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ABSTRACT

Game (Israeli) options in a multi-asset market model with proportional transaction
costs are studied in the case when the buyer is allowed to exercise the option and
the seller has the right to cancel the option gradually at a mixed (or randomised)
stopping time, rather than instantly at an ordinary stopping time. Allowing gradual
exercise and cancellation leads to increased flexibility in hedging, and hence tighter
bounds on the option price as compared to the case of instantaneous exercise and
cancellation. Algorithmic constructions for the bid and ask prices, and the associated
superhedging strategies and optimal mixed stopping times for both exercise and
cancellation are developed and illustrated. Probabilistic dual representations for bid
and ask prices are also established.

Keywords: game options, randomised stopping, transaction costs, optimal stopping.

1. Introduction

A game (i.e. Israeli) option is a contract between an option buyer and seller, which
allows the buyer the right to exercise the option, and the seller the right to cancel
the option at any time up to expiry. The payoff associated with such a game option
is due at the earliest of the exercise and cancellation times. If the option is cancelled
before it is exercised, then the buyer also receives additional compensation from the
seller. Game options were first introduced by Kifer [16] and have been studied in a
frictionless setting in a number of papers; for a survey of this work see Kifer [17]. Game
options have proved to be important not only in their own right, but also because they
underpin the theory for other traded derivatives such as convertible bonds or callable
options; see e.g. Kallsen and Kiihn [15], Kithn and Kyprianou [22], Bielecki et al. [3],
Wang and Jin [10], or Kwok [24].

Transaction costs were first considered in the context of game options by Kifer
[18], who extended the results established for American options by Roux and Zastaw-
niak [31] in the case of a market with a single risky security. Kifer’s work [18] has
recently been generalised by Roux [29] for game options in discrete multi-asset models
with proportional transaction costs. Due to a negative result by Dolinsky [9] that the
superreplication price of a game option in continuous time under proportional trans-
action costs is the initial value of a trivial buy-and-hold strategy, both Kifer [15] and
Roux [29] study game options in discrete time. This approach is also adopted in the
present paper.



Consistently with the wider literature on game options, the papers by Kifer [18]
and Roux [29] take it for granted that the option can only be exercised or cancelled
instantaneously and in full, in other words, at an ordinary stopping time. This means
that pricing and hedging involves non-convex optimization problems for both the buyer
and seller. In this case, Kifer [18] and Roux [29] showed that the bid and ask prices
can be computed algorithmically, as can optimal strategies for both the buyer and the
seller. Moreover, they established probabilistic dual representations for the bid and
ask prices. In common with American options in this setting, the dual representations
involve so-called mixed (or randomised) stopping times (used before in various contexts
by Baxter and Chacon [!], Chalasani and Jha [6], Bouchard and Temam [!] and many
others).

In the present paper we allow increased flexibility for both the buyer and seller by
permitting both exercise and cancellation to take place gradually, i.e. at a mixed stop-
ping time, rather than instantaneously at an ordinary stopping time. Such flexibility
is available to investors who hold a portfolio of options and may wish to manage their
exposure by exercising or cancelling some of these options at different times.

In the presence of proportional transaction costs, gradual exercise and cancellation
is closely linked to the notion of deferred solvency; this has already been studied in the
context of American options with gradual exercise by Roux and Zastawniak [32]. In the
presence of a large bid-ask spread on the underlying assets, for example in the event of
temporary illiquidity in the market, an agent may become insolvent in the traditional
sense at some time instant ¢, but still able to return to solvency at a later time
by trading in a self-financing way. Allowing such deferred solvency positions, rather
than insisting on immediate solvency at all times, also leads to increased flexibility in
constructing hedging strategies for both the seller and buyer of a game option.

In this setting, i.e. for game options with gradual exercise and cancellation under
transaction costs and deferred solvency, we establish algorithmic constructions of the
bid and ask prices and of optimal hedging strategies for both the seller and buyer
of the option. In doing so, we extend the results of Kifer [18] and Roux [29], which
apply to game options that allow only instantaneous exercise and cancellation with
immediate solvency.

It turns out that, in the presence of proportional transaction costs, allowing deferred
solvency along with gradual exercise and cancellation for game options leads to tighter
bid-ask spreads as compared to the case of instantaneous exercise and cancellation.
The reason for this is that the sets of buyer and seller superhedging strategies under
instantaneous exercise and cancellation can be embedded in the corresponding sets
for gradual exercise and cancellation. Taking the minimum (in the case of the seller)
and the maximum (for the buyer) then leads to a lower (sometimes strictly lower)
ask price and higher (sometimes strictly higher) bid price under gradual exercise and
cancellation, hence a tighter (sometimes strictly tighter) bid-ask spread.

It is also important to note that allowing gradual exercise and cancellation turns
pricing and hedging for the buyer and seller of a game option into convex optimization
problems, massively enhancing the efficiency of the pricing and hedging algorithms as
compared with the non-convex case studied by Kifer [18] and Roux [29]. Furthermore,
convexity facilitates the use of duality methods, and could potentially allow extending
the linear vector optimisation techniques which were developed by Lohne and Rudloff
[25] for European options.

The methods and results presented in this paper build on a large body of work for
European and American options under transaction costs, including papers by Merton
[26], Dermody and Rockafellar [3], Boyle and Vorst [5], Bensaid, Lesne, Pages and



Scheinkman [2], Edirisinghe, Naik and Uppal [10], Jouini and Kallal [12], Kusuoka [23],

Koehl, Pham and Touzi [20, 21], Stettner [36, 37], Perrakis and Lefoll [28], Rutkowski
[34], Touzi [39], Kabanov [13], Jouini [ 1], Palmer [27], Chalasani and Jha [0], Kabanov
and Stricker [11], Kocinski [19], Schachermayer [35], Bouchard and Temam [1], Tokarz
and Zastawniak [38], Chen, Palmer and Sheu [7], Roux, Tokarz and Zastawniak [30],
Roux and Zastawniak [31, 32, 33], Lohne and Rudloff [25].

The paper proceeds as follows. Section 2 introduces the multi-asset model with pro-
portional transaction costs and summarizes the results from Roux and Zastawniak [32]
that will be used in this paper. Game options with gradual exercise and cancellation
are introduced in Section 3. Pricing algorithms for the seller and buyer, together with
dual representations, are presented in Sections 4 and 5. The relative tightness of bid-
ask spreads under gradual and instantaneous exercise and cancellation is explored in
Section 6. Proofs of results in Sections 46 are deferred to Section 8. An example is
provided in Section 7.

2. Preliminaries

2.1. Many-asset model with proportional transaction costs

We consider the discrete-time market model with many assets (conveniently thought
of as currencies) and proportional transaction costs introduced by Kabanov [13] and
studied by Kabanov and Stricker [14], Schachermayer [35] and others.

Let (€2, F,P) be a probability space with filtration (F;)L_,. We assume that €2 is
finite, 7o = {@,Q}, Fr = F = 2% and P(w) > 0 for all w € Q. For each t = 0,...,T,
by €2; we denote the collection of atoms of F;, called the nodes of the associated tree
model.

The market model contains d assets or currencies. At each trading date t =
0,1,...,7T and for each k,7 = 1,...,d, one unit of asset k can be obtained by exchang-
ing ¥ > 0 units of asset j. We assume that the exchange rates 7} * are Fi-measurable
and 7} =1 for all ¢ and j, k.

For each t = 0,...,T let £; := LO(R% F;) be the collection of F;-measurable R%-
valued random variables. We can identify elements of £; with R%valued functions
on . Any x € L; can be thought of as a portfolio with positions z!,...,z% in the
d assets. We say that a portfolio x € L; can be exchanged into a portfolio y € L; at
time ¢ whenever there are Fj-measurable random variables 7% > 0, j,k = 1,...,d
such that for all k =1,....,d

d

d
R Mg
j=1

J=1

where 7% represents the number of units of asset k received as a result of exchanging
some units of asset j.

