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Abstract

In an uncertain volatility model where only the stock and the money market
account are traded, the upper price bound of a European claim is given by the
solution of a Black-Scholes-Barenblatt equation. If an additional hedge instru-
ment is available, the price bound can be tightened. This is also true if the
set of admissible strategies is restricted to tractable strategies defined as sums
of Black-Scholes strategies. By combining the approach for including additional
instruments in the hedge and for finding the optimal tractable hedge, we are able
to analyze the structure of the optimal superhedge. We compare both the general
strategies and the tractable strategies when an additional call option is traded.
The restriction to tractable strategies allows for economic arguments in finding
the optimal position in the additional hedge instrument.

Keywords: Stochastic Volatility, Robust Hedging, Tractable Hedging, Un-
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1. INTRODUCTION

In a complete market, any contingent claim can be replicated by a self-financing portfolio
strategy consisting of basis assets, and can thus also be hedged perfectly. In practice,
however, markets are not complete due to a lot of reasons. For example, one might
think of models with stochastic volatility and stochastic jumps', where in the latter case
infinitely many traded would be needed to complete the market. Another problem are
trading restrictions and the necessary discretization of trading strategies.? Recently, great
attention is also drawn to the topic of model risk, that is to the problem that the true
data—generating process is not known.? Model risk poses severe problems when it comes
to hedging, since in most cases the investor has to know the true model to determine
either a perfect hedge within a complete market model or a hedge which satisfies some
optimality criteria (like minimal variance of the hedging error, e.g.) in an incomplete

market.

A setup that explicitly takes model risk into account is the uncertain volatility model of
Avellaneda et al. (1995). The stock price is assumed to follow a diffusion process with
an unknown (but bounded) volatility. The class of possible stochastic processes includes
among others the case of a constant volatility as in Black—Scholes, a time-dependent
volatility, or stochastic volatility models. For a given claim which is not affine in the price
of the underlying, there does not exist a hedging strategy which is perfect with respect
to all these processes simultaneously. Instead, we consider superhedging strategies, i.e.
self-financing strategies for which the terminal payoff is in all models at least as large as
the payoff of the claim. The initial capital needed for such a superhedging strategy is an
upper price bound for the claim, and the initial capital needed for the cheapest superhedge
is the lowest upper price bound. It can be shown that the cheapest superhedging strategy
is equal to a replicating strategy in one of the possible models, the so—called worst—
case model. The solution of this problem is firstly given in Avellaneda et al. (1995) and
Lyons (1995), and we call the corresponding strategies ALP-hedges in the following. More
recently, the problem of superhedging in an uncertain volatility model is also considered in
Branger and Mahayni (2006) who introduce an additional constraint to the optimization

problem. They restrict the set of admissible strategies to the sum of Black/Scholes—type

'Models with stochastic volatility are discussed by Hull and White (1987) and Heston (1993), while
Merton (1976) considers a jump-diffusion models. Bakshi et al. (1997), Duffie et al. (2000), Eraker et al.

(2003) and Broadie et al. (2005), among others, analyze models with stochastic volatility and jumps.
Discretely adjusted option hedges are e.g. analyzed in Boyle and Emanuel (1980) and Bertsimas et
al. (1998).
3The impact of model risk on hedging is e.g. studied in Bossy et al. (2000), Bossy et al. (2001), Jiang
and Oomen (2001), and Hull and Suo (2002).
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strategies, so—called tractable strategies, which are a simple and parsimonious choice if

the true model is not known.

The concept of superhedging is often criticized as too expensive. Intuitively, it is clear
that a hedge which needs to be effective for a whole set of models simultaneously may
afford a very high initial investment. This problem can be mitigated by the introduction
of an additional hedge instrument. The expensive superhedge then has to be implemented
for the remaining payoff only. Avellaneda and Pards (1996) show how to find the lowest
upper price bound in this case. Along the lines of Branger and Mahayni (2006), we
introduce the additional constraint that the hedging strategy for the remaining payoff is

restricted to a sum of Black/Scholes hedges.

It is clear that the use of an additional instrument in the hedge portfolio will reduce the
initial capital. In an uncertain volatility model, the basic intuition can best be explained
by considering an additional claim that is convex. Note that the upper price bound of a
claim without considering the market price of the additional claim is given by the worst
case model which is implied by the claim to be hedged. In particular, convex payoffs
are hedged (respectively priced) at the upper volatility and concave payoffs at the lower
volatility bound. For payoffs which are piecewise convex and concave, the volatility in
the worst case model switches between the upper and the lower volatility depending on
the sign of the worst case gamma. By trading in the additional convex claim, the investor
buys (sells) its convexity at the market price instead of at the upper (lower) volatility
bound, which allows him to reduce the initial capital needed. A similar argument holds
for an additional claim which is neither convex nor concave, where the investor trades its

curvature at the market price instead of the price implied within the worst—case model.

In this paper, we study the optimal tractable robust hedge if an additional instrument is
available. First, we give conditions on the optimal position in the additional instrument
and on the remaining payoff. We assume that the additional claim is convex, where we
think for example of (highly liquid) ATM-options. Second, we analyze the structure of
the optimal hedge. In particular, we are interested in whether the investor uses a long
or a short position in the additional instrument, that is whether he cares more about the
convexity risk or the concavity risk of the claim to be hedged. We are also interested in
the reduction in initial capital he can achieve. Third, we compare our results to the case
of ALP-strategies. It turns out that the sign of the optimal position in the additional
instrument may differ between tractable hedges and ALP-hedges. The reduction in initial

capital may also be larger or smaller for tractable hedges than for ALP-hedges.

We illustrate our findings by two examples. First, we consider hedging a call option. As

expected, the position in the additional ATM-option is the larger the more similar the
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two claims are in terms of their strikes and the larger the upper volatility bound, that is
the price of hedging convexity risk. Furthermore, the reduction in the initial capital due
to the use of the additional instrument is larger for the ALP—hedge than for the tractable
hedge, and the investor takes a smaller position in the additional instrument in case of
tractable hedging than in case of the ALP-hedge. The intuition for both these findings is
that the original payoff is convex, but that the remaining payoff which has to be hedged
after buying the call option is neither convex nor concave. And while the tractable hedge
and the ALP—hedge coincide for convex claims, the tractable hedge is more expensive than
the ALP—hedge for mixed payoffs. This makes the investor more reluctant when trading
the additional claim. The second claim we consider is a bullish vertical spread, which
is a mixed payoff from the very beginning. A positive position in the hedge instrument
implies that the investor buys convexity at the market price and thus cares more about
the convexity of the claim than about the concavity. Interestingly, the optimal position in
the additional call can be a short position or a long position, and it may also be optimal

to ignore the additional call.

The paper is organized as follows. Section 2 recalls some well known results about the
price bounds in an uncertain volatility model with and without the restriction of strategies.
Section 3 gives the maximization problem if an additional hedge instrument is available,
and analyzes the structure of the optimal tractable robust hedge. Section 4 discusses two

examples, a call option and a bullish vertical spread. Section 5 concludes.

