
HEDGING MULTIPLE

PRICE AND QUANTITY

EXPOSURES

CARMELO GIACCOTTO
SHANTARAM P. HEGDE
JOHN B. MCDERMOTT*

We examined the general hedging prolilem faced by a global portfolio
manager or a pure exporting multinational firm. Most hedging models
assume ihat these economic agenls hold only a single asset in the
spot market and are exposed only to a single source of price-quantity
uncertainty. Such models are less relevant to many financial and ex-
porting firms that face multiple sourecs of risk. In this study, we de-
veloped a general hedging model that expiititly reeogni/es that these
hedgers are faced with multiple priee and t|Uimtity uneertainties. Our
model takes advantage of the full correlation structure ofchanges in
spot prites, quantities, and forward priees. We performed simulations
ol the hedging model for a (Irm vvith two pairs of price and quantity
exposures to demonstrate potential gains in hedging elTieiency and
effectiveness. © 2001 John Wiley i i Sons, Inc. Jrl Fut Mark 2 1:145-
172, 2001

'Correspondence Hullmr, ^^ Sprinj- Roik Road, l-.ast I.vnu-, (^onnrctkiil [)A^33; e-mail:
tmfdennoltCncf;a.iisLj;,mil

Heci-iieJ Si'plciiilwr. 1999; AccfjiUul ,Uin . 2000

m Carmelo Ciaccolto is a Professor in the Dcparimeni of {"uuiuce in lhe School of
Ihtsinessai the University of Comiecticiil in Starrs. Cotineclicul.

m Shdutimim P. liegde is a Professor hi the Department of Finance in the School uf

Business at the University of Comiecticiit in Storrs, Connecticut.

• John McDennott is an Assistant Professor in the Department of Leadership and
Miinafieinent at the United States Coast (hiard Academy in New London,
Connecticut.

The Journal of Futures Markets, Vol. 21, No. 2, 145-172(2001)
•v 2001 by John Wiley & Sons, Inc.



146 Giaccotto, Hegde, and McDermott

INTRODUCTION

Two general eharacteristies of many hedging problems arc (a) the hedger
faces botb price and quantity uncertainties and (b) the hedger is exposed
to multiple sourees of priee and quantity uncertainties. A classic example
of the general hedging problem is provided by a multinational firm whose
cash flows are denominated in many currencies. Such a glohal lirm is
exposed to a portfolio of currencies for which not only the quantities of
foreign cash flows but also the domestic curreney value of foreign cash
flows are uncertain. In a similar fashion, an international equity or bond
portfolio manager faees an uneertain end-of-period market value and an
uncertain exchange rate in each eountry. In all these cases, the manager
is exposed to multiple sources of price risk (the exchange rate) and quan-
tity risk (the foreign currency cash flow and the equity value or bond
market value).

However, price and quantity uncertainties are not specific to multi-
national firms or international portfolio managers. Most firms, including
even purely domestic firms, are exposed to both uncertainties and may
wish to hedge these exposures. For example, a farmer simultaneously
growing more than one erop faces multiple priee and quantity uncertain-
tics heeause the harvest-time crop yields and prices are unknown at the
planting time. Similarly, the inventory risk faced by a domestic bond
dealer comprises uncertainties in the quantity and market prices of bonds
of various maturities and degrees of default risk. Thus, many types of
hcdgers face both price and quantity uncertainties in multiple assets.

The extant hedging models address only simplified versions of the
general hedging problem. Traditional models assume that the hedger
holds only a single asset in the spot market (not a portfolio of assets) and
that he or she is exposed to only priee uncertainty For example, it is
common to assume that the magnitude of the future foreign currency
cash flow is known and that the hedger faces only the exchange rate
uncertainty (priee uncertainty or translation exposure). Kerkvliet and
Moffett (1991; henceforth, KM) developed a model that recogni/es not
only price uncertainty but also quantity uncertainty (stochastic transac-
tion exposure). A separate strand of the literature, Hollo (1980). Ben-
ninga, Eldor, and Zileha (1985), and Fung and Lai (1991) and others,
has looked at the hedging behavior of firms facing uncertain production
with and without forward curreney and eommodity markets.

A eommon assumption in this literature is that the hedger is exposed
to transaetion and translation exposures in only one currency (the single-
asset ease), which is a special case of the general hedging problem. Other
studies have noted that a firm with multiple sourees of risky income may
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be systematically over or under hedginji relative to the true variance min-
imizing hedge because of tbe potential correlation between excbange
rates and tbe sources of risky income (sec Lien, 1996; Zileba & Broil.
1992). Also, finance practitioners bave recognized tbe need to measure
risk and exposure in a portfolio context. Tbis is evidenced hy the increased
popularity of \alue-at-risk pr<t(liicls. sucb as Riskmctrics, wbicb use a
varianee-covariance matrix {)Fa]l positions to determine overall exposure.
EHective risk management, tbcrelore, requires a more general framework
tbat recognizes the interactions between different curreney exposures and
curreney-specifie hedges.

In tbis article, we examine the general bedging problem laced by
pure exporters and global portfolio managers, who are not exposed to
production uncertainty. Limiting our attention to exporters and portfolio
managers allowed us to focus on Iinancial hedging issues witbout regard
to operational bedging strategies (i.e., strategies tbat affect tbe invest-
ment decisions of a firm). We assumed that a pure exporter derives rev-
enues denominated in several foreign currencies. Equivalentiy, we as-
sumed tbat a global portfolio manager invested in stocks and bonds traded
in many loreign eountries. I urtbcrmore, we considered hedgingstrategies
tbat used lorward/futures instruments but no option contracts. Our ob-
jective was to de\ elop an optimal hedging mode! that addressed both priee
and quantity uncertainties in multiple assets. In tbe section entitled
Hedging Models, we develop a general bedging model in wbicb it is ex-
plicitly recognized tbat bedgers faee multiple price and quantity uncer-
tainties; we also review a number of special cases and show tbat tbese
may be obtained from our model tbrough tbe restriction of parameter
values. In the seetion entitled Simulations of Optimal Hedge Ratios, we
report the results of four simulations of the optimal hedge ratio for a
multinational firm. The last section concludes the article.

HEDGING MODELS

Althougb price and quantity uncertainties are generic to most hedging

problems, tor tbe sake of clarity we focus on tbe case of managing foreign

excbange risk. A manager enters into eross-border trades at the beginning

ofthe period (time (Q), but tbe agent does not know tbe amount of cross-

border cash (lows it will realize until tbe end of tbe period (time / , ) . Q,

is the quantity of cash flow denominated in foreign currency i (i ^ I,

2 . . . /) , ,Sj is tbe spot excbange rate (dollars per unit of foreign currency

i), Fj is tbe price of ihc ;tb forward contract (j = 1,2 . . . J ) , N•^ is the

number ol the /tb forward contract, and NjF-^ is the aggregate price ofthe
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jth forward position. The aggregate (unhedged) end-ot-pcriod eash flow
UC, consists of the sum of the individual eountr\' flows: UCn
= Qit ^ii + . . . + Qiii'^iti- To be consistent v\ith previous research
in this area and without a loss of generality, we deal with changes rather
than levels.' Thus, AL'C is the ehange in the aggregate (unhedged) eash
flow hetween f,, and (,; similarly, A((^iSi) = Qn^S^^ - Qh^.S^^^ stand lor
the change, denominated in the domestic currency, of the cash flow from
country i. To hedge the risk inherent in hoth the exchange rate {S) and
the quantity (Q) of foreign currency, ii firm may wish to use a numher of
forward contracts J, with / not necessarily equal to /. Then, the change
in the aggregate cash flow, including the ehanges in the forward contracts,
AHC, is

AHC =

where AFj = Fj,j - Fj,̂ ^ is the gain or loss (per contract) from the jth
position. Mathematically, the prohlem is to choose, at the beginning of
the period, the numher of contracts i\'j for eaeh currency j to minimize
the volatility of the total cash flow or, equivalently. the change in flow.
The variance of A//C is given hy

Var(AHC) = Var A(aS,-)l + Vari 2 N/AF,-)

r I

2Cov
j = l

(2)

The minimum may he determined hy direct differentiation with respect
to Nj, hut first one needs an explicit expression for this variance. Before
developing a solution to this prohlem, we consider a number of special
cases.