The solvency cone Ky C L; is the set of portfolios that are solvent at time t, i.e.
those portfolios at time ¢ that can be exchanged into portfolios with non-negative
positions in all d assets. It follows that K is the polyhedral convex cone generated by
the canonical basis e!,. .., e? of R? and the vectors ﬂ'fkej —effor jk=1,...,d. We
also refer to K; as the immediate solvency cone to distinguish it from the so-called
deferred solvency cone Qy to be introduced later.



A trading strategy y = (yt)f:'gl is a predictable R%valued process with final value
assumed to be yri1 = 0 for notational convenience. For each ¢ > 0 the portfolio
Yyt € L4—1 is held from time ¢ — 1 to time ¢, and g is the initial endowment. We denote
by @ the set of such trading strategies.

A trading strategy y € ® is said to be self-financing whenever

Yt — Y1 € Ky forall t =0,..., 7 — 1. (1)

Note that no implicitly assumed self-financing condition is included in the definition
of ®.

A trading strategy y € & is called an arbitrage opportunity if it is self-financing,
yo = 0 and there is a portfolio # € L7\ {0} with 27 > 0 for each j = 1,...,d and such
that yp — x € KCp. This notion of arbitrage was considered by Schachermayer [35].
The absence of arbitrage in this sense is formally different but equivalent to the weak
no-arbitrage condition introduced by Kabanov and Stricker [14].

Theorem 2.1. [I4, 35] The model admits no arbitrage opportunity if and only if
there exists a probability measure Q equivalent to P and an R¥*-valued Q-martingale

S = (Sy)L, such that
Sy e K\ {0} forallt=0,...,T, (2)

where Kf :=={y € Li|y-x >0 for all x € KC;} is the polar of —K;.

We denote by P the set of pairs (Q,S) satisfying the conditions in Theorem 2.1,
and by P the set of pairs (Q, ) satisfying the conditions in Theorem 2.1 but with Q
absolutely continuous with respect to (and not necessarily equivalent to) P. We assume
for the remainder of this paper that the model admits no arbitrage opportunities,
ie. P # O.

Any portfolio z € K; is immediately solvent at time ¢, in the sense that it can be
converted at time ¢ into one with non-negative positions in all d assets. For American
and game options under transaction costs, the following weaker type of solvency also
proves useful. We denote by Q; the collection of portfolios € £; such that there is a
sequence ys € L1 for s=t+1,...,T + 1 satisfying the conditions

r—y1 €Ky, ys—yst1 €Ksforalls=t+1,...,T, yry1 =0.
We call such a sequence yiy1,-..,yr+1 a liqguidation strategy starting from z at time ¢.
The portfolios in Q; are those that can eventually (though possibly not immediately
at time t) be converted by means of a sequence of self-financing transactions into

a portfolio with zero positions in all assets. An equivalent way of constructing the
deferred solvency cones is to put

Or :=Kr
and then
Qt = Qt+1ﬁ£t+lCt fOI't:T—l,...,O

by backward induction. It turns out that Q is a convex polyhedral cone. We call it
the deferred solvency cone. See [32] for more information on deferred solvency.



2.2. Mixed stopping times

A mized (or randomised) stopping time is a non-negative adapted process ¢ = (¢;)L_
such that

The collection of mixed stopping times will be denoted by X
For any ¢ € X we put

T
¢r = ¢sfort=0,....T,  ¢5 =0 (3)

s=t

Observe that ¢* is a predictable process since ¢; = 1 is Fp-measurable and ¢} =
1-— EZ;% s is Fy_1-measurable for each t =1,...,T.

For example, in the case of a game option subject to gradual cancellation, ¢; could
represent a fraction of the option that is cancelled at time ¢, whereas ¢; would be the
part of the option that has not been cancelled before t.

For any adapted process X and for any ¢ € X we define the process X evaluated
at ¢ as

T
Xo:=) Xy
t=0

We also put

T
Xf)* ::qusXsfort:O,...,T, Xgij_l = 0.

s=t

The collection T of ordinary stopping times can be embedded in X by identifying
every 7 € T with the mixed stopping time x” € X defined as

Xi = Lp=r}

for each t = 0,...,T. (Here 14 denotes the indicator function of an event A € F.)

2.3. American options with gradual exercise and cancellation

Here we collect the main notions and results concerning American options with gradual
exercise and cancellation under proportional transaction costs; for full details, see [32].
These will be extended to game options, and will also be used as tools to establish
some key results for this extension.

Consider an American option with adapted payoff process Z = (Z;)L,, where
Z; € L; represents a portfolio of d assets for each ¢ = 0,...,T. If the buyer of the
option is allowed to exercise it gradually according to a mixed stopping time ¢ € X,
then the sequence of portfolios v; Z; is to be delivered by the option seller to the buyer
at times t =0,...,T.



The seller needs to hedge against all mixed stopping times ¢ € X that can be
chosen by the buyer. Because the seller can react to the buyer’s choice of v, the
hedging strategy may depend on . We are going to write zzp for the time ¢ position
in the strategy.

On each trading date t, the seller needs to deliver the payoff ¢;Z; and to rebalance
the strategy from zzp to z;ﬂ 1 without injecting any additional wealth, and can only use
knowledge of ¥ and the market up to and including time ¢. This leads to the following

conditions.

Definition 2.2. Let Z = (Z;)]_, be an adapted process. For an American option with
payoff process Z and gradual exercise, a seller’s superhedging strategy is a mapping
z : X — ® that satisfies the rebalancing condition

Ve XVE=0,...,T: 2 —0Z — 20, € Ky (4)
and the non-anticipation condition

Vi, € X VE=0,...,T: Ni{vs =} C {zF =2} (5)
The family of such strategies will be denoted by ¥?(Z).

Definition 2.3. The seller’s (or ask) price in currency j = 1,...,d of an American
option with payoff process Z and gradual exercise is defined as

p§(Z) = inf {zx e R|3z € V*(Z): zel =2} .

The following representation of the seller’s price was obtained in [32]. In this rep-
resentation, for any 1 € X, we denote by 75;»1(1#) the collection of pairs (Q, S) such
that Q is a probability measure absolutely continuous with respect to P and S is an
R%valued adapted process such that

S/=1, S eQ\{0} and Eqg(S{|F)e Qf forallt=0,...,T,

where Qf :={y € Ly|y-x >0 for all x € Q,} is the polar of —Q,.

Theorem 2.4. [32, Theorem 4.2] The seller’s price in currency j = 1,...,d of an
American option with payoff process Z and gradual exercise can be expressed as

&(Z) = ma ma. Eo((Z-S)y).
pi(Z) Do 0 ) o((Z - S)y)

3. Game options with gradual exercise and cancellation

A game option as introduced in [16] and studied in [29] is a contract between an option
buyer and seller, which gives the buyer the right to exercise the option at any stopping
time 7 € T, and also gives the seller the right to cancel the option at any stopping
time o € T. There are two adapted processes Y = (V;)L, and X = (X;)L, which
determine, respectively, the payoffs due when exercising and cancelling the option.
In the presence of transaction costs ¥ and X are Re-valued (i.e. portfolio-valued)
processes; see [18] in the case when d = 2 and [29] for any d > 2. The seller has to



deliver the portfolio Y. to the buyer at time 7 when o > 7 or the portfolio X, at time o
when o < 7. That is, the option will be terminated at time o A 7 due to exercise or
cancellation, and the portfolio

QU,T = 1{O'ZT}Y7' + 1{0’<T}XO' (6)

will be changing hands at that time. Observe that exercising the option takes priority
over cancellation when ¢ = 7. Additionally, it is assumed that

X, —Y,eK, foreacht=0,...,T. (7)

The difference X; — Y; can be regarded as a penalty payable by the seller on top of
the payoff Y; when cancelling the option. We shall refer to an option of this kind as a
game (or Israeli) option with instant exercise and cancellation, to distinguish it from
one with gradual exercise and cancellation as described below.