2. PRICE BOUNDS IN AN UNCERTAIN VOLATILITY MODEL

Along the lines of Avellaneda et al. (1995) we consider an uncertain volatility model.
There are two traded assets, a risky asset X and a zero bond B with maturity in 7. All
prices are already expressed in units of this zero bond, which implies B = 1. The asset
price X follows a diffusion process with a diffusion coefficient ¢ which is bounded above

by 0max and bounded below by o,i,. In particular, we have
dXt = Xt (/.Lt dt+0't dVVt) (1)

where y; and o, are non—anticipative functions such that oy, < 0p < opax, and W is a

Brownian Motion under the physical probability measure P.

Since the volatility is unknown and may well be stochastic, the investor cannot implement
a perfect hedge for non-affine claims, and the market is incomplete. Instead, we will
consider super— (and sub—)hedges in the following, i.e. self-financing strategies which
dominate (are domatinated by) the claim to be hedged with probability one in all models
with bounded volatility given by Equation (1). In the following, these superhedging

strategies are called robust hedging strategies.
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We deal with European path—independent claims with maturity 7" > 0 and characterize
a claim by its payoff-function h : R — R,. The upper price bound for a claim h is
the lowest initial capital needed for a self-financing strategy which dominates h, i.e. the
initial capital for the cheapest robust strategy. Note that a robust strategy for h dominates
the payoff h and thus actually provides a hedge for a short—position in the claim with
payoff—function h.

In the unconstrained case, there is no restriction on the set of admissible strategies.* The

ALP of a payoff-function h is given by®

lowest upper price bound
urP(t, 2 h) = SuerQ*EtQ [h(X7)] (2)

where @Q* denotes the class of all probability measures on the set of paths {5;,0 <t < T},
such that for some bounded o, it holds that

dXt - XtO't th*

In Avellaneda et al. (1995) and Lyons (1995) it is shown that this lowest upper price
bound is the solution of a Black-Scholes-Barenblatt (BSB) equation.® In particular, for
all x > 0 it holds

auALP 1 ) 2a2uALP
5 (t,z;h) + 39 (t,x;h)x 922 (t,z;h) = 0
uMFP(T,z;h) = h(x)
where U(t, x; h) = O'maxl{ azg:ZLP (t,x;h)zo} + Uminl{ azg:zLP (t,:c;h)<0}'

The corresponding cheapest robust hedge is given by a portfolio consisting of ¢;* assets
X and ¢P bonds where

auALP auALP
QS%X = W(tXta h)> ¢tB = uALP(ta Xt; h) - ox

c.f. Avellaneda et al. (1995). In general, the price bound u*F(¢,x;h) and the corre-

sponding volatility o (¢, z; h) have to be determined simultaneously. The solution is given

(t, X h)Xt> (3)

by a Hamilton—Jacobi—Bellman equation and is linked to a stochastic control problem. If
h is convex (concave), the problem simplifies considerably. In this case, o(t,2;h) = Opax
(o(t,z;h) = omin), and the BSB partial differential equation reduces to a Black—Scholes
(BS) equation. Convex (concave) claims are thus hedged and priced at the upper (lower)

volatility bound.

“The set of admissible strategies is given by all predictable processes ¢ = (¢X oL )
%See e.g. El Karoui and Quenez (1995).

6The existence, uniqueness and smoothness for this equation is analyzed in detail in Vargiolu (2001).
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We now restrict the set of admissible strategies to tractable strategies along the lines of
Branger and Mahayni (2006). A tractable robust hedge for h is represented by (h, h) where

h is convex and h is concave and where

h(y) +h(y) > h(y) Vy>D0.

The tractable robust hedge itself is given by the sum of a BS-hedge for h at the upper
volatility bound and a BS-hedge for h at the lower volatility bound, c.f. Definition 3.1 of
Branger and Mahayni (2006). It is easy to see that this strategy is indeed a superhedge
for h.

Trac
)

The price bound corresponding to the cheapest tractable robust hedge is denoted by
and the optimal choice of the two payoffs is denoted by (h*, h*). In the special case where
the claim to be hedged is convex (concave), the ALP—hedge is given by a Black—Scholes
hedge at the upper (lower) volatility bound and is thus tractable. It then holds that

u™(t, 2 h) = uMP(t as k), Wt as h) = M (2 h).
For the general case, it immediately follows that the initial investment which is needed to

achieve a tractable robust hedge is at least as high as the lowest upper price bound, i.e.
u™(t s h) = u(t, z; )+ u(t, 2 hY) > u(t, x5 h) +u(t, z; h) > u Pt 2 h). (4)

To motivate the use of tractable strategies, note that the true model is not known. In
such a situation, the use of BS—strategies is certainly the most simple choice. However,
these strategies provide a superhedge only for convex or concave claims, but not for mixed
payoffs. This problem is solved by the use of tractable strategies, without foregoing the
simplicity of BS—strategies.

Branger and Mahayni (2006) determine the optimal tractable robust hedge. They show
that it follows from the optimal decomposition of an optimal dominating payoff. The
optimal decomposition of a payoff is given in their Proposition 3.3, and Proposition 3.6
characterizes the optimal dominating payoff. In particular, they show that it might be
optimal to dominate the original payoff in case of tractable hedging. The basic intuition for
this result is that the increase in initial capital due to dominating the payoff may more
than be offset by the reduced overall curvature of the dominating payoff. For a more
detailed explanation and some examples, we refer the reader to Branger and Mahayni
(2006).

We conclude this section by reviewing some basic and helpful properties of the price
bounds which hold both for the ALP-hedge and for the tractable hedge. Note that
—u"(t,x; —h) gives the highest lower price bound for the claim h.
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LEMMA 2.1 (Properties of price bounds). For w € {Trac, ALP}, the lowest upper price
bounds u*(t,x; fi) and u"(t,xz; f2) at time t € [0, T and state x as a function of the
payoffs f1 and fo at maturity T satisfy the following conditions:

(i) Monotonicity: fi(y) > fa(y) Yy > 0= u”(t,x; f1) > u“(t,z; fo) Vo >0

(i) Subadditivity: u®(t,x; fi) + u”(t,z; fo) > u”(t,x; fL + fo) Y& >0
(111) f1, fa convex or fi, fa concave = u*(t,z; f1)+u"(t, x; f2) = u*(t, z; fi+ fo) Vo >0
() fo(y) =a+by Yy > 0= u"(t,z; f1) +u’(t,x; fo) = u*(t,z; fL + f2) V& >0

(v) u(t,x; fo) = —u"(t, ;= f2) Vo = 0.

Proof: The proof of the case w = ALP is given in Branger and Mahayni (2005). The case

w = Trac can be proved along the same lines. O

The price bounds depend monotonically on the volatility bounds, as shown in the next

lemma:

LEMMA 2.2 (Monotonicity of price bounds in volatility bounds). For w € { Trac, ALP},
the lowest upper price bound u® (t,x; h, Omin, Omaz) at time t € [0,T[ and in state x for the
payoff h at maturity T is monotonically increasing in the upper volatility bound o4, and

monotonically decreasing in the lower volatility bound o p,.

