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Abstract

The indifference valuation problem in incomplete binomial models is analyzed. The model is more general
than the ones studied so far, because the stochastic factor, which generates the market incompleteness, may
affect the transition propabilities and/or the values of the traded asset as well as the claim’s payoff. Two
pricing algorithms are constructed which use, respectively, the minimal martingale and the minimal entropy
measures. We study in detail the interplay among the different kinds of market incompleteness, the pricing
measures and the price functionals. The dependence of the prices on the choice of the trading horizon is
discussed. The family of "almost complete" (reduced) binomial models is also studied. It is shown that the
two measures and the associated price functionals coincide, and that the effects of the horizon choice dissipate.

1. Introduction

This paper is a contribution to indifference valuation in incomplete binomial models under
exponential preferences. Market incompleteness stems from the presence of a stochastic factor
which may affect the transition probabilities of the traded asset or/and its values. It may also
affect the payoff of the claim in consideration. The model is, thus, more general than all binomial
models considered so far in exponential indifference valuation (see, among others, [1], [18] and
29)).

The aim is to construct valuation algorithms for the indifference prices and provide a detailed
study of their properties and structure. We construct two such algorithms. They are both iter-
ative and resemble the ones introduced in [29] and [18]. However, all existing pricing schemes
are applicable only when the stochastic factor affects exclusively the claim’s payoff. When the
factor affects the dynamics and/or the values of the traded asset, the situation is much more
complex, for internal market incompleteness emerges which needs to be priced together with
the one coming from the claim’s payoff. The algorithms herein exhibit how the pricing of both
kinds of incompleteness is carried out and the interplay among the incompleteness, the pricing
measures and the price functionals.

In both algorithms, the indifference price is calculated via iterative valuation schemes which
are applied backwards in time, starting at the claim’s maturity. The schemes have local and
dynamic properties. Dynamically, the associated pricing functionals are similar in that, at each
time interval, the price is computed via the single-step pricing operators, applied to the end
of the period payoff. The latter turns out to be the indifference price at the next time step,
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yielding prices consistent across times. Locally, valuation is executed in two steps, in analogy
to the single-period counterpart (see (3.4)). In the first sub-step, the end of the period payoff
is altered via a non-linear functional and the conditioning on the information generated by an
appropriately chosen filtration. The new intermediate payoff is in turn, priced by expectation.

There are important differences between the algorithms, both with respect to the pricing
measures and the form of the non-linear price functionals. The first algorithm uses the mini-
mal martingale measure. This measure has the intuitively pleasing property of preserving the
conditional distribution of the stochastic factor, given the stock price, in terms of its historical
counterpart. However, the form of the associated pricing functional has no apparent natural
structure. The situation is reversed in the second algorithm which uses the minimal entropy
measure. We show that the density of this measure has no intuitively pleasing form, in contrast
to the relevant functional which does.

The forms of the non-linear pricing functionals motivate us to investigate two important
questions. Firstly, we study whether these functionals provide a natural extension to the classical
static certainty equivalent pricing rule. We show that both price functionals fail to provide such
connection. Secondly, we study how the indifference prices are affected by the choice of the
trading horizon, the point at which the underlying exponential utility is pre-specified. We show
that prices are significantly affected by the horizon choice and provide this "horizon disparity"
in closed form.

Lastly, we investigate how the above results simplify when the model reduces to the one that
has been studied so far, i.e. when the stochastic factor affects solely the claim’s payoff. We call
such a model reduced. We show that, as expected, there is a unique pricing measure, for the
nested model is now complete. We also show that the price functionals become identical. A
direct and important consequence of these simplifications is that the indifference prices are now
independent on the choice of the trading horizon.

Besides our findings on indifference prices, we also provide results for the minimal martingale
and the minimal entropy measures. Both these measures have been extensively analyzed by a
number of authors and for more general market settings. However, our model-specific results
are, to the best of our knowledge, new and provide interesting perspectives on the structure and
relation of these two martingale measures. We compute the densities in closed form. We also
construct, through an iterative scheme, the so-called aggregate minimal entropy process which
plays a central role in the representation of the value function process and the indifference price,
as well as the "quantification" of market incompleteness.

