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ARTICLE INFO ABSTRACT
Keywords: The Economist’s Big Mac index measures the external purchasing power of a currency relative to
Big Mac index a common numéraire currency. The Big Mac index is based on the economic theory of absolute

Exchange rates

purchasing power parity. There are two versions of the index, namely, the Raw Big Mac index and
Absolute Purchasing Power Parity

the GDP-adjusted Big Mac index. The bilateral valuations for both versions are conditional on the
common numéraire currency. For example, the common numéraire currency is always at fair
value, whereas the valuations of the other currencies are measured relative to the common
numéraire currency. This paper extends previous research by providing a theoretical framework
to calculate exact multilateral valuations for a system of currencies. The methodological exten-
sion sheds light on a number of linkages between the bilateral valuations and the multilateral
valuations for both versions of the Big Mac index.

1. Introduction

The Economist magazine’s Big Mac index measures the external purchasing power of a system of currencies relative to a common
numéraire currency based on the economic theory of absolute purchasing power parity (The Economist, 2025). There are two versions
of the index, namely, the Raw Big Mac index (invented in 1986) and the GDP-adjusted Big Mac index (invented in 2011). The average-
basket approach of O’Brien & Ruiz de Vargas (2017) created an approximation of the multilateral (overall) valuation of the common
numéraire currency by using the inverse of the arithmetic average of the bilateral valuations of the other currencies relative to the
common numéraire currency for the GDP-adjusted Big Mac index. The motivation of this paper is to improve on this approximation by
providing a theoretical framework to calculate exact multilateral valuations for all currencies for both versions of the Big Mac index.

The economic theory of absolute purchasing power parity (PPP) measures the external purchasing power of currencies relative to
either a common numéraire currency for bilateral measurements or a multicurrency numéraire currency for multilateral measure-
ments. There are many variants of PPP, such as the law of one price, absolute and relative purchasing power parity, together with
indices for measuring purchasing power parity (Rogoff, 1996). PPP is not expected to hold in the short run, but most international
economists expect some variant of purchasing power parity to provide an anchor in the long run (Dornbusch & Krugman, 1976; Rogoff,
1996). The valuations used to test PPP are also known as real exchange rates, which are exchange rates adjusted for bilateral price
ratios (Taylor & Sarno, 1998). The usual hypothesis of PPP is that real exchange rates are stationary and mean-reverting (Xie et al.,
2021; Vo & Vo, 2023). The PPP puzzle is associated with the half-lives of real exchanges being inconsistently slow, with observed
values between 3-5 years (Rogoff, 1996). Attempts to explain and resolve the PPP puzzle use unit root tests, co-integration methods,
panel tests, non-linear models, models with structural breaks, and others (see Xie et al., 2021; Vo & Vo, 2023). The interested reader is
referred to MacDonald (2007) for a thorough PPP review and Vo and Vo (2023) for an up-to-date PPP review.

The Big Mac indexes are based on two variants of absolute PPP, namely, the law of one price for the Raw Big Mac index and the
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Harrod-Balassa-Samuelson model for the GDP-adjusted Big Mac index. The law of one price compares the ratio of two local baskets of
goods and services to the associated bilateral exchange rate, where absolute PPP holds when the ratio equals the associated bilateral
exchange rate (Taylor & Taylor, 2004). The Harrod-Balassa-Samuelson model, named after Harrod (1933), Balassa (1964), and
Samuelson (1964), accounts for the expectation that non-tradeable goods and services tend to be cheaper in lower GDP per capita
countries compared to higher GDP per capita countries, which is ultimately caused by productivity growth differentials in tradable
goods (Taylor & Taylor, 2004). Click (1996) found that deviations from PPP were explained by the Balassa-Samuelson effect. Valu-
ations are biased if the Harrod-Balassa-Samuelson effect is not taken into account (O’Brien & Ruiz de Vargas, 2017). For example, that
the overvaluation implied by the Raw Big Mac index for the Chinese renminbi relative to the US dollar was driven by China having a
significantly lower GDP per capita compared to the United States (Yang, 2004). In addition, Clements et al. (2012) concluded that the
Raw Big Mac index was biased and that the mispricing in previous valuations should be incorporated in current valuations.

The Raw Big Mac index and the GDP-adjusted Big Mac index both use locally produced McDonald’s Big Mac hamburgers as the
local baskets of goods and services. One advantage of using Big Mac hamburgers is that they are produced in different countries using
the same recipe (Annaert & De Ceuster, 1997). The Big Mac index assumes that the local hamburgers are identical for different
currencies, which is palatable as a consistent basket of goods and services (Ong, 1997; Ong, 2003). However, Haidar (2011) argued
that PPP tests would be biased if the local baskets of goods and services were not identical, and provided ten reasons why locally
produced hamburgers are not identical baskets of goods and services, such as demand variability, product comparability, trans-
portation costs, trade restrictions, and productivity differences. Some of these underlying reasons have resulted in recommendations

Table 1
Table of definitions.
Terms Definitions
General
N Number of currencies
i The ith currency i =1,---,N
j The jth currency j = 1,---,N
n A common single-currency numeéraire, where 7 is one of the N currencies

An equally-weighted multicurrency numéraire of N currencies
Local hamburger prices

Hy; Local hamburger price of the ith currency in terms of the ith currency

Hy, Local hamburger price of the ith currency in terms of the common numéraire (5th) currency

Hy, Local hamburger price of the yth currency in terms of the common numéraire (5th) currency

Hy.y Local hamburger price of the ith currency in terms of the multicurrency numéraire (.#)

Hy» Local hamburger price of the nth currency in terms of the multicurrency numéraire (.#)

Hyn Geometric average of the N local hamburger prices in terms of the multicurrency numéraire (.#)
Local GDP per capita

Giji Local GDP per capita for the ith currency in terms of the ith currency

Gijy Local GDP per capita for the ith currency in terms of the common numéraire (jth) currency

Girw Local GDP per capita for the ith currency in terms of the multicurrency numéraire (.#7)
Exchange Rates

Iy The ith/nth bilateral implied rate

Ly Multilateral implied rate for the ith currency

Siyj The ith/jth bilateral exchange rate

Sy The ith/nth bilateral exchange rate

Sijw Multilateral exchange rate for the ith currency

Sy Multilateral exchange rate for the common numéraire (;th) currency

Raw Valuations (R superscript)

me Bilateral valuation of the ith currency relative to the common numéraire (;th) currency

Vg P Multilateral valuation of the ith currency relative to the multicurrency numéraire (.7)

Vf;/ P Multilateral valuation of the common numéraire (5th) currency relative to the multicurrency numéraire (.#)
GDP-adjusted Valuations (A superscript)

V;"/’7 Bilateral valuation of the ith currency relative to the common numéraire (yth) currency

F?/r] Bilateral adjustment factor of the ith currency relative to the common numéraire (;jth) currency

V;}v P Multilateral valuation of the ith currency relative to the multicurrency numéraire (.7)

F’i‘/ P Multilateral adjustment factor of the ith currency relative to the multicurrency numéraire (.#7)

V;‘/v P Multilateral valuation of the common numéraire (5th) currency relative to the multicurrency numéraire (.#7)

F’:/,‘ P Multilateral adjustment factor of the ith currency relative to the multicurrency numéraire (.#7)
Cross-sectional Regressions

f{i/w Fitted hamburger price of the ith currency in terms of the common numéraire (;jth) currency

HW Fitted hamburger price of the yth currency in terms of the common numéraire (5th) currency

ﬁi/,v P Fitted hamburger price of the ith currency in terms of the multicurrency numéraire (.#)

f{)l L Fitted hamburger price of the nth currency in terms of the multicurrency numéraire (.7)

H v Geometric average of the N fitted hamburger prices in terms of the multicurrency numéraire (/)

Notes: Table 1 reports a list of definitions for the main terms used throughout this paper.
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for caution when using the Big Mac index (Taylor & Taylor, 2004; Haidar, 2011).

In addition, pricing-to-market is another reason for caution when using the Big Mac index. Pricing-to-market was developed from
evidence that foreign firms did not adjust export prices into the United States subsequent to large changes in the US dollar (Dornbusch,
1987; Krugman, 1987). In general, a firm would be practicing pricing-to-market if it sold products for different prices in different
markets (Krugman & Obstfeld, 2009). For example, there is nearly full pass through of increases in minimum wages to higher local Big
Mac hamburger prices at McDonald’s restaurants in the United States (Ashenfelter & Jurajda, 2022). Valuation measurements are
based on local hamburger prices, so any bias in local hamburger prices would be expected to bias the valuations. In this situation,
misvaluations may be due to other factors, rather than currencies.

The Raw Big Mac index is based on the law of one price and compares the ratio of two local hamburger prices to the associated
bilateral exchange rate. In contrast, the GDP-adjusted Big Mac index extends the Raw Big Mac index by accounting for the Harrod-
Balassa-Samuelson effect. O’Brien & Ruiz de Vargas (2017) clarified the methodology of the GDP-adjusted Big Mac index and used
an approximation of the multilateral valuation of the common numéraire currency: the inverse of the arithmetic average of the
bilateral valuations of the other currencies relative to the common numéraire currency. Subsequently, O'Brien & Ruiz de Vargas
(2019) used the approximation to estimate the differences in multilateral valuation estimates. Furthermore, Clements & Si (2017)
provided an alternative approximation of the multilateral valuation of the common numéraire currency by modelling in natural
logarithms.

Both the Raw Big Mac index and the GDP-adjusted Big Mac index create bilateral valuations that are conditional on a chosen
common numéraire currency. The common numéraire currency is always fixed at fair value, whereas other currencies are measured
relative to the common numéraire currency. An alternative common numéraire currency can be used, but the new bilateral valuations
are conditional on the alternative common numéraire currency: and the conditional bilateral valuation problem recurs.

This paper contributes to the literature by improving on the approximation of O’Brien & Ruiz de Vargas (2017). This is achieved by
providing a theoretical framework that utilises an equally-weighted multicurrency numéraire to calculate exact multilateral valuations
for a system of currencies for both versions of the Big Mac index. In addition, this paper sheds light on a number of linkages between the
bilateral valuations and the multilateral valuations for both versions of the Big Mac index. It is shown that the geometric average of the
multilateral valuations for a system of currencies is fixed at parity (fair value), where currencies are at fair value, overvalued, or
undervalued, relative to a whole system of currencies. The multilateral valuations are conditional on the whole system of currencies,
rather than a single currency. Consequently, the multilateral valuations provide a clearer picture of the whole system of currencies,
such as post-validation analysis.

This paper is organized as follows: Section 2 presents the methodology; Section 3 reports some results with a discussion; and Section
4 concludes.

2. Material and methods
2.1. Definition of terms

In an effort to avoid repetition and provide clarity, Table 1 reports a list of definitions for the main terms used throughout this
paper.

2.2. Multilateral exchange rates

Multilateral exchange rates represent currencies priced in terms of a basket of currencies. The basket of currencies, also known as a
multicurrency numéraire, is a weighted basket, where the weights are positive and sum to one. In contrast, bilateral exchange rates
represent currencies priced in terms of a single-currency numéraire. For example, Sgyr/usp is the EUR/USD bilateral exchange rate,
which represents the Eurozone euro (EUR) priced in terms of the US dollar (USD).

In log terms, Mahieu and Schotman (1994) showed that a system of N —1 bilateral exchange rates priced in terms of a common
numéraire (y7th) currency could be decomposed into a system of N multilateral exchange rates:

Sify = Sifr — Sy 1)

wherei # 755/, = In (Si /,7) is the natural logarithm of the ith /yth bilateral exchange rate; s;,, = In (Sl- /. ,,) is the natural logarithm of the
multilateral exchange rate for the ith currency; and s, = In (S,, /. ,,) is the natural logarithm of the multilateral exchange rate for the
common numéraire (th) currency. The common numéraire (yth) currency can be any one of the N currencies. Note that the nth/nth
bilateral exchange rate for the common numéraire (5th) currency is excluded from the system of N —1 bilateral exchange rates in Eq.
(1.

The decomposition in Eq. (1) can be written in nominal terms:

Sij.w

Siyy = (2

Sys.a

The system of N —1 bilateral exchange rates in Eq. (2) are conditional on the chosen common numéraire (5th) currency. For example, a
bilateral exchange rate of a currency priced in terms of the common numéraire (yth) currency can be derived from the multilateral
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exchange rate of the same currency divided by the multilateral exchange rate of the common numéraire (ith) currency.
Assuming that the first currency is the common numéraire currency (7 = 1), the decomposition of the system of N —1 bilateral
exchange rates in log terms in Eq. (1) can be written in matrix notation:

S2/1 -1'1 0 - 0 2; Z
S -1 0 1 -~ ‘

ol el IR S3/.4 )
SN/1 -1 0 - 0 1 SN/,//

Note that the bilateral exchange rate s, ; for the common numéraire currency (7 = 1) in terms of the common numéraire currency is
excluded in the system of N —1 bilateral exchange rates in Eq. (3).