Proof: To prove the monotonicity in the upper volatility bound, note that o, < o1 < 09
implies Q7 C Q5. The case w = ALP is then obvious, since

sup E¢[h(X7)| 7] < sup E°h(X7)|F).
QeQ; QeQ;

Furthermore, it holds that

Infy, | sup EC[R(X7)|F] + sup EC[A(Xr)|F]
* eeos QeQ;

< Infy, | sup ECR(X7)|F] + sup EC[h(X7)|F]
| Q€Qs QeQ;

which proves the case w = Trac. The proof for the monotonicity in the lower volatility

bound is analogous. O

3. ADDITIONAL HEDGE INSTRUMENT

The claim to be hedged is given by its payoff-function h. Besides the stock X and the

bond B, the investor can now also use an additional claim ¢ for hedging. Throughout
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the following, we assume that ¢ is convex, and we exclude the trivial case of an affine
g." The (market) price M of g satisfies for all t € [0,7] the no arbitrage condition
M(g) €] — u(t, St; —g),u(t, Si; g)[. We exclude the bounds, since in this case we could
infer from the market price of g that the true volatility is equal to either the upper or the

lower volatility bound. Then, we would no longer be in the uncertain volatility model.

3.1. Hedge With Additional Hedge Instrument. Along the lines of Branger and
Mahayni (2006) we define a tractable robust hedge with an additional hedge instrument

as follows:

DEFINITION 3.1 (Tractable Robust Hedge with Additional Hedge Instrument). A tractable
robust hedge with additional instrument g for h is represented by a triple (h,h,¢) where

h is a convex payoff, h is a concave payoff, and where

h(z) + h(x) + ¢g(x) > h(z) Vo >0.
The tractable robust hedge is given by ¢ static positions in g, a BS-hedge for h at the
upper volatility bound, and a BS-hedge for h at the lower volatility bound.

We are interested in the optimal position in the additional claim, and in the reduction
in the initial capital due to the availability of the additional instrument g. For w €

{Trac, ALP}, the lowest upper price bounds u®* with additional hedging instrument are®

u’(t, Se;hlg) = Infy {dMi(g) +u" (¢, Si;h — dg)} .
The optimal position in the additional claim is given in the next definition:

DEFINITION 3.2 (Optimal Position in Additional Hedge Instrument). Forw € {Trac, ALPY},
the optimal position in g for hedging h is denoted by ¢, and solves the minimization prob-

lem
¢, = argming {¢My(g) +u"” (¢, 2;h — ¢g)} .
For w = Trac, (K%, hiy,.) Tepresents the optimal tractable robust hedge for the modified

payoff h — ¢%p...9, and the optimal tractable robust hedge with additional instrument for
the payoff h is represented by (b’ Tracy Prae) -

Tracs Z2Tracy

We are interested in the positions which give the cheapest tractable hedge, i.e. we want to

characterize the triple (A%, Piaes @ivae) Which is defined in Definition 3.2 . To simplify

e Pvacs @ivae) 10 the following.

the notation, we only write (h*, h*, ¢*) instead of (

"Notice that a concave claim is simply given by a short position in a convex claim. We do not include
mixed claims.

8For the unconstrained case w = ALP, we also refer to Avellaneda and Pards (1996).
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3.2. Optimal Position in the Additional Instrument. First, we derive some prop-
erties of the optimal position in the additional instrument. To get the intuition, note that
a positive ¢ implies that the hedger buys convexity at a market price which is lower than
the price implied by the upper volatility bound. If ¢ < 0, he sells convexity at the market

price, which is cheaper than selling it at the lower volatility bound.

The optimal position in the additional claim will depend on the price of this claim. The
next lemma shows that, in line with intuition, the position is the larger the cheaper the

claim is:

LEMMA 3.3 (Monotonicity of optimal static position in market price). Forw € {Trac, ALP},
the optimal position ¢}, in the additional instrument g is monotonically decreasing in the

market price M;(g).

PROOF: Fori = 1,2, let M;;(g) be the market price of the claim g and let ¢, ; be the

optimal static position in the instrument g. From the optimality of ¢! ., we first get

¢1*1;,1Mt,1(9) +u® (t, x;h — ¢Z;,19) < ¢Z,2Mt,1(g) +u” (t, x;h — ¢Z;,29)
¢*w,2Mt,2(9) +u® (tv i h — ¢*w,29) < ¢Z},1Mt,2(9) +u® (tv i h — ¢*w,19) .

Combining these equations gives

(Cb;kul - ¢1*1;2) Mt,l(g) +u” (t> x;h — ¢Z,19) < (Cb;kul - ¢1*1;2) Mt,2(9) +u® (t> x;h — ¢Z,19)

which implies

(651 — D) (M1 (9) — My2(g)) < 0.

M;1(g) < My2(g) thus implies ¢7, | > é;, 5, so that the optimal static position in the claim

is decreasing in its market price. O

This lemma establishes a relation between the position in the additional claim and the
price of buying or selling convexity at the market price. We conjecture that there is a
similar relation between the optimal position in the additional claim and the price of
superhedging convexity and concavity. The optimal position in the convex claim ¢ should
increase if hedging convexity is becoming more expensive (i.e. if the upper volatility
bound increases), and it should decrease if hedging concavity is becoming more expensive

(i.e. if the lower volatility bound decreases):

LEMMA 3.4 (Monotonicity of optimal static position in volatility bounds). For h, g convex

and w € {Trac, ALP} it holds that ¢, is monotonically increasing (decreasing) in opuy

(O min)-



PRroor: Still to come

Furthermore, if the investor faces a situation where he can either hedge a convex claim
at the upper volatility bound or buy it at the market price, he will of course choose the
cheaper alternative and buy it at the market price. This allows us to derive upper and

lower bounds on the optimal position in the additional claim:

PROPOSITION 3.5 (Bounds for optimal static position). Let [ := sup{¢|h — ¢g is convex}
and u := inf{p|h — ¢g is concave}. For w € {Trac, ALP} it holds that ¢% € [l,u].

PrROOF: The proof is given in Appendix A.1

The above proposition is very intuitive. Consider the lower boundary [ < ¢*, e.g. and
start with a position of [ in the additional claim. Since the modified payoff h—Ig is convex,
the investor might want to buy additional convexity at the market price (choosing ¢ > [).
However, it is never optimal to sell additional convexity (choosing ¢ < [) and make the
modified claim even more convex. In the latter case, the investor would actually sell
convexity at the market price and (re-)buy it at the higher price implied by the upper
volatility bound, which just increases the initial capital needed. Generalizing this idea,
one can argue intuitively that the position in ¢ should be chosen such as to minimize (in

a sense still to be made clear) the overall curvature of the remaining modified claim.

Recall that we assume that the additional hedging instrument is given by a convex claim,
i.e. an option. A long position ¢* implies that the investor wants to buy convexity at the
market price and thus cares more about hedging the convexity risk at the upper volatility
bound than he cares about hedging the concavity risk at the lower volatility bound. ¢*
can thus be interpreted as a measure for the convexity risk of the claim. If A is a mixed
payoff which is neither convex nor concave, then the interesting question is of course
whether the optimal solution is given by buying or selling convexity, that is whether the
convexity or the concavity of the claim dominates. We will come back to this question
when we study the example of a bullish vertical spread. Second, it is interesting to see
whether the sign of the optimal position in g depends on whether we consider a tractable
hedge or an ALP-hedge. From Proposition 3.5, we know that if the original claim is
convex, then both hedges imply a long position (or no position) in the additional claim,
and if the original claim is concave, they both imply a short position (or no position).
Again, things are more complicated for mixed payoffs, as we will show in the example of

the bullish vertical spread again.