Special Case 1: The Traditional Hedging Model

Traditional hedging models assume that the exposure of the firm is limited
to one foreign currency and the magnitude (quantity) of this exposure is
known at the beginning of the period (Adler & Dumas, 1984; Bahhel,

'Kderinjilon ( 1979), Hill ;incl Schnt-i-ufis (1982). and Kroner antl Siill^in (199.-1), lo namt-JLisl n lew
studifs, used changes in prices. Mill ami Sthnct-ueis (I 98 I i poinletl oiil ihal the cstimiilii>n ol ht-tlye
ratiiison ihc basis of prict- levels vvimkl likeK TL'SUII in seriallycorrfkilcd residuals; lliev rt'commerided
ihe use ol' priei' changes.
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l983;Ederinston, 1979; Hill & Johnson, l960;Kwok, 1987; Schneewcis,
1982; Stein, 1961; Swanson & Caples, 1987). Setting / = 1 and j - 1
in Equation I and omitting tho i and ; subscripts For simplicity, the cash
flow change is given by Q,,, AS + S,,, AQ + AQAS + NAF, v\hero AQ
^ Qi, - Qi,| denotes the change in quantity and AS = St| - SK, rep-
resents the change in the spot exchange rate. The volatility oi' the hedged
change is Var(AHC} = (Q,,, + AQ)-Var(AS) + N-Var(AF) + 2N(C),̂ , +
AQ)Cov(AS, AF). Minimizing this variance with respect to N yields N*
= - Qi|H, where H stands Cor the traditional hedge ratio:

Cov(AS, AF)
Var(AF) ^^^

In this case, the o|)timal hedge is proportional to (minus) the quantity of
the foreign eurrency cash flow. In the next section, we show that when
both price and quantity are stochastic, the optimal forward position may
he larger or smaller than the curreney exposure (in absolute value).

The effectiveness of the hedge, e., is given by:

^̂  ^ J Var[A(QS') + J

Var|A(QS)l "̂̂ ^

It is well known that c corresponds to the squared correlation eoeffieient
between the ehange in spot and forward prices. Ibe hedging effectiveness
will range from 0 to 1 depending on the degree of correlation hetween
the spot and forward priee changes. Clearly, maximum effectiveness will
be achieved when there is perfect correlation hetween tbe two.

An interesting eorollary of this analysis is that the varianee minimiz-
ing bedge ratio, i\*, also maximizes expected utility for a general von
Neumann-Morgenstern utility function. To see this point, observe tbat
at N"̂ , the ehange in tbe bedged casb flow is uncorrelated with tbe ehange
in the forward priee: Cov(A//C,AF) = 0. Now, consider a general utility
lunction U(AHC): the first-order eondition for maximum expected utility
is E[U'(A/fC)AF] - 0; applying Stein's lemma (Ingersoll, 1987, p. 13),
we obtain £|AF] + EU'YEU'Cov[AHC.AF] - 0. This expression implies
that if forward prices follow a martingale proeess and N* is given by -
Qiji, then the optimal hedge ratio will minimize the varianee of the
bedged eash flow and at the same time maximize a quite general expected
utility function.^ Thus, the traditional hedging theory, based on minimiz-
ing ibe variance, is more general than t\pieally assumed. However, it is

-An LinonyrTKiiis rf\ifvUT [minled imi lo us l i u l fU-nnirijin cl al. I I 4S4) cliTivt-tl ihe siimi- rt-siilt with
iin ^isMimplion ol !infarLt> nilhfr ihiin n()rmLiiil\ Id-̂  requircJ hy Stein's It-nimLil.
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unclear at this time whether this result may be gcnerali/ed to a richer
setting with multiple price and quantity exposures.

Special Case 2: Hedging Both Price and Quantity
Exposures

KM relaxed the assumption of known quantity and assumed that the firm
did not know at the beginning of the period the magnitude oF its single
foreign currency exposure (sec also Adlcrii Dumas, 1984; Laker & Grant,
1985; Jacque, 1981; Shapiro, 1984). Under a mild distributional as-
sumption, they showed that the variance-minimizing number of contracts
is N* = -E(Qt|)H, where E(Qt,) 's the expected foreign curreney cash
flow and H is given by

H-^^\C..iS,..,..).^^C.MQ.,.f.M (5)

When ;Qi is deterministic, as assumed in Special Case 1, Cov(^,|,F,|) is
equal to 0 and Equation S yields the same solution as Equation 3, even
though Equation 5 is expressed in levels and Equation 3 is in ehanges.
Furthermore, if the covariance between the quantity and forward |)rice is
positive (negative), the revised hedge ratio in Equation 5 v\ill be higher
(lower) than that in Equation 3 because the stochastic change in the
quantity of eash How does not (does) act as a natural hedge against the
stochastic change in exchange rates.

A dravvhack of Equation S is that it is based on both the level and
change in the spot and forward cash flows; also, the estimation ot // in
this form may be problematic because of potential unit roots in the for-
ward and spot priees. Therefore, beFore moving to the general hedging
problem, we derive the optimal hedge ratio when all variables are ex-
pressed as changes rather than levels. From Equation 2, we know that
the variance of the change in the hedged eash How is Var(AHC) =
Var[A(QS)] + N-Var(AF) + 2NCov[A(QS), AF]. Minimi/ing this var-
iance with respect to N yields

CovlA(QS), AF]

IF) + S, CoxiAQ^ AF) + Co\'{AQA,S, AF) ^̂  ̂
0 (6a)

Var(Af-)

To simpliFy tbis expression Further, the last term in the numerator may
be sbown to be
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Cov(A^AS, AF) = £(AS)Cov(AQ. AD + f(AQ)Cov(AS. AF)

+ E{[AS - £(AS)ltAQ - £(AQ}]IAF - £(AF)]} (6b)

There arc several reasons lo expeet lhe last term in Equation 6 to be zero.
First, eaeh eomponent inside the square brackets is a deviation from the
mean, so it may be regarded as a zero mean random error. If we assume
that these errors are normally distributed, the expeetation of the triple
product equals zero (see Bohrnstedt & Goldberger, 1969). Second, and
perhaps more eompellingly, it Follows from the theory ot conditional ex-
peetations that the triple product may be represented as

£{[AS - £(AS)1[A^ - £(AQ)]IAF - F(AF)1}

(7)

If spot and forward prices are determined by an arbitrage proeess (inde-
pendently of the actions of a particular iirm), the covariance between tbe
spot and forward price changes will be the same at all levels of AQ. This
implies tbat in Equation 7 the eovarianee term may be taken out ol the
expeetation operator, and thus obtain the result that the triple product in
Equation 6b bas zero expected vaiue.^ In other words, tbe covariance
between the ith eurrency cash flow and the change in the iorward priee
(i.e., the numerator of Equation 6a) is the expected spot exehange rate
times the covariance between tbe change in quantity and the ehange in
the forward price plus the expected quantity times the covarianee be-
tween the cbange in tbe exebange rale and tbe cbange in tbe forward
price:

Cov(AQAS. AF) - [H(AS)lCov(AQ, AF) + [£(AQ)]Cov(AS, AF) (8)

Next, let [P - Cov(AS, A¥)Nax{AV) and (3'-' - Cov(AQ. AE)A'ar(AF)
denote the slope in the simple linear regression of AS on AF, and AQ on
AF, respectively."* It will he helpful later to interpret p̂ * as a measure of
quantity exposure and p'' as a measure of price exposure. Now, tbe opti-
mal number of forv\ard contracts is given by

' . \ lYrrthcr r;itioiuilc ior ihis result may be nhtiiined wilh

C"«n(A,S, AF) = L"|('<)\(AS, AF|Ay)| + Cov|E(AS|Ay), F(AF|Ay)|

Market erilcifney rf(|uires thai lutures prices, eonditional on Q. iorm a martingale proeess; henee.
the coMirianee heUveen changes in spot and futures prices must lie independent ol changes in (jiian-
lity. (M'eourse, therema\ heexeeptions to thisruleasin lhe case ol small eeonomies \* ith le\^ market

phiyers.
•"We discuss csliniation issues in the suhseetinn Dcseription ol Simulations.
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+ [y,, + E{AQ)m (9)

The General Hedging Problem

In general, a pure exporter or portfolio manager faces a portfolio of for-
eign currency exposures as characterized in Equation I. Our objective
was to generalize the hedging model in Equations 1 and 2 to the case
where the firm is exposed to priee and quantity uncertainties in / curren-
cies and uses J forward eontracts to hedge against those exposures. To
this end, we first develop the case of price and quantity uncertainties in
two foreign currencies while limiting the number of forward contracts to
one (/ ^ 2 and J ^ 1). This is analogous to a ease where the two-currency
exposure is hedged with an index forward contract. Next, we discuss the
case ot / ^ 2 and J = 2. Finally, we present the general hedging model
that covers / currencies and J forward contracts.