In the present work we allow both the buyer and seller the freedom to exercise or,
respectively, to cancel the option gradually according to mixed stopping times. If the
buyer chooses a mixed stopping time ¥ € X as the exercise time and the seller selects
a mixed stopping time ¢ € X to be the cancellation time, then on each trading date
t =0,...,T the buyer will first be exercising a fraction v/} of the current position
in the option, and then the seller will be cancelling a fraction ¢;/¢; of the remaining
position in the option, where ¢} and ¢; are given by (3). Once again, exercising takes
priority over cancellation.

In these circumstances, starting with an initial position of ¥5¢y = 1 option at time 0,
we are going to show by induction that v} ¢; of the option will neither be exercised
nor cancelled before time ¢, for each t = 0,...,7. It means that 1;/¢; of the current
position ¥} @5, that is, (¢ /¢]) ;o = Yidf of the option will be exercised at ¢, given
that the buyer has priority to exercise. The remaining position in the option will then
be v ¢ — dudf = (Wf — 1) &F = Y167, hence (4/67) Wiy 167 = G164 of the option
will be cancelled by the seller at t. Altogether, ¥;¢; + 1y, ¢; of the option will be
terminated at ¢ due to exercise or cancellation, leaving

Vi df — e — Yy 0 = (wt + 1/’;-1-1) (¢t + ¢>tk+1) — (¢t + ¢I—|—1) — {19

= Y1011

of the option neither exercised nor cancelled before or at ¢, to be carried forward to
time ¢ + 1. This completes the induction.

Remark 1. The minimum ¢ A ¢ of mixed stopping times 1, » € X can be defined as

(Y N )t i= Yy + b 10y

for each t = 0,...,T; see [18]. The above argument shows that a game option with
gradual exercise and cancellation will be terminated according to the mixed stopping
time ¥ A ¢.

On each trading date ¢t = 0,...,T, since ¢;¢; of the option is to be exercised and
Yy 1¢¢ of the option is to be cancelled, the seller will be delivering to the buyer the



portfolio

GOV = Pt Ys + U e X, (8)

where Y = (V3)], and X = (X;)L, are the exercise and cancellation processes
characterising the game option, that is, R%valued adapted processes that satisfy (7).
Clearly, G»¥ = (Gf ’¢)th0 is an R%-valued adapted process, which we shall be referring
to as the payoff process for the game option.

Definition 3.1. A game (or Israeli) option (Y, X) with gradual exercise and cancel-
lation is a derivative security that can be exercised according to a mixed stopping time
1 € X chosen by the buyer or cancelled according to a mixed stopping time ¢ € X
chosen by the seller, giving the buyer the right to receive and obliging the seller to
deliver the portfolio Gf’w = @Yy + i 19 Xy on each trading date t =0,...,T.

Remark 2. In contrast to the above payoff process Gf’w, Kifer [18] refers to the
random variable

T T
Qo =D > dsthiQa

s=0 t=0

as the ‘payoff’ of a game option with exercise and cancellation according to mixed
stopping times ¢,1 € X, without specifying the time instant when this portfolio
should be changing hands. However, the payoff of such an option should not be a single
random variable but in fact an adapted process representing the flow of portfolios to
be delivered on each trading date t = 0,...,7T. We observe that

T

Qow =) G,

t=0

i.e. Q4 happens to be the total of all the Gf’w fort=0,...,T.

In the present paper ()4, will prove useful in a different role. Namely, identifying
the mixed stopping time x* € X with a deterministic time ¢, we are going to use Qg ¢
for t = 0,...,T as the payoff process of an American option with gradual exercise
and invoke the results of [32] to establish a probabilistic representation of the seller’s
price for a game option under gradual exercise and cancellation; see Lemma 4.8 and
Theorem 4.9. Similarly, in the buyer’s case, we are going to use an American option
with gradual exercise and payoff process —Q: 4 for t =0,...,T; see Lemma 5.8 and
Theorem 5.9.

4. Seller’s price and superhedging strategies

The seller of a game option (Y, X) with gradual exercise and cancellation needs to

hedge against any mixed stopping time ¥ € X chosen by the buyer to exercise the
option. The seller can do this by following a trading strategy u?¥ = (uzp)tT:O € ®, which
may depend on . Since uf denotes a portfolio held over time step t, that is, between

times t — 1 and t, it follows that u? may depend on the values vy, ...,¥;—1 known



to the seller at time ¢t — 1, when this portfolio is to be created, but not on the yet
unknown (to the seller) values vy, ..., 1¢7. This is the reason for the non-anticipation
condition (10) in Definition 4.1.

In addition to choosing the trading strategy u¥ € ®, the seller can select a mixed

stopping time ¢ € X to cancel the option, and must be able to deliver the portfolio Gf a4
on each date t = 0,...,7T without injecting any additional wealth into the strategy.
This justifies the rebalancing condition (9).

Definition 4.1. For a game option (Y, X) with gradual exercise and cancellation,
a seller’s superhedging strategy is a pair (¢,u), where ¢ € X and u : X — ®, that
satisfies the rebalancing condition

Ve XVE=0,...,T: uf =GP —uf | €Ky (9)
and the non-anticipation condition

Vo, € XVt =0,...,T: (Vop{s =L} C{uf =u]'}. (10)
The family of such strategies will be denoted by ®*(Y, X).

The least expensive (in a particular currency j) seller’s superhedging strategy gives
rise to the seller’s price of the option.

Definition 4.2. The seller’s (or ask) price in currency j = 1,...,d of a game option
(Y, X)) with gradual exercise and cancellation is defined as

73(Y, X) :=inf {z € R|3(¢,u) € P*(V,X) : ze =up}.

When comparing Definition 4.1 above with Definition 3.2 of [29], one can see that
the set of seller’s superhedging strategies under instantaneous exercise and cancellation
can be embedded in the set ®*(Y, X). Therefore the ask price under gradual exercise
and cancellation must be lower under gradual exercise and cancellation, as will be
shown in detail in Section 6. The example in Section 7 will demonstrate that it can
be strictly lower.

4.1. Seller’s pricing algorithm

The following is an iterative construction of the set of initial endowments that allow
superhedging the seller’s position in a game option with gradual exercise and cancel-
lation.

Construction 4.3. Construct adapted sequences Y, X2, Vi W ZE for t =
0,...,T as follows. First, put

V=YV +Q, A =X+
forallt=0,...,T and

Wi =Vi =Ly, ZF:=)7.



Then, fort =T —1,...,0 define by backward induction

Wta = Zta+1 N £t,
Vf = Wf + Oy,
2} = conv{V}", X'} N V7,

where conv{ V¥, X2} is the convex hull of V& and XP.

By a similar argument as in the proof of Proposition 5.1 in [32], it follows that Z2 are
polyhedral convex sets for all ¢. We shall see that Z§ is the set of initial endowments
that allow the seller to superhedge their position in the game option (Y, X) with
gradual exercise and cancellation. Once Z§ has been constructed, the following result
can be used to obtain the seller’s price of the option.

Theorem 4.4. The seller’s price in currency j = 1,...,d of a game option (Y, X)
with gradual exercise and cancellation can be expressed as

(Y, X) :min{x€R|xej € Z5}.

To prove this theorem, we introduce an auxiliary family A?(Y, X), the elements of
which can be thought of as the strategies superhedging the seller’s position in a game
option with gradual cancellation, instant (rather than gradual) exercise and deferred
(rather than immediate) solvency. The theorem and the following propositions are
proved in the Appendix, Section 8.