There are N—1 equations (bilateral exchange rates) in Eq. (3), which is one less than the number of N unknown variables
(multilateral exchange rates). In this situation, the system of equations is underdetermined with no solution or an infinite number of
solutions. Kunkler and MacDonald (2015) resolved this issue by adding an extra equation (equilibrium, or no-arbitrage, condition):

S s =0 @

where s;,, = In(S;;.,) is the natural logarithm of the multilateral exchange rate for the ith currency. The no-arbitrage condition in log
terms shows that the arithmetic average of the system of N multilateral exchange rates is centred at zero.
The no-arbitrage condition in Eq. (4) can be written in nominal terms:

N
IS0 =1 ©)

The no-arbitrage condition in nominal terms shows that the geometric average of the system of N multilateral exchange rates is centred
at one, which highlights the relative nature of the exchange rate market. For example, multilateral exchange rates move relative to the
whole system of N multilateral exchange rates, but the system remains centred and fixed at one.

In log terms, the no-arbitrage condition in Eq. (4) can be included into the decomposition of the system of N —1 bilateral exchange
rates in Eq. (1). The combined system of N equations can be written in matrix notation:

S$2/1 -1 1 0 - 0 S1/7
S3/1 -1 0 1 =~ S2/.m

I A A Y 6)
SN/1 -1 0 - 0 1 :

0 1 1 - 1 1 SNJ.#

There are N equations (N —1 bilateral exchange rates and one no-arbitrage condition) in Eq. (6), which is the same number as the N
unknowns (multilateral exchange rates). In this situation, there is a unique solution to the system of N equations:

-1

Sl/u// -1 1 0 0 32/1

82/,,// -1 0 1 83/1

S |=1: i = =~ 0 : )
: -1 0 - 0 1 SN/

SNy# 1 1 . 1 1 0

Kunkler and MacDonald (2015) showed that the unique solution is a system of N multilateral exchange rates priced in terms of an
equally-weighted multicurrency numéraire, represented by .#:

1N
S = szzlsi/j 8)

where s/, = In (S,-/A//) is the natural logarithm of the multilateral exchange rate for the ith currency; and s;;; = In (Si/j) is the natural
logarithm of the ith/jth bilateral exchange rate.
The multilateral exchange rates in Eq. (8) can be written in nominal terms as a geometric average of N bilateral exchange rates:

1
Syo =1, (Si)" ©

J

The multilateral exchange rates in nominal terms in Eq. (9) are also known as invariant currency indexes, which are normalised bilateral
exchange rates and are independent to the choice of the common numéraire (5th) currency (Hovanov et al., 2004).

2.3. Local hamburger prices

Local hamburger prices can be converted from one currency to another currency by using the appropriate bilateral exchange rate.
More specifically, to convert the local hamburger price of the ith currency from the ith currency to the common numéraire (yth)
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currency can be achieved by multiplying by the ith/5th bilateral exchange rate:
Hy, = SiyyHyi (10)
Similarly, local hamburger prices can be converted from one currency to the multicurrency numéraire (.#) by using the appropriate

multilateral exchange rate. More specifically, to convert the local hamburger price of the ith currency from the ith currency to the
multicurrency numéraire (.#) can be achieved by multiplying by the multilateral exchange rate of the ith currency to give:

Hy.y = Siy.vHyi amn

Interestingly, for the system of N currencies, the geometric average of the local hamburger prices in terms of the multicurrency
numéraire (/) is equal to the geometric average of the local hamburger prices in terms the associated local currencies:

1
Hyn = Hil (Hy.n )V

z=

= HL (Sy.Hyi)
1 1

=TT, 0TI (B
1

= Hil (Hi/i)N 2

1
where H;, , = S;.»Hy; from Eq. (11); and I, (Siy.r)N =1 from Eq. (5).

2.4. The Raw Big Mac index

The system of interest for the Raw Big Mac index consists of local hamburger prices and bilateral exchange rates in terms of a
common numéraire (yth) currency for a system of N currencies. The common numéraire (yth) currency can be any one of the N
currencies.

2.4.1. Implied rates
Implied rates are exchange rates that are implied by purchasing power parity (Solnik & McLeavey, 2009). More specifically, the
ith /nth bilateral implied rate is the ratio of the local hamburger price of the common numéraire (yth) currency in terms of the common
numéraire (yth) currency to the local hamburger price of the ith currency in terms of the ith currency:
H,

I, =1 (13)

i/n Hy;
Similarly, a multilateral implied rate for the ith currency is the ratio of the geometric average of N local hamburger prices in terms of the
multicurrency numéraire (.#) to the local hamburger price of the ith currency in terms of the ith currency:

Hyn
Hy;

Lyw = a4

2.4.2. Law of one price

The law of one price is a variant of absolute purchasing power parity. The law of one price compares the bilateral implied rate (ratio
of two local hamburger prices) to the associated bilateral exchange rate. The law of one price holds for bilateral exchange rates using
local hamburger prices when the bilateral exchange rate equals the associated bilateral implied rate:

Sify = Ly (15)

Similarly, the law of one price holds for multilateral exchange rates using local hamburger prices when the multilateral exchange rate
equals the associated multilateral implied rate:

Sijw = lijw (16)

2.4.3. Bilateral valuations

The law of one price that uses local hamburgers as the basket of goods and services is not expected hold continuously. As a
consequence, there is a potential misalignment between the bilateral exchange rates and the bilateral implied rates. When the law of
one price does not hold, bilateral valuations are used to measure whether currencies are at fair value, overvalued, or undervalued,
relative to the common numéraire (yjth) currency. The bilateral valuations for the Raw Big Mac index measure the absolute purchasing
power of a system of N currencies relative to a common numéraire (yth) currency:
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n = Sin_ Sty Hyy a7
Ty, Hy, Hy,

where I, = H,,/H;; from Eq. (13); and Hy, = S;/,H;/; from Eq. (10). The bilateral valuations in Eq. (17) are also known as bilateral real
exchange rates, which are bilateral exchange rates adjusted for bilateral price ratios (Taylor & Sarno, 1998).

Bilateral valuations are conditional on the chosen common numéraire (th) currency. For example, the bilateral valuation of the
common numéraire (;jth) currency is always fixed at parity when i = 5 (V;/, = 1), since the local hamburger prices are the same (H;/, =
H,,) wheni = 7 and the ith/5th bilateral exchange rate is always one (S, = 1) when i = . The other currencies are measured relative
to the common numéraire (5th) currency, where each currency is: at fair value relative to the common numéraire (yth) currency when
Viy = 1; overvalued relative to the common numéraire (yth) currency when V;, > 1; or undervalued relative to the common
numéraire (th) currency when V;/, < 1.

2.4.4. Multilateral valuations
It is assumed that the multilateral valuations are measured relative to the same equally-weighted multicurrency numéraire (.#)
that was used for the multilateral exchange rates in Eq. (9). The multilateral valuations for the Raw Big Mac index measure the absolute
purchasing power parity of a system of N currencies relative to an equally-weighted multicurrency numéraire (.#7):
Sy Si/.//Hi/i Hi»

VR = == (18)
U Lyw  Hyw  Huw

where I;) » = H 4,4 /Hy; from Eq. (14); and Hy;.» = Si/.»Hy; from Eq. (11). The multilateral valuations in Eq. (18) are also known as
multilateral real exchange rates, which are multilateral exchange rates adjusted for multilateral price ratios.
The geometric average of the N multilateral valuations in Eq. (18) is equal to one:

N (R ¥ N (Hy» N 1 N 1
6. ()

Hyiv) Huow

where Vl// =H;,/Hy» fromEq. (18);and H 4/, = Hl 1 (H z///)N from Eq. (12).

In summary, the geometric average of the multilateral valuations for a system of N currencies is fixed at parity (valuation of one). In
this situation, the multilateral valuations are conditional on the entire system of N currencies, where currencies are at fair value,
overvalued, or undervalued, relative to an equally-weighted basket of currencies.

2.4.5. Bilateral valuations revisited

Bilateral valuations can be decomposed into two multilateral valuations. More specifically, the bilateral valuation of a currency
relative to the common numéraire (yth) currency can be derived from the multilateral valuation of the same currency divided by the
multilateral valuation of the common numéraire (5th) currency:

VR _ Si/v _ Si/qu/i _ (Si/,/in/i> (Sﬂ/,//Hn/n> _ (Si/ﬂ> (Sn/,//) _ Vf}// (20)
U Ly Hyy, Hyn Hyn Ly Ly VR,

where V{}q = Si/y/Lyjy from Eq. (17); I, = H,,/Hy; from Eq. (13); Sy, = Si/.»/Sy,.» from Eq. (2); Vf}‘,/ = Si.» /L., from Eq. (18); and

Ve s =Syn /1.~ from Eq. (18). In general, Eq. (20) can be written in vector notation:

1
R
V;] - VR

n/j#

—VE 2D

where VR isa N x 1 vector of bilateral valuations relative to the common numéraire (5th) currency with the ith element being V& ] and
V %, is a N x 1 vector of multilateral valuations relative to the multicurrency numéraire (.#) with the ith element being Vl. e

The N bilateral valuations relative to common numéraire (5th) currency are perfectly correlated with the N multilateral valuations
relative to the multicurrency numéraire (.7):

VR, VR cov(VR / ) var ( / ;
cor(VﬁVf}) = cov( i ") = " e

\/var(Vﬁ)var(Vf‘//) \/var<V‘>/fo/(,,>var(V’> var( /v///

VR from Eq. (21); cov(VR VR ) is the covariance between the bilateral valuations relative to the common numéraire

(22)

where V}' =

VR
(yth) currency and the multilateral valuations relative to the multicurrency numéraire (./#); Var(Vf:) is the variance of the bilateral

valuations relative to the common numéraire (5th) currency; and var(Vf}) is the variance of the multilateral valuations relative to the
multicurrency numéraire (7).
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In summary, the bilateral valuations are conditional on the chosen common single-currency numéraire, where currencies are at fair
value, overvalued, or undervalued, relative to the common numéraire (yth) currency. In contrast, the multilateral valuations are
conditional on the entire system of N currencies, where currencies are at fair value, overvalued, or undervalued, relative to an equally-
weighted basket of currencies.

2.4.6. Exact multilateral valuation of the common numeéraire currency
The exact multilateral valuation of the common numéraire (;jth) currency for the Raw Big Mac index can be calculated by first
calculating the geometric average of the bilateral valuations for the system of N currencies:

1
1 VRN 1
() L (5) = I 04" = @
1
where Vf}q = Vf} 4/ VWR/‘ , from Eq. (20); and Hf‘i 1 (Vf} /,>N =1 from Eq. (19). Rewriting Eq. (23) in terms of the multilateral valuation of
the common numéraire (yth) currency:
1
Vi = Hil (‘@v) N @24

Thus, the multilateral valuation of the common numéraire (5th) currency is simply the inverse of the geometric average of the bilateral
valuations relative to the common numéraire (7th) currency for the system of N currencies.

In summary, there are two methods to calculate the multilateral valuation of the common numéraire (;th) currency. The first
method uses the ratio of the local hamburger price of the (th) currency in terms of the multicurrency numéraire (.#) to the geometric
average of the N local hamburger prices in Eq. (18). The second method uses the inverse of the geometric average of the N bilateral
valuations relative to the common numéraire (5th) currency in Eq. (24). As expected for consistency, both methods produce the same
result and are equivalent. For example, starting with Eq. (24) produces Eq. (18):

1

1 1 1
R _TTV (ve \ N _ 17V (Sum\ N _ Y (SueHyi\ N _ N -~ _ Hyw _Syn
Vir = Hi:l (Vi/v) - Hi:l < ) - Hi:l ( =t/ //Hi:1 (Hi/'”) N I (25)

m s'i///H'i/n a Hyw B n/)-#

_1

where V»I;/ﬂ =1, (Vsﬂ) N from Eq. (24); Vf}” = Si/y /Iy from Eq. (17); I, = H,, /Hy; from Eq. (13); Sy, = Si/.s/Sy,.» from Eq. (2);
1

Hy.» = Si.»Hy; from Eq. (11); H,;., = S,/.,H,, from Eq. (11); H,., = Iy, (Hi.»)N from Eq. (12); and V»}z{/ﬁ =S,/ /1., from Eq.

(18).

2.5. GDP-adjusted Big Mac index

The bilateral valuations for the GDP-adjusted Big Mac index provide an alternative measurement of the absolute purchasing parity
by accounting for the expectation that local hamburger prices tend to be cheaper in lower GDP per capita countries compared to higher
GDP per capita countries (The Economist, 2025). For the GDP-adjusted Big Mac index, the local basket of goods and services is once
again a McDonald’s Big Mac hamburger. The system of interest for the GDP-adjusted Big Mac index consists of the same data as the
Raw Big Mac index, but also includes the local GDP per capita for the system of N currencies.