Case I: Hedging Two Pairs of Price and Quantity
Expo.mres uith One forward Contract

To begin, consider the case of a firm that faces both price and quantity
uncertainties in two countries and uses one forward contract to hedge
these exposures. The total unhedged eash flow consists of the sum of the
individual country flows denominated in dollars: L/C, = Qn Si, +
Qhi^nr To hedge the risk inherent in both the exchange rate and the
quantity ol foreign eurrency, a firm may wish to use just one contract.
The change in the total hedged eash How is

MIC = A(Q,S|) + Al^^S.) + NAF (10)

and its variance is given by

Var(AHC) - Var[A(^|S| )1 + Var[A(Q,S,)] + i\-Var(AF}

+ 2Cov(A(£),,S|). A(Q,,S>)] + 2NCov|A{^,S-|}, AF]

(11)

Following ibe mctbodology of tbe previous section, we lound that the
minimum variance is acbieved at

2

(=1 ' "
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where tbe price and quantity betas (for i = 1.2) arc computed in a
manner analogous to that of tbe single cash flow. Once again, we interpret
pp as a measure of quantity exposure to currency i and Pj as a measure
of price exposure to the itb currency. Equation I 2 sbows that the optimal
numher of forward contracts is a function of the expected future prices
(exchange rates) and quantities (magnitude of foreign cash flows), as well
as the price and quantity betas.

Wben tbe firm is indeed exposed to botb price and quantity uncer-
tainties in two foreign currencies but chooses to hedge only the single
currency (first currency) exposure. Equation 12 shows that the resulting
hedge ratio will in general be upward or downward hiased. Ihe sign of
the bias is difficult to predict and depends on the values of tbe expected
prices and quantities and tbe sign and magnittidc of tbe beta coelficienls.

Case II: Hedging Two Pairs of Price and Quantity
Exposures with Two Eonvard Contracts

If the firm in Case I wishes to hedge hoth eash flows with tv\o forward
contracts, the total unhedged cash flow is the same as in the previous
section. The change in hedged cash flow is AHC = A(Q|,S|) + A( Q)S2)
+ N|AFi + i^2^E2- and its variance is given by

Var(AHC) = Var[A(Q|S,)] + V

i ) . - A/'il + 2/\', C

+ 2Ni Cov|A(Q,S,). AF|1 + 2N, Cov[A(^.S,). AF,1

+ 2N,\SCov|AF,, AF,1 (13)

The first-order conditions for a minimum yield the following optimal
numher of contracts for the first [j = 1) and second (; = 2) forward
contracts:

p" i = \
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and
2

(14b)

where p is the eorrelation cooffieicnt hetween the changes in the two
['orward priees, p,̂  ^ Cov(ASi.AFj)Aar(AFj) is the slope in the simple
hnear regression of AS; on Aij. and pjj is the slope in the regression of
AQi on AFj.

Equations 14a and 14h constitute our primary analytieal results for
the ease of two pairs of priee and quantity risks and two forward contracts.
It is instructive to eontrast this model with the two predecessors, the
traditional hedging model and the KM model. Consider the ease of non-
stoehastic foreign currency eash flows and uncorrelated forv\ard eon-
tracts (p = 0); under these restrietions, Equation !4 reduces to

The traditional hedging model (Equation 3) is obtained by restrieting the
eross betas to zero: iVf - -Qi,,y?n and N? = -Qufih- Similarly, if
the cash flows are random, but p and all cross betas are null, we obtain

This equation is a straight forward extension ofthe KM model (Equation
5) to the ease of two pairs of priee and quantity risk and two hedging
instruments.

These eomparisons highhght the advantages of our model to its pre-
deeessors in Equations 3 and S. Equation 14 reeogni/es the complete
eorreiation structure of the two pairs of price and quantity exposures; in
eontrast, its predecessors are valid only when certain restrictions are im-
posed on the covariance matrix.

Case III: Hed}>ing I Currency Exposures uithj
Foniard Contracts

In actual practice, the mt»st eommon problem is that of a firm with lines
of business in many different eurrcncies. In this section, we present the
most general result: hov\ to hedge / foreign currency cash flows with J
forward eontracts.
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As we state at the beginning ot the section entitled Hedging Models,
the goal is to choose the numher of contracts N-. lor eaeh currency ( to
minimi/c the volatility of the total cash flow. The minimum may be de-
termined hy direct differentiation of Equation 2 with respect to Nj and
then the sohing of the first-order conditions. Ihe optimal numher for
each contract; is given by

E >V, Var{AF,) 2
k=\ i=\

where Vji, is the jk element in tbe inverse of tbo variance-covarianee
matrix of forward price cbanges and Var(AF|̂ ) is the variance of tbe /;th
forward price changes.

SIMULATIONS OF OPTIMAL HtDGE RATIOS

In this seetion, we present the results of tour simulations of tbe optimal
hedge ratios for a multinational pure exporter that uses U.S. dollars as
its hase currency. For simplicity, the most general ease we consider is that
of two foreign currency cash Hows hedged with the corresponding two
forward eontraets. We compute the optimal hedge ratios with our model
(i.e.. Equation 14) and compare tbe results to tbose ohtained from tbe
traditional bedge (nonstochastie cash flows) and to those eomputed with
a naive extension of KM to the two exposure two-forward eontraets ease.

Description of Simulations

(;iven tbe two pairs of price and quantity exposures and two hedging
instruments, a multinational firm may eonsider the tollowing tbree hedg-
ing strategies: (a) Apply the traditional bedging model (Equation .̂ ) sep-
arately to eacb eurrency exposure, (h) apply the KM model (Equation S)
separately to eaeh eurrency exposure, or (e) apply our model (Equation
14) simultaneously to hoth pairs of priee and quantity exposures. The
simulations that follow demonstrate the advantages of our portfolio ap-
proach to hedging o\cr the first two alternatives: namely, the porttolio
model takes advantage of tbe full correlation structure of cbanges in spot
priees. quantities, and forward prices.

The empirical evaluation of these hedging strategies requires two
types of data: tirm-speciOc and market-wide. Eoreign eurrency cash flows.
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Qi, vary from firm to firm, but data on foreign exchange spot and forward
rates {S-, and Fj) are market-wide factors. Because it was difficult to obtain
tbe data on firm-specific factors (unlike tbe widely accessible data on
excbange rates), we resorted to simulations tbat relied on bypotbetical
data on firm-specific foreign currency casb flows.

Ibe tbree parameters tbat captured tbe cross-correlations consid-
ered in our study were tbe following;

} . Tbe correlation between tbe cbanges in prices of two foreign eurrency
forward contracts, p.

2. Tbe spot e.xcbange rate-forward contract cross-eorrelations between
tbe cbanges in tbe spot priee of curreney i (Sj) and tbe forward price
for foreign currency ; (Fj), for I not equal to ;: p,̂  - p,>-
,'Var(AFj)A'ar(ASi), and

3. Tbe quantity-forward cross-correlations between tbe cbanges in tbe
si7e of tbe foreign curreney casb flow i and tbe forward price for cur-
reney j . for i not equal to /: j : p̂ ^ ^ ^^ , Var(AFj)A^ar(AQi),

Failure to properly aecount for tbese tbree variables ine\itably will
lead a manager to systematically overbedge or underbedge relative to tbe
optimal bedge.