Definition 4.5. We define A*(Y, X) as the family consisting of all pairs (¢, z), where
¢ € X and z € ¢, that satisfy the conditions

Zt—¢tXt—Zt+1€Qt forallt=0,...,T —1,
2 — ;Y€ Qp forallt=0,...,T.

According to the next proposition, Zj coincides with the set of initial endowments
for the strategies in A*(Y, X).

Proposition 4.6.
zZ2 = {zo € RY| (¢, 2) € AM(Y, X)} .

We also claim that the set of initial endowments for the strategies in A*(Y, X)
coincides with that for the strategies in ®*(Y, X).

Proposition 4.7.
{20 € RY|(9,2) € A(Y, %)} = {uo € RY| (6,u) € 9°(V, X) }.
It follows from Propositions 4.6 and 4.7 that Z§ is the family of initial endowments
for all strategies superhedging the seller’s position in a game option with gradual

exercise and cancellation. This is what’s needed to prove Theorem 4.4, which links the
seller’s price W?(Y, X) with Z§. Full details can be found in the Appendix, Section 8.
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4.2. Seller’s price representation

In this section we obtain a dual representation of the seller’s price for game options
with gradual exercise and cancellation. This relies on a similar result established in
[32] for American options with gradual exercise; see Theorem 2.4.

Observe that, by Definition 4.2,

7Y, X) = inf {x € R|3(¢,u) € D*(V, X) : we/ = up}
= ;nf inf {z € R|3u: (¢, u) € P*(Y, X),ze/ =up}.
€X

Hence, as a consequence of Lemma 4.8 below, together with Definition 2.3, we have
(Y, X) = ;g(inf {z eR|Fz € V*(Qy,.): zel = 20}

= inf p?% ),
égxpj(%, )

where Qp . = (Qp 1)1y with
Q¢,t = Q¢7Xt for t = O, e ,T

is the payoff process for an American option with gradual exercise, and where p?(qu )
is the seller’s price of such an American option.

Lemma 4.8. For any ¢ € X

{uo | (¢, u) € (Y, X)} = {20]z € U(Qy,. )},
where Qp . = (Qp 1)l is the payoff process of an American option.

The lemma is proved in the Appendix, Section 8. It turns out that the infimum over
@ € x in

(Y, X) = }féip?(%")

is, in fact, a minimum. Moreover, pj(Qg,.) can be represented as in Theorem 2.4. This
leads to the following representation.

Theorem 4.9. The seller’s price in currency j = 1,...,d of a game option (Y, X)
with gradual exercise and cancellation can be represented as

73(Y,X) =minmax max E 9.

The details of the proof can be found, once again, in the Appendix, Section 8.

5. Buyer’s price and superhedging strategies

The buyer of a game option (Y, X) will be able to select a mixed stopping time ¢ € X

to exercise the option, and can follow a trading strategy u? = (uf );‘on € ®, which may
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depend on the cancellation time ¢ € X chosen by the seller. On each datet =0,...,T

the buyer will be taking delivery of the portfolio Gf ¥ and can rebalance the current

position uf in the strategy into uf 1 in a self-financing way, i.e. without injecting any

additional wealth. The portfolio uf created by the buyer at time ¢ — 1 may depend on
the seller’s cancellation strategy ¢g,...,¢;—1 up to and including time ¢ — 1, but not
on the values ¢, ..., ¢r, as these will not yet be known to the buyer at time ¢ — 1.
These considerations lead to the following definition.

Definition 5.1. For a game option (Y, X) with gradual exercise and cancellation, a
buyer’s superhedging strategy is a pair (¢,u), where ¢ € X and v : X — &, that
satisfies the rebalancing condition

Vo e XVt=0,....T: uf +G¥ —uf , € K (11)
and the non-anticipation condition

Vo, € XVt =0,....T: ('Zh{os = &} C {uf = uf'}. (12)
The family of such strategies will be denoted by ®"(Y, X).

The buyer’s price of the game option in currency j can be understood as the largest
amount in that currency which can be raised against a long position in the option
used as surety. The precise definition is as follows.

Definition 5.2. The buyer’s (or bid) price in currency j = 1,...,d of a game option
(Y, X) under gradual exercise and cancellation is defined as

71';?(Y,X) = sup{—:n eR|3I(WY,u) € P°(Y, X) : ze! = uo}.

Comparing Definition 5.1 above with Definition 3.4 of [29], one can observe that the
set of buyer’s superhedging strategies under instantaneous exercise and cancellation
can be embedded in the set ®"(Y, X), and thus the bid price is higher (sometimes
strictly higher; see the example in Section 7) under gradual exercise and cancellation.
This will be shown in Section 6, and the example in Section 7 will demonstrate that
it can sometimes be strictly higher.

5.1. Buyer’s pricing algorithm

As is well known, there is a symmetry between the buyer’s and seller’s superhedging
and pricing problems for a European option. The symmetry consists, essentially, in
reversing the sign of the payoff while also reversing the roles of buyer and seller.
Hence, solving the seller’s problem also yields a solution to the buyer’s problem, and
vice versa. However, for an American option this symmetry is broken, and one needs
to solve the buyer’s and seller’s problems separately; see for example [32] or [33].

On first sight, it might appear that the symmetry between the buyer and seller
might be restored in the case of a game option. However, in fact, this is not so when
the buyer has priority to exercise the option before the seller can cancel it. Reversing
their roles would give priority to the seller. Combined with condition (7), this breaks
the symmetry, and so a specific solution to the buyer’s problem is needed. This is

12



facilitated by the following construction.

Construction 5.3. Construct adapted sequences ytb, th, VF, Wtb, ZF fort=0,...,T
as follows. First, put

Vo= Y+ Q. X=X+ Q
forallt=0,...,7T and
Whi=Vb .= 2Zh.=)h
Then, for t =T —1,...,0 define by backward induction

Wy = 2P N Ly,
VP =W+ Q,
ZP = conv{VP n &P, VP

As compared to the seller’s Construction 4.3, apart from swapping the payoff pro-
cesses Y, X for —X,—Y, which would have been enough had there been a simple
symmetry between the buyer and seller, the operations of intersection and convex hull
are taken in the reverse order in the last line of this construction.

The proofs of the results below concerning the buyer’s case resemble those for the
seller, but certain details follow a diverse pattern to account for the differences between
the seller’s and buyer’s pricing constructions.

Just as in the seller’s case, the same argument as in the proof of Proposition 5.1
in [32] shows that the ZP are polyhedral convex sets. Moreover, we shall see that ZP
plays a similar role for the buyer as Z§ does for the seller, namely it is the set of all
initial endowments allowing the option buyer to superhedge their position. This leads
to the following result.

Theorem 5.4. The buyer’s price in currency j = 1,...,d of a game option (Y, X)
with gradual exercise and cancellation can be expressed as

W}’(Y,X)zmax{—:ne]l%kvej EZ(I)D}.

To prove this theorem we need the following family AP(Y, X), the elements of which
can be seen as strategies superhedging the buyer’s position in a game option with
instant (rather than gradual) cancellation, gradual exercise and deferred (rather than
immediate) solvency.

Definition 5.5. We define AP(Y, X) as the family consisting of all pairs (1, z), where
¥ € X and z € @, that satisfy the conditions

Zt+wt}/;_zt+legt forallt:O,...,T—l,
Zt+1/)tY+¢z<+1Xt€ Q; forallt=0,...,T.

The next two results are similar to Propositions 4.6 and 4.7. First, ZS’ is shown to
be equal to the set of initial endowments for the strategies in AP(Y, X).

13



Proposition 5.6.
25 = {2 eRI|(p,2) € AV, X))

The set of initial endowments for the strategies in AP(Y, X) is then shown to coincide
with that for the strategies in ®"(Y, X).