We were motivated to consider this binomial framework and study the problems at hand for
various reasons. Firstly, indifference valuation has by now become one of the central theoretical
pricing methodologies in incomplete markets'. It is based on fundamental economic principles
which are universally applicable, independently of both the individual utility function and the
market model. However, the underlying maximal expected utility problems are so complex that
it is very difficult to extract any information about the form of the prices, let alone to even prove
existence and uniqueness of solutions to these problems (see, among others, [13], [14], [24] and
32).

More transparent results for indifference prices have been obtained when risk preferences are
exponential. Indeed, for this class of utilities, certain additive scaling properties with respect
to the wealth argument facilitate the solution of the underlying optimization problems and,
in turn, the construction of exponential indifference prices. There is a plethora of results for
continuous-time models, derived either using duality theory or PDE techniques for Markovian
models (see, among others, [4], [13], [9], [17] and [23]). In some simple cases - specifically, when
the nested model is complete - indifference prices can be constructed explicitly ([18]).

For a concise exposition of the theory of indifference prices, we refer the reader to the recent book [2].



INDIFFERENCE VALUATION IN INCOMPLETE BINOMIAL MODELS

Obtaining explicit representations for indifference prices is desirable, for it helps us to carry
out sensitivity analysis, compare prices and hedging policies for different market opportunity
sets, different trading horizons, etc. In continuous-time models such studies are lacking, mainly
because explicit solutions are either not available or can be found only for very simple incomplete
models in which, however, the essential effects of market incompleteness are not present. The
work herein, albeit in a simplified framework, contributes considerably in this direction. The
binomial model we consider is tractable while allowing for internal market incompleteness. To our
knowledge, this is the only setup in which indifference prices can be calculated so transparently,
despite the stochasticity of the market opportunity set. In addition, the model allows us to
investigate, among others, the structural properties of the price in terms of the two measures,
decompose the price in hedgeable and non-hedgeable parts, explicitly quantify the effects of
varying trading horizons, etc.

Despite their theoretical foundation and tractability for specific utilities and market models,
the applicability of indifference prices has been so far very limited, if any. There are several
reasons for this. Firstly, it is difficult to determine the "utility function" of a certain activity,
a desk or, in general, a firm. While there have been some results in this direction in the areas
of Decision Analysis, Real Options and Insurance, where the concept of perfect replication is
not central, utility specification has not been addressed satisfactorily, if at all, in the area of
derivatives. Secondly, determining the indifference price requires solving the underlying expected
utility models for general utility functions. There are many challenges for this. From one hand,
solving these problems requires knowledge of the mean rate of return of the traded securities. The
estimation issues for this input are well known. On the other hand, as it was mentioned earlier,
these stochastic optimization problems are typically fully non-linear and degenerate and, for this,
no general theory can be applied, even in order to establish the mere existence and uniqueness of
their solution. This poses, in turn, many difficulties for the numerical computation of the latter
(see, for example, [32]).

An interesting direction of research would be to compare the indifference prices herein to
other prices which are obtained by alternative criteria based, for example, on linear pricing rules
that use one of the (many) martingale measures. We initiate this line by comparing our results
to the ones in [9] and [11].

Lastly, we mention that the next task is the specification of the associated (indifference)
hedging strategies. These are naturally defined as the difference between the optimal investment
policies with and without the claim at hand. However, constructing this pair of policies is
rather difficult, given the complexity of the underlying expected utility problems. In addition,
two challenging questions arise. Firstly, is there an analogue of a "payoff decomposition" in
terms of its indifference price, indifference hedge and a residual term? Secondly, what is the
role of the latter and, in particular, what is its indifference price as seen as a claim? Both
question could be potentially important in practical applications where indifference prices and
indifference decomposition could be used for higher order approximations. These questions have
been addressed in simple continuous-time models (see, for example, [17]) but not in more complex
incomplete models.

