s

r#s u t r#s

R M M M M M M M
+Vs|:LssLssZ Asrz BruZY ut + LSSZ Asrz BNZ Bvu ZYuti|
\ u t
The terms in bracket of equation Al14 can be further developed as

LssLssiAsri BruiYut + Lssi Asrz Brvz Bvquut
r#s u t r#s

M M M M
— LssLssz AsrBrszYst + LsszAsrBrs Bsu zYut

r#s t r#s u t

+ LssLssZ Asrz Brquut + Lssz Asrz Brvz Bvu zYut

r#s U#s r#s V#S

— LSS(BSS . LSS)ZY st + (Bss _ LSS)Z Bsu ZY ut
t

+ Lssz BsuZYut +ZBSVZ Bvquut

:|:LssBsszYst + Lssz Bsquut:| LSSZ BsuiYut
t u#s u t
+|:Bssi Bsquut+zstz BvuZYut:| LssLssiYst
u V#£S t

:istZ Bvu ZYut LssLsszYst (H2)

t

Inserting equation H2 into H1, we have
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iGPL“# DVA_F* =\75LSSLSSiYSr

r#s r#s

+V {LssLsszAsrzBrquut +LsszAsrzBrszvquutj|

r#s r#s

:\isLssLssZYsr +V ZBSVZ Bvu ZYut LssLssZYst

r#s t

v*si BSVZ BW ZY ut _V‘sLssLssY ss
v u t

(H3)

Appendix I. the detailed mathematical proof of equation 34 and 35

The domestic gross outputs induced by the production of final product Yis can be

measured as:

M M M M
X B ydis :VsLssLsszYist +ZVrer erZAru BUSZYiSt

t u=r t

_ V Lss LssY ss +V Lss Lss ZY sr + ZV er er Z Aru usY ss

r#s u=r

+ ZV er er Z Aru usY sr + ZV er er Z Aru BUS ZY st

u=#r U=r t#s,r

=V s Lss LSSY- ss +V s Lss Lss Y_sr + \Vj r er er Ars LSSY- ss (Il)
i Z i Z i

l—Xyd D r#s r#s

2-Xyd _RT

+ ZV er er Z Aru BusY ss ZV er er Ars LssY ss
= 3a—Xyd _ GVCriz

+ ZV er er Z Aru usY sr + ZV er er Z Aru BUS ZY st

u=r u=r t#s,r

3b-Xyd _GVC _r 3c-Xyd _ GVC _t

The international gross outputs induced by the production of final product Yis can be

measured as:
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X yf s ZV erz Aruz Buvas ZY st ZV erz Aruz BuvasY ss
M M M

+ ZV erz Aruz Buv Bstisr + ZV rerZ Aru z Buv Bvs zYist

u#s v u#s \ t#s,r

_ ZV er AI‘S LSS LSSY SS + ZV er i AI‘U i BUV BVSYiSS _ iv r er AI‘S LSS LSSYi SS

r#s u#s \ r#s

+ ZV erz Aruz Buv st sr +ZV erz Aruz Buvasth st
— 9 + 0 + ZV r er Ars Lss LssYiss
1-Xyf _D r#£s
2-Xyf _RT

+ ZV er Z Aru Z Buv Bst ss ZV er Ars Lss LssY ss

u=r v r#s

3a-Xyf _GVC _s
rr ru g U R Vsys sr g r rrM ru g wpvs < st (|2)
+Zv L ZA D BYB®Y T+ Y VLY A"Y B"B tZ\(i

3b-Xyf _GVC _r 3c-Xyf _GVC _t

Adding up the domestic and international gross outputs induced by the production of final
product Yis equals to the total gross outputs induced by the production of final product Yis
X_yi=X_ydf+ X _yf?