We conducted four simulations to determine tbe impact of tbe cross-
correlations, deseribed in tbe pre\ious list, on tbe optimal bedge ratios
and bedging effectiveness measures.

Simulation I. In tbis simulation, we restrieted cross-correlations 1-
3 to zero. In tbis ease, our model redueed to a naive extension of tbe KM
model to tbe case oi two pairs of exposures, eaeb bedged only witb its
eorresponding forward contract. Tbe optimal bedge ratios for tbe two
foreign eurrency exposures were computed in isolation witbout regard to
quantity-forward, spot-forward, or forward cross-eorrelations. Tbis simu-
lation provided a benebmark for comparing our model to tbat of a naive
extension of KM to the case of two pairs of exposures.

Simulation II. ln tbis ease, only tbe cbange in tbe foreign currency
casb flow was uncorrelated with AFj For i =A j (p^ ^ 0); all otber param-
eters were unrestrieted. Tbis simulation isolated tbe effeet on tbe optimal
bedge ratio of a positive or negative eorrelation between tbe itb exebange
rate and tbe ;tb forward contract (pj)), as well as the forward contraet
cross-correlation (p).

Simulation 111. In ibis simulation, botb pj and p were restrieted to
be zero; bowever, the size of eaeh casb flow was correlated witb tbe otber
forward eontraet: p\- ¥^ 0. If we assumed tbat tbe two forward contracts
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were independent (p = 0), we could safely assume that the other restric-
tion (p,*] = 0) was also satisfied beeause tbe cbanges in the spot rate and
forward price for a given curreney were nearly perfeetly eorrelated."" Al-
tbougb tbis situation may not be very eommon in practice, this case iso-
lated the importance of firm-specific quantity-forward cross-eorrelations.

Simulation IV. No restrictions were imposed in this simulation. We
simultaneously considered the elTect of the forward contraet, price-for-
ward, and quantity-forward cross-eorrelations on tbe optimal bedge ratio.
Tbis simulation provided an unrestricted application ol our model, as
presented in liquation 14, to the two-exposure two-forward contract case.
Tbis case illustrated tbe major contribution of our study Wben hedging
multiple exposures witb multiple hedging instruments, it is important to
recognize lirm-speciCie price-quantity cross-correlations and correlations
among forward priee ebanges.

lo illustrate tbe results of tbese four simulations, we considered a
United States-based firm tbat wisbed to hedge tbe montbly end-of-pcriod
casb flows from two foreign subsidiaries: one was a Canadian operation
wbose easb flow was denominated in Canadian dollars and tbe other was
a Freneb operation whose cash flow was denominated in French franes.
We assumed that the management wisbed to minimize tbe total risk of
its end-of-montb easb flow.

Tbe firm used both Canadian dollar and Freneb franc forward eon-
traets to bedge currency risk; tbe realizations of tbe end-of-month loreign
currency casb flows were unknown to tbe firm at tbe beginning of the
month. Tbe expectation of tbe end-of-montb foreign currency eash flow
was assumed to be equal to tbe foreign curreney cash flow of tbe previous
montb. Tbe foreign curreney easb flows for tbe next montb were assumed
to be independent, witb expectations equal to I ,()()0,000 Canadian dol-
lars and 4,000,()()() Freneb franes.''- Tbese foreign currency casb flows
were firm-speeific, and tbeir variances and covariances witb tbe forward
prices were varied in our simLdations.

I he remaining information needed to implement our hedging model
was driven hy market-wide forees and was obtained from bistorieal data
in tbe foreign exchange markets. We assumed that tbe exporter entered
into .̂ O-day forward eontraets at time I,, to implement the optimal bedge.

' 'Hff i iusf .S| and /', art- pfd' i - t lh correlated, A.S, = T, u i l l i >- equal Iu sumo niin/ern cDnslanl. II / ,
and Fj ;»re independent random variahles, (.' i)\(l(, / j ) = 0 = C'<n(>.,Si. F,). so pj| = 0.
''It was not net.fssiir\' lo designate the exposure as \nn^ (i.e., ii Ciish inflow"! in the foroijin lurreney
as we have. Our model Ciin accommodate short exposures (i.e.. a contractual cash oi i l l lmvi and

portfolios of long and short exposures.
T h e choice ol' 4 mill ion French Tram s ami I mill ion (. anadian dollars prin ided ior appro\iniately
f(|Lial foreign ti irrency exposure when denominated in L.S. dollars.
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TABLE

Sample Estimation Parameters (or French Francs (FFr) and Canadian
Dollars (CDN $)

January 1994 to Novemher 1999 (Monthh)" M (U.S. S/hX

Spot rate (S,)
Forward rate (F,)
A spot rate (S,, - S,)
A 30-day forward rate {S, - F,J
Spot rate (November 30. 1999}
30-day forward rate (November 30, 1999)

Spot rate (S,)
30 day forward rate (F,)
A spot rate(S,, - S,J
A 30-day forward rate (S. - FJ
Spot rate (November 30, 1999)
30 day forward rate (November 30, 1999)

C'firrelalion Matrix A FFr Spot A

A FFr spot 1
A FFr forward 0,9974
A CDN $ spot -0.1099
A CDN $ forward -0.0934

FFr
0.1806
0.1807

-0.0002
- 0.0003

0.1538
0.1542

CONS
0.7105
0.7107

-0.0010
-0.0012

0.6786
0.6786

fhr Forward

1
-0.1085
-0,0888

:L')'' SO

0.0152
0.0151
0.0047
0.0047

0.0295
0.0295
0.0094
0.0096

A CDN $ Spot

1
0.9960

Maxitiimn

0.2089
0.2090
0.0134
0.0135

0.7515
0.7511
0.0238
0.0240

A CDN

Minijiiiim

0.1538
0.1542

-0.0119
-0.0123

0.6376
0 6375

- 0 0237
-0.0241

S Forward

1

•The source of the data was the Wall Street Journal. Januafj 1994 to November 1999. Spot and 1 month forward rate prices
were taken as the close on the last trading day of each month. '-All currency exchange rates are expressed as U.S. dollars
per foreign currency unit (U S. $/FCU).

Furthermore, we assume that the exporter held the contr;ict until its ex-
piration at time f, and realized the gain/loss From the position. The ex-
piration oi the forward contract at time (| was assumed to he coincident
with the end of the hedging hori/on. Ihus, we defined the gain/loss on
the forward contract as /V*(AF) where N* is the numher of contracts
prescrihed in the optimal hedge and AE is defined as S\| - F,̂ ^ (given the
convergence of the forward price/rale at deliver)', F,|, with the prevailing
spot price, S^^). The end-oi-month expected spot exchange rate was ap-
proximated hy the ^0-day forward rate at the heginning of the month.
The necessary data on the first two moments ol" the foreign exchange
market data are summarized in Table I. The data were taken from the
end-of-month elosing priees as reported in the Wall Street Journal for the
period January 1994 to November 1999.

In the simulations that follow, we used uneonditional estimates of
variances and eovariances to determine optimal hedge ratios. This ap-
proach suffered from two criticisms. I irst, it assumed that the joint dis-
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tribution of spot and futures price ehanges was stationary. Second, he-
cause AS and AF were likely to he cointegrated, the traditional ordinary
least squares might have yielded hiased estimates; a CARC'll error eor-
rection methodology should have been used (see Kroner ik Sultan, 199?).
However, the purpose of the simulations was to quantify the potential
risk reduction from employing the Full cuvarianee strueture. Although the
issues of how to hest estimate the second moments and the effect of long-
run relationships on the eomputation oi hedge ratios are interesting in
their own right, to introduee these eomplications into our simulations
v\ould detract irom the foeus of the article. Ihus, we assumed tor the
purposes of our simulation that the relevant joint distributions were
stationary.