Proposition 5.7.
{20 € R (1,2) € A°(V, X) } = {uo € R?| (,u) € (v, X) }.

The proofs of these two propositions are in the Appendix, Section 8. Once these
results have been established, proving that 25) is the set of initial endowments for the
strategies in ®P(Y, X ), Theorem 5.4 follows; for details, see the proof in the Appendix,
Section 8.

5.2. Buyer’s price representation

In this section we obtain a representation of the buyer’s price of a game option with
gradual exercise, by exploiting a link with the price of an American option with gradual
exercise and payoff process —Q. 4 = (—Q¢.y)i_, defined for any ¢ € x, where

Qt,d; = th7¢ for t = 0, cen ,T.
Such a link is furnished by the next lemma.

Lemma 5.8. For any v € X
{uol (W,u) € BV, X)} = {20]2 € ¥*(-Q )},

where —Q. y = (_Qt,w)tho is the payoff process of an American option.

With the aid of this lemma, in a similar manner as in Section 4.2, we can establish
the following representation of the buyer’s price.

Theorem 5.9. The buyer’s price in currency j = 1,...,d of a game option (Y, X)
with gradual exercise and cancellation can be represented as

b _ _
72(Y,X) =maxmin min E 8 ).
]( ) YEX $EX (Q,9)ePL (o) Q((Q W )¢)

The proofs of Lemma 5.8 and Theorem 5.9 can be found in the Appendix, Section 8.
6. Comparison with instantaneous exercise and cancellation

We define the ask (seller’s) and bid (buyer’s) prices under instantaneous exercise and
cancellation (see Definitions 3.3 and 3.5 in [29]) within the notational conventions of
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the present paper as

(Y, X) :=inf{fz eR[T(0,y) € T x ®: yo = we’

and (o,y) hedges (Y, X) for the seller},
A;?(Y,X) =sup{—z cR|3(0,y) € T x & : yg = xe’

and (o,y) hedges (Y, X) for the buyer}.

Here, a pair (o,y) is said to hedge (Y, X) for the seller under instantaneous exercise
and cancellation if y is self-financing and

Yonr — Qor € Kopr for all 7€ T (13)

A pair (o,y) is said to hedge (Y, X) for the buyer under instantaneous exercise and
cancellation if y is self-financing and

Yrro + Qro € Kopo for all 7 € T (14)

The following result shows that bid-ask spreads under gradual exercise and cancel-
lation are generally tigher than under instantaneous exercise and cancellation.

Theorem 6.1.

T3 (Y, X) < #3(Y, X), (15)
(Y, X) > #2(Y, X). (16)

The proof of Theorem 6.1 appears in the Appendix, Section 8. The example in
Section 7 shows that bid-ask spreads under gradual exercise and cancellation can
sometimes be strictly tighter than under instantaneous exercise and cancellation.

7. Example

A game option (Y, X) in a binary two-step two-currency model is presented in Fig-
ure 1. The model is recombinant; the option payoff is path-independent and has no
cancellation penalties at time 2. The model has transaction costs only at the node u
at time 1.

Constructions 3.1 and 3.4 of [29] give the bid-ask spread of the game option (Y, X)
with instant exercise and cancellation in terms of currency 2 to be [3.2,5]. We will
show below that the bid-ask spread of (Y, X)) with gradual exercise and cancellation
is

(w9 (Y, X), m5(Y, X)) = [, 1] ~ [3.6667,4.6667] C [3.2,5].
(Indeed the bid and ask prices of (Y, X) can be read off the vertical axes in Figures 3
and 5 below.) Thus gradual exercise and cancellation leads to a smaller bid-ask spread
in this example.

Let us use Construction 4.3 to find the set Zj of initial endowments that allow the
seller to superhedge (Y, X) with gradual exercise and cancellation. At time ¢ = 2 we
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Figure 1. Game option in binary two-step two-currency model

have
zaw — £l 2?) e R?: 142t 4 2% > 9},
zoud — zadu — f(g1 22) € R?: 102! 4 22 > 4},
zadd — (2! 2?) € R? : 42! + 2% > 0}
Figure 2 illustrates the construction at time ¢ = 1 at the node u, which results in
zZi = {(z!2%) e R? : 142! 4 2% > 6, %xl + 22 > 6,102 4 2% > 4}.
Similar considerations at the node d give
zad — (21 2%) e R?: 62t 4 22 > 3t
The construction at time ¢ = 0 gives
28 ={(z",2%) e R? : 102" + 2 > &},

as illustrated in Figure 3.

A superhedging strategy for the seller starting from the initial endowment
(0,75(Y, X)) can be constructed by following similar lines as in the proof of Propo-
sition 4.6 to assemble (¢, z*) € A*(Y, X), and then converting it into a superhedging
strategy (¢, u?) € ®*(Y, X) using the arguments in the proof of Proposition 4.7. We il-
lustrate the first part of the process here for the scenario uu. Define first 2§ := (0, %); it
is clear from Figure 3 that 2§ ¢ A, leading to ¢g := 0. Choosing 2§ := (%, —%) e Wy
then gives that

25 — ¢poXo — 21 = 2§ — 21 € Qo.

Figure 2 shows that 2§ € Z% C J}. It also shows that defining ¢ := % and 25" =
(%, —177) leads to
2 =91 (0,6) + (1 = 01)2",
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Figure 2. W21 VU conv{ V3", Xpu}, Zau 22 -1

with (0,6) € X" and 25" € Vit = Wat C Zaut = Yaui Thus this strategy corre-
sponds to cancellation of % of the option at time 1 at the node u and the remaining

Pt = % at time 2.

The set of superhedging strategies for the buyer of (Y, X) can be computed by
following Construction 5.3. At time ¢t = 2,

zbu — {21 2?) e R? : 142! 4 2% > —9},
Zy = ZpW = {(2',2%) € R? : 102" + 2® > —4},
zhdd — (3l 2% e R? - 42t 4 2 > 0}.

The construction at time ¢ = 1 at the node u gives
Zhe— (2! 2?) e R? : 1da! + 22 > —6,102! + 22 > —4]},
as illustrated in Figure 4. Similar considerations at the node d result in
2bd = (2! 2?) e R? : 62! + 22 > —2}
Figure 5 demonstrates the construction at time ¢ = 0, which leads to

Zi={(z",2%) e R? : 102" +2* > —L}.
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Figure 3. W§, V§, conv{V§, X}, 2§, 2§, 23

Similarly to the seller’s case, the construction of a superhedging strategy for the
buyer starting from the initial endowment (0, —WS(Y, X )) involves two steps, namely
assembling (1, z2°) € AP(Y, X) using the construction in the proof of Proposition 5.6,
and then converting it into a superhedging strategy (v, u?) € ®*(Y, X) following the
lines in the proof of Proposition 5.7. Let us consider again the first step for the scenario
uu. Define z{ := ( ,—%); then Figure 5 shows that 2§ € XD but 2§ ¢ VJ, which leads
to g := 0. Choosing z]f = (—%, %3) € W(]f ensures that

28—1#0}/0—2?228—2%6 Qp.

Figure 4 shows that 22 € XP%; however 2P ¢ VP again leads to the choice ¥} := 0.
Moreover 2P € WP, so choosing 25" := 2D gives

22—yt — b =0 e QY.

Note finally that zb% € Zbuw = ybuu which leads to 13" := 1. Thus this strategy
corresponds to exercising the entire option at time 2 on the node uu.
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8. Appendix: proofs
Proof of Theorem 4.4: By Definition 4.2,
7Y, X) = inf {x € R|3(¢,u) € D*(V,X) : we/ = ug}.
Hence, according to Proposition 4.7,
75 (Y, X) = inf {z e R|3(¢,u) € AXY,X): zel = up }
and, by Proposition 4.6,
T3 (Y,X) = inf {z € R|zel € Z3}.