The paper is organized as follows. In section 2, we introduce the incomplete (non-reduced)
model and provide results on the two pricing measures and the exponential value function
process. In section 3, we construct the valuation algorithms and discuss their properties. We
also investigate the analogies of the price functionals with the static certainty equivalent and
their dependence on the point at which risk preferences are (pre)set. In section 4 we analyze the
reduced binomial models. We conclude with section 5 where we provide numerical results.
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2. The model and auxiliary results on the pricing measures

In a trading horizon, [0,T], two securities are available for trading, a riskless bond and a risky
stock. The time T is arbitrary but fixed. The bond offers zero interest rate. The values of the
stock, denoted by S;, t = 0,1, ..., T, satisfy S; > 0 and are given by

Sii1 :
§t41 = ; ;G =&0, &Y with 0< &l <1<y (2.1)

Incompleteness is generated by a non-traded factor, denoted by Y;, ¢t = 0,1, ..., T, whose levels
satisfy Y; # 0 and are given by

Yi )
N1 = ?t, Ni+1 = nf+1, N1 with 0 < 77?+1 < Mg (2.2)

We, then, view {(S;,Y;) :t =0,1,...} as a two-dimensional stochastic process defined on the
probability space (2, F, (F;),P). The filtration F; is generated by the random variables S; and
Y;, or, equivalently, by & and 7;, for i = 0,1, ..., T. We, also, consider the filtration ;> generated
only by S;, for i = 0,1,...,T. The real (historical) probability measure on Q and F is denoted
by P.

We assume that the values §f+1, &1 of the ;1 —measurable random variable &1 satisfy

¢hoeF  and &L, €F. (2.3)

An investor starts at ¢ = 0,1, ...,T with initial endowment X; = x € R and trades between
the stock and the bond, following self-financing strategies. The number of shares held in his
portfolio over the time period [i — 1,7), i =t+ 1,t+ 2,...,T, is denoted by «;. It is throughout
assumed that «; € F;_1. The individual’s aggregate wealth is, then, given by

S
Xo=zx+ Z a; A S;, (2.4)
i=t+1
where AS; =5; — S;_1and s=t+1,...,T.

The performance of the implemented investment strategies is measured via an expected ex-
ponential utility criterion applied to the terminal wealth that these portfolios generate. The
maximal expected utility (value function) is, then, given by the solution of the stochastic opti-
mization problem

Vi(x)= sup Ep (—e_VXT ].7-}) , (2.5)
Q15,0
t=0,1,...,7 withy > 0and X7 as in (2.4), X; = x. This process has been extensively analyzed
for general market settings (see, for example, [4], [7], [13] and [23]).

The goal is to carry out a detailed study of the indifference prices under the preference criterion
(2.5). We stress that the model we consider is quite more general than the binomial models that
have been, so far, analyzed in the context of indifference valuation?; see, among others, [5], [18],
[29] and [30]. Indeed, in these works, the nested model is complete, with the non-traded factor
affecting only the claim’s payoff but not the transition probability or the values of the traded
asset. In such "almost complete" models, considerable simplifications take place. We revisit these
cases in section 5.

In the extended framework herein, additional pricing features emerge due to the internal
market incompleteness. For their study, we will employ the minimal martingale and the minimal
entropy measures. As the analysis will show, these measures turn out to be natural pricing in-
gredients, for they clearly expose how this incompleteness is processed by indifference valuation.

2While preparing the final version of this manuscript, the recent paper [16] was brought to the attention of
the authors. Therein, the utility is of power type and the model more general than the one considered herein.
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INDIFFERENCE VALUATION IN INCOMPLETE BINOMIAL MODELS

We start with some key properties for their densities of the minimal martingale and the
minimal entropy measures and a parity result between them. To our knowledge, for the binomial
model at hand, these results are new.

To this end, we let Qr be the set of martingale measures restricted on Fp. With a slight
abuse of notation, we denote by Q its generic element.

We introduce, for t = 0,1, ..., T, the sets

Ar={w: & (w) =&} and Br={w:m(w)=n}. (2.6)
Note that for all Q, Q' € Qr,
Q (A |Fimr) = Q' (A¢ | Fi—1) (2.7)

Definition 2.1. Let &, ¢t =0,1,..,T, be as in (2.1) and consider the risk neutral probabilities

1-¢f
qt = .
& —¢&f
The local entropy process hy, t = 1,...,T), is defined by
qt 1—q
hi=q¢gln——"—-——+(1—¢q)In , 2.8
S VAT R Dl e Ty AT (2:8)

where A; as in (2.6), P is the historical probability measure and F; is the filtration generated
by the random variables S; and Y;, for i = 0,1, ..., 7.