Economic- Rationale for Price—Quantity
Correlations

The optimal hedge ratios were estimated for selected eombinations of
three firm-specifie factors that determined the foreign exehange e.\posure
of the lirm (along with the market-wide faetors shown in Tahle I). The
first firm-specific factor was the volatility of the change in the future
foreign cash flows, whieh was denoted by the standard deviation, Ogj,
divided hy the expected value of foreign currency eash flows. We varied
this ratio irom zero (representing the traditional hedging model of non-
stoehastie i'oreign cash flows) to lOOŜ  (see the columns in Tables II—VI).
The seeond firm-spccific factor was the level of correlation between the
ehanges in the quantity of foreign currency eash flows and the corre-
sponding changes in the forward priees, p-j-. These eorrelations varied
irom —0.6 to +0.6 (see the rows in Tables II—VI) in our simulations.
The third speeific factor was the level of eross-correlation between the
ehanges in the quantity of foreign currency cash ilows irom country i and
the changes in the forward prices ior currency ; for i not equal to /, p\^.
These eross-eorrelations varied irom —0.3 to +0.3 in our simulations.

Shapiro (1975) examined the effect of a ehange in exehange rates
on the noncontractual cash flows of a multinational firm with uneertain
produetion. He showed that the effect is a function ofthe level of com-
petition between imports and exports, the existing cost technologies, the
degree of substitutability between domestic and foreign inputs, and the
elassieal elasticities oi supply and demand. As Shapiro (1975) made clear,
the exposure of a muftinational firm to ehanges in ihc ioreign curreney
exchange rate is a complex matter. This reinforces the notion that the
magnitude and sign ofthe correlation hetween the ehanges in the quan-
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tity oi iorcign currency cash Hows und the corresponding changes in the
loruard prices. p\l, is a firm-specific factor. These arguments apply to a
pure exporter as well as a global portfolio manager. Therefore, we varied
p^ from —0.6 to 0.6 in our simulations to capture a wide range of plau-
sihle values. To the extent that the foreign markets for the exports ot the
firm, the avaiUihlc siihstitiitcs f{)r these exports, and the relexant foreign
currencies were not completely segmented, we expected some level of
interaction between them. The reality of increasingly integrated financial
and goods markets throughout the world underscores the importance of
the cross-correlations. As tor the quantit\-for\%ard correlations discussed
earlier, the sign and magnitude of tho c|uantity-forward cross-correlations
were Cirm-speeific and dependent on the complex interaction of numer-
ous factors. However, it was intuitive that the magnitude of the cross-
correlations would be smaller than the correlations. As a result, we \aried
p^ from -0.3 to +0.3 in our simulations to capture a wide range of
plausible \alucs.

Simulation Results and Analysis

lable II reports the results of Simulation I. The optimal hedge ratios (H)
are reported as a fraction of the expected foreign currency exposure for
both the Canadian dollar and French franc. The results in Table II rc\cal
several interesting patterns. The first concerns the etiect ot p-̂  on the
optimal hedge ratio //. When the foreign eash fiows of the firm were
positively correlated v\ith lorward exchange rales (p-̂  > {); see the first
row), its overall currency exposure was magnified (relative to the base
case of nonstochastic cash flows). The firm needed a larger short position
to ht'dge this added exposure. This is reflected by the larger optimal hedge
ratios reported in the first two rows o( hoth Panels A and B. 1 or example.
In Panel A the optimal hedge ratio increases from 1.97 to 2.96 as pĵ
increases from 0.3 to 0.6, and the volatility of eash Hows is 10%. In
contrast, when pĵ  was less than 0, the market-wide price exposure of the
firm (i.e., fluctuations in spot currency rates) was in part ottset by the
tirm-specific quantity exposure. I hat is, the firm enjoyed the benefits of
a natural bedge between its price and quantity exposures, a natural price—
c|iiantity hedge. Ihis is reflected hy the lower optimal hedge ratios re-
ported in the last two rov\s of botb Panels A and B. A negative estimate
of the optimal hedge ratio implies that because of the natural hedging
betw eon price and quantity exposures, c\ en a tirni w ith a long cash market
exposure needs to buy forward contracts to minimize porttoHo variance.
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TABLE II

Optimal Ht'dfjc Riitios [Hf under 1 orcion Cash Mow Uncertainty lor
Simulation i, ' where I orwartl, Spot-Forward, and Quantity-Forward

Cross-Correlations Are Ali Assumed To Me Zero

Pmwi \- llw U.S. Doilar/I rcinh I nnic (FFr) Case

The e\p<.'Ltcd iicM jicriad cu.Ji Jl/nv. LfQ,,,). k 4.0()(),0(}() IFr.

Qiiiintit}-F<invtii-i.l SD oj I ori'i^in C.'iirrcizci Cash Fltnv C'hiiii^cs ' T Q )

( iinvlalians ip;-) E.xpressfii as a Perceiila^e "

lo.cxr'i

0,6
0.3
0.0
0.3
0.6

0.99
0.99
0 99
0.99
0 99

2.96
1.97
0.99
0.01

-0.98

7.48
4.24
0.99

-2.26
-5.50

10.83
5,91
0.99

-3,93
-8,85

20.66
10.83
0.99

-8.85
-18.69

I'anel H: The U.S. DoUar/Caiiadimi Dollar (CDiV $} Case

ihe c\pecled iie.\t period cash jhni\ F.iQ\^iK K ?.000.000 CDM S.

Qtiauiity-Foruard SD of i'fire'i^n i'ltrreiin Cash Flotv Changes {c

(. orrelations {pjj i as a I ciceiiln^^e of r.iUf , 1

10.00', .U.OO':, =i(U)O'/, 100.00%

0.6 0.97 5.22 14,99 22.21 43.44
0.3 0.97 3 10 7.98 11.59 22.21
0.0 0.97 0 97 0.97 0.97 0.97

-0.3 0.97 -1.15 -6.04 -9,65 -2026
-0.6 0.97 -3.28 -13.04 -20,26 -41.50

•H = - N'/E{0.) where W is the value of the optimal forward position and E(Q.) is the expectation of the next period s
foreign currency c:ash flow. "Simulation I assumed all {forward, spot-forward, and quantity-forward) cross-correlations were
zero. Under Ihese assumptions, optimal hedge ratios computed with our model were the same as obtained with Equation
5. the model of Kerkvhet and Moffett (1994), extended to two exposures

A second pattern of interest is the cFtect of the voKuiiity of foreign
cash Hows on the optimal hedge nitio. When the volatility increased Irom
zero to lOO'̂ r, the absolute viiiue o l / / increased; this result was consistent
with KM. Another interesting finding to note in Simulation I is that.
ceteris parihus, with any foreign currency eash llou uneertainty. the op-
timal hedge ratio for the Canadian dollar exposure was consistently larger
(in absolute \alue) than the ratio for the Treneh franc exposure. 1 he
reason lor this pattern is readily seen with an inspection of Equation S.
The first term in liquation S represents the traditional hedge ratio, and
it is appro.ximateK unity. Ihe difference in optimal hedge ratios arises
heeause of the second term, v\hieh represents the effeet of the quantity-
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lorward correlations. The ratio of the expected spot rate to the standard
deviation of the change in the forward contract prices is the only cur-
rency-specific factor in the simulation and thus provides the source of
the differences in the optimal hedge ratios. This ratio is 71.S for the
Canadian dollar and -̂ 2.8 for the French franc. Ihis ratio for the Cana-
dian dollar is 2.18 times that of the I rench franc; this is the appro.ximate
magnitude of the differences in optimal hedge ratios in Tahle II.

labie III reports tbe results ior Simulation II. Tbe values of the
optimal bedge ratios are computed with Equation 14 with the following
restrictions imposed: the quantity-forward cross-corrciations (pj|) are set
at zero v\hile the forward correlations (p) and forward-spot exchange rate
cross-correlations (p-:) arc accounted for. Ihe tradititinal hedge ratio {Ii
~ 1.00) was not obtained for nonstochastic foreign currency cash flows
(i.e.. aQi = O'o> — ^) ^s for KM. Our optimal hedge ratios were 0.91
and 0.63 for the French franc and Canadian dollar exposures, respec-
tively. Why did our model suggest hedging less than that of KM and the
traditional hedging formulation even when hedging nonstochastic cash
flows? The answer lies in the explicit consideration of the forward cor-
relation and spot-forward cross-correlations in our model. In this simu-
lation, p — — O.OS) and hoth spot-forward cross-correlations were also
negative (see the bottom panel of Table I).