M M M M
-V s Lss Lss zYist + ZV r er er z Aru Bus zYist

u#r t

+ZV erz AruzBuvaszYst
i (13)
:VsLssLssZYist +ZVrerBrs Yist _VsLssLssZYist

t t
iv Z Brvas ZYst ZV erBrsZY st
i ZBrvasZYst_uszszYst

M M
Where ZV rz B™ =u, u is a vector which each element of it is 1.

r \
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Appendix J. the forward and backward production linkage based GVC participation

indexes at global level

As shown in equation 38 and 39, a GVC participation index based on forward and
backward industrial linkage can be defined mathematically as follow respectively

iNsLssAsrii Bruy w _\isLssAsr LY rr]

GVCP_F° == (1)

VeXs

iv r er i Aru Bus iYist _ iv r er Ars LssY ss
GVCP_ BS —_r uzr tM r+s (JZ)

ZYi st

t

Aggregating to the world level

M M M M M M
ZVSLSSZ Asrzz Bqu uv _ZVsLSSZ Asr erY m

GVCP_ FW —__s r#s - r#s
D VEX®

M M M M M M
ZVrerZ Aruzz BusY st _ZVrerzArsLssY SS]
__r t r s

uz=r sM —
ZVSZZ BSUY uv
M M MS M s M M
ererz Aruzz BusY st _ZVrerZArsLssY SS]
—_r u#r S t 7 r S — GVCP_ BW
ZYUV

Obviously, GVC participation index of the whole world based on forward and backward

(J3)

industrial linkage are the same.

Appendix K. An Explanation for the “puzzling” finding in Fally (2011)

Fally (2012) showed a somewhat puzzling finding that the production chain (or the distance
to final demand) appears to have shortened over time and he concludes such a trend is also a

global phenomenon.
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Fally’s definition of “production length” (or “Upstreamness”) is the average number of
production stages from a sector’s gross output to the final users. His results rely on the US 10
tables, which covers 85 industries from 1947 to 2002, or 540 product categories from 1967 to
1992. To estimate the global production length, Fally made a very strong assumption that “The
same industries have the same production length across countries”. In this part, we will show that
this strong assumption is the main factor that leads to the puzzling finding.

First of all, consistent with Fally, our results also show that the production length of the US
is getting shorter. Table Al reports the overall production length for US sectors. The production
length has decreased for 26 out of 35 sectors from 1995 to 2011.

Table K1 Production Length (Forward Linkage) of US Sectors, 2011

Has the Production

Sector Year 1995 Year 2011 Length Become
Shorter?
Agriculture 2.677 2.583 V
Mining 2.918 2.487 \
Food 1.679 1.688
Textiles Products 2.227 2.112 V
Leather and Footwear 1.632 1.252 \
Wood Products 2.531 2.597
Paper and Printing 2.581 2.306 V
Refined Petroleum 2.375 2.305 \
Chemical Products 2.665 2.468 \
Rubber and Plastics 2.659 2.509 v
Other Non-Metal 2.615 2.563 v
Basic Metals 3.025 3.027
Machinery 1.834 1.784 \
Electrical Equipment 2.187 2.016 V
Transport Equipment 1.802 1.672 \
Recycling 1.570 1.588
Electricity, Gas and Water 2.061 1.820 \
Construction 1.246 1.295
Sale of Vehicles and Fuel 1.386 1.324 V
Wholesale Trade 2.154 1.937 v
Retail Trade 1.321 1.204 v
Hotels and Restaurants 1.446 1.435 \
Inland Transport 2.429 2.289 \
Water Transport 2.298 1.740 \
Air Transport 1.806 1.654 \
Other Transport 2.805 2.693 \
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Post and Telecommunications 2.266 2.115 \

Financial Intermediation 2.187 2.311
Real Estate 1.472 1.429 \
Business Activities 2.590 2.453 \
Public Admin 1.103 1.110
Education 1.254 1.097 \
Health and Social Work 1.036 1.029
Other Services 1.764 1.785
Private Households 1.386 1.324 \

Aggregated to the country level, we also find that the average production length for US
industries as a whole decreased during the period 1995-2003, but has increased since then until

2008, the global financial crisis, then resumed a declining trend.
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Figure 1 in Fally (2012) “Production Staging: Measurement and Facts”
Aggregate measure of vertical fragmentation (tradable goods excluding petroleum)