3.3. Optimal Tractable Hedge of the Remaining Payoff with AI. Up to now, we

have considered the optimal position in the additional instrument. Now we turn to the
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remaining payoff h — ¢g which still has to be hedged at the upper and lower volatility
bound.

PROPOSITION 3.6 (Structure of Optimal Tractable Robust Hedge). For the cheapest
tractable robust hedge (i_z*,@*, qﬁ*) with additional instrument g, it holds that the cheapest
tractable robust hedge (ﬁ*,@*) of the modified payoff h — ¢*g must not include a long or
a short position in g, i.e. there does not exist any o > 0 such that h* — ag is convex or

h* + ag is concave.

PRrROOF: The proof is given in Appendix A.2.

The intuition is similar as for Proposition 3.5. Consider the payoff h*. The investor
hedges this payoff at the upper volatility bound. If there is an o > 0 such that A* — ag
is convex, then he can buy the convexity of a positions in the additional instrument at
the market price, and the payoff he has to hedge at the (more expensive) upper volatility
bound is reduced to h* — ag. Put differently, hedging at the upper volatility bound can
only be optimal if buying ¢ does not provide an easy alternative. A similar argument of

course holds for the concave payoff h*.

4. ILLUSTRATIVE EXAMPLES

To illustrate the use of an additional hedge instrument, we consider two example. In the
first example, we deal with the simplest case where both the claim to be hedged and the
additional instrument are call options. It turns out that the optimal tractable hedge can
be given in closed form and is interpretable by a simple convexity argument. Besides, the
example gives an easy motivation for more general scenarios. In the second example, we
consider a bullish vertical spread and thus deal with a claim that is neither convex nor

concave.

4.1. Hedging call options. The payoff function of a plain vanilla call option with ma-

turity 1" and strike K is denoted by cg, i.e. we have
cx = (z—K)".

We consider the cases h = cx and h = —cg, and we will show that there are indeed
distinctive differences between superhedging the payoff of a call long and a call short.
The additional claim is a call option, too, i.e. g = ck,,. We assume that the maturity of
all options which are considered is T', but that the strikes are different, i.e. K # K.

Before we give the solution for the cheapest tractable robust hedge, we define some special

strike prices which will turn out to be useful later on:
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FIGURE 1. The figure illustrates the definition of the strikes in Lemma 4.1. The
tangents to the upper price bound at the strikes b* and b* go through the market
price of the additional claim. The intersections of these tangents with the lower
price bound then define the strikes b, b, b and b¥v.

LEMMA 4.1. Depending on the upper and lower volatility bound and the strike and market

price of the additional instrument, we can define the following six special strike prices:

(a) The equation

u(t,z;c)  ult,myc) — My(cky,)

0b B b— Ky (5)

has two solutions b = bl and b = b* with b! < Ky < b*. In the limiting case
O maz — 00, these solutions converge to lim,, .. b' =0, lim,, .. b*= oo.

(b) Fori=1,u, the equation

—u(t, z; —c;) — My(ck,,) _ u(t, z; cp) — Mi(ck,,) (6)
B— KM bt — KM .

has two solutions b = bl and b = b with b < Ky < b.

PRrROOF: The proof is given in Appendix B.1.

In Lemma 4.1, the upper and lower price bounds u(.;¢,) and —u(.; —¢,) of a European
call are considered as a function of the strike price b. The solution of Equation (5) is a
strike such that the tangent line to the upper price bound goes through the price of the
traded call with strike K, c.f. Figure 1. According to Lemma 4.1, Equation (5) has
two solutions ' and b* with b' < K,; < b*. Furthermore, each tangent line intersects
the lower price bound twice, and this gives the strikes b < Kj; < b'* (for the tangent at
b="0") and b < Kp; < b"* (for the tangent at b = b*) which solve Equation (6).
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In the following, we represent the cheapest tractable hedge along the lines of Definition
3.2, i.e. by its optimal static position ¢* in the additional claim ¢ and the tuple (E*, @*)
which gives the optimal tractable robust hedge for the remaining payoff h — ¢*g. In
particular, the position in the underlying is given by the delta hedge for A* at the upper
volatility bound and A* at the lower volatility bound.

PROPOSITION 4.2 (Cheapest Tractable Robust Hedge with Al — Call Long). The cheapest
tractable hedge of a call with strike K is given by
5 = K — b 1 K —b*
Ky — b {pi<K<Ky} + Ky — bt LKy <k <ovy
h = (]_ — ¢*) Cbl]{bl<K<KM} —+ (]_ — ¢*) Cpu ]{KM<K<b“} + CK]{Kg[bl,bu}}
h* = 0

where b and b* are defined as in Lemma 4.1. It holds that ¢* € [0, 1].

ProOF: From Proposition 3.5, it follows that ¢ > 0. The static position ¢ in the claim
g = ¢y results in the modified payoff

h(z) = ¢g(z) = (z — K)" — ¢z — Kn)". (7)

This payoff is structurally equal to the payoff of a vertical spread. In the special case
¢ =1, we get a bearish (bullish) vertical spread for K > K, (K < Ky).

Branger and Mahayni (2005) show that the cheapest tractable hedge is given by the
optimal decomposition of the optimal dominating payoff. Applying Proposition 3.6 of
Branger and Mahayni (2005) to the modified payoff (7) shows that the optimal dominating
portfolio consists of a short position in a call with strike Kj; and a long position in a call
with strike b. For Kp; < K (Ky > K) we have b > K (b < K). Let a; denote the
number of calls with strike ¢ (i = b, Kj7). The portfolio of ¢ + ak,, options with strike
Ky and oy calls with strike b has to dominate the original call with strike K, and it must
not be possible to reduce the position in the options any further. This gives the following

conditions

(Z) (03¢ +¢+Oéb: 1

(17) (ak, +0)(b—Ky)=b—K
Furthermore, we must have o, > 0. Proposition 3.6 immediately implies ag,, = 0, i.e.
the hedge of the modified payoff must not include a superhedge of the additional hedging
instrument. Summing up, the structure of the optimal hedge is given by
K—-1b
Ky —b

OéKMZO, ab:1_¢a ¢:

INotice that these option positions are superhedged dynamically.
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Lower and Upper Price Bounds for Call with Al

Pri ce Bounds
Price Bounds

bl | bl bul KM bl u by bl | bl bul KM bl u by
Strike Strike

FIGURE 2. The figures show the upper and lower price bound (solid black lines)
for a call as a function of the strike, as well as the tangents (solid grey lines) to the
upper price bound that pass through the price of the traded call. If an additional
call with strike Kj; is available, then the price bounds can be tightened. The
left figure shows the new upper price bound (dash-dotted line), which is lower
if ¥ < K < b*. The right figure shows the new lower price bound(dash-dotted
line), which is larger if b% < K < b'*,

It can easily be seen that oy, € [0,1] and ¢ € [0,1]. The position ¢, in the option with
strike b is superhedged dynamically, i.e. a long position in this call is delta~hedged at the
upper volatility bound. In contrast, the call with strike K, is available at the market.