2.5.1. Local GDP per capita

The local GDP per capita in terms of one currency can be converted into terms of the common numéraire (yth) currency by using the
appropriate bilateral implied rate, rather than the appropriate bilateral exchange rate. For example, to convert the local GDP per capita
of the ith currency in terms of ith currency to the common numeéraire (th) currency can be achieved by multiplying by the appropriate
bilateral implied rate:
Hrz/'

'Gy/; 26
Hi/i i/i ( )

Gipy = LGy =

where I/, = H,/,/Hy; from Eq. (13).

Similarly, the local GDP per capita in terms of one currency can be converted into terms of the multicurrency numéraire (.#) by
using the appropriate multilateral implied rate, rather than the appropriate multilateral exchange rate. For example, to convert the
local GDP per capita of the ith currency in terms of ith currency to the multicurrency numéraire (.#) can be achieved by multiplying by
the appropriate multilateral implied rate:

H
Gij.v = LiysGyi = é{/ﬁGi/i (27)
i
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where I;) » = H 4.4 /Hy; from Eq. (14).

2.5.2. Bilateral valuations

For the system of N currencies, the bilateral valuations for the GDP-adjusted Big Mac index use the fitted values from a cross-
sectional regression of the local hamburger prices in terms of the common numéraire (yth) currency against the local GDP per cap-
ita in terms of the common numéraire (5th) currency. The cross-sectional regression model is estimated using ordinary least squares
(OLS). The fitted cross-sectional regression model can be written as:

ﬁi/v = av + BvGi/v (28)

where @, is the OLS-estimated bilateral intercept term; and ﬁ,, is the OLS-estimated bilateral slope term. In the literature, the cross-
sectional regression model in Eq. (28) is typically fitted in log terms, rather than in nominal terms (O’Brien & Ruiz de Vargas, 2019).

The bilateral valuations for the GDP-adjusted Big Mac index measure the absolute purchasing power of a system of N currencies
relative to a common numéraire (yth) currency:

R
A Hi/vl/Hn/n Vi/’l

o= (29)
" Hi/v/H'z/v Fi/'l
where Vf}q = H;,/H,, from Eq. (17); and:
Hy,
F), = _ (30)
Hv/v

is the bilateral adjustment factor for the ith currency relative to the common numéraire (yth) currency. An alternative name for the
bilateral adjustment factors could be bilateral fitted valuations, since they are essentially a fitted version of the bilateral valuations of the

Raw Big Mac index. For example, the bilateral valuations of the Raw Big Mac index are VR = H; /n/Hyy from Eq. (17) and the bilateral

i/n
adjustment factors are Ff}ﬂ = ﬁll«/ﬂ / IA{,7 sy from Eq. (30).

L

In the literature, it is standard to interpret the bilateral valuations in Eq. (29) in terms of a residual type of analysis. For example,
Hy, /fli /y is the relative residual ratio of the local hamburger price for the ith currency against the fitted hamburger price for the ith
currency (see O'Brien & Ruiz de Vargas, 2017). However, the focus in this paper is on the bilateral adjustment factors, rather than the
relative residual ratios. As a consequence, Eq. (29) shows that the bilateral valuation of a currency relative to the common numéraire
(nth) currency for the GDP-adjusted Big Mac index is simply a scaled version of the bilateral valuation of the same currency relative to
the common numéraire (y7th) currency for the Raw Big Mac index. Thus, the GDP-adjusted Big Mac index is aptly named, since it is an
adjusted (scaled) version of the Raw Big Mac index.

2.5.3. Multilateral valuations

For the system of N currencies, the multilateral valuations for the GDP-adjusted Big Mac index use the fitted values from a cross-
sectional regression of the local hamburger prices in terms of the multicurrency numéraire (.#) against the local GDP per capita in
terms of the multicurrency numéraire (.#). The cross-sectional regression model is estimated using ordinary least squares (OLS). The
fitted cross-sectional regression model can be written as:

Hys=a,+ ,B//Gi/,// (31

where @ , is the OLS-estimated multilateral intercept term; and ﬁ/ is the OLS-estimated multilateral slope term.
The multilateral valuations for the GDP-adjusted Big Mac index measure the absolute purchasing power parity of a system of N
currencies relative to an equally-weighted multicurrency numéraire (.#7):

Hy,,/H VR
Ve, = Hys/Hupo _Viu a2)

ﬁi/,///ﬁ,,(//u// Ff}//

where Vf}/, =Hy.»/H ., from Eq. (18);

Hy,
Fy, == (33)

is the multilateral adjustment factor for the ith currency relative to the multicurrency numéraire (.#); and:

~ 1
Hynw= l_LN:1 (Hyo)N (34)

is the geometric average of the fitted hamburger prices for the system of N currencies in terms of the multicurrency numéraire (/). An
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alternative name of the multilateral adjustment factors could be multilateral fitted valuations, as they are essentially a fitted version of
the multilateral valuations of the Raw Big Mac index. For example, the multilateral valuations of the Raw Big Mac index are Vf}_/ =

Hy).y/H 4. from Eq. (18) and the bilateral adjustment factors are Ff} = ITIL-/A# /lfI »).» from Eq. (33).

Once again, the focus in this paper is on the multilateral adjustment factors, rather than the relative residual ratios. As a conse-
quence, Eq. (32) shows that the multilateral valuation of a currency for the GDP-adjusted Big Mac index is simply a scaled version of
the multilateral valuation of the same currency for the Raw Big Mac index. Once again, the GDP-adjusted Big Mac index is aptly named,
since it is an adjusted (scaled) version of the Raw Big Mac index.

The geometric average of the N multilateral valuations in Eq. (32) is:

1 : Lo N
I, (v.)" - 1T, (Hl/v/H///// )N Loy (Ijl/v//)N _ a5

fli/‘,///ﬁ//.// Hy Hy .,
it.o | Hou)w L 7 7 +
where V{}/, = % from Eq. (32); Hy).y = H}il (Hi.» )N from Eq. (12); and H 4, = Hjl\il (Hi.»)N from Eq. (34).

In addition, the geometric average of the N multilateral adjustment factors in Eq. (33) is:

1 \m a1
[T (21" = 0 (522) " = AL ¥ = (36)

Hyn Hyn

~ ~ ~ ~ 1
where Ff}// =H;.»/Hy,.» fromEq. (33); and H 4, , = Y, (Hi.»)N from Eq. (34).

2.5.4. Bilateral valuations revisited

This section revisits the bilateral valuations to show that they can be decomposed into two multilateral valuations. For the GDP-
adjusted Big Mac index, O’Brien & Ruiz de Vargas (2019) stated that a bilateral valuation of a currency can be derived from the
multilateral valuation of the same currency divided by the multilateral valuation of the common numéraire (yth) currency. In an
earlier paper, the same authors also stated that it was too complex to provide further details of the multilateral valuations (O’ Brien &
Ruiz de Vargas, 2017). In this paper, the derivation of this relationship is provided in the Apendix (see Eq. (A16)).

The bilateral valuation of a currency relative to the common numéraire (yth) currency can be derived from the multilateral
valuation of the same currency divided by the multilateral valuation of the common numéraire (5th) currency (see Eq. (A16) for
details):

Vi

Vi

Vi = v, 37)
.

In general, Eq. (37) can be written in vector notation:

1
n/#

where Vj; isa N x 1 vector of bilateral valuations relative to the common numéraire (;jth) currency with the ith element being Vf}q ;and

Vf‘,/ is a N x 1 vector of multilateral valuations relative to the multicurrency numéraire (.#) with the ith element being V{}J P

The N bilateral valuations relative to common numeéraire (5th) currency are perfectly correlated with the N multilateral valuations
relative to the multicurrency numéraire (.7):

pry L) cov(Vy [V Vh) vV /vy,
) T - - -

\/var(Vf?)var(Vﬁ,) \/var<Vf‘/,/Vf?/v,/>var(Vf>) Var(Vﬁ/)/Vf?//

cor ( v4

no

(39

where V;? =V4/ V;;‘/ , from Eq. (38); cov(V‘,;’7 V4,) is the covariance between the bilateral valuations relative to the common numéraire
(nth) currency and the multilateral valuations relative to the multicurrency numéraire (.7); var(V;?) is the variance of the bilateral

valuations relative to the common numéraire (5th) currency; and var(Vf‘,,) is the variance of the multilateral valuations relative to the
multicurrency numéraire (7).

In summary, the bilateral valuations are conditional on a single currency, where currencies are at fair value, overvalued, or
undervalued, relative to the chosen common numéraire (5th) currency. In contrast, the multilateral valuations are conditional on the
entire system of N currencies, where currencies are at fair value, overvalued, or undervalued, relative to an equally-weighted basket of
currencies.
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2.5.5. Adjustment factors

For the GDP-adjusted Big Mac index, the bilateral adjustment factors in Eq. (30) can be decomposed into two multilateral
adjustment factors. More specifically, the bilateral adjustment factor of a currency relative to the common numéraire (5th) currency
can be derived from the multilateral adjustment factor of the same currency divided by the multilateral adjustment factor of the
common numéraire (yth) currency:

A Hi/q _ S»]/,//Hi/q _ I::\Ii/ﬂ/lil,//,xf _ Fg,// (40)

T = A
o Hﬂ/n Srz/ﬂHn/n H,,/,///H,////,y Fn/ﬁ

where F4, iy =

fitted hamburger price for the ith currency in terms of the multicurrency numéraire (.#); IAJ,7 L =Sy, ,/fl,, sy is the fitted hamburger

i/,7/1€1,7/,7 from Eq. (30); F{*/‘/, = IA{i///ﬁ/,/‘,/ from Eq. (33); F,’]‘// = I?ln///flﬂ/ﬁ from Eq. (33); I?li// = S,7/‘,/I?Il-/,7 is the

price for the nth currency in terms of the multicurrency numéraire (.#). In general, Eq. (40) can be written in vector notation:

1
F) =g Fr (1)

where F;;‘ isa N x 1 vector of bilateral adjustment factors relative to the common numéraire (5th) currency with the ith element being
F{}”; and F4, isa N x 1 vector of multilateral adjustment factors relative to the multicurrency numéraire (.#7) with the ith element being
A
F; S
The N bilateral adjustment factors relative to common numéraire (5th) currency are perfectly correlated with the N multilateral
adjustment factors relative to the multicurrency numéraire (.#7):

F\ F/ cov , var(F
COI'(F':,F{;) = COV( n’ ‘/) — ( /// n-? ) / n/.# -~ 42

\/var(F;‘)var(Ff‘//) \/Var(FA//F,’]‘M)var( var (F /n/#

where FA F’} JFA o from Eq. (41); cov(F‘,;‘,Ff“,,) is the covariance between the bilateral adjustment factors relative to the common
numéraire (yth) currency and the multilateral adjustment factors relative to the multicurrency numéraire (.#); var (Ff,‘) is the variance

of the bilateral adjustment factors relative to the common numéraire (4th) currency; and var(Ff/,) is the variance of the multilateral
adjustment factors relative to the multicurrency numéraire (7).

In summary, the bilateral adjustment factors are conditional of a single currency. In contrast, the multilateral adjustment factors are
conditional on the entire system of N currencies.

2.5.6. Exact multilateral valuation of the common numéraire currency

The average-basket approach of O’Brien & Ruiz de Vargas (2017) approximated the multilateral valuation of the common
numéraire (yth) currency with the inverse of the arithmetic average of the N —1 bilateral valuations of the other currencies (excluding
the common numéraire (th) currency) relative to the common numéraire (yth) currency:

1
A
VA, ~ (43)

N- lzx 1 l/v

i#n

The approximation of the multilateral valuation of the common numéraire (;th) currency can be improved upon by using the geo-
metric average of the bilateral valuations for the system of N currencies:

A 5 N V{}// W 1 N (a 5 1
H, (Vl/’l> :Hizl V”A/’// :V”A/WHi:I (Vi///) VA (44)

1
where V/ /n / ” A% o from Eq. (37); and Hl ] ( 1 //>N =1 from Eq. (35). Rearranging Eq. (44) in terms of the multilateral valuation

of the common numéraire (yth) currency:

1
vi, =TI (vi) 45)

Thus, the multilateral valuation of the common numéraire (5th) currency is simply the inverse of the geometric average of the bilateral
valuations relative to the common numéraire (yth) currency for the system of N currencies. Note that the inverse of the geometric
average in Eq. (45) also includes the common numéraire (th) currency, which is excluded from the inverse of the arithmetic average in
Eq. (43).