Because Z is a polyhedral set, it is closed. It follows that {az €ER|zel € Zg} is closed.
It is non-empty and bounded below because ze! € Z& for any z € R large enough,
and ze/ ¢ Z2 for any z € R small enough. It follows that the infimum is in fact a
minimum. U

Proof of Proposition 4.6: Let a € Z§. We construct a mixed stopping time ¢ € X

together with the corresponding process ¢* and a strategy z € ® by induction. First we
put ¢ := 1 and 2 := a. Clearly, zg € ¢;Z§. Now suppose that for somet =0,...,7T—1
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we have constructed z; and ¢; such that z; € ¢j Z. It follows that z; € ¢f )}, hence
2t — ¢y Yr € Q1.

It also follows that z; € ¢ conv{V}{, A2}, hence there exist \; € [0,1], v; € V? and
ry € AP such that z; = ¢f (1 — M)ve + Mewy). We put ¢y := ¢f A, and then ¢} | =
7 — ¢y = 7 (1 — Ny), 50 2t = ¢f v + ¢pxy. Since x; € AP and vy € VP, it follows that
ry — Xy € Qp and there is z;11 € @7, W' such that ¢}, vy — 2441 € Qy. As a result,

2t — G Xt — 2041 = GVt + Qe — Gr Xt — 2041
= ¢y 10 — 2ep1 + O (v — X)) € Q.

Since Wi C Z7, 1, it also follows that 2411 € ¢}, 2}, . Finally, given that zr € ¢7. 2%,
we get zp € o7V, s0 2p— @Y € Qr, and we put ¢r := ¢p, ¢, 1 := 0and 2741 := 0.
We have constructed (¢, z) € A*(Y, X) such that a = 2.

Conversely, we take any (¢,z) € A*(Y, X), and want to show that zp € Z§. More
generally, we will show by backward induction that for each t =0,...,T

of 2 on {¢; >0}
ne{ 87 Ll zh o
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Since zp — ¢4 Y = zp — ¢rYr € Qr, it follows that

. L[ ey on{én >0} [ ¢%Z3 on {¢h >0}
ZTE¢TYT+QT—{ QTTT On{qﬁif:;:O} —{ QTTT on{gbg:O} )

Next, suppose that (17) holds for some ¢ = 1,...,T. Since z is predictable, it follows
that z; € L;_1, so

Z E{ 01 (28N L) om {¢} > 0} C{ GWiy on {] > 0}
t QN Ly on {QZ); = 0} B Qi1 on {QZ): = O} .

Hence, using

2p—1 — Pr—1X4—1 — 2 € Qp—1,

we obtain

21— Gp—1X4—1 € 2 + Qi1

. { GIWE, +Qiy on {67 > 0)
| Qi1+ Qi on {¢j =0}

_ { Vi on {¢; > 0}
Qi1 on {¢;j = 0}

It follows that

Gr-1 X1+ o} VE,  on {¢f >0}
Gt—1Xt—1 + Qi1 on {¢; =0}

{ o Vio1 + i1 on {¢f >0}

Zi—1 €

o on {6f = 0,1 > 0}
Qt—l on {(b? = 07 ¢t—1 = 0}
_ :Vf—l + Qstfl.)(ta_l on {qb;k_l > 0}
Qi1 on {¢;_; = 0}
c { ¢y conv {V?fla Xtafl} on {¢; | > 0}
| Qi1 on {¢;_, =0} °

Moreover, sice z;—1 — ¢f_Yi—1 € Qy_1, it follows that

¢rYiq on{gi, >0}

Zt—1 S ¢>tk—1}/:f—1 + Qt—l — { Qt—l on {d):,l — O} .

As a result,
21 € { ¢f conv { Vi |, X2} Nef Vi, on {¢f_, >0}
Qi1 on {¢j_; =0}
— qutﬁ ta—l on {gbz‘_l > 0}
Qtfl on {¢z‘_1 — 0} ’
which completes the proof. .
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Proof of Proposition 4.7: Suppose that (¢,z) € A*(Y,X). Then, for each t =
0,....T—1

2t — 0e Xy — ze41 € Qs

so there is a liquidation strategy ny, ey ytTJrl starting from z; — ¢ Y; — 2411 at time ¢.
We also put y% 41 := 0 for notational convenience. Moreover,

21— ¢y Y, € Q foreacht=0,...,T,

so there is a liquidation strategy xiﬂ, ey :z:tTJrl starting from z; — ¢;Y; at time ¢. For
each ¢ € X we put

Y.
Uy = 20,

t—1 t—1
ul = wfzt+zw:+1yf+zwsxf fort=1,...,T+1.
s=0 s=0

This defines u : X — ®, which satisfies the non-anticipation condition (10). Moreover,
for each ¢ € X and for each t =0,...,T,

— Uy
t—1 t—1
=i+ Y Uiy + Y berl — it Y — Yo Xy
s=0 s=0
t t
— Pz — > Uiyt — Y Y
s=0 s=0

=i (zt — G4 Xy — 2441 — Z/§+1) + (Zt — Y — ngrl)

t—1 -1
+ Z () (yf - yf+1) + Z s (xf - $?+1)
s=0 s=0

t—1 -1
€ YK + Py + ZT/J:H’CI: + Z YsKy © K.
s=0 s=0

This means that (¢,u) € ®*(Y, X), with 2o = up.
Conversely, suppose that (¢, u) € ®*(Y, X). Then we put

z:i=uX .
It follows that for each t =0,...,T — 1
2 — Qe Xp — 241 = U?T + Gf’xT - Uiil e C 9O,
since

T * *
vax = XtT¢th + X;‘Fﬂ(?tXt = ¢ Xy,
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Next, take any ¢t = 0,...,T. Then xI = x, =0 for each s =0,...,t — 1, and because

u satisfies the non-anticipation condition (10), we have z; = ui‘T = uft. Since xi =1,
Xtt1 =0 and
GIY' = XdiYs + XX = 67 Vi,
it means that
2 — ¢1 Y — uﬁl = uft + Gf’xt - uﬁl €K C Q. (18)
Moreover, for each s =t +1,...,T we have x} = X’;’EH =0 and

GOX' = XLoEYs + XV e X = 0,

hence

t

X X' X! é.x' 0%
Uy —Us+1—us +Gs —Us+1€IngQs-

We can verify by backward induction that uzfjrl € Q; for each s = t,...,T. Clearly,
ué‘fﬂ = 0 € Qr. Now suppose that u;‘;l € Q, for some s =t +1,...,T. It follows
that uX = ( X u;‘;l) + uﬁ_l € Qs + Qs = Q,. By predictability, uX € Ls_1, S0 we
can conclude that u¥ € Q,NLs_1 C Qs_1, which completes the backward induction

argument. In particular, we have shown that uiﬁrl € Q;. Together with (18), this shows
that

Zt—@YtG o

foreacht =0,...,T. As aresult, (¢, z) € A*(Y, X) with zy = ug, which completes the
proof. O

Proof of Lemma 4.8: Take any u € ® such that (¢,u) € ®*(Y, X). Observe that

T T T T
Qo = Qoxt = D > 0sXuQsu = Y 1z Ve + ) dsliacny X
5=0 u=0 s=0 s=0
t—1
= Qﬁy}/ + Z ¢SXS
5=0

and define z : X — ® such that

t—1
o =l Y 6a X, (19)
s=0

for any ¥ € X and any t = 0,...,T + 1. Then z satisfies the non-anticipation condi-
tion (5), zo = ug, and it also satisfies the rebalancing condition (4) for an American
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option with payoff process Q4 . since for any ¢ € X and any ¢t =0,...,T

— Qg — Zt+1
t—1 t
= (u? +; Z ¢SXS) — 4y <¢m +> qﬁsXs) - <uff+1 DY ¢5Xs)
s=0 s=0
- ut @Z)tgbtyz Q/)t—&-lqbt)(lt ut+1
—ut Gmb—uﬁrl € K.