Lemma 2.2. The local entropy process hy is Fi-predictable, i.e., fort = 1,...,T, hy € Fy_1.
Moreover, for all Q € Or,

(At [Fe—1)

(At [Fe-1)

ht:Q(At’ft—l)ln(%(A”ft_l)

1-Q
m+<1_(@(1‘1t’ft—1))ln =

We recall the elementary fact

T-1
Q(gt-i-la "')é-Tant-i-h N |ft) - H @(fs-‘rlans-i-l |fs)7

s=t

which gives the useful simplification

In

Q(ét-‘rh "‘7§T777t+17 - N ‘ft) _ Tilln Q (£S+17n8+1 ‘fs)
]P)(gt-‘rla weey §T7 M+1y -5 MT ’ft) s=t P (§5+17 Ns+1 ’fs)

2.1. The minimal martingale measure

The minimal martingale measure, Q™™ (- |F;), t = 1,...,T, is defined on Fr as the minimizer
of H't", where
Q(-[F) )
mm . P(. — B =
PP @CIF) | PCIR)) = Be (~n g ).
fort=1,...,T and Q € Qp, i.e.

r (@ (7 | P(|F)) = min Hi™ (QC[F) [ P(172)). (2.10)
It was introduced in [6] (see, also among others, [25], [26], [28] and [15]).
The next result highlights an important property of the minimal martingale measure. Specif-

ically, it shows that under this measure, the conditional distribution of the non-traded factor
process, given the stock price, is preserved in relation to its historical counterpart®.

3For the single period case, see [18].



M. MUSIELA, E. SOKOLOVA, et al.

Proposition 2.3. The minimal martingale measure has the property
Q" (V| Fia VF) =P (Yi| Fa V), (2.11)

fort=1,....T, or, equivalently,
QMM (ABy| Fe1) QM (ABE| Fiq) QM (A Fia)

= = 2.12
P(ABi| Fi-1) P(A:Bf| Fi-1) P (A Fio1) ( )
and
QU (ASBA| Foor) _ QU (ASBE| Fia) _ QU (AS] Fi)
P (AfB| Fi-1) P (AfBf| Fi-1) P (Af| Fio1)
with the sets A, By as in (2.6).
Proof. Since the rest of the proof follows along similar arguments, we only show that
Qm™ (A4By| Fi1) Qmm(At’ft—l)‘ (2.13)

P(ABy| Fio1)  P(A|Fiq)
We use induction. At t =T

(_ 1y QU&7 [Fro1)
P (&r,nr [Fr-1)

Q(ArBr|Fr-1)
P(ArBr| Fr-1)

’.FT_1> =—-P (ATBT’ fT—l) In

Q(A7Br| Fr-1)
P (A$Br| Fr-1)
Q (Ar|Fr—1) — Q(ArBr| Fr-1)

P(ArBS| Fr—1)
Q(AT| Fr—1) — Q(ATBr| Fr—1)

P(ATBT| Fr-1) ’
and direct differentiation yields the claimed equality. Next, we assume that (2.13) holds for
t+1,..,T and show its validity for . We have

%)

Q([F)
E]p (— In ——-—
P ([ F)
- B (m| ] Q (&1, mi1| Fi) Ao <an(ft+1ﬂ7t+1|ft) ft) _
Zon P (&1, mia| Fi) P (&e15 41| F)
Combining the single-period arguments used to establish (2.13) for ¢ = T" and the fact that the
second term above depends only on Q (&y1m+1| Fi), we easily conclude. O

—P(AZBr| Fr-1)In

—P (ATB%‘ fT—l) In

P(ATB7| Fr-1)In

The above property can be, also, deduced from existing results on the minimal martingale
measure. As an example, we consider its explicit characterization as derived in [26]. Therein, it
is shown that

d@mm’ ﬁ 1— X (S — Sic1) (2.14)
dP g 1= (my — mi—1)’ '
where

A = my — Mi—1

B (St = S1-1)°| Fi1)
5

and my —my—1 = Ep (Sy — Si—1| Fi—1), mo = 0 (see, also, [1
We, then, easily obtain the following result.