ii forward price cbanges in tbe two currencies are negatively corre-
lated, spot price changes in tbose currencies will also be negatively cor-
related. Notice that, in Table I (bottom), the correlation between the two
spot exchange rate changes is —0.11. The resulting natural hedge re-
duces the overall exposure, Var(AHC), in Equation \^. Furthermore,
positive price changes in the French franc will in part be offset by negative
price cbanges in the Canadian dollar forward contract. This leaves less
residual exposure in French francs to be hedged by the corresponding
forward contract. Consequently, the optimal hedge ratio in that forward
contract is reduced (in absolute value) for both nonstoehastic and sto-
chastic loreign cash flows. Similar arguments explain why the ahsolute
value of all estimates of the Canadian dollar optimal hedge ratitjs reported
in Panel B of Table III are lower compared than those in Panel B of Table
11. The opposite result would hold when the forv\ard and spot-lorward
correlations are positive. Thus, w hen forward correlations or forward-spot
cross-correlations are nonzero, naively extending the KM model to hedge
multiple exchange rate exposures leads to o\erhedging (underhcdging)
when p is negative (positive).

The use of two forward contracts to hedge the two exposures, as in
Equation 14 or IS, is not appropriate if the squared correlation between
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TABLE III

Optimal Hedf*e Ratios (H) ' ' ' Linclcr lorcign Cash hlo\\ Uncertainty lor
Simulation II.' wliert- Both Quantity-Forward Cross-Correlations Are Zero and

lahlf 1 Values lor Hxchanjje Rate Correlations and Cross-Correlations .Arc Used

Ptiiiri \: OptiiiHit llcdiH' Ihiliiis ((/} /or the I roich i rune (i'f-'r) ii.x/Kismr

Ihc cypcclccl iic.M pcrioii cash jh\i\ E(y, , ) , is 4.()()(),()00 I I r.

of lorcigu (.'urrviicy i'ash Flow Changes (fn.) Expn-ssccl as a

of t:ii)\ ,f

0.6
0.3
0.0

-0.3
-0.6

0.91
0 91
0.91
091
0 91

,„.««',
2.70
1.80
0.91
0.01

-0.88

u.o,y,

6,81
3,86
0.91

-2 .05
-5 .00

SO, 00^^

9.85
5 38
0.91

-3.57
-8.04

wo.o,r,

18.80
9.85
0.91

-8.04
- 16,99

Piiucl li: Oittiniiil I li'di^f Riilids II 11 far llw Cuiiaiinin Dollar ((.'D;\ $) Exposure

I'lw iwjH-cii'cl iii:\l perioil cash flow, LVy,,.), is 1,00(),()()0 CDJV $.

QtHitilil\-i'(Hii'iini SO of /orciyi/ (.'un-fiicy ('ash Flow (.haiifics (fy,jj F,\prt"ised as a

Corn-lcilioiis (/i^) PcrceitUi-ic

0 6
0.3
0 0

- 0 . 3
-0 .6

0.00' ,

0 63
0.63
0.63
0.63
0 63

uuxn

4.57
2.60
0.63

-1.34
-3.30

.l.-i.OO'?

13.62
7.13
0.63

-5.86
-12.36

S0.00^

20.31
10,47
0.63

-9.21
-19.05

lOO.OCVi

39.99
20.31
0.63

-19.05
-38.73

'/-/ = W/E (O,,), where W is the value of the optimal forward position and E{0,) is the expectation of the next period's
foreign ourrency cash tlow. "Optimal hedge ratios for Simulation [l were computed with Equation 14 ' Simulation i I assumed
that the price-quantity cross-correlations with both zero Table I values were used lor the spot and torward market corre-
lations and cross-correlations.

the changes in the two forward contract prices (p-) approaches unity. In
this case, the use of a single hedging instrument to hedge hoth cxjiostirfs
is warranted (i.e., see Lquation I 2). Mathematically, when the two hedg-
ing instruments are highly eorrelated. the variance-covarianee matrix of
the changes in the forward contract prices is singular and thus cannot be
inverted. Intuitively, if one hedging instrument is a suhstitute for another,
use only one, not hoth. In practice, if the licjuidity and hedging effective-
ness of the two forward contracts are comparahle, the forward contract
with the higher varianee of price changes should be used. This reduces
the size ol the optimal hedge position and thus minimizes transaction
eosts.
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TABLE IV

Optimal Hedge Ratios (H)'"' under loreigii Cash Flow Uncertainty lor
Simulation III,*̂  where Both Quantity-Forward Cross-Correlations {pjf)
Are Fquii! to —0..^ and Forward and Spot-Forward Cross-Correlations

ipjj) Are AssLinied 10 Be Zero

l\i>tcl A: Optimal fledfie iiutios (H) fur lhe i'yencli I mm: i/ / rJ Lxpo.-ittrc

riw expected next period citsh flow. EiQ^K is 4.()00.(}00 ii'r.

Qmiiilit\-i-iniidid SD of Foreign i'tiirency (Uisli I'low Changes {TI-,^} hl.xprcssed as u
Correlations (/4'l Percentage ofF.(Q\j}

0.6
0.3
0.0

-0.3
-0.6

ihtm'l B:
Ihe expected next

Qiiaiitit\-itn'n'ard
Cfn-relations ipJj)

0.6
0 3
0.0

-0.3
-0.6

0,00',

0.99
0.99
0.99
0,99
0.99

10.00'

1,87
0,89

-0,09
-1,08
-2,06

O p t i i i i i i l H f i / y c R a t i o s i l l )

period cash floiv, t

SD oj lort'igii (.

0,00'i

0.97
0,97
0,97
0.97
0,97

10,00

3.29
1,17

-0,96
-3,08
-5,20

'; 33.009,

3.90
0.66

-2.59
-5.83
-9.08

joy thf ( aiiiitHati D

1.000,000 CD\ $

'tirreuc^ Cush Flow
Percentage oj

'•', 33.00':y

8.63
1.62

-5,39
-12.40
-19.40

50.000

5,41
0.49

-4.43
-9.35

-14.27

ollar iCD\ S)

Chiuif>es (riyj

SO.OO

12.57
1.95

-8 .66
-19 .28
-29 .90

; i 00,00%

9.82
-0.01
- 9 . 8 5

-19 ,69
-29 .52

fixposure

Expressed as ii

I00.007r

24.17
2.93

-18.30
-39.54
-60.77

•'H = - W/£(OJ, where W is lhe value of lhe optimal forward position and £[0,,} is the expectation of the next period's
foreign currency cash flow "Optimal hedge ratios for Simuiation III were computed with Equation 14. • Simulation Hi assumed
nonzero quantity-forward cross-correiations. However, the forward and spot-forward cross-correlalions were assumed to
be zero to isoiate the effecf of considering nonzero quantity-forward cross-correiations.

Table IV reports the results for Simulation III. The values of the
optimal hedge ratios were com|)utecl \\ith CtjuaLion 14 \Aith restrictions
1 and 2 imposed. Simulation III assumes the forward and spot-forward
cross-correlations are zero (i.e., p — pij = 0); however, the quantity-
forward cross-correlations (p;|) are not eonstrained to zero and are as-
sumed lo equal — O.H. In general, positive correlations and cross-corre-
lations hetween AQ and A/ lead to a larger (oreign exchange exposure
and require more lorward contracts to minimize risk. Howe\er, if the own
correlations (p^) are positive hut the eross-correhuions (p-j-) are negative,
the overall exposure may be reduced, resulting in a lower optimal hedge
ratio. If hoth the own antl cross-correlations are negati\e. e\en a firm
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with a loti^ expected exposure mity need to buy. rather than sell, forward
contracts to minimize the portfolio \arianee.