The (total) initial investment for the hedging positions is given by

K—-b K—-1b
(1 oy b) u(t, x; cp) + o bMt(CKM)~ (8)

In the last step, we have to find the optimal b. From the first order condition and Lemma
4.1, we get b= 0" or b = b". For K;; < K < b*, we thus set b = b*, and for b' < K < Ky,
we set b = b'. Otherwise, if K ¢ [b',b%], then the optimal choice of b is not viable, i.e.
the condition ¢ € [0, 1] is violated. Then, we get the boundary solution b = K, and it is
optimal just to superhedge the call with strike K at the upper volatility bound. O

The upper price bound for tractable hedging and if an additional call is available is
illustrated in the left panel of Figure 2. If the strike of the claim to be hedged is between
b! and b*, then the new price bound is indeed lower than the old one. Following Proposition
4.2, the call with strike K is dominated by a portfolio of two calls with a lower and a higher
strike price. If all three calls were priced and hedged at the upper volatility bound, then
the initial capital needed for the dominating payoff would of course be larger. However,
the call with strike K,; can be bought at a lower market price instead of being hedged

at the upper volatility bound, which reduces the initial capital needed for the convex
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combination. It then depends on the tradeoff between these two effects whether the
additional call can be used to lower the upper price bound. If K is between b' and b*, the
weight of the traded call in the hedge portfolio is large enough for the second effect to be

more important, and the hedge becomes cheaper.

It is also interesting to look at the limiting hedge when the upper volatility bound goes
to infinity or when the strike of the additional option converges towards the strike of the

option to be hedged.
COROLLARY 4.3. [Limits for the Cheapest Tractable Hedge with AI — Call Long]

(i) In an uncertain volatility model where 7,4, — 00, the optimal tractable robust hedge
for cx converges to a static portfolio:
(a) for Ky > K: portfolio of the stock (1—¢*) and the additional call with ¢* = KLM
(b) for Ky < K: position in the additional call with ¢* =1

(ii) The optimal static position is the higher the closer the additional strike is to the
strike of the option to be hedged, i.e. limg,, .k ¢* = 1.

ProoOF: The above corollary is an immediate consequence of Lemma 4.1 and Proposition
4.2. O

Note that the above corollary is also true in the unconstrained case which is considered in
Avellaneda and Pards (1996), i.e. for the limiting cases 0. — 00 and K — K we have
Ohae = Parp- In general, the optimal static position of the constrained scenario differs
from the one in the unconstrained case. This and the above results are illustrated by a

numerical example.

Along the lines of Avellaneda and Paras (1996), we consider the problem of hedging OTC
options with different strikes using ATM options. For simplicity, we set K, = x = 100.
We use the same parameters as ALP. The volatility band is defined by ,,;, = 0.08 and
Omaz = 0.32. The risk-free interest rate is set to r = 0.06, and time to maturity is equal
to half a year. Finally, the implied volatility of the ATM option available for hedging is
Oimp = 0.16. The call options to be hedged have moneyness (defined as strike price over

stock price) ranging from 0.85 to 1.15.
Table 1 shows the results both for the ALP-hedge and the tractable hedge with and

without the additional instrument. Without the additional instrument, both the restricted
and the unrestricted hedge coincide, and the optimal strategy is just to hedge the call
at the upper volatility bound. If the additional ATM-call is available, the initial capital
is lower in the unrestricted ALP—case than for the restricted tractable hedge. With an

additional instrument is used, the remaining payoff is mixed, which implies that the
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= 085 090 095 1.00 1.05 1.10 115

uAP (8, 5 ex) 19.7623 | 16.2269 | 13.1063 | 10.4343 | 8.1739 | 6.3223 | 4.82708

up™ (t, x; cx) 0.8324 | 0.7616 | 0.6818 | 0.5971| 0.5120| 0.4303| 0.3550

urP (8 25 excl e,y ) || 18.6884 | 14.3800 | 10.1787 | 6.0773 | 4.9385 | 3.9769 | 3.1640
(

UAP (¢ 2y clex,,) || 05936 | 0.4122 | 0.2092 | 0.0000 | —0.0776 | —0.0902 | —0.0784
Ohip 0.4150 | 0.6038 | 0.8074 | 1.0000 | 0.9444| 0.8172| 0.6727
W (¢ 2 cp) 19.7623 [ 16.2269 | 13.1063 | 10.4343 | 8.1739 | 6.3223 | 4.82708
uT (¢, 22 cx) 0.8324 | 0.7616| 0.6818 | 0.5971| 0.5120| 0.4303| 0.3550
Wt (¢ 2 elex,,) | 19.1799 [ 14.8124 [ 10.4449 | 6.0773 | 5.3963 | 4.7153 | 4.03431
w2 (¢, z: cxcle,,) || 0.5639 | 0.3759 | 0.1880 | 0.0000 | 0.0349 | 0.0698 | 0.1047

DTrac 0.3964 | 0.5976 | 0.7988 | 1.0000 | 0.8228 | 0.6455| 0.4683

TABLE 1. Comparison of constrained and unconstrained solutions.

hedge of this remaining payoff is more expensive for the tractable strategy than for the
ALP-strategy, as already argued in Equation (4). The investor thus profits less from the

availability of the additional call when he is restricted to tractable trading strategies.

For all strikes, the investor takes a long position in the additional instrument both for the
tractable hedge and for the ALP-hedge. Given that he wants to hedge an already convex
payoff, this result is intuitive and also follows from Proposition 3.5. The position in the
additional instrument is larger in case of the ALP-hedge. Intuitively, this can again be
explained by noting that the remaining payoff is neither convex nor concave. This makes
the tractable hedge more expensive, and the investor is thus more reluctant to add this
concavity to the originally convex claims. This in turn implies that he takes a smaller

position in the additional instrument in case of the tractable hedge.

In the next proposition, we give the results for superhedging a call short:

PROPOSITION 4.4 (Cheapest Tractable Robust Hedge with Al — Call Short). The cheapest
tractable hedge of a call short with strike K is given by

K — b K-t

VS TRy e e} Ty )
v ( Ko O e Ty ]{KM<K<”“})
E* = —CK I{Kg[bul’blu]}

where b, b, b*, and b are defined in Lemma 4.1. In particular, ¢* € [—1,0].
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ProOOF: The proof is given in Appendix B.2.

The result is illustrated in the right panel of Figure 2 which shows the lower price bound
if an additional instrument is available. First, the payoff of the call short is dominated by
the payoff of a short position in a call with strike Kj; and a long position in a call with
strike b'. If the short position would be priced at the lower volatility bound and the long
position at the upper volatility bound, then the resulting lower price bound would indeed
be smaller than the old one. However, the short position in the traded call is traded at the
market price, which increases the lower price bound. And again, if b < K < b™, then
the weight of the traded call in the dominating portfolio is large enough for the investor

to profit from the additional call.

4.2. Hedge of Bullish Vertical Spread. In the next example, we consider hedging
a bullish vertical spread with strikes Ky < Ky, i.e. h(z) = (xr — K1) — (x — Ky)™.
While the call was an example for a convex payoff, the bullish vertical spread is neither
convex nor concave. This leads to two interesting questions. First, the tractable robust
hedge and the ALP—hedge do not coincide even in the base case without an additional
traded instrument, and the tractable robust hedge is more expensive than the ALP-hedge,
ie. uMP(t x h) < u™e(t,z,h). It is then no longer obvious whether the additional
instrument will reduce the initial capital by more in the unconstrained case or in the
constrained case. Second, the optimal static position in the additional claim can be
positive as well as negative. Thus, it is interesting to analyze under which conditions the
investor will buy convexity at the market price, and under which conditions he will sell
it.