The multilateral valuation of the common numéraire (th) currency in Eq. (45) is an exact measure. More generally, geometric

10
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averages are typically used by central banks for exchange rate indexes (Loretan, 2005). Thus, the geometric average should be used,
rather than the arithmetic average. For example, the arithmetic average would be appropriate if natural logarithms were used. Taking
natural logarithms of Eq. (45) gives:

1~
V"?/// = 7N2i:1vﬁ/v (46)

where vg//, = ln(V://,> is the natural logarithm of the multilateral valuation of the common numéraire (th) currency for the GDP-

adjusted Big Mac index; and v{}n = ln(V{}ﬂ) is the natural logarithm of the bilateral valuation of the ith currency relative to the

common numéraire (yth) currency for the GDP-adjusted Big Mac index.

In summary, there are two methods to calculate the multilateral valuation of the common numéraire (th) currency. The first
method uses the ratio of the local hamburger price of the common numéraire (5th) currency to the geometric average of the local
hamburger prices divided by the ratio of the fitted hamburger price of the common numéraire (;th) currency to the geometric average
of the fitted hamburger prices in Eq. (32). The second method uses the inverse of the geometric average of the N bilateral valuations of
the GDP-adjusted Big Mac index in Eq. (45). As expected for consistency, both methods produce the same result and are equivalent. For
example, starting with Eq. (45) produces Eq. (32):

1 1 _1 1
A _TTNV A\ N_TTV Hi/'//H'I/'I L Si/ﬂHi/i/Hn/V/ N v Si/v//Hi/i/sv/ oHypy\ N
Vn/r// - Hi:l (Vi/'7> - Hi:l < - Hi:l - Hi:l

Hi/'//Hﬂ/ﬂ Si/qu/i/H;;/q Si/IHi/i/Sq/u//H”/q
1
H, H; N H, H,.
= | 8 (ﬂ”) _ Hye/Baia )
Hyr™ 7" \Hisy Hyv/Huo

1
where Vg/// =T, (V{}ﬂ) N from Eq. (45); V{}” = Hun/Mun from Eq. (29); Si/y = Sij. /Sy, from Eq. (2); Hyy.» = S/, Hj); from Eq. (11);

Hi/rl/Hw,’w

2~

l ¥ ¥ ¥ 7% .
Hy.s = Sy.sHyy from Eq. (11); Hy) = 10 (Hys )N from Eq. (12); H /)0 = [V (Hi.s )N from Eq. (34); Hyy = S,/ Hyy is the

fitted hamburger price for the ith currency in terms of the multicurrency numéraire (.#); H,., = Sy, //ITI,, sy is the fitted hamburger

)

price for the nth currency in terms of the multicurrency numéraire (7).

3. Results and discussion
3.1. Data sample

The data sample is sourced from The Economist and consists of local hamburger prices, US dollar bilateral exchange rates, and local
GDP per capita for a system of 53 currencies for the 1st of January 2024. Note that the original data sample included 55 countries.
However, there were no GDP per capita values from both Lebanon and Venezuela. As a consequence, Lebanon and Venezuela were
excluded from the analysis since the cross-sectional regression was not possible with missing values. Although the data sample is for a
single period, it is sufficient to show the numerous interrelationships between the bilateral valuations and multilateral valuations for
both versions of the Big Mac index.

The common numéraire currency for the bilateral valuations is the US dollar (5 = USD). Table 2 reports the local hamburger prices,
US dollar bilateral exchange rates, local GDP per capita prices, bilateral valuations, multilateral valuations, adjustment factors, and the
other calculated data for the system of 53 currencies. In terms of the US dollar (USD), the local hamburger price is USD 5.69 in the
United States, the least expensive hamburger is USD 2.39 in Taiwan, and the most expensive hamburger is USD 8.17 in Switzerland. In
terms of the common multicurrency numéraire (.#), the local hamburger price is.# 94.4917 in the United States, the least expensive
hamburger is.# 39.7320 in Taiwan, and the most expensive hamburger is.# 135.6276 in Switzerland. Note that the order of the local
hamburger prices is the same in terms of the US dollar (USD) and in terms of the multicurrency numéraire (7).

3.2. Raw Big Mac index

3.2.1. Multilateral valuation of the US dollar

The exact multilateral valuation of the US dollar is V&, /.» = 1.3584, which shows that the US dollar is overvalued by
35.84% (1.3584 —1) relative to the system of N = 53 currencies. There are two methods to calculate the multilateral valuation of the
US dollar as the common numéraire currency. The first method uses the ratio of the local hamburger price of the US dollar in terms of
the multicurrency numéraire (/) to the geometric average of the 53 local hamburger prices (see Eq. (18)):

vi_ Husopy 944917
UL Hyry  69.5625

=1.3584 (48)

and the second method uses the inverse of the geometric average of the 53 bilateral valuations relative to the US dollar (see Eq. (24)):
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Table 2

Data sample, bilateral valuations, and multilateral valuations.

Big Mac Data Bilateral Multilateral

Country MSCI i Gii Hyi Suspyi Tijusp Sijusp Hyuso  Hyysp Viuso  Fjuso  Vijusp Lij.v Sijn Hy v Hyy 4P F, Vi,
United States DM USD 76,343.25 5.69 1.00000 1.00000 1.00000 5.6900 4.9576 1.0000 1.0000 1.0000 12.22540 16.60663 94.4917 82.3289 1.3584 1.1411 1.1904
UAE EM AED 188,766.35 18.00 3.67295 0.31611 0.27226 4.9007 4.7280 0.8613 0.9537 0.9031 3.86459 4.52133 81.3840 78.5165 1.1699 1.0883 1.0751
Argentina NC ARS 1,780,469.15  3150.00 821.44000 0.00181 0.00122 3.8347 3.9507 0.6739 0.7969 0.8457 0.02208 0.02022 63.6819 65.6071 0.9155 0.9093 1.0067
Australia DM AUD 93,263.34 7.70 1.51745 0.73896 0.65900 5.0743 4.8553 0.8918 0.9794 0.9106 9.03410 10.94377 84.2670 80.6310 1.2114 1.1176 1.0840
Azerbaijan NC AZN 13,176.50 5.95 1.70250 0.95630 0.58737 3.4949 4.0799 0.6142 0.8230 0.7463 11.69118 9.75426 58.0379 67.7531 0.8343 0.9391 0.8885
Bahrain FM BHD 10,821.84 1.70 0.37695 3.34706 2.65287 4.5099 4.4051 0.7926 0.8886 0.8920 40.91914 44.05526 74.8939 73.1543 1.0766 1.0139 1.0618
Brazil EM BRL 48,828.89 23.90 496975 0.23808 0.20122 4.8091 4.0664 0.8452 0.8202 1.0304 2.91057 3.34154 79.8629 67.5299 1.1481 0.9360 1.2266
Canada DM CAD 71,633.05 7.47 1.34465 0.76171 0.74369 5.5553 4.6577 0.9763 0.9395 1.0392 9.31225 12.35015 92.2556 77.3487 1.3262 1.0721 1.2371
Switzerland DM CHF 89,426.97 7.10 0.86935 0.80141 1.15028 8.1670 4.8932 1.4353 0.9870 1.4542 9.79754 19.10235 135.6267 81.2597 1.9497 1.1263 1.7311
Chile EM CLP 13,243,186.36  4050.00 908.85000 0.00140 0.00110 4.4562 4.1626 0.7832 0.8396 0.9327 0.01718 0.01827 74.0022 69.1262 1.0638 0.9581 1.1103
China EM CNY 85,356.26 25.00 7.20130 0.22760 0.13886 3.4716 4.1739 0.6101 0.8419 0.7247 2.78250 2.30606 57.6515 69.3140 0.8288 0.9607 0.8627
Colombia EM COP 28,338,246.58 19900.00 3911.86000 0.00029 0.00026 5.0871 4.0179 0.8940 0.8105 1.1031 0.00350 0.00425 84.4795 66.7245 1.2144 0.9248 1.3132
Costa Rica NC CRC 8,462,263.61  2950.00 516.45500 0.00193 0.00194 5.7120 4.1311 1.0039 0.8333 1.2047 0.02358 0.03216 94.8574 68.6040 1.3636 0.9509 1.4341
Czech Republic EM CZK 626,722.13 105.00 22.77250 0.05419 0.04391 4.6108 4.3740 0.8103 0.8823 0.9185 0.66250 0.72924 76.5703 72.6378 1.1007 1.0068 1.0933
Denmark DM DKK 483,265.14 39.00 6.85195 0.14590 0.14594 5.6918 4.8772 1.0003 0.9838 1.0168 1.78365 2.42364 94.5218 80.9944 1.3588 1.1226 1.2104
Egypt EM EGP 75,699.81 85.00 30.90000 0.06694 0.03236 2.7508 3.9761 0.4834 0.8020 0.6028 0.81838 0.53743 45.6817 66.0304 0.6567 0.9152 0.7175
Euro area DM EUR 39,283.59 5.39 0.91865 1.05566 1.08855 5.8673 4.4774 1.0312 0.9031 1.1418 12.90585 18.07721 97.4362 74.3545 1.4007 1.0306 1.3591
Britain DM GBP 36,748.57 4.49 0.78629 1.26726 1.27180 5.7104 4.5476 1.0036 0.9173 1.0941 15.49277 21.12024 94.8299 75.5207 1.3632 1.0467 1.3024
Guatemala NC GTQ 39,497.08 29.00 7.81490 0.19621 0.12796 3.7109 4.0131 0.6522 0.8095 0.8057 2.39871 2.12500 61.6249 66.6438 0.8859 0.9237 0.9591
Hong Kong DM HKD 377,117.20 23.00 7.81800 0.24739 0.12791 29419 5.1910 0.5170 1.0471 0.4938 3.02446 2.12415 48.8555 86.2053 0.7023 1.1948 0.5878
Honduras NC HNL 75,442.74 102.00 24.68000 0.05578 0.04052 4.1329 3.9643 0.7263 0.7996 0.9083 0.68199 0.67288 68.6336 65.8340 0.9866 0.9125 1.0813
Hungary EM HUF 6,875,413.05 1400.00 352.05090 0.00406 0.00284 3.9767 4.2911 0.6989 0.8656 0.8074 0.04969 0.04717 66.0396 71.2615 0.9494 0.9877 0.9612
Indonesia EM IDR  71,267,226.01 38000.00 15635.00000 0.00015 0.00006 2.4304 4.0533 0.4271 0.8176 0.5224 0.00183 0.00106 40.3615 67.3119 0.5802 0.9330 0.6219
Israel DM ILS 182,550.82 17.00 3.76425 0.33471 0.26566 4.5162 4.7477 0.7937 0.9577 0.8288 4.09191 4.41167 74.9984 78.8435 1.0781 1.0928 0.9866
India EM INR 192,218.64 215.00 83.06625 0.02647 0.01204 2.5883 3.9764 0.4549 0.8021 0.5671 0.32355 0.19992 42.9829 66.0349 0.6179 0.9153 0.6751
Jordan FM JOD 3,270.65 2.50 0.70900 2.27600 1.41044 3.5261 4.0089 0.6197 0.8086 0.7664 27.82502 23.42261 58.5565 66.5739 0.8418 0.9227 0.9123
Japan DM JPY 4,451,712.34 450.00 147.86000 0.01264 0.00676 3.0434 4.6815 0.5349 0.9443 0.5664 0.15458 0.11231 50.5409 77.7433 0.7266 1.0775 0.6743
South Korea EM KRW 41,866,554.19 5500.00 1338.90000 0.00103 0.00075 4.1078 4.5028 0.7219 0.9083 0.7949 0.01265 0.01240 68.2175 74.7759 0.9807 1.0364 0.9462
Kuwait EM KWD 11,051.07 1.40 0.30775 4.06429 3.24939 4.5491 4.5248 0.7995 0.9127 0.8760 49.68753 53.96143 75.5460 75.1422 1.0860 1.0415 1.0428
Sri Lanka FM LKR 1,078,237.08  1820.00 319.95000 0.00313 0.00313 5.6884 3.9528 0.9997 0.7973 1.2538 0.03822 0.05190 94.4650 65.6425 1.3580 0.9098 1.4926
Moldova NC MDL 108,450.11 63.00 17.70000 0.09032 0.05650 3.5593 4.0412 0.6255 0.8152 0.7674 1.10417 0.93823 59.1083 67.1115 0.8497 0.9302 0.9135
Mexico EM MXN 226,745.55 89.00 17.13850 0.06393 0.05835 5.1930 4.1060 0.9127 0.8282 1.1019 0.78160 0.96897 86.2380 68.1865 1.2397 0.9451 1.3118
Malaysia EM MYR 54,862.12 13.15 4.72650 0.43270 0.21157 2.7822 4.2332 0.4890 0.8539 0.5726 5.28993 3.51352  46.2027 70.3000 0.6642 0.9744 0.6817
Nicaragua NC NIO 85,086.90 159.00 36.62430 0.03579 0.02730 4.3414 3.9483 0.7630 0.7964 0.9580 0.43750 0.45343 72.0957 65.5680 1.0364 0.9088 1.1404
Norway DM NOK 1,017,428.09 75.00 10.50570 0.07587 0.09519 7.1390 4.9692 1.2547 1.0023 1.2517 0.92750 1.58073 118.5544 82.5223 1.7043 1.1438 1.4900
New Zealand DM NZD 74,261.88 8.20 1.63814 0.69390 0.61045 5.0057 4.6159 0.8797 0.9311 0.9449 8.48324 10.13752 83.1276 76.6550 1.1950 1.0625 1.1248
Oman FM OMR 8,935.83 1.42 0.38500 4.00704 2.59740 3.6883 4.3994 0.6482 0.8874 0.7305 48.98770 43.13411 61.2504 73.0594 0.8805 1.0126 0.8695
Peru EM PEN 27,449.12 15.90 3.74180 0.35786 0.26725 4.2493 4.0416 0.7468 0.8152 0.9160 4.37500 4.43814 70.5664 67.1179 1.0144 0.9303 1.0905
Philippines EM PHP 197,405.35 161.00 56.30000 0.03534 0.01776 2.8597 4.0024 0.5026 0.8073 0.6225 0.43207 0.29497 47.4897 66.4670 0.6827 0.9212 0.7410
Pakistan FM PKR 293,461.35 1065.00 279.75000 0.00534 0.00357 3.8070 3.9280 0.6691 0.7923 0.8444 0.06532 0.05936 63.2210 65.2302 0.9088 0.9041 1.0052
Poland EM PLN 81,752.39 19.90 4.00785 0.28593 0.24951 4.9653 4.2282 0.8726 0.8529 1.0232  3.49560 4.14353 82.4562 70.2169 1.1854 0.9732 1.2180
Qatar EM QAR 304,016.43 14.00 3.64100 0.40643 0.27465 3.8451 5.6078 0.6758 1.1311 0.5974 4.96875 4.56101 63.8541 93.1261 0.9179 1.2907 0.7112
Romania FM RON 74,033.73 15.65 4.57225 0.36358 0.21871 3.4228 4.2770 0.6016 0.8627 0.6973 4.44489 3.63205 56.8416 71.0267 0.8171 0.9844 0.8300
Saudi Arabia EM SAR 129,153.97 19.00 3.75060 0.29947 0.26662 5.0659 4.4390 0.8903 0.8954 0.9943 3.66119 4.42773 84.1268 73.7161 1.2094 1.0217 1.1837
Sweden DM SEK 568,302.83 61.29 10.44965 0.09284 0.09570 5.8653 4.6329 1.0308 0.9345 1.1031 1.13497 1.58920 97.4023 76.9361 1.4002 1.0664 1.3131
Singapore DM SGD 114,164.15 6.65 1.34150 0.85564 0.74543 4.9571 5.2514 0.8712 1.0593 0.8225 10.46053 12.37915 82.3214 87.2087 1.1834 1.2087 0.9791
Thailand EM THB 247,869.33 135.00 35.67750 0.04215 0.02803 3.7839 4.0502 0.6650 0.8170 0.8140 0.51528 0.46547 62.8378 67.2606 0.9033 0.9322 0.9690
Turkey EM TRY 176,029.27 120.00 30.25475 0.04742 0.03305 3.9663 4.0213 0.6971 0.8111 0.8594 0.57969 0.54889 65.8672 66.7803 0.9469 0.9256 1.0230
Taiwan EM TWD 974,290.68 75.00 31.34750 0.07587 0.03190 2.3925 4.9242 0.4205 0.9933 0.4233 0.92750 0.52976 39.7320 81.7739 0.5712 1.1334 0.5039
Ukraine NC UAH 148,996.34 110.00 37.44430 0.05173 0.02671 2.9377 4.0125 0.5163 0.8094 0.6379 0.63239 0.44350 48.7852 66.6341 0.7013 0.9236 0.7594
Uruguay NC UYu 824,264.95 275.00 39.06500 0.02069 0.02560 7.0395 4.1412 1.2372 0.8353 1.4811 0.25295 0.42510 116.9032 68.7716 1.6805 0.9532 1.7631
Vietnam FM VND 95,648,144.30 74000.00 24565.00000 0.00008 0.00004 3.0124 4.0076 0.5294 0.8084 0.6549 0.00094 0.00068 50.0261 66.5534 0.7192 0.9224 0.7796
South Africa EM ZAR 109,374.79 51.90 19.18625 0.10963 0.05212 2.7051 4.0715 0.4754 0.8213 0.5789 1.34032 0.86555 44.9220 67.6137 0.6458 0.9371 0.6891
Geometric Avg 250,583.62 69.56 16.60663 0.08180 0.06022 4.1888 4.3446 0.7362 0.8763 0.8400 1.00000 1.00000 69.5625 72.1489 1.0000 1.0000 1.0000