Figure K1 Average Production Length for the US

However, this finding is reversed at the global level. As shown in Figure A2, the production
length for a certain industry may vary considerably across countries. While the length of
production in the United States decreased, it has an opposite pattern in China, which means that
the assumption “the same industries have the same production length across countries” does not
hold in reality. As a results, for the world as a whole, we have observed that the production chain

has become longer.
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To understand why this assumption is crucial to the result, we re-estimate the weighted
average global production length with the assumption that the production length of a certain sector
is the same across countries and equal to the US. After applying this strong assumption, the upward
trend of the global production length in Figure A2 has disappeared, and instead, we see a

downward trend in Figure A3.
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Figure K3 Global Average Production Length under the “Equal Length Assumption”
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Appendix L. Sector, Country and Region Code in WIOD

Table L1 WIOD Sectors

Code NACE | Industry Description

Cco1 AtB Agriculture Agriculture, Hunting, Forestry and Fishing

C02 C Mining Mining and Quarrying

C03 15t16 | Food Food, Beverages and Tobacco

C04 17t18 | Textiles Products Textiles and Textile Products

C05 19 Leather and Footwear Leather, Leather and Footwear

C06 20 Wood Products Wood and Products of Wood and Cork

Co7 21t22 | Paper and Printing Pulp, Paper, Paper, Printing and Publishing

Co08 23 Refined Petroleum Coke, Refined Petroleum and Nuclear Fuel

C09 24 Chemical Products Chemicals and Chemical Products

C10 25 Rubber and Plastics Rubber and Plastics

C11 26 Other Non-Metal Other Non-Metallic Mineral

C12 27t28 | Basic Metals Basic Metals and Fabricated Metal

C13 29 Machinery Machinery, Nec

Cl4 30t33 | Electrical Equipment Electrical and Optical Equipment

C15 34t35 | Transport Equipment Transport Equipment

C16 36t37 | Recycling Manufacturing, Nec; Recycling

C17 E \s\l/gf[:;icity, Gas and Electricity, Gas and Water Supply

C18 F Construction Construction

c19 50 Sale of Vehicles and Sale, Maintenance_and Repair of Motor Vehicles and
Fuel Motorcycles; Retail Sale of Fuel

c20 51 Wholesale Trade yehhc:::elz?gnzr?\;jce)tzrrlgygﬁ?m|55|on Trade, Except of Motor

co1 52 Retail Trade E;ﬂ:&?ﬁ%ﬁﬁiﬁ cgol\élgsor Vehicles and Motorcycles;

C22 H Hotels and Restaurants Hotels and Restaurants

C23 60 Inland Transport Inland Transport

C24 61 Water Transport Water Transport

C25 62 Air Transport Air Transport

2o | s | oterTranpon | oot Ay Tt A

c27 64 'T'glséca(?r?]munications Post and Telecommunications

Cc28 J Financial Intermediation | Financial Intermediation

C29 70 Real Estate Real Estate Activities

C30 71t74 | Business Activities Renting of M&Eq and Other Business Activities

C31 L Public Admin Public Admin and Defense; Compulsory Social Security

C32 M Education Education

C33 N Health and Social Work | Health and Social Work

C34 (0] Other Services Other Community, Social and Personal Services

C35 P Private Households Private Households with Employed Persons
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Table L2 WIOD Country and Region

Label Country Region Label Country Region
AUS Australia Asia-Pacific IRL Ireland Europe
AUT Austria Europe ITA Italy Europe
BEL Belgium Europe JPN Japan Asia-Pacific
BGR Bulgaria Europe KOR South Korea Asia-Pacific
BRA Brazil American LTU Lithuania Europe
CAN Canada American LUX Luxembourg Europe
CHN China Asia-Pacific LVA Latvia Europe
CYP Cyprus Europe MEX Mexico American
CZE Czech Republic Europe MLT Malta Europe
DEU Germany Europe NLD Netherlands Europe
DNK Denmark Europe POL Poland Europe
ESP Spain Europe PRT Portugal Europe
EST Estonia Europe ROM Romania Europe

FIN Finland Europe RUS Russia Europe
FRA France Europe SVK Slovak Republic Europe
GBR United Kingdom Europe SVN Slovenia Europe
GRC Greece Europe SWE Sweden Europe
HUN Hungary Europe TUR Turkey Europe
IDN Indonesia Asia-Pacific TWN Taiwan Asia-Pacific
IND India Asia-Pacific USA United States American
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