Conversely, take any z € ¥*(Qy,.) and define u : X — ® such that

t—1
- I/Jf Z ¢SXS
s=0
for any ¢ € X and any t = 0,...,7T + 1. Then u satisfies the non-anticipation condi-

tion (10), up = 2o, and

w R w
_G - t+1

t
< P Z@ ) (Vo1 Ys + 97100 Xe) — (zzil — i ng»sxs)

s=0
t—1
=2 — <¢m +> qbsXs) — 2l
s=0
— Q¢ — Z;bﬂ € Ky

for any ¢ € X and any t = 0, ..., T, so the rebalancing condition (9) holds. The lemma
follows because (19) defines a one-to-one map between strategies z € ¥*(Qy .) and
strategies u such that (¢,u) € ®2(Y, X) with ug = 2. O

Proof of Theorem 4.9: According to Definition 4.2,
m5(Y,X) = inf {z € R|3(¢,u) € DXV, X) : ze! =up}. (20)

By Theorem 4.4, m%(Y, X)ed € 2. Hence, by Proposition 4.6, there is a (¢,2) €
A*(Y, X) such that 73(Y, X)e/ = 2. It follows by Proposition 4.7 that there is a

(p,u) € (Y, X) such that 75(Y, X)e/ = up, so the infimum in (20) is in fact a
minimum,

73(Y, X) = min {z € R|3(¢,u) € ®*(Y, X) : v/ = up} .
As a result, according to Lemma 4.8 and Definition 2.3,

74(Y,X) =min{z € R|3¢ € x3z € ¥*(Qy,.) : ze’ = 2}

= gunmf {z eR|Fz € V*(Qy,.) 1 ze! = 2}
€X

= mln
min P5(Qg,. ),
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where p;-‘(qu .) is the seller’s price of an American option with gradual exercise and
payoff process )y, ., which can be expressed as

a .) = ma ma. E )
P5(Qg,.) wejf((@,S)e%(w) o((Qg, - S)y)

by Theorem 2.4. It follows that

73(Y,X) = minmax max E Sy,
5 (Y, X) Dk JNE o((Qg,- - S)y)

completing the proof. O

Proof of Theorem 5.4: Using Definition 5.2 and Propositions 5.6 and 5.7, we obtain

7-[-?(}/’ X) = Sup{—m € R|3(¢au) € (I)b(YvX) : l'ej = Uo}
= SUP{_C’? eR|3(,u) € APV, X) : zel = uo}

:sup{—areRmejEZg}.

Being a polyhedral set, Z(]]D is closed, hence {—x €ER|zel € Z(]f} is closed. Moreover,
{—x €R|zel € ZE)’} is non-empty and bounded above because ze/ € Zé’ forany z € R
large enough and xe/ ¢ Z} for any x € R small enough, so the supremum is in fact a
maximum. U

Proof of Proposition 5.6: Let a € Z(})’. We construct a mixed stopping time ¢y € X
and a strategy z € ® by induction. First we put 1§ := 1 and 29 := a. Clearly,
zy € 1[)3‘28. Next, suppose that z; € djz‘th for some t = 0,...,7 — 1. Then z €
Y; conv{Vp N AP, YP}, so there exist Ay € [0,1], v € VP N AP and y € VP such that
2t = ¥p ((1 = At)ve + Aeye). We put oy := 3 Ay, and then 7,y i= oy — ¢ = Y7 (1 - N\p),
S0 2t = Yi v + Yy Because vy € XP and y; € VP, we have vy + X; € Q; and
Yyt + Y € Q. It follows that

2t + Yy + ¢Z‘+1Xt = ¢Zk+1vt + ey + Y Yy + ¢;+1Xt
=Yy (v + Xp) + i(ye + Y2)
€ Vi 1Q + Qs € Qs

Since v; € VP, there is a 2,1 € wt*HWtb such that ¢, vy — 2441 € Qy. It follows that

20+ UeYy — 2ep1 = Wi 0 + Yrye + Yy — 24
= (Vi1ve — ze41) + iy +Y5) € Oy

Since WP C 2P, it also follows that z41 € 4, ZP,. Finally, given that zp €
YRZD = i Yh we get 2 + YrYr = 2 + YEYy € Qp. Putting and ¢ = ¥,
LZ);*FH :=0 and 2741 := 0, we obtain

zr +YrYr + Y Xr € Qr.

We have constructed (1, z) € AP(Y, X) such that a = 2.
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Conversely, we take any (1, z) € AP(Y, X), and want to show that 2o € ZP. This
a consequence of the following fact, which will be proved by backward induction: for
eacht=0,...,T

YrZP on {¢F > 0}

We start the proof with ¢ = T'. Since zp + ¢73Yr = 20 + YrYr + Y7 X7 € Qr, it
follows that indeed

" . ¢*yb on {¢ >0} w*Zb on {y% > 0}
zTE—TZJTYT-i-QT{ QF‘;T on{¢§:0} { QZ;T 011{1/1;:0} )

Next, suppose that (21) holds for some ¢t = 1,...,T. Since z is predictable, it follows
that z; € £;_1, so

B e{ Vi(ZPNLi1) on {yf >0} C{ YiWP on {y; > 0}
¢ QN Ly 1 on {¢f =0} — | Qi1 on {¢f =0} °

Hence, using
zt-1 + Yr-1Ye1 — 2 € Qi1
we obtain

zi—1+ Y11 € e+ Qi

[ ren o pii-0
| Qi1+ Qi on {¢; = 0}

_ { YiVP on {y; > 0}
Qi1 on {¢; =0} °

Moreover, since
E3
zt-1+ YY1 + 0y Xe1 € Qpa,

we obtain

. P >0
2t-1 + Pr-1Ye1 € Q1 — P Xy = { éﬁtif—l 22 %} — 0{

It follows that

(WP naxP ) on {y; >0}

_ _1Y:_ 1 € )
21+ Y1Yi {Qt—l on {1 = 0}
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and so

Yr (VPN XL ) + 1Y on {yf >0}

1€ { Q1+ 1Y on {¢; =0}

c { (Vi N AL + a2y on {g; >0}

S Qe on {y; =0}
VrOVP NP )+ YPy on {¢F >0}

=9 Y1V on {¢; =0,¢;_; > 0}
Qi1 on {¢;_, =0}

_ { YrOVEaNAL ) + VP, on {¢p, >0}
Qi1 on {¢;_; = 0}

C { iy conv {Vp NAR YR} on {ihf >0}

I on {¢;_, =0}

_ { Ui 2P on {¢;_ > 0}
Qi1 on {¢p_; =0}’

which completes the proof. ]

Proof of Proposition 5.7: Suppose that (1,z) € AP(Y,X). Then, for each t =
0,...,T —1,

2t + Y — 241 € Qg

so there is a liquidation strategy yf ,, ...,y starting from z; +v,Y; — 2,41 at time ¢.
We also put y% 41 := 0 for notational convenience. Moreover,

Zt—i-'(ﬂtY;g—‘y-?/J;k_,’_lXtG Q; foreacht=0,...,T,

so there is a liquidation strategy :L'Lrl, e ,xtTH starting from z; + Yy + f 1 Xy at
time t. For each ¢ € X we put

b ._
Uy = 20,

t—1 t—1
uf: ¢2‘zt+z¢:+1yf+z¢sxf fort=1,...,T+1.
s=0 s=0

This defines u : X — ®, which satisfies the non-anticipation condition (12). Moreover,
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for each ¢ € X and for each t =0,...,T
uf +GPY - “?H

t—1 t—1
=izt > Orayi Y Gsxi + Yy + P 0 X

s=0 s=0
¢ ¢
— Gz — Y Gl — Y st
s=0 s=0
= ¢t (20 + VY — 2e01 — yia) + 61 (20 + 0y +0f 0 Xy — 21y y)

t—1 t—1
+ Z Gor1 (U — Vi) + Z s (2§ — 2i41)
s=0 s=0
t—1 t—1
€ ¢ K + oy + Z Psi 1Kt + Z ¢sKt C K.
s=0 s=0

This means that (1, u) € ®*(Y, X), with zg = ug.
Conversely, suppose that (1,u) € ®P(Y, X). Then we put

zi=uX .
It follows that for each t =0,...,T — 1
2+ WY — 201 = UfT — G?T’d) —Uﬁl €Ky C Oy
since
XY = oY+ Vraxt Xo = bYs.