Notes: Table 2 reports the local hamburger prices, the US dollar bilateral exchange rates, and local GDP per capita of 53 currencies for the 1st of January 2024.
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1
R 1758 (r s 1
Vispre = HH (Vi/USD) = 07362 1.3584 (49

where V§SD v is the multilateral valuation of the US dollar; VSUSD is the bilateral valuation of the ith currency relative to the US dollar;
Hysp).» = 94.4917 is the local hamburger price for the US dollar in terms of the multicurrency numéraire; and H /., = 69.5625 is the
geometric average of the 53 local hamburger prices in terms of the multicurrency numéraire (7).

3.2.2. Bilateral valuations and the multilateral valuations
Fig. 1 (a) displays the bilateral valuations for the Raw Big Mac index, and Fig. 1 (b) displays the multilateral valuations for the Raw

Big Mac index. Apart from the location of the party line, the figures look identical, with the same ordering. It was shown in Eq. (22) that
the 53 bilateral valuations relative to the US dollar are perfectly correlated with the 53 multilateral valuations relative to the
multicurrency numéraire (7).

The bilateral valuation of the US dollar relative to US dollar is fixed at fair value with V&, jusp = 1- The bilateral valuations are
conditional on the US dollar, where currencies are at fair value, overvalued, or undervalued, relative to the US dollar. In contrast, the
geometric average of the multilateral valuations for a system of 53 currencies is fixed at parity (valuation of one). The multilateral
valuations are conditional on the entire system of 53 currencies, where currencies are at fair value, overvalued, or undervalued,
relative to an equally-weighted basket of 53 currencies.

The bilateral valuation of a currency relative to the common numéraire currency can be decomposed into two multilateral valu-
ations: the multilateral valuation of the same currency divided by the multilateral valuation of the US dollar:

% :ﬂ: Viie =0.7361 x VR (50)
YR Ve, 13584 i

where ViI}USD is the bilateral valuation of the ith currency relative to the US dollar; Vf}”  is the multilateral valuation of the ith currency;
and VR, /v = 1.35841is the multilateral valuation of the US dollar. The large overvaluation of 35.84% for the US dollar scales all of the
bilateral valuations downward. As a consequence, the bilateral valuations relative to the US dollar are lower than the associated
multilateral valuations by a factor of 0.7361 (1/1.3584).

For example, the bilateral valuation of the Eurozone euro relative to the US dollar is V& Jusp = 1.0312, which is a factor of 0.7361

of the multilateral valuation of the Eurozone euro is V§UR L = 1.4007:

R R
Viurjusp = 0-7361 X Vi, , = 0.7361 x 1.4007 = 1.0312 (51)
(a) US Dollar Raw Index (b) Multilateral Raw Index
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Fig. 1. Raw Big Mac index.
Notes: Fig. 1 (a) displays the bilateral valuations of each currency relative to the US dollar (common numéraire currency) for the 1st of January

2024. Fig. 1 (b) displays the multilateral valuations of each currency for the 1st of January 2024.
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Thus, the Eurozone euro is overvalued by 3.12% (1.0312 —1) relative to the US dollar and is overvalued by 40.07% (1.4007 —1)
relative to the system of 53 currencies.

The multilateral valuations for the Raw Big Mac index are conditional on the entire system of N currencies, which results in a
complete picture. In contrast, the bilateral valuations for the Raw Big Mac index are conditional on the chosen common numéraire
currency. The bilateral valuation of a currency relative to the US dollar is derived from the multilateral valuation for the same currency
divided by the multilateral valuation of the US dollar. This provides clarity on the conditional nature of the bilateral valuations for the
Raw Big Mac index.

3.3. GDP-adjusted Big Mac index

3.3.1. Fitted cross-sectional regression models

The bilateral valuations for the GDP-adjusted Big Mac index use the fitted values from a cross-sectional regression of the 53 local
hamburger prices in terms of the US dollar against the 53 local GDP per capita in terms of the US dollar in Eq. (28). In contrast, the
multilateral valuations for the GDP-adjusted Big Mac index use the fitted values from a cross-sectional regression of the 53 local
hamburger prices in terms of the common multicurrency numéraire against the 53 local GDP per capita in terms of the common
multicurrency numéraire in Eq. (31).

The cross-sectional regression models are estimated using ordinary least squares (OLS). Table 3 reports the OLS parameter esti-
mates for the intercept and slope terms. The OLS-estimated bilateral intercept term is related to the OLS-estimated multilateral
intercept term (see Eq. (A14)):

- 1
Qusp

x 64.8717 = 3.9064 (52)

R 1
%7 = 16.60663

- Suspjv

where aysp = 3.9064 is the OLS-estimated bilateral intercept term; @ , = 64.8717 is the OLS-estimated multilateral intercept term;
and Sysp,.» = 16.60663 is the multilateral exchange rate for the US dollar. The bilateral slope term is related to the multilateral slope
term in Eq. (A13):

1
Suspj.n (H USD/USD / Hyn

- 1
= .01 =0.01
)7 = 16.60663 x (5.6900/69.5625) * 0187 = 00138 (53)

ﬁUSD =

where EUSD = 0.0138 is the OLS-estimated bilateral slope term; /A}ﬁ = 0.0187 is the OLS-estimated multilateral slope term; Sysp,., =
16.60663 is the multilateral exchange rate for the US dollar; Hysp,usp = 5.6900 is the local hamburger price for the US dollar in terms
of the US dollar; and H,,, = 69.5625 is the geometric average of the 53 local hamburger prices in terms of the multicurrency
numéraire (/). Note that that the GDP per capita used in the cross-sectional regression are divided by 1000, which impacts the slope
value (see Eq. (A19) and Eq. (A20)). The t-statistics are significant at 2.42 for both the bilateral slope term ﬁUSD and the multilateral
slope term 3 ,. The R-squared is 10.27 % for both cross-sectional regressions.

Fig. 2 (a) displays the 53 local Big Mac prices in terms of the US dollar against the 53 local GDP per capita in terms of the US dollar,
together with the fitted regression line. Fig. 2 (b) displays the 53 local Big Mac prices in terms of the multicurrency numéraire against
the 53 local GDP per capita in terms of the multicurrency numéraire, together with the fitted regression line. Apart from the axis scales,
the figures look identical. It was shown in Eq. (A12) that the 53 bilateral ratios of the local hamburger prices in terms of the US dollar to
the associated local GDP per capita values in terms of the US dollar are perfectly correlated with the 53 multilateral ratios of the local
hamburger prices in terms of the multicurrency numéraire (.#) to the associated local GDP per capita values in terms of the multi-
currency numéraire (7).

Table 3
Ordinary Least Squares (OLS) regression results.

A: Bilateral Regression

Coefficient Std. Error t-statistic
QAusp 3.9064 0.251 15.55
Busp 0.0138 0.006 2.42
B: Multilateral Regression

Coefficient Std. Error t-statistic
ay 64.8717 4.172 15.55
B 0.0187 0.008 2.42

Notes: Table 3 reports the cross-sectional regression results for the bilateral regression in Panel A and the cross-sectional
regression results for the multilateral regression in Panel B for the 1st of January 2024. The cross-sectional regression
results consist of the OLS estimated coefficients, standard errors, and t-statistics.
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(a) US Dollar Fitted Regression (b) Multilateral Fitted Regression
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Fig. 2. GDP-adjusted Big Mac fitted cross-sectional regressions.

Notes: Fig. 2 (a) displays the local Big Mac prices in terms of the US dollar against the local GDP per capita in terms of the US dollar, together with
the fitted regression line, for the 1st of January 2024. Fig. 2 (b) displays the local Big Mac prices in terms of the multicurrency numéraire against the
local GDP per capita in terms of the multicurrency numéraire, together with the fitted regression line, for the 1st of January 2024.