For the case that K); < K; < K, the representation of the optimal tractable hedge with

an additional call is given in the following proposition. The remaining cases K7 < Ky <
K5 and K < Ky < K); can be found in Appendix C.

PROPOSITION 4.5 (Tractable Robust Hedge of Bullish Call Spread with Additional Instru-
ment). The cheapest tractable robust hedge with additional instrument cg,, for a bullish
vertical spread with payoff-function h(zx) = (x — K1)T — (x — Ka)T is for Ky < K1 < K>
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given by
* Ky — K,y Ky — K3 bu_Kl
¢ = —ml{l{z<blu} + ml{blu<l{2<buu} + ml{K1<bu}1{buu<K2}
7 % K2 - Kl
h = m Cpl ]{K2<bl“}
Ky — Ky Ky — K
(m Cpu 1{K1<bu} + ﬁ Ca* 1{bu<K1}) 1{buu<K2}
Ky, — K
peo= -2

BT TR Ry e )

Ky — Ky
+ <_CK2 Lok, <puy — Ky —ar CK, ]{b“<K1}) Lipeuc iy}

where a* = min{a“¢, K1} and a®™? solves the equation

au(ta Xt; Ca) _ —U(t, Xt; _CK2) - U(t, €T Ca)

da Ky —a

bh o) and b* (b4, b ) are defined as in Lemma 4.1. In particular, ¢* € (—oo, 1].

Proor: First, consider the structure of the hedge. For a given ¢, the optimal tractable
hedge of the remaining payoff follows from Proposition 3.6 in Branger and Mahayni (2006).
Furthermore, Proposition 3.6 in this paper states that this hedge must not include a
hedge of the additional call ¢k, at the upper or lower volatility bound. The hedge for
the remaining payoff is then given by a long position in an option with strike y, where
y < Ky for ¢ < 0 and y < K5 for ¢ > 0, and a short position in the option with strike
K. For the positions o, and ag, in the options, a similar argumentation as in the proof

of Proposition 4.2 gives

Ky — K4 Ky — Ky

o, = -
! Ky =y Ky =y
Ky — K, Ky — K!
a = - -
o Ky —y Ky =y

where y and ¢ have to meet one of the following two conditions
Ky, — K
y< Ky and ¢ € {—#,O}
Ky —vy
y— K, 1 Ky — Ky
Y Ky {K1<y<Ka}>» Ky — K .

y < Ky and qbe[
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Second, we have to find the optimal choice of y and ¢. The initial investment for the

hedge is
Ky — K
Vi(¢,y) [?27_; [u(t, ;¢,) — (D)u(t, z; —cx, )] + of(y)
L _K2_KM ) _KM—y_ .
where f(y) = M(ck,,) e u(t, z; cy) i, —y( Du(t, z; —ck,).

For fixed y, we denote the optimal choice of ¢ by ¢(y). It is easily seen that ¢(y) is equal
to the lower boundary if f(y) > 0 and equal to the upper boundary if f(y) < 0:

_ _I;(z];i} Ly<rny T 0 Lry<y<rany + yy__fl((;{ Lik<y<rcsy fy) >0
¢(y) - Ko— K1
Yromon fly)=0
The optimal y then follows from the first order conditions, where we have to distinguish
between the cases f(y) < 0and f(y) > 0 with y < Ky, Ky <y < Ky, and K; <y < Ks.
Note that a necessary condition for f(y) > 0 to hold is Ky < b™ or Ky > b"*. This gives

the following candidate choices for y:

e in the interval [0, Ky]: '
e in the interval [K ), K1]: max {Kj, a*}
e in the interval [K, Ky|: max { Ky, min {b%, K»}} 1{K2¢(blu,buu)} + KQI{KQE[blu’bW]}

where we have already dropped some choices that are never optimal. Comparing the

initial investments that result from these cases then gives Proposition 4.5. O

For the numerical example, we use the same parameters as in Section 4.1, i.e. we set
Omin = 0.08, e = 0.32, and r = 0.06. The inital stock price is x = 100, and the
additional instrument is an ATM-call with implied volatility ;,,, = 0.16. The time to
maturity of the contracts is again equal to half a year. We set Ky = K; + 10.

Figure 3 shows the initial capital needed for the ALP-hedge and for the tractable hedge
as a function of K7, where we consider both the case with and without an additional
instrument. The results confirm that the tractable hedge is more expensive than the
ALP-hedge, which is to be expected for a mixed payoff. For both types of hedges, the
initial capital can be reduced when an initial instrument is available, where the reduction
depends on the relation between the strikes of the straddle and the strike of the additional
call. If the claim to be hedged and the additional call are too different, that is if the strikes
of the straddle are too far away from the strike K, the reduction in initial capital is zero
for the tractable hedge and goes to zero for the ALP-hedge. Furthermore, the reduction
in initial capital for the tractable hedge is zero for Ky ~ b™. In this case, the optimal

tractable hedge without the additional instrument cannot be improved upon, as can also



19

Lowest Upper Price Bound for Bullish Vertical Straddle

K2=K1+10
bul KM blu pY puu

10 ¢

optimal initial capital

t;l bLIl K‘M b;u k;u
K1

FIGURE 3. The figure shows the lowest upper price bound for a straddle with
strikes K (shown at the lower axis) and Ky = K; 410 (shown at the upper axis)
as a function of K. We consider the ALP-hedge (dashed line), the ALP-hedge
with a traded ATM-call (dotted line), the tractable hedge (solid line), and the
tractable hedge with a traded ATM-call (dash-dotted line).

be shown analytically. For the other values of K; and K5, the reduction in initial capital
can be significant.

A comparison of the reduction in initial capital by the additional instrument shows that
there is no ranking between the ALP-hedge and the tractable hedge. Again, it depends
on the parameters for which hedge the reduction is larger. The most important result,
however, is that the tractable hedge with an additional instrument can be significantly
cheaper than the ALP-hedge without additional instrument. In our example, this holds
true if the strike of the additional call is smaller than the two strikes of the straddle.
Then, the disadvantage of the tractable hedge due to the restriction of possible trading
strategies can thus be offset by using an additional hedge instrument. And while the
tractable hedge can be given in (nearly) closed form up to the solution of some nonlinear
equations to find the characteristic strikes in Lemma 4.1, the ALP-hedge needs to be
determined in a tree by backward induction.
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Optimal Position in Additional Call for Bullish Vertical Straddle
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FIGURE 4. The figure shows the optimal position in a traded ATM-call for a
straddle with strikes K; (shown at the lower axis) and Ky = Kj + 10 (shown
at the upper axis) as a function of K;. We consider the ALP-hedge with a
traded ATM-call (dotted line) and the tractable hedge with a traded ATM-call
(dash-dotted line).