A comparison of Table IV to Table II reveals that with foreign cur-
rency cash flow uncertainty, if the (|uantity-forv\ard ci)rrelati()ns (p[p} and
cross-correlations (p-y) are all negative, optimal hedging now requires a
greater long position (i.e., increased foreign currency exposure) compared
to a naive extension of KM. However, if the quantity-forward correlations
and cross-correlations are all positive, optimal hedging will require a
greater short forward position compared lo a naive extension of KM (not
reported in lable l\ ).'̂  Also, when the signs of the quantity forward cor-
relations and cross-correlations differ, optimal hedging in our model is
accomplished with a smaller forward position compared \\ ith the optimal
hedge positions of the KM model naively extended to the two-exposure
case (e.g., compare the estimates in the (irst two rows of Panel A of Table
II lo those of Panel A in Table IV).

Also, ceteris paribus, when the quantity-Fon\ ard eorrciations are posi-
tive (i.e., piî  > 0), as the quantity-forward cross-correlations (p^) in-
crease, tjptimal hedging in our mode! requires a larger forward short po-
sition. As an example, consider the optimal hedge ratio (//) for the I rench
tranc forward contract position lor the ease when the standard de\iation
of both (uture cash flow changes is 10% and the quantity-forward ct)r-
rclations {p\() are both +i)3. Now, as the quantity-forward cross-corre-
lations increase from - 0 . 3 (Table IV) toO.O ( lahle II) to +().?> (this table
is not presented), the value of f/ increases from 0.89 to 1.97 to 4.02.
Obviously, the optimal hedge ratio is sensitive to changes in the quantity-
forward cross-correlations.

The patterns of the oplimal hedge ratios in Table IV are also similar
to those noted in KM. Ihe optimal // is unbounded, surpassing unity for
positive values of quantity-forward correlations (p^) and increasing cash
flow uncertainty. The acquisition of increased foreign currency e.\posure
(i.e., H < 0.0) occurs in cases of sufficiently high cash flow uncertainty
with nonpositive quantity-forward correlations.

Tahle V reports the results for Simulation IV. The values of the op-
timal hedge ratios were computed v\ith Equation 14 without imposing
any restrictions. Simulation IV extends Simulation III by considering the
cHect ol negative forward and spot-forward cross-correlations in addition
to the quantity-forward cross-correlations. Specifically, the bottom panel
in Table I shows that the correlation between the French franc and Ca-

A Idbic detailing Uic optimal iiciif;c ratlins uln-n ihc prict'-quanlilj cross-corrfliilions are pi)sili\e is
nol prt'scntcd lo consrnc spiii-t-. hor pritc'-tjiianlily cross-correlations equiil lo +0..^, the resulls an-
\vr\ similar ta labk's I\' antl \ \ CMI'JU lliiit llu' sijjns iiflhc price—(juantiu ccirrflalions arv rfvcrsctl.
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TABLE V

Optimal Hedge Ratios (H}' ' ' under Foreign Cash Flow Uncertainty for
Simulation IV.*̂^ where Both Quantity-Forward Cross-Correlations {p)j)

Arc Set Fqual to —03 and Tuhle I \'aliies for Exchange Rate Correlations
and Cross-Correlations Are Used

.4: OpI'nnut Ht'd*ic Hutios (//) for the French iranc (/•'/>) F.xposiire

Ihe expected next period cashjlotv. EiQ^K 'v 4,00(1000 /'/•>.

Qttantity-i'oni'iirit ^ D of Foreign Currency C.ush flow ('hau^es (<7,,|) Fxprt'Ksed as a

Correhttions (pj-)

0.6
0,3
0 0

-0.3
- 0 6

o.om

0.91
0.91
0,91
0.91
0.91

U).O(n

1.69
0.80

-0.10
-0.99
-1,89

Percentage of E(Qj ,

3.50
0.54

-2,41
-5.36
-8.31

4.83
0.36

-4.12
-8.59

-13.06

umm9,

8.75
-0.19
-9.14

-18,08
-27.03

Panel B: Opti}}uil Hed^-e licitios {li)for the Caiiaclian Dolhir (C.D,'\ S) E.xposnre

The expected next period cushfhni, E(Q|.,), is 1,000.000 CDN S.

Qtiantity-honvard t^Q of Foreign Currency Cash FUnv Changes (UQJ E.xpressed as a
Correlations (/);; ) Pereentage o

OAKV/t lO.OO'^yr ?.^.OO'' ^O.OOVf 100.00%

0.6 0.63 2.82 7.84 11 55 22.47
0.3 0.63 0,85 1.34 1.71 2,79
0.0 0.63 -1,12 -5.15 -8,13 - 16.89

-0.3 0.63 -3,09 -11,65 -17.97 -36.57
-0,6 0,63 -5,06 -18,14 -27.81 -56.25

•H = N'/E(O,,). where AT is the value of the optimal forward position and£{0..) is the expectation of the next period's foreign
currency cash flow. "Optimal hedge ratios for Simulation IV were computed with Equation 14 'Simulation IV considered all
futures, futures-spot, and quantity-forward cross-correlations.

nadian dollar forward price changes, p, was approximately —0.09. and
ihe spot-forward cross-correlations (p|j) were approximately —0.10.
These negative eross-corrclations were associated with a negative corre-
lation of 0.1 1 between the spot exchange rate changes oi the two curren-
cies. The overall unhedged exposure of the firm declined because ol this
negative correlation in the spot e.xchange rate changes. In addition, it the
quantities of foreign cash flows were ncgati\ely cross-eorrelated with the
spot and forward exchange rate changes as assumed in Simulation III
(p? ^ - 0..^). the overall exposure of the firm was further reduced, and
it required fewer forward contracts to hedge this reduced exposure. As



Hedging Price and Quantity Exposures 167

expected, the optimal hedge ratios computed for this case were less in
absolute value than tho ratios for Simulation III (see Table IV).

Hedging Effectiveness

We have demonstrated that when a firm faces multiple price and quantity
exposures, our model gi\es optimal hedge rati{)s different trom those ob-
tained by the naive extension of KM. In this section, we examine the ex
post hedging effectiveness of our model. We employ the traditional mea-
sure of hedging effectiveness {e) defined as one minus the ratio of the
hedged eash flow variance to the unhedged cash flow variance. The var-
iance of the hedged portfolio is ohtained hy the suhstitution of Nj for Nj
in Equation I 3. The variance of the change in the unhedged eash How is
defined as

Var(AUC) - V

>)| (16)

Pane! A of Tahle VI reports the hedging effectiveness {e) achieved when
the two foreign currency exposures were hedged with the optimal hedge
ratios we computed in Simulation IV (see Table V). Panel R ot Table VI
reports the hedging elfecti\cncss {e) when the optimal hedge ratios were
used that were eomputed in Simulation I, the two-exposure naive exten-
sion of KM (see Table II). Recall that in Simulation IV. no restrictions
were imposed on the torward. spot-forward, or quantity-for\\ard cross-
correlations. The hedging effectiveness estimates reported in Panel A
were in\ariabty larger than the corresponding values in Panel B. The dif-
ferences between positive estimates ranged from S to I99( and repre-
sented the potential increase in hedging effectiveness irom using our
model versus a naive extension of KM. Table \'l suggests tbal tbe ability
of tbe multinational firm to bedge a portfolio of loreign casb flows was
enbaneed by tbe consideration of tbe cross-correlations.*^ Tbe increased
effectiveness of our model in reducing portfolio variance in comparison
witb a naive extension of KM was an inereasing function of tbe absolute
magnitude ot the quantity-forward cross-correlations. For example, as-
suming tbe uuantitv-torward cross-correlations (p-j) were hotb —0.1.
consider tbe case wben tbe quantity-forward correlations (p-̂ ) were hotb
— 0.6 and tbe standard deviations of tbe foreign cash flows were 10%:

Ik'djiinji I 'lk'flivt'nfss is incrciiscd fur M non/eri) thoict 's fur nuijinilLitii.' iinil/ar ihi' si^n <il lhf