D

Corollary 2.4. The representations (2.11) and (2.14) are equivalent.
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Proof. We only show that (2.11) implies (2.14). Using (2.12) and (2.9) we have
domm| ﬁ Q™™ (& Fim1)
dP g, oy P(&GIFim1)
Let AS; = S; — S;_1 and AA; = my — my_1. Because
1-¢4
Q™ (& Fio1) P(&=¢r|Fi1) (g0 —¢d)’

P (& Fi1) gu—1
(=P(&=tr|7i)) (& =2)

& =&

& =¢&

. : . 1-MAS,
it remains to show that the ratio {= Sy

calculations yield that

equals the right-hand side of the above equality. Direct

1-MAS,  Er ((Ast)Q’ .7-}_1) — (AS;) (Amy)

1-NAA Ry ((Astﬂ ft_l) — (Amy)?

On the other hand,
E[[D ((ASt)Z‘ ]:tfl) — (Amt)2

=P(& = & Fro1)(1 = P(& = &' Foor)) (& — €2

Moreover, on the sets A; and Af we have

Ep ((AS)°| Fi1) = (AS) (Am)
{ (1-P(& =& A-))E -0 - 1), a=¢,
P(& =& | Fo) (& — €& - 1), & =&

Combining the above we easily conclude. O

2.2. The minimal entropy measure

The minimal entropy measure, Q™€ (-|F;), is defined on Fr as the minimizer of H}"f, where

\F
HIF QG170 BC170) = Bo (5 7917 ).
fort=1,....,T, and Q € Op, i.e.,
HPE Q" (1) | B (7)) = min HPF Q17| P(17). (2.15)

We refer the reader to [7] (see, also, [4], [8], [13] and [23]) for its properties and the role of
this measure in stochastic optimization problems of exponential utility.
To facilitate the presentation, we will be using the condensed notation

vt = Her QU C1F) [P (1 F)) (2.16)

and referring to Hy';: as the minimal aggregate entropy.

Next, we provide an explicit representation for the minimal entropy measure which, to the
best of our knowledge, is new. The construction is based on an iterative procedure which

yields the conditional distribution Q"¢ <Yt| Fi1V ]-'ts ) in terms of its historical counterpart

P ( Y| Fio1 VFS ) and the conditional on F;—; minimal aggregate entropy H;"q . The latter
term is constructed through an independent iterative procedure which involves the minimal

7
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martingale measure. To ease the presentation, we present the construction of H}'% separately

(see Proposition 9).

We stress that the arguments below are recursive but not tautological because the construction
of Q¢ (A¢By| Ft—1) (and similarly for the sets A; By, AfB; and AfBf) involves the values of H}"F
and not H{™ 1.

Proposition 2.5. The minimal entropy measure satisfies, fort =1,....,T,
P(A¢B|Fe—1) —H 2"

Qme (AtBt’ ftfl) — ]P)(At|.7:t71) € ot (2 17)
Q@ (Al Fi))  BABIF) | FOBTR ) |
P(AF1) ¢ P(AF ) ¢
P(AtBC’]:tfl) _Hme,ud
Qme (AtBtc| ft—l) _ P( At‘t]‘—t_l) € ot
Qme (A¢| Fior) P(A:Be|Fi—1) ef”%’““ P(A:Bf|Fi1) e,HZL;,ud )
P( A Fi—1) P(A:[Fi_1)
P(A{Be|Fior) —meo
Q™ (AfBi| Fi1) _ P(AF|F1-1)
Qe (Af| Fer)  BQAB|7) ot | PATBI|F) e
P(Af|Fi-1) P(Af|Fi-1)
and
P(A¢Bg|Fi-1) e_H:?;,dd
QM (AfBf| Fi-1) _ P(Af|Fi-1)
Qme (AS| Fi_1) P(AgBt\ft,l)e_HT;,du p(Ang]J-‘t,l)e_HZz;,dda
F(aiF) FAgF)

where Ay, By are as in (2.6) and H; 7", 'H;n;f’w, H?ﬁ’du, H?:ﬁ’dd are the values of the Fy—measurable
random variable Hi"7, (cf. (2.16)), conditional on Fi—y. The explicit form of Hi"f is given in
Proposition 9.