The optimal position in the ATM-call is shown in Figure 4. The first question is whether
the investor takes a long, a short, or no position in the additional call ck,,, that is whether
he buys or sells convexity at the market price. Intuitively, the answer should depend on
whether the traded call is more similar to the convex part (call with strike K; long) or
concave part (call with strike K5 short) of the straddle. It should also depend on the
current stock price in relation to the strikes of the straddle, which governs whether the
straddle is more similar to a convex or to a concave claim at the moment. Consider the
dependence on the strike prices first. As we can see from Propositions 4.5, C.1, and C.2,
the distinctive parameter for the optimal tractable hedge is K,. For Ky > b > K, and
thus for a large strike price K5, the investor takes a long position in the additional call,
whereas he takes a short position for K, < b'*. Surprisingly, the sign of the position in
the additional call does not depend on K. For K; > K, the traded call with strike K,
is more similar to the call with strike K; (which would imply a long position) than to

the call with strike Ky (which would imply a short position). However, the investor still
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takes a short position in the additional call if K5 > b™. Second, consider the dependence
of the optimal position in the additional call on the current stock price. This dependence
is indirect in that the optimal tractable hedge depends on the characteristic strikes from
Lemma 4.1 which in turn depend on the current stock price. b™ increases in the stock
price, and there will be some critical stock price where the investor switches from a long
position in the additional call (for stock prices below this level) to a short position (for
stock prices above this level). This is in line with intuition: for low stock prices, the
straddle is more similar to a convex claim (which implies a long position in the additional
call), while it is more similar to a concave claim for large stock prices (which implies a

short position).

In our example, the sign of the position in the additional call coincides for the tractable
hedge and the ALP-hedge. The size of the position in the tractable hedge, however,
can (in absolute terms) be both smaller and larger than the position in the ALP-hedge.
The additional position is zero for the tractable hedge if the strike of the additional call
is too different from the strikes of the straddle, and it goes to zero for the ALP-hedge
if the difference between the strike of the call and the strikes of the straddle increases.
Furthermore, note that the optimal position in the traded call is a continuous function
of the strike K; for the ALP-hedge, while it jumps for the tractable hedge. At the
discontinuity points, which are again defined in terms of K,, there are two different

strategies which are both optimal.

The cases K; = Kj; and Ky = Kj; are special in that one of the component calls is
already traded at the market. Intuitively, one would expect the investor to buy or sell the
traded call and to hedge the remaining call with strike K or K, at the upper or lower
volatility bound. In our example, this intuition gives the right answer for Ky = K, but
not for K1 = Kj;, and it can be seen from Propositions 4.5, C.1, and C.2 that it holds
only under some additional conditions. If K; = K}, a long position in the traded call
and a hedge of the call with strike K5 at the lower volatility bound is optimal only if K,
is large enough. If Ky = K, a short position in the traded call and a hedge of the call
with strike K at the upper volatility bound is optimal only if K is small enough.

Finally, we compare the optimal hedge for the straddle to the sum of the optimal hedges
for the component payoffs. If no additional instrument is available, the sum of the ALP-
hedges is given by hedging the call long at the upper volatility bound and the call short
at the lower volatility bound. It is well known that this strategy is often prohibitively
expensive compared to the optimal ALP-hedge for the portfolio. The same holds true if
an additional instrument is used. For the tractable hedge, on the other hand, there are
situations where the sum of the optimal hedges for the components is optimal for the

portfolio, too. Without an additional instrument, this holds true if K; is small enough
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(for details, see 7). With an additional instrument, this case may also happen. Assume
e.g. b < K < Ky < Ky < b*. Adding up the optimal tractable hedges for the call long
from Proposition 4.2 and the call short from Proposition 4.4 gives the optimal tractable
hedge for the straddle from Proposition C.1 in Appendix C. However, there are other
parameter scenarios where the sum of the hedges is more expensive than the hedge of the

portfolio, and where the investor thus profits from a portfolio effect.

5. CONCLUSION

In this paper, we analyze the benefits of using an additional traded claim besides the
stock and the money market account for hedging. We consider an uncertain volatility
model with bounded volatility. The investor wants to implement a robust hedge, and he
restricts the set of admissible strategies to tractable strategies, which can be written as
the sum of Black—Scholes strategies. The additional instrument is supposed to be a call

option.

The investor profits from the additional instrument. By trading the additional claim, he
can buy and sell convexity at the market price instead of superhedging it at the volatility
bounds, which lowers the initial investment. For the case of hedging a call option or a
vertical spread, we derive closed form solutions for the optimal position in the additional
instrument and for the initial capital. The optimal position in the additional call option
can be interpreted as a measure for the convexity of the claim to be hedged. It is always
positive in case of a call, but it may be both positive and negative for a bullish vertical
spread. We also compare the results to the optimal hedge in Avellaneda et al. (1995) if
the strategies are not restricted. The restriction leads to a more conservative position in
the additional hedge instrument. Furthermore, the tractable hedge with an additional call
can well be cheaper than the ALP-hedge without an additional instrument. At the same
time, the optimal tractable hedge is much easier to implement and may be considered as

the more intuitive hedging strategy.

Further research could proceed along several lines. First, the uncertain volatility model
is one way to capture model risk, and the hedging strategies considered in this paper are
robust with respect to this model class. It seems natural to extend the concept of robust
hedging to other model classes, too, and to consider the use of additional instruments
in these model classes. Second, it would be interesting to analyze so-called semi-static
strategies, which are e.g. considered in Carr and Wu (2002), and to combine the criteria

of robust hedging and semi-static hedging.
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APPENDIX A. PROOFS AD SECTION 3

A.1. Proof of Proposition 3.5. g convex implies {¢|h — ¢g is convex} =] — 0o, (| and
{¢|h — ¢g is concave} = [u, 00[. Thus, the definition of I and u is sensible, and it holds
that | < u. To prove ¢ € [l,u] it is enough to show that ¢M;(g) + u™ (¢, S h — ¢g) is

decreasing in ¢ for ¢ €] — 00, ] and increasing for ¢ € [u, col.

First, assume that ¢; < ¢ <.

o1 Mi(g) +u” (t, Sish — d1g) — [¢2Mi(g) + u” (2, Si; h — d29)]
= (¢1 — ¢2)Mi(g) +u” (t,Sish — drg) — u” (¢, S5 h — ¢ag)
= (91 — G2)My(g) +u” (¢, 5 (¢2 — d1)g)
= (92— ¢1) [-Mi(g) +u” (£, 5 9)]

> 0

where we have used that h — ¢1g, h — ¢2g and (¢2 — ¢1)g are convex so that the price
bounds are additive (see Lemma 2.1). This proves that ¢M,(g) + u™ (¢, S; h — ¢g) is

indeed decreasing in ¢ on the interval (—oo,!].

In a similar way, we can show that ¢M,(g) + u" (¢, Si; h — ¢g) is increasing in ¢ on the
interval [u, ool. O

A.2. Proof of Proposition 3.6. Along the lines of Definition 3.2 we have

(1", ¢") = argming,y o) {$M;(g) + " (t,2;h) +u5 (t,2;0)} .
st. h(z) + h(z) + dg(x) > h(x) for all z > 0.
Assume that there is a constant o > 0 such that h* — ag is convex. Consider the triple
(h, h, ¢) where h = h* —ag, h = h* and ¢ = ¢*+a. Obviously this triple also represents a
tractable robust hedge. With the no arbitrage condition M;(g) €]—u(t, Sy; —g), u(t, St; g)],

the convexity of h* — g, and the convexity of ag, it follows that
My (g) +uP (t,2;h) + uP*B (¢, 2; )
= (&" + ) Mi(g) +u™ (t, 250" — ag) +u™™ (¢, 23 17)
= ¢ My(g) +u" (t,2; h) +uP (¢, 2; 1) + a (My(g) — uPP (¢, 23 9))
< ¢ My(g) + " (t,a; h*) + w5 (¢, 25 b7 .