3.3.2. Multilateral valuation of the US dollar
The exact multilateral valuation of the US dollar for the GDP-adjusted Big Mac index is VA, /.» = 1.1904, which shows that the US

dollar is overvalued by 19.04% (1.1904 —1) relative to the system of N = 53 currencies. There are two methods to calculate the
multilateral valuation of the common numéraire currency. The first method uses the ratio of the local hamburger price of the ith
currency to the geometric average local hamburger price divided by the ratio of the fitted hamburger price of the ith currency to the
geometric average fitted hamburger price in Eq. (32):

 Visps  1.3584

Vospe = =
UPIY T Flon e 11411

=1.1904 (54)

and the second method uses the inverse of the geometric average of the 53 bilateral valuations in Eq. (45):

1
Vs = 11 (VQUSD) B / 0.8400 = 1.1904 (55)

where V) /. is the multilateral valuation of the US dollar for the GDP-adjusted Big Mac index; and V{}USD is the bilateral valuation of
the ith currency relative to the US dollar; Vi, ,.» = 1.3584 s the multilateral valuation of the US dollar for the Raw Big Mac index; and
Fie /.~ = 1.1411 is the multilateral adjustment factor for the US dollar relative to the multicurrency numéraire (7).

The multilateral adjustment factor for the US dollar is:

o Hysp)s  82.3289

wpi TR, 721489

=1.1411 (56)

where F{}SD 7 is the multilateral adjustment factor for the US dollar relative to the multicurrency numéraire (.#); H usp/.» = 82.3289is

the local fitted hamburger price for the US dollar in terms of the multicurrency numéraire (.#); and H , /v = 72.1489 is the geometric
average of the 53 local fitted hamburger prices in terms of the multicurrency numéraire (.#).

The approximation of the multilateral valuation of the US dollar by O’'Brien & Ruiz de Vargas (2017) used the inverse of the
arithmetic average of the (53 —1) bilateral valuations of the other currencies relative to the US dollar (excluding the US dollar):

1

S VA 08682

=1.1517 (57)

A
Vispre =
E=ipY

#USD ;_,

where Vi, /. is the multilateral valuation of the US dollar; and V{}USD is the bilateral valuation of the ith currency relative to the US

15



M. Kunkler North American Journal of Economics and Finance 77 (2025) 102398

dollar. The approximation of the multilateral valuation of the US dollar is approximately 1.1517, which shows that the US dollar is
overvalued by 15.17% (1.1517 —1). The difference between the exact measurement of 1.1904 in Eq. (54) and the approximation of
1.1517 in Eq. (57) is 3.87% (1.1904 —1.1517).

3.3.3. Bilateral valuations and the multilateral valuations

Fig. 3 (a) displays the bilateral valuations for the GDP-adjusted Big Mac index, and Fig. 3 (b) displays the multilateral valuations for
the GDP-adjusted Big Mac index. Apart from the location of the party line, the figures look identical, with the same ordering. It was
shown in Eq. (39) that the 53 bilateral valuations relative to the US dollar are perfectly correlated with the 53 multilateral valuations
relative to the multicurrency numéraire (/7).

The bilateral valuation of the US dollar is fixed at fair value with Vi, susp = 1. The bilateral valuations are conditional, where
currencies are at fair value, overvalued, or undervalued, relative to the US dollar. In contrast, the geometric average of the 53
multilateral valuations is fixed at parity (valuation of one). The multilateral valuations are conditional on the entire system of 53
currencies, where currencies are at fair value, overvalued, or undervalued, relative to an equally-weighted basket of 53 currencies.

For the GDP-adjusted Big Mac index, the bilateral valuation of a currency relative to the US dollar for the GDP-adjusted Big Mac
index can be derived from the multilateral valuation for the same currency divided by the multilateral valuation of the US dollar:

7 ﬂ — V‘% —0.8401 x VA (58)
i/USD V?ISD/,/ 1.1904 . i

where V{}USD is the bilateral valuation of the ith currency relative to the US dollar; V;‘}‘ , is the multilateral valuation of the ith currency;
and Vi, .o =1.1904 is the multilateral valuation of the US dollar. The large overvaluation of 19.04% for the US dollar scales the

bilateral valuations relative to the US dollar downward. As a consequence, the bilateral valuations relative to the US dollar are lower
than the associated multilateral valuations by a factor of 0.8401 (1/1.1904).
For example, the bilateral valuation of the Eurozone euro relative to the US dollar is V4, Jusp = 1.1418, which is a factor of 0.8401

of the multilateral valuation of the Eurozone euro is V4, v = 1.3591:

Viuryusp = 0.8401 x Vi , = 0.8401 x 1.3591 = 1.1418 (59)

Thus, the Eurozone euro is overvalued by 14.18% (1.1418 —1) relative to the US dollar and is overvalued by 35.91% (1.3591 —1)
relative to the system of 53 currencies.

The multilateral valuations for the GDP-adjusted Big Mac index are conditional on the entire system of 53 currencies, which
provides a complete picture. In contrast, the bilateral valuations for the GDP-adjusted Big Mac index are conditional on the US dollar.

(a) US Dollar GDP-Adjusted Index (b) Multilateral GDP-Adjusted Index
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Fig. 3. GDP-adjusted Big Mac indexes.
Notes: Fig. 3 (a) displays the bilateral valuations relative to the US dollar for the 1st of January 2024. Fig. 3 (b) displays the multilateral valuations
relative to the multicurrency numéraire (.#) for the 1st of January 2024.
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The bilateral valuation of a currency relative to the US dollar is derived from the multilateral valuation of the same currency divided by
the multilateral valuation of the US dollar. This result provides clarity on the conditional nature of the bilateral valuations for the GDP-
adjusted Big Mac index.

3.3.4. Adjustment factors

Fig. 4 (a) displays the bilateral adjustment factors relative to the US dollar for the GDP-adjusted Big Mac index and Fig. 4 (b)
displays the multilateral adjustment factors for the GDP-adjusted Big Mac index. Apart from the location of the party line, the figures
look identical, with the same order. It was shown in Eq. (42) that the 53 adjustment factors relative to the US dollar are perfectly
correlated with the 53 multilateral adjustment factors relative to the multicurrency numéraire (7).

The bilateral adjustment factor of a currency relative to the US dollar can be derived from the multilateral adjustment factor of the
same currency divided by the multilateral adjustment factor for the US dollar:

FA = e _ Fla 0.8763 x F4 (60)
YU B, 11411 7 i

where F{}USD is the bilateral adjustment factor for the ith currency relative to the US dollar; F{} . » is the multilateral adjustment factor for
the ith currency; and Fig, /.» = 1.1411 is the multilateral adjustment factor for the US dollar. The multilateral adjustment factor for the

US dollar scales the bilateral adjustment factors relative to the US dollar downward. As a consequence, the bilateral adjustment factors
relative to the US dollar are lower than the associated multilateral adjustment factors by a factor of 0.8763 (1/1.1411). For example,
the bilateral adjustment factor of the Eurozone euro relative to the US dollar is Fq Jjusp = 0.9031, which is a factor of 0.8763 of the

multilateral adjustment factor of the Eurozone euro is F4, .o = 1.0306:

F,

orjusp = 0.8763 x Fayp , = 0.8763 x 1.0306 = 0.9031 (61)

The multilateral adjustment factors are conditional on the entire system of 53 currencies, whereas the bilateral adjustment factors
are conditional on the US dollar. The bilateral adjustment factor for a currency is derived from the multilateral adjustment factor for
the same currency divided by the multilateral adjustment factor of the US dollar. This provides clarity on the conditional nature of the
bilateral adjustment factors.

3.4. Comparison of the Big Mac indexes

The bilateral valuations for the GDP-adjusted Big Mac index are simply scaled (adjusted) versions of the bilateral valuations for the
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Fig. 4. Adjustment factors.
Notes: Fig. 4 (a) displays the bilateral adjustment factors relative to the US dollar for the GDP-adjusted Big Mac index for the 1st of January 2024,
and Fig. 4 (b) displays the multilateral adjustment factors for the GDP-adjusted Big Mac index for the 1st of January 2024.
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Raw Big Mac index. For example, the bilateral valuation of the Eurozone euro relative to the US dollar for the GDP-adjusted Big Mac
index is derived from the bilateral valuation of the Eurozone euro relative to the US dollar for the Raw Big Mac index divided by the
bilateral adjustment factor of the Eurozone euro relative to the US dollar:

v Viegusy _1.0312
EUR/USD FA 0.9031

EUR/USD

=1.1418 (62)

where V4, Jusp 18 the bilateral valuation of the Eurozone euro relative to the US dollar for the GDP-adjusted Big Mac index; VR 2 Jusp 1S
the bilateral valuation of the Eurozone euro relative to the US dollar for the Raw Big Mac index; and Fq Jusp 18 the bilateral adjustment
factor of the Eurozone euro relative to the US dollar for the GDP-adjusted Big Mac index.

Similarly, the multilateral valuations for the GDP-adjusted Big Mac index are simply scaled (adjusted) versions of the multilateral
valuations for the Raw Big Mac index. For example, the multilateral valuation of the Eurozone euro for the GDP-adjusted Big Mac index
is derived from the multilateral valuation of the Eurozone euro relative for the Raw Big Mac index divided by the multilateral
adjustment factor of the Eurozone euro:

Viur,s _ 1.4007

VA = =
EUR/.# — pA ., 10306

=1.3591 (63)

where VSUR L is the multilateral valuation of the Eurozone euro for the GDP-adjusted Big Mac index; VgUR Y, is the multilateral
valuation of the Eurozone euro for the Raw Big Mac index; and Fj /. 1 the multilateral adjustment factor of the Eurozone euro.

Fig. 5 (a) displays the bilateral valuations relative to the US dollar for the Raw Big Mac index against the bilateral valuations
relative to the US dollar for the GDP-adjusted Big Mac index. Fig. 5 (b) displays the multilateral valuations for the Raw Big Mac index
against the multilateral valuations for the GDP-adjusted Big Mac index. The correlation is 0.9508 in both figures. Apart from the axis
values, the figures look identical, with the same order. This result is driven by the relationship between the bilateral adjustment factors
and the multilateral adjustment factors.

For example, rearranging Eq. (29) so that the ratio of the bilateral valuations relative to the US dollar for the GDP-adjusted Big Mac
index to the associated bilateral valuations relative to the US dollar for the Raw Big Mac index can be written as:

1 VA
= _ ijusp (64)

R
i/USD Vi/USD

Similarly, rearranging Eq. (32) so that the ratio of the multilateral valuations for the GDP-adjusted Big Mac index to the associated
multilateral valuations for the Raw Big Mac index can be written as:

(a) Bilateral valuations relative to the US Dollar (b) Multilateral valuations
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Fig. 5. Comparison of Raw Big Mac index versus GDP-adjusted Big Mac index.

Notes: Fig. 5 (a) displays the bilateral valuations relative to the US dollar for the GDP-adjusted Big Mac index against the bilateral valuations relative
to the US dollar for the Raw Big Mac index for the 1st of January 2024. Fig. 5 (b) displays the multilateral valuations for the GDP-adjusted Big Mac
index against the multilateral valuations for the Raw Big Mac index for the 1st of January 2024.
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1 W
— = (65)
Fi/n Vi/,//

Finally, it was shown in Eq. (42) that the 53 adjustment factors relative to the US dollar are perfectly correlated with the 53 multilateral
adjustment factors relative to the multicurrency numéraire (7).

3.5. Recommendations for caution

Some authors in the literature have recommended for caution when using the Big Mac index (Taylor & Taylor, 2004; Haidar, 2011).
Even The Economist asserts that the Big Mac index was never meant to be an accurate measurement of currency valuations (The
Economist, 2025). The Raw Big Mac index and the GDP-adjusted Big Mac index use locally produced McDonald’s Big Mac hamburgers
as the local baskets of goods and services, which are assumed to be identical for different currencies. However, PPP tests are biased if
the local baskets of goods and services are not identical (Haidar, 2011). It is beyond the scope of this paper to fully investigate this
aspect of the Big Mac index. However, this section briefly highlights some discrepancies between different markets of the system of 53
currencies.

Table 4 reports the geometric averages for each MSCI market classification in terms of both the US dollar (USD) and the multi-
currency numéraire (.#) of the local hamburger prices, local fitted hamburger prices, valuations of the Raw Big Mac index, adjustment
factors, and valuations of the GDP-adjusted Big Mac index for a system of 53 currencies. The data is grouped into four MSCI country
classifications, namely, DM (Developed Market) currencies, EM (Emerging Market) currencies, FM (Frontier Market) currencies, and
NC (Not Classified) currencies (see MSCI, 2025).

For the local hamburger prices in terms of the US dollar, Developed Market currencies have the highest geometric average of
5.1974, compared to geometric averages of 3.7710 for Emerging Market currencies, 3.8740 for Frontier Market currencies, and 4.1625
for Not Classified currencies. Similarly, for the local hamburger prices in terms of the multicurrency numéraire (.#), Developed Market
currencies have the highest geometric average of 86.3112, compared to geometric averages of 62.6242 for Emerging Market cur-
rencies, 64.3349 for Frontier Market currencies, and 69.1259 for Not Classified currencies. Thus, the local hamburger prices appear to
be biased, where local hamburger prices are more expensive for Developed Market currencies compared to the local hamburger prices
for Emerging Market, Frontier Market, and Not Classified currencies.