Next, take any t = 0,...,7. Then xI = x, = 0 for each s = 0,...,¢ — 1, and

because u satisfies the non-anticipation condition (12), we have z; = ui‘T = uft. Since
Xi =x{"=1and
G = oY + Ui XiXe = Y+ U X,
it means that
2 b Y A VE Xy —uf, = ul + G ), €K C Oy (22)

Moreover, for each s =t +1,...,T we have x}, = x* = 0 and
GY = xSV + XX = 0,

hence

t

uX

XX X X
s T Ugyp = Us +Gs _us+1€ngQs-
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We can verify by backward induction that u;‘;l € Q; for each s = t,...,T. Clearly,
u%‘;_l = 0 € Qp. Now suppose that ué‘;l € Qg for some s =t+1,...,T. It follows
that ué‘t = (u?.ft — u;‘;l) + u‘i‘;l € Qs + Qs = Q,. By predictability, u?t € Ls_1, 80 we
can conclude that uX € Q,N L1 C Q,_1, which completes the backward induction

argument. In particular, we have shown that uﬁl € Q;. Together with (22), this shows
that

2+ VY + i Xy € Oy

for each t = 0,...,T. As a result, (1,2) € AP(Y, X) with 29 = g, which completes
the proof. O

Proof of Lemma 5.8: Observe that for any ¢ € X

T T
R Z qustus = Z@bs (L Ys + Lpasy Xi)
u=0 s=0 5=0
¢
=) Y, + g X

Now take any u € ® such that (v, u) € ®*(Y, X) and define 2 : X — @ such that

P i=uf — @Zws g (23)

for any ¢ € X and any t = 0,...,T + 1. Then z satisfies the non-anticipation condi-
tion (5), zo = ug, and it also satisfies the rebalancing condition (4) for an American
option with payoff process Z = Q. 4 since for any t =0,...,T

Zt + OtQry — zt+1

t t
= (uf’ — ¢} Z %n) + b (Z Yy + ¢:+1Xt> - <u;’5+1 — ¢ Zwm)

s=0 s=0
= ut + ¢t¢th + wt+1¢tXt ut+1
= uf + Gf¢—uf+1 € K.
Conversely, take any z € ¥?(—Q. ;) and define u : X — & such that
t—1
u? = Zf) + (b: Zws){s

s=0

for any ¢ € X and any t = 0,...,T 4 1. Then u satisfies the non-anticipation condi-
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tion (12), ug = 20, and
uf + GPY —uf,

t—1 ¢
= (zf + Y %Ys> + (Vi Ye + i Xe) — (th)ﬂ + 0T ) %YS>

s=0 s=0

t
s (z bt w;;lxt) ey

s=0
=2 + #Quy — 241 €K

for any ¢ € X and any t = 0,...,7T, that is, the rebalancing condition (11) holds.
The lemma follows because (23) defines a one-to-one map between strategies z €
U3(—Q. ) and strategies u such that (¢, u) € (Y, X) with ug = 2. O

Proof of Theorem 5.9: By Definition 5.2,
72(Y, X) = sup {—x e R|3(¢,u) € B°(Y, X) : zed = uo} . (24)

According to Theorem 5.4, —W;?(Y,X el € ZS’. Hence, by Proposition 5.6, there is a
(¢, 2) € AP(Y, X) such that —ﬂ?(Y,X)ej = zp, and so, by Proposition 5.7, there is a
(¢,u) € ®°(Y, X) such that —ﬂ;?(Y,X)ej = ug. It follows that the supremum in (24)
is attained,

72(Y, X) = max {fm € R|3(4,u) € (Y, X) : zel = uo}
= —min{:c eR|3I(h,u) € BP(Y, X) : zel = UO}
Hence, according to Lemma 5.8 and Definition 2.3,

W;?(Y,X) =-—min{z € R|Ip € X¥Tz € V*(—Q. ) : ze’ = 2}
W)

= —mininf {z € R|3z € T*(-Q. J =
min in {x | 3z (—Q e =z}
— —mi al_

= glelgp]( Q. )

where
p?(—Q-,w) = inf {a: eR|3z € \IJa(—QWJ) crel = Zo}

is the seller’s price of an American option under gradual exercise with payoff pro-
cess —Q. . By Theorem 2.4,

2(—Q. ) = ma ma, Eo((—Q.4-S).),
P (—Q. ) ¢>e?(@,5)e7§;(¢) ((=Q. - 5)y)
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SO

b : a
(Y, X) = —wmelgpj(—Q-,w)

= — min ma. ma. Eol((—O .. - S

rﬁe))((ggggl (QSI)I?%(@ Q((Q R0 )¢)

Theorem 5.9 has been proved. ]

Proof of Theorem 6.1: Comparing the definitions of 73(Y, X) and #%(Y, X), as well
as those of W;?(Y,X) and ﬁ'}’(Y,X), we can see that to prove (15) and (16) it suffices
to show that for every pair (o,y) € T x ® which hedges (Y, X) for the seller there is a
pair (¢, u) € ®*(Y, X) such that yo = ug, and that for every pair (o,y) € T x & which
hedges (Y, X) for the buyer there is a pair (¢,u) € ®P(Y, X) such that yg = ug. To
this end, in either case we put

¢ :=x",
u:f’ = 1/J£kyt1{ozt} for each ¢ € X and each t =0,..., T + 1.

Then, clearly, yo = wuo. It remains to show that (¢,u) € ®*(Y, X) if (o, y) hedges for
the seller, and (¢, u) € ®>(Y, X) if (0, y) hedges for the buyer. Since ¥} = 1 —ZZ;%] s)
we can see that uf depends on ¥ via vy, ..., Y1, so it satisfies the non-anticipation
condition (10) in Definition 4.1 or (12) in Definition 5.1. Finally, we need to verify the
rebalancing condition (9) in the seller’s case and (11) in the buyer’s case. From (8),
we obtain

‘ w " Yy (s — Y2) + 5 (Ye — yer1) on {t <o},
u — Gy — U = (o (Z/t—Yt)‘i‘Wﬂ (ye — Xt) on {t =0},
0 on {t>oc}

in the seller’s case, and in the buyer’s case

v o " Ur (s + Xo) + 00 (Y — yey1) on {t <o},
u + G — gy = v (e + ) on {t=o},
0 on {t>o}.

In both cases, the self-financing condition (1) gives that y; — y41 € K¢ for each
t=0,...,7—1. Condition (13) for the seller together with (6) implies that y;—Y; € K;
on {t < o}, and also for t < T that y, — X; € K on {t = o}. Because K; is a convex
cone and ¢, = 0, it follows that uff — Gf v uﬁrl € K;, completing the proof
of (9). Moreover, condition (14) for the buyer implies that y; + Xy € K; on {t < o}
and y; +Y; € Ky on {t = o}, hence it follows that uf} + G;M’ = K¢, completing

t+1
the proof of (11). O
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