(ILicmiiu-lonuinl tntss- inrrolal inns (fi^). Only ont' case is [irt'Sfnli'd hiTi'.
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TABLE VI

Comparison ol the f.v post Hedging Effectiveness (e) for SimiiUition IV, where
Both Quantity-Forward Cross-Correlations Are —0..^ and lahlc I Values for

t.vchange Rate Correlations and Cross-Correlations Are Used

Panel A: Hedginff Effectiveness {e)''^

Quantity-Forward SD of Foreign Currency (ash I low Changes Expressed as a
Corrcliitions ipj]-! Percentage of EiQi ,)

0.17
0-04
0.09
0.08
0.62

0.07
-0.08
-0.04

0.22
0 72

0 06
-0,08
- 0 02

0 24
0.73

0.05
-0.08
-0.01

0.26
0.74

0.00', lO.OO'i 33.00'i 'iO.OO'i IOO.O(n

0.6 " 0.22 0.13 0.12 0.11
0.3 * 0.04 0.00 0.00 0.00
0.0 • 0.02 0,06 0.07 0.08

-0 .3 • 0.23 0.34 0.35 0.37
-0.6 ' 0 81 0.85 0.85 0.86

Panel B: Hedging Effectiveness (e}for t^aive Extension of Kerkvliet and Moffett I 199!)

0.6
0.3
0.0

-0 .3
-0.6

""indicates an infeasible combrnation of simulalion parameters. 'Measure of hedging effectiveness (e) = 1 - (variance
hedged/variance unhedged), where the variance hedged is defined by Equation 13; the variance unhedged is defined by
Equation 16. Hedged variances for Panel A were computed with optimal hedge ratios from Table V. Hedged variances
for Panel B were computed with optimal hedge ratios from Table II for the two-exposure naive extension of Kerkvliet and
Moffett (1991).

the impro\ement in hedging cFFectiveness with our model wiis only 2.V/c:
e = 0.38 tor our model and e — 0.35 for tho naive extension oF KM.'*'
However, in Table VI, which assumes the quantity-Forward cross-corre-
kuions were —0.3, the improvement in hedging cfFectiveness when our
model was used increased to \99(, e = 0.81 as opposed to f̂  = 0.62.

Consistent with our general hedging model, the estimates reported
in Table Vi show that the ahility Lo hedge the variance of a portFoIio was
a Function oF the magnitude and sign oF lhe quantity-Forward correlations
and cross-correlations as well as the Foreign cash Flow uncertainty. When
the signs ol the quantity-Forward correlations and cross-correlations (i.e.,
p\[ and pjj) were the same, hedging elTeclivcncss remained high relative
to the case when their signs dilFeretl. Note the wide range oF hedging
eFFectivencss in Tahle VI For stochastic cash Flows; hedging eFFectivcness
remained high only in the case oF strong quantity-Forward correlations

r i i f i i p l i m a l h fd j i f n i l i i i s ; ind h o t l ^ i n i ; I ' t l e t l i v e n e s s n i c a s i i r t ' s i ( ) r | l ^ = - I.I) iiri.' n u t |) re s e n l e d in

l,il>k- In rn i to p r t - s t ' n f s p a c f . I h e i n l o r m a t i o n is a\<iikilile I r u m t h e ^iii l l inrs o n rcq iK ' s t .
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(p[̂ ) ii the correlations had the same sign as the quantity-lorward cross-
eorrelations (p^). Given quantity-forward correlations and cross-corre-
lations of the same si^n, ceteris parihus, a decrease in the standard de-
viation ot cash flow changes, an increase in the magnitude of the
quantity-forward correlations, or an increase in the ahsolute magnitude
ol the price—quantity-iorward eross-correlations all led to increased hedg-
ing effectiveness.

In the cases for which the eorrelations and cross-correlations were
approximately equal in magnitude v\ith opposite signs, hedging effective-
ness was essentially zero. I he findings ol \ery low or even negative hedg-
ing effectiveness for various simulation parameter comhinations may be
a partial explanation for the finding that many multinational firms choose
not to hedge at all.

The negative values ol hedging effeetiveness {e) in Panel B of lahle
VI at first seem improhahle. How can optimal hedging increase the var-
ianee of the portfolic)? Reeall that the varianee oi the unhedged and
hedged portfolios are misspecified in a naive two-exposure extension of
KM; the naive KM extension fails to recognize the forward, spot-forward,
and quantity-forward eross-correlations in Forming the optimal hedge ra-
tio. This results in overhedging relative to the true optimal hedge. As a
result, the variance of the hedged portfolio can exceed that of the un-
hedged portfolio.

The results reported in Tahle V! used the lull sample to estimate
hedge ratios and hedging effectiveness. The ex post nature of these mea-
sures implies that the reported hedging effeetiveness is indicative of the
maximum potential gain from hedging. A more realistic measure of hedg-
ing effectiveness is given hy an ex ante measure that evaluates the per-
formanee of hedging strategies using out-of-sample data.

CONCLUSIONS

We have examined the risk-management prohlem of pure exporters and
glohal portfolio managers who face multiple c]uantity and price risks and
wish to hedge these exposures hy using forward/I utures contracts. In
hedging these multiple exposures, we suggest that the firm should not
consider the individual price and quantity risks in isolation as would he
the case il it decentralized risk management to the regional or eountry
level. A firm that proceeds in this manner is implicitly ignoring the co-
variance structure of its multiple exposures and hedging positions. How-
ever, if the firm does centralize the management of its foreign currency
exposures, the extant hedging literature docs not provide a general frame-



170 Giaccotto, Hegde, and McDermott

work rclc\ant to the case of multiple price and quantity exposures. Con-
sequently, a multinational exporting firm is left with little guidance but
to proeeed with the e.xisting single-exposure hedging models (e.g., Eder-
ington, 1979; KM, 1991). whieh often lead to systematic underhedging
or overhedging.

Our contribution in this article is the development and application
of a more general hedging framework to accommodate hedging multiple
priee and quantity exposures. In developing our model, we explicitly con-
sidered the cross-eorrelations hetween the ehanges in the prices of hedg-
ing instruments themselves and the ccirrelations hetween ehanges in the
prices of each of the hedging instruments and the ehanges in the priee
and quantity of each exposure. Our more general framework includes the
hedging ot a single uncertain cash flow and the traditional hedging model
as special eases. We have shown hy simulation that the ahility of a mul-
tinational firm to hedge multiple foreign eurreney exposures is enhanced
hy the use of our model vis a vis the traditional hedge model or a naive
multiple exposure extension of KM. Ihe improvements in hedging effec-
tiveness that we ohtained hy applying our model were robust to a wide
range of firm-speciCie model parameters. This gain in hedging effeetive-
ness was an inereasing function of the ahsolute magnitude oi' the cross-
correlations among hedging instruments, spot and fonvard price ehanges,
and quantity and forward priee ehanges. Indeed, in the unlikely event
when al! ol these cross-correlations were zero, our model collapsed to the
extant single-exposure models. To the extent that the rcle\ant eross-eor-
relations were non/ero. our model pro\idecl management with the nec-
essary framework to more effeetively manage multiple price and quantity
exposures.

Our analysis sullered from two limitations. Limiting the seope of
this study to the ease of pure exporters and global portfolio managers
allowed us to foeus on financial hedging strategies; we have not addressed
the more challenging hedging problems confronting multinational firms
with uncertain production. Optimal hedging strategies of such producers
typically consist of not only financial hedges but also operational hedges,
such as glohal plant locations (e.g.. C^howdhry & I lowe, 1999). I inaneial
strategies are relevant to multinational producers for hedging only short-
term exposures, but operational hedges are more suitable for managing
long-term exposures. Moreover, we have foeused on linear hedging strat-
egies based on forward/futures contracts but ignored nonlinear strategies
involving option contracts. Finally, we have provided an ex post analysis
of the effcetiveness of multiple price and quantity exposures so that we
ean eomparc the performanee of our modei with that of the previous
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studies in the area, such as KM. It would be interesting lo examine lhe
ex ante effectiveness of our hedging model with out-uf-sample data; these
extensions represent topics for future research.
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