Fig. 6 (a) displays the geometric averages of the bilateral valuations for both the Raw Big Mac index and the GDP-adjusted Big Mac
index grouped by the MSCI country classification. Fig. 6 (b) displays the geometric averages of the multilateral valuations for both the
Raw Big Mac index and the GDP-adjusted Big Mac index grouped by the MSCI country classification.

For the multilateral valuations for the Raw Big Mac index, Developed Market currencies have the highest geometric average of
24.08% (1.2408 —1), compared to geometric averages of —9.97%(0.9003 —1) for Emerging Market currencies, —7.52%(0.9248 —1)
for Frontier Market currencies, and —0.63%(0.9937 —1) for Not Classified currencies. Similarly, For the multilateral valuations for the
GDP-adjusted Big Mac index, Developed Market currencies have the highest geometric average of 12.16% (1.1216 —1), compared to
geometric averages of —8.42%(0.9158 —1) for Emerging Market currencies, —2.83%(0.9717 —1) for Frontier Market currencies, and
7.11%(1.0711 —1) for Not Classified currencies.

In summary, there appears to be a bias in the local hamburger prices, which are more expensive in Developed Market currencies
compared to Emerging Market, Frontier Market, and Not Classified currencies. The bias feeds through to the valuations of both the Raw
Big Mac index and the GDP-adjusted Big Mac index, where Developed Market currencies are, on average, overvalued compared to
Emerging Market, Frontier Market, and Not Classified currencies. The GDP-adjusted Big Mac index reduces the size of differences
between the MSCI groups, but the similar differences remain. In contrast, interpretations of the geometric averages of the bilateral
valuations relative to the US dollar are less clear. For example, the average bilateral valuations for all MSCI country classifications are
negative for both the Raw Big Mac index and the GDP-adjusted Big Mac index.

3.6. A note on the system of currencies

The multilateral valuations are conditional on the chosen system of 53 currencies. In the results above, the data sample consisted of

Table 4

Geometric averages by MSCI market classifications.
Market Count H jusp H ./USD W/ UsD F f/ UsD V'} UsD Hyw H,, Ve, FA/ Y% Vf‘/& 7
DM 14 5.1974 4.8060 0.9134 0.9694 0.9422 86.3112 79.8123 1.2408 1.1062 1.1216
EM 23 3.7710 4.2710 0.6627 0.8615 0.7693 62.6242 70.9273 0.9003 0.9831 0.9158
FM 7 3.8740 4.1352 0.6809 0.8341 0.8163 64.3349 68.6717 0.9248 0.9518 0.9717
NC 9 4.1625 4.0308 0.7316 0.8131 0.8998 69.1259 66.9376 0.9937 0.9278 1.0711

Notes: Table 4 reports the geometric averages for each MSCI market classification in terms of both the US dollar (USD) and the multicurrency
numéraire (/) of the local hamburger prices, local fitted hamburger prices, the Raw valuations, adjustment factors, and GDP-adjusted valuations of
53 currencies for the 1st of January 2024. The MSCI market classifications are DM (Developed Market), EM (Emerging Market), FM (Frontier Market),
and NC (Not Classified).
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Fig. 6. Geometric valuation averages by market classification.

Notes: Fig. 6 (a) displays the geometric average of the bilateral valuations relative to the US dollar for both the Raw Big Mac index and the GDP-
adjusted Big Mac index for the 1st of January 2024. Fig. 6 (b) displays the geometric average of the multilateral valuations for both the Raw Big Mac
index and the GDP-adjusted Big Mac index for the 1st of January 2024. The MSCI market classifications are DM (Developed Market), EM (Emerging
Market), FM (Frontier Market), and NC (Not Classified).

local hamburger prices, US dollar bilateral exchange rates, and local GDP per capita for a system of 53 currencies for the 1st of January
2024. In this section, 14 Developed Market currencies are chosen from the system of 53 currencies by using the MSCI country clas-
sification. The common numéraire currency for the bilateral valuations is the US dollar (5§ = USD). Table 5 reports the local hamburger
prices, US dollar bilateral exchange rates, local GDP per capita prices, bilateral valuations, multilateral valuations, adjustment factors,
and the other calculated data for the system of 14 Developed Market currencies. Fig. 7 (a) displays the multilateral valuations of each
currency for the Raw Big Mac index. Fig. 7 (b) displays the multilateral valuations of each currency for the GDP-adjusted Big Mac
index.

For the Raw Big Mac index, the multilateral valuation of the US dollar is Vi, /.o = 1.0948, which shows that the US dollar is

overvalued by 9.48% (1.0948 —1) relative to the system of 14 Developed Market currencies. This is very different from the multilateral
valuation of the US dollar of 35.80% relative to the system of 53 currencies. Similarly, for the GDP-adjusted Big Mac index, the
multilateral valuation of the US dollar is Vi, /.~ = 1.1156, which shows that the US dollar is overvalued by 11.56% (1.1156 —1)

relative to the system of 14 Developed Market currencies. Once again, this is very different from to the multilateral valuation of the US
dollar of 19.04% relative to the system of 53 currencies.

In summary, multilateral valuations are conditional on the chosen system of currencies. If the number of currencies in the system
changes, the multilateral valuations change. This is similar behaviour to the cross-sectional regression models used in the GDP-
adjusted Big Mac index, where the OLS estimates change when the number of currencies in the system change.

4. Conclusion

Both versions of the Big Mac index are popular applications of absolute purchasing power parity. The bilateral valuations are
relative to a common single-currency numéraire, whereas the multilateral valuations are relative to a multicurrency numéraire. This
paper contributed to the literature by extending the approximation of O’Brien & Ruiz de Vargas (2017) to provide an exact multilateral
valuation of the common numéraire currency, as well as exact multilateral valuations for all currencies for both versions of the Big Mac
index.

The bilateral valuation of a currency relative to a single-currency numéraire can be derived from the multilateral valuation of the
same currency divided by the multilateral valuation of the common numéraire currency. This shows the restrictive conditional nature
of the bilateral valuations on the chosen common numéraire currency. In contrast, by providing a theoretical framework that utilises
an equally-weighted multicurrency numéraire results in exact multilateral valuations that are conditional on the entire system of
currencies.

This paper highlighted on a number of linkages between the valuations of the Raw Big Mac index and the valuations of the GDP-
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Table 5

Data sample, bilateral valuations, and multilateral valuations.
Big Mac Data Bilateral Multilateral
Country MsCl i Giji Hyi Susp/i Tiyusp Si/usp Hyuso  Hyysp  Viusp  Fluso  Viwso  Jit# Sijn Hy» Hy, Ve, Fl, v,
United States DM USD 76,343.25 5.69 1.00000 1.00000 1.00000 5.6900 5.2706 1.0000 1.0000 1.0000 2.87172 3.14390 17.8888 16.5702 1.0948 0.9813 1.1156
Australia DM AUD 93,263.34 7.70 1.51745 0.73896 0.65900 5.0743 5.3422 0.8918 1.0136 0.8798 2.12209 2.07183 15.9531 16.7954 0.9763 0.9947 0.9816
Canada DM CAD 71,633.05 7.47 1.34465 0.76171 0.74369 5.5553 5.4807 0.9763 1.0399 0.9389 2.18743 2.33808 17.4654 17.2307 1.0689 1.0204 1.0475
Switzerland DM CHF 89,426.97 7.10 0.86935 0.80141 1.15028 8.1670 5.3157 1.4353 1.0086 1.4232 2.30142 3.61638 25.6763 16.7120 1.5714 0.9897 1.5877
Denmark DM DKK 483,265.14 39.00 6.85195 0.14590 0.14594 5.6918 5.3269 1.0003 1.0107 0.9897 0.41898 0.45883 17.8945 16.7472 1.0951 0.9918 1.1042
Euro area DM EUR 39,283.59 5.39 0.91865 1.05566 1.08855 5.8673 5.6070 1.0312 1.0638 0.9693 3.03155 3.42230 18.4462 17.6277 1.1289 1.0440 1.0814
Britain DM GBP 36,748.57 4.49 0.78629 1.26726 1.27180 5.7104 5.5578 1.0036 1.0545 0.9517 3.63922 3.99839 17.9528 17.4731 1.0987 1.0348 1.0618
Hong Kong DM HKD 377,117.20 23.00 7.81800 0.24739 0.12791 29419 5.1071 0.5170 0.9690 0.5336 0.71044 0.40214 9.2491 16.0561 0.5660 0.9509 0.5953
Israel DM ILS 182,550.82 17.00 3.76425 0.33471 0.26566 4.5162 5.4176 0.7937 1.0279 0.7722 0.96118 0.83520 14.1984 17.0324 0.8689 1.0087 0.8614
Japan DM JPY  4,451,712.34 450.00 147.86000 0.01264 0.00676 3.0434 5.4640 0.5349 1.0367 0.5159 0.03631 0.02126 9.5682 17.1783 0.5856 1.0173 0.5756
Norway DM NOK 1,017,428.09 75.00 10.50570 0.07587 0.09519 7.1390 5.2624 1.2547 0.9985 1.2566 0.21787 0.29926 22.4442 16.5446 1.3736 0.9798 1.4019
New Zealand DM NZD 74,261.88 8.20 1.63814 0.69390 0.61045 5.0057 5.5099 0.8797 1.0454 0.8415 1.99269 1.91919 15.7374 17.3227 0.9631 1.0259 0.9388
Sweden DM SEK 568,302.83 61.29 10.44965 0.09284 0.09570 5.8653 5.4981 1.0308 1.0432 0.9882 0.26660 0.30086 18.4398 17.2854 1.1285 1.0237 1.1024
Singapore DM SGD 114,164.15 6.65 1.34150 0.85564 0.74543 4.9571 5.0648 0.8712 0.9609 0.9066 2.45715 2.34357 15.5847 15.9231 0.9538 0.9430 1.0114
Geometric Avg 183,155.13 16.34 3.14390 0.34822 0.31808 5.1974 5.3709 0.9134 1.0190 0.8964 1.00000 1.00000 16.3401 16.8856 1.0000 1.0000 1.0000

Notes: Table 5 reports the local hamburger prices, the US dollar bilateral exchange rates, and local GDP per capita of 14 developed market currencies for the 1st of January 2024.
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Fig. 7. Multilateral valuations.
Notes: Fig. 7 (a) displays the multilateral valuations of each currency for the Raw Big Mac index for the 1st of January 2024. Fig. 7 (b) displays the
multilateral valuations of each currency for the GDP-adjusted Big Mac index for the 1st of January 2024.

adjusted Big Mac index. For example, the bilateral valuations for the GDP-adjusted Big Mac index are simply scaled (adjusted) versions
of the bilateral valuations for the Raw Big Mac index. Similarly, the multilateral valuations for the GDP-adjusted Big Mac index are
scaled (adjusted) versions of the multilateral valuations for the Raw Big Mac index.

This paper also highlighted on a number of linkages between the bilateral valuations and the multilateral valuations for both
versions of the Big Mac index. For example, the multilateral valuations are perfectly correlated with the associated bilateral valuations
for the Raw Big Mac index. Similarly, the multilateral valuations are perfectly correlated with the associated bilateral valuations for the
GDP-adjusted Big Mac index. Furthermore, the multilateral adjustment factors are perfectly correlated with the associated bilateral
adjustment factors for the GDP-adjusted Big Mac index.

The international economy is gradually becoming more multipolar (Eichengreen, 2024). The Economist allows readers to select
from five numéraire (or base) currencies, namely, the US dollar, the Eurozone euro, the British pound, the Japanese yen, and the
Chinese yuan (The Economist, 2025). These five currencies are the same five currencies used in the International Monetary Fund’s
Special Drawing Right, which is an international reserve asset (IMF, 2025). This paper has shown that once multilateral valuations are
calculated for a system of N currencies, any bilateral valuation can be derived from the multilateral valuations. This reduces the
requirement for separate cross-sectional regressions for all possible N numéraire currencies for the GDP-adjusted Big Mac index.
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Appendix

A1 Introduction

For the GDP-adjusted Big Mac index, O’Brien & Ruiz de Vargas (2019) stated that a bilateral valuation of a currency can be derived
from the multilateral valuation of the same currency divided by the multilateral valuation of the common numéraire currency. In an
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earlier paper, the same authors stated that it was too complex to provide further details of the multilateral valuations (O’Brien & Ruiz
de Vargas, 2017). This appendix derives the decomposition of a bilateral valuation of a currency into the multilateral valuation of the
same currency divided by the multilateral valuation of the common numéraire currency.