The above contradicts the optimality of the triple (h*,h*,¢*). Analogous arguments

prohibit the existence of o > 0 such that h* + g is concave. O
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APPENDIX B. PROOFS AD SECTION 4

B.1. Proof of Lemma 4.1. The upper price bound for a European call is given by the
BS—price at the upper volatility bound, i.e.

u(t,z;c) = N (di (t, 2 K; Omax)) — KN (da (£, 25 K 0may))
where dl (t, T, [(7 Umax) = 1 (K) 2amax( )
OmaxV 1 —1
d2 (t,l’7 K;O-max) = dl (t,!)ﬁ', Ka Umax) — Omax T—1

where N denotes the cumulative distribution function of the normal distribution.

Equation (5) can be rewritten as

ou(t, ;¢
%(KM —b) = Mck,,)

It can be shown that the function f is monotonically increasing in b for 0 < b < K, and

ft,x;0) = u(t, z; ) +

monotonically decreasing in b for Kj; < b. Furthermore, it holds that
ll)ii%f(t,x;b) = x— Ky < M(ck,,)
ft,o; Ky) = ult,x;ck,,) > Mi(ck,,)
bli_glo f(t,z;0) = 0< M(cg,,)-

Thus, the equation f(Z,2;b) = M;(ce,, ) has two solutions b, b* where 0 < b < Ky,

and 0" > Kj;. Since the upper price bound increases in oy,,y, if furthermore holds that

U

lim,, . oo b =0 and lim,, .. b* = cc.
Equation (6) can be rewritten as
~ w(t, x; cpi) — My(c ~
f(b) = Mt(CKM) + ( blz )_ KMt( KM) <b o KM) = —u(t, Z; _CE) (9)

where i = [,u. The function f is a monotonically decreasing and affine function of b,
while the lower price bound —u(t, z; —¢;) is a convex function of b. Thus, Equation 9)
has at most two solutions. Since f is the tangent to the convex upper price bound for the
call, it holds that

f0) <wu(t,x;co) = x = —u(t, z; —cp).

Furthermore, we know that

f(KM) = Mt(CKM> > —u(t,x; _CKM)

lim f(t,z;0) = —oo <0= lim —u(t,z; —c;).

b—o0 b—o0
Thus, for each i = [,u, Equation (9) has two solutions b%, b* where 0 < b < K, and
bt > Ky O
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B.2. Proof of Proposition 4.4. From Proposition 3.5, it follows that ¢* < 0. The
modified payoff / is

which is similar to a bullish (bearish) vertical spread for Ky, < K (K > K).

For the case Kj; < K, we know from Branger and Mahayni (2006) that the optimal
dominating payoff is given by a long position in a call with strike b < Kj; and a short
position in the call with strike K. Using the notation of the proof before and analogous

arguments, we have

(i) a+o+ag=-1
(i1) (K —b) + S(K — Kng) = 0

and we also know that

OébZOa QKSO

where b < K;. This immediately gives

K- K
(@) a=—¢—p— bM
Ky —b
(17) aK:—l—qu[g[_b
Furthermore, it has to hold that
K —
i) —4- _bb <$<0.
In the case of Kj; > K, analogous arguments give
, K- K
(1) = _QSKi—bM >0
, Ky —b
=-1- <
(i)  ag 0] T =5 S 0
K —
(iii)  — Ier _bb <¢<0

where b > K.
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The (total) initial investment of the hedging positions is'”
—agu(t, r; —ck) + apu(t, z;c) + OMy(ck,,)

= (1 + ¢[§?J__bb> u(t, z; —ck) — QS% (t, ;) + OMy(ck,,)

= u(t,x;—ck)— ¢ (%u(t, x;¢p) + I;é‘,/[__bb[—u(t, T —ck)] — Mt(cKM)) .

In case the term in brackets is positive, the optimal choice is ¢* = 0, and the additional

hedge instrument is not used. In the opposite case, we get ¢* = — KIL = (total)
initial investment is

Ky—K b— K

-7 - t’ ; - M )

b o KM u( z Cb) b _ KM t(CK]\/I)

and we have to find the optimal b in the next step. From the first order condition and
Lemma 4.1, we get b = b’ or b = b*. For Kj; < K, the optimal choice is thus b = ', and
for K < Ky, it is b = b". Finally, it remains to show that

K- Ky Ky — b

7T u(t, ;) + 7T

[—u(t, z; —ck)] — My(ck,,) <0 <= K )b b

APPENDIX C. AD PROPOSITION 4.5

ProprosITION C.1 (Tractable Robust Hedge of Bullish Call Spread with Additional In-
strument (ii)). The cheapest tractable hedge with additional instrument ck,, of a claim
with payoff-function h(x) = (x — K1)T — (v — Ko)* (K1 < Ky < Kg) is given by

. K2 Kl) K2 — b — b
O = TRy — g e T gy, e} | e} T T KM — g Hresv} {rsw)
— x K2 Kl K2 - KM
o= [KM — Cbl]{K1>bl} + <CK1 Ky — U b ) 1{K1<bl}} 1{Kz<blu}
Ky — Ky
+ [ Ky — b Cbl]{K >bt} +CK11{K1<bl}] 1{Kz>bZU}
h* = —Ck, Z{K2>bl“}

where b' (B, 61 ) and b* (B, b)) are defined as in Lemma 4.1. In particular, ¢* € [—1,1].
ProoF: The proof is analogous to the one of Propodition 4.5. O

ProprosITION C.2 (Tractable Robust Hedge of Bullish Call Spread with Additional In-

strument (iii)). The cheapest tractable hedge with additional instrument ck,, of a claim

10Recall again that a long position is dynamically hedged at the upper volatility bound and the short

position at the lower volatility bound
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with payoff—function h(x) = (x — K1)" — (x — Ko)T (K1 < Ky < Ky ) is given by

. Ky — K b — K, b — K,
(b _K2 — K*bu — K 1{K*<K1} - MI{K*>K1} I{b“l<K2}
ol (K KKKy K )
T\ R TR SR b — Ry ) T
Ky — Ko
_'_ (CK1 _'_ bu — KM Cbu) 1{K*>K1}:| J{bul<K2}
Ky — K,y ;
VR —in {a, By el i)

Ky — K

h* ( 2 1)

= K, - min {a*, K}CKZJ{b“l>K2}
where K* solves

ou(t, z; cx+) u(t, o5 cxee) — [bu — Mi(ck,,) -l— KM u(t, x; Cbu)]
OK* a K* — K2 )
a* is defined as in Proposition 4.5 and b ("6 ) and b* (b, 0™ ) are defined as in Lemma

4.1. In particular, ¢* € [—1,1].

PrRoOOF: The proof is analogous to the one of Propodition 4.5. O
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