A2 Local hamburger prices

The N local hamburger prices in terms of the common numéraire (th) currency (bilateral dependent variables) in the cross-
sectional regression model in Eq. (28) are related to the N local hamburger prices in terms of the multicurrency numéraire (.#)
(multilateral dependent variables) in the cross-sectional regression model in Eq. (31):

Hyyy = SijyHyi

1
= msi/ +Hy;

1
=< —Hyr» (aD
Sy.w

where Hy, = Sy/,H;; from Eq. (10); S/, = Si/.+/Sy,.» from Eq. (2); and Hy;., = S;;.»Hjj; from Eq. (11). In general, Eq. (A1) can be written
in vector notation:

'h, (A2)

H, = _—
n/-#

where H, is a N x 1 vector of local hamburger prices in terms of the common numéraire (5th) currency with the ith element being H;/,;
and H, is a N x 1 vector of local hamburger prices in terms of the multicurrency numéraire (.#) with the ith element being Hj; .

In addition, the average of the local hamburger prices in terms of the common numéraire (5th) currency is related to the average of
the local hamburger prices in terms of the multicurrency numéraire (.#7):

— 1N
H, = K[Zi Hiyy

1 1N

1
= SiH'// (A3)
n/-#
where H;/, = H.,/S,,.» from Eq. (Al); H, is the average of the N local hamburger prices in terms of the common numéraire (;th)
currency; and H , is the average of the N local hamburger prices in terms of the multicurrency numéraire (.7).

A3 Local GDP per capita

The local GDP per capita in terms of the common numéraire th currency (bilateral independent variables) in the cross-sectional
regression model in Eq. (28) are related to the local GDP per capita in terms of the multicurrency numéraire (.#) (multilateral in-
dependent variables) in the cross-sectional regression model in Eq. (31):

H,
Gipy = HL_fGi/i
/1

H)]/)] H//,/
== —"0Gi;
H,.» Hy;

Hn/n
— g, A4
Hyn " (A4

where Gy, = (H,,/Hi;i) Gy from Eq. (26); and Gy = (H 4.+ /Hy:) Gy from Eq. (27). In general, Eq. (A4) can be written in vector
notation:

H,
G =-""¢ A5
! Hyn 7 (A5)

where G, isa N x 1 vector of local GDP per capita in terms of the common numéraire (yth) currency with the ith element being G;,; and
G, is a N x 1 vector of local GDP per capita in terms of the multicurrency numéraire (.#) with the ith element being G, ,.
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In addition, the average of the local GDP per capita in terms of the common numéraire (5th) currency is related to the average of the
local GDP per capita in terms of the multicurrency numéraire (.#7):

— 1N
G, = NZI Gipy

_ n/n
“H, e

Hy
=g (A6)
Hyo "’
where @,, is the average of the N local GDP per capita in terms of the common numéraire (4th) currency; G;/, = (H77 m/Hu /_/) Gi/.» from

Eq. (A4); and G, is the average of the N local GDP per capita in terms of the multicurrency numéraire (7).
Furthermore, the variance of the local GDP per capita in terms of the common numéraire (th) currency is related to the variance of
local GDP per capita in terms of the multicurrency numéraire (.#):

1 N —
var(G,) = \/mzl (Giyy — G’])Z
n/n
(H/,/,,> \/N 1Z Gije

2
= <M> var(G ) (A7)

Y4

where var(G,) is the variance of the N local GDP per capita in terms of the common numéraire (th) currency; G;/, = (H,7 ml/Hu M)Gi L
from Eq. (A4); G, = (Hy/y/Hy,.4)G» from Eq. (A6); and var(G,) is the variance of the N local GDP per capita in terms of the
multicurrency numéraire (7).

A4 Ratios of local hamburger prices to local GDP per capita values

A bilateral ratio is the ratio of a local hamburger price of a currency in terms of the common numéraire (yth) currency to the local
GDP per capita of the same currency in terms of the common numéraire (5th) currency:
Hy,

Gi/q

Ri/;] = (A8)
where R;, is the bilateral ratio of the local hamburger price of the ith currency in terms of the common numéraire (;7th) currency to the
local GDP per capita of the ith currency in terms of the common numéraire (yth) currency. Similarly, a multilateral ratio is the ratio of a
local hamburger price of a currency in terms of the multicurrency numéraire (.#) to the local GDP per capita of the same currency in
terms of the multicurrency numéraire (.7):

Hy; 4
Gy

Rijy = (A9)

where R;, , is the multilateral ratio of the local hamburger price of the ith currency in terms of the multicurrency numéraire (.#) to the
local GDP per capita of the ith currency in terms of the multicurrency numéraire (7).
The bilateral ratio in Eq. (A8) is related to the multilateral ratio in Eq. (A9):

Hy,
Gi/'i

Ri/n =

1/ //Sﬂ/ 4
;]/']Gl/ﬂ/Hx?/ a
_ Haow Hya
'1/'1517/ A Gl/ A

(A10)
— 7R v
S "

where R;, = H;/,/ Gy, from Eq. (A8); H;;., = H;;,/S,,.» from (A1); Gy, = (Hyy/H 41./) Gy from Eq. (A4); 1., = H 4.4 /Hy, from Eq.
(14); and Ry, = Hy;.»/Gi.» from Eq. (A9). In general, Eq. (A10) can be written in vector notation:
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I
R, =2“R, (A11)
S,;/,,//

where R, is a N x 1 vector of bilateral ratios of a local hamburger price in terms of the common numéraire (th) currency to the local
GDP per capita in terms of the common numéraire (yth) currency with the ith element being R;/; and R, is a N x 1 vector of
multilateral ratios of the local hamburger prices in terms of the multicurrency numéraire (.#) to the local GDP per capita values in
terms of the multicurrency numéraire (.#) with the ith element being R;/.,.

The N bilateral ratios relative to common numéraire (;7th) currency are perfectly correlated with the N multilateral ratios relative to
the multicurrency numeéraire (.#), so that:

_ cov(R,,R,)
"~ \/var(R,)var(R ;)

cov(I,.sR 1 /Sy.s,Ry)
\/ var(I,. R /S, .»)var(R ;) (A12)
_LyvarR o) [Sya

 Iysvar(R,) /Sy«
=1

cor(R,,R /)

where R, =1I,,.,R +/S,,» from Eq. (A11); cov(R,, R ;) is the covariance between the bilateral ratios relative to the common numéraire
(th) currency and the multilateral ratios relative to the multicurrency numéraire (.#); var(R,) is the variance of the bilateral ratios
relative to the common numéraire (nth) currency; and var(R ;) is the variance of the multilateral ratios relative to the multicurrency
numéraire (7).

A5 Estimates of the slope terms

The cross-sectional regression models in Eq. (28) and Eq. (31) are both estimated using ordinary least squares (OLS). The OLS
estimate of the bilateral slope term in the cross-sectional regression model in Eq. (28) is related to the OLS estimate of the multilateral
slope term in the cross-sectional regression model in Eq. (31):

~ _ cov(H,,G)
"7 var(G,)

1
cov (SiH”//’ (HW/H/,/,//)G,/>
n/-#

var((Hyy /Ha.0)G ) (A13)
. 1 cov(H,,G /)
Sujn (Hll/'l/H/// //) var(G.)
1 ~

B

a 5,7/,// (Hn/'z/Hf// //)

where 8, = cov(H,, G,)/var(G,) is the OLS estimate of the bilateral slope term in the cross-sectional regression model in Eq. (28); H, =
H,/S,,» from Eq. (A2); G, = (H,,/,, /H /@/,)G( » from Eq. (A5); ,B/,y =cov(H,,G s)/var(G ;) is the OLS estimate of the multilateral
slope term in the cross-sectional regression model in Eq. (31); cov(H), G,) is the covariance between the N local hamburger prices in
terms of the common numéraire (yjth) currency and the N local GDP per capita in terms of numéraire (yth) currency; var(G”) is the
variance of the N local GDP per capita in terms of the common numéraire (yth) currency; cov(H 4, G ») is the covariance between the N
local hamburger prices in terms of the multicurrency numéraire (.#) and the N local GDP per capita in terms of multicurrency
numéraire (/); and var(G ,) is the variance of the N local GDP per capita in terms of the multicurrency numéraire (7).

A6 Estimates of the intercept terms

The OLS estimate of the bilateral intercept term in the cross-sectional regression model in Eq. (28) is related to the OLS estimate of
the multilateral intercept term in the cross-sectional regression model in Eq. (31):
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where @, is the OLS estimate of the bilateral intercept term in the cross-sectional regression model in Eq. (28); @, is the OLS estimate of
the multilateral intercept term in the cross-sectional regression model in Eq. (31); H, = S,;.,H, from Eq. (A3); G, = (H,/y/H.1/.0)G.u

from Eq. (A6); and ﬁ,, = ﬁ,/,/(sﬂ/,,/H,,/,,/H,,/u//) from Eq. (A13).
A?7 Fitted prices

The fitted (GDP-adjusted) hamburger price for a currency in terms of the common numeéraire currency from the cross-sectional
regression model in Eq. (28) is related to the fitted GDP-adjusted hamburger price for the same currency in terms of the multicur-
rency numéraire from the cross-sectional regression model in Eq. (31):

Hy, = an + B4Gipy

1. (HW/W/H/////) 3
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where H; /y is the fitted hamburger price for the ith currency in terms of the common numéraire (4th) currency; I?Ii/% is the fitted
hamburger price for the ith currency in terms of the multicurrency numéraire (#); @, =ad.» /8y.» from Eq. (Al14); BW =
B/ (Sy/wHyy/Ha)w) from Eq. (A13); and Gy, = (Hyjy/H.,.4)Giyy from Eq. (A4).

A8 Valuation decomposition

The bilateral valuation of a currency relative to the common numéraire currency can be decomposed into two multilateral valu-
ations: the multilateral valuation of the same currency and the multilateral valuation of the common numéraire currency:

o =)
i/n s fa
Hiyy Hyy

_ (Hi/ﬂ /s,,///> / (HW /Sy )

Hyy /Sy \Hyya [Sy).0
Hi/.//) Hyv
_ (Hur, (B (A16)
(Hi/,# Hy.»
_ (Hi/‘,///H‘,/////)/<Hn/.z//H///v//>
Hyy/Huu Hyv/Hy)n
v
7
where V{}n = % from Eq. (29); Hyy = Hy/./Sy;.» from Eq. (A1); Hy), = H, /., /S,/.» from Eq. (A1); ﬁi/// = ﬁi////sn/// from (A15);
ifnl Hn/n
fI”M = ?I”/.,/,/Sﬂ/ﬁ from Eq. (A15); V‘.‘W = /e grom Eq. Eq. (32); and VA// = Byr/Buin grom Eq. (32).
v Hyu/Haa Y Hya/Haa

In summary, the bilateral valuation of a currency can be decomposed into a multilateral valuation of the same currency divided by
the multilateral valuation of the common numéraire currency.

A9 Scaling local GDP per capita
The local GDP per capita are large values relative to the associated local hamburger prices. To make the cross-sectional slope term
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easier to interpret, local GDP per capita are scaled, typically divided by 1000. The scaling the N bilateral local GDP per capita values by
1000 can be written in vector notation:

. 1

Gv = 1000G’7 (A17)

where G; isa N x 1 vector of scaled local GDP per capita in terms of the common numéraire (th) currency with the ith element being

G; s and G, is a N x 1 vector of unscaled local GDP per capita in terms of the common numéraire (4th) currency with the ith element

being Gy,
Similarly, the scaling the N multilateral local GDP per capita values by 1000 can be written in vector notation:
G,= g (A18)
71000 "

where G, isa N x 1 vector of scaled local GDP per capita in terms of the multicurrency numéraire (.#) with the ith element being G; e
and G 4 isa N x 1 vector of unscaled local GDP per capita in terms of the multicurrency numéraire (.#) with the ith element being G;; .

Although the scale does not impact the fitted values, alpha term, or t-statistics, it does impact the slope term. The OLS estimator of
the bilateral slope term in cross-sectional regression model in Eq. (28) using G'', rather than G,, is:

- cov(H,,G,) cov(H,,G,/1000) cov(H,,G,) ~
.= == Sy =1000———"—-"" = 1000 Al19
n var(G") var(G,/1000) var(Gy) B (A19)
where Bn* = cov(H,, G;) /var(G") is the scaled OLS estimator of the bilateral slope term; G; = G,/1000 from Eq. (A17); and E,, =
cov(H,,G,)/var(Gy) is the unscaled OLS estimator of the bilateral slope term.
Similarly, the OLS estimator of the multilateral slope term for a cross-sectional regression model in Eq. (31) using G, rather than
G, is:

By = cov(H,,G,) _ cov(H,,G,/1000) 1000M

var(G',) var(G ,/1000) var(G ;)

= 10003, (A20)

where B 4+« = cov (H,, Gﬂ) / var(G;y) is the scaled OLS estimator of the multilateral slope term; G', = G /1000 from Eq. (A18); and

ﬁ '+ =cov(H,,G ,)/var(G,) is the unscaled OLS estimator of the multilateral slope term.

Data availability
Data will be made available on request.
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