Proof. We only show (2.17) since the rest can be proved along similar arguments. We first

)
observe that Q(-|Fi1) Q (& | Fi-1)
| Fq B NS e [Ve-1)
Eq <ln IP’(7 U:t_1> = o (m P (&, me | Fi-1) |ft_1>

T

Q (&, mi |Fi1)

+Eg | Eg | In — = |\ F || Fi1 | -

¢ ( v ( (21,11 P& F) |70

Recalling the definition of the minimal entropy measure (cf. (2.15)), the first term needs to
be minimized over Q (&, n;|Fi—1); in the second term, we first need to minimize the nested

conditional expectation over Q (&;,m; |[Fi—1),4=1t+1,...,T, and, in turn, the outer expectation
over Q (&, n¢ |Fi—1). Using (2.15), we deduce that it suffices to calculate

. Q (&, e | Fi-1) ) )
min E In ——>——"———2|F_ + E me Fi_ .
Q(&enel Fe—1) ( Q ( P (&, me | Fie1) [Fi1 Q ( t’T‘ t 1)

Expanding yields

Q (&, | Fi-1) )
Eolln=—""—"21|F_1 |+ Eg | H¥| Fi_
Q<np(ft,?7t\ft1)| =1 Q< t’T’ ! 1)
Q (ABy| Fi—1) Q (A7B| Fi-1)
ST L QASBy| Fpoy) In ottt
P(ABy| Fi_1) Q(ALB:| Fr-a) YP(ABY Fiy)
Q (A Fi1) — Q(ABy| Fi-1)
+ Al Fiq) — Ay Bi| Fi_1))1
(@( t’ t 1) Q( t t’ t 1))H P(AtBﬂft—l)
Q(A7| Fim1) — Q(A{By| Fi-1)
P (ASBE| Fiq)
+Q (ABi| Foor) M5 + (Q (Ag] Fi1) — Q(ABy| Fror)) My

= Q(AtBt‘ft_l)ln

+(Q(Af| Fie1) — Q(A{Bi| Fi-1)) In

8



INDIFFERENCE VALUATION IN INCOMPLETE BINOMIAL MODELS

+Q (A Bt‘ Fi_ 1) Hir M4 (Q(Af| Fior) — Q(ASBy| Fiv)) Hzljédd'
Differentiating with respect to Q ( A;B;| F;—1) and rearranging terms yields that at the optimum
QU (ABIFer) | QT (AL Fi) — @ (AB Fiy)
P(AB| Fi-1) P(ABf| Fi-1)

d
R - =,
and we conclude. O

Remark 2.6. To preserve the analogy with formulae (2.13) and (2.12), we provide an alternative
to (2.17) representation. For ¢t = 1, ..., T, we have

Qe (ABi| Fion) Qe (Ay| Fooy) e Ter™

- me,uu me,ud (218)
P(AB Fe1)  p(AB| Fy) e 00" £ P(ABY Foy) e Tir
me,ud
Q™ (AB| Fi) _ Qe (Ad Fomy) 00
4 - me,uu me,ud
POABEFio1)  p(ABFir) e o™ 4 P(ABS| Fooy) e Tor
me,du
Q™ (AFBi| Fia) _ Qe (Af| Fra) e
c - me,du me,dd
P(ATB Fi-1) P (A Fiq) e o™ + P(AGBY| Fiq) e T
and
me ¢ e me e 7Hme,dd
Q (AtBt‘]:t—l) _ Q (At|ft—1)e &7
cnc - me,du me,dd *
POAIBII Fi1) BBy Fi) e 0™ 4 P (ABE| Fyy) e Mo

Remark 2.7. Notice that if H;'7"" = H'p 4 oquality (2.18) reduces to (2.12). This observation
will play a key role in the analysw of the reduced binomial model (see Proposition 34 herein).

We continue with an explicit construction of the minimal aggregate entropy H;"7. We, first,
introduce the following nonlinear entropic functionals.

Definition 2.8. Let Z be a random variable on (2, ,P). For s =0,1,....T—1,t=s+1,...,T
and Q € Qr, define the single- and multi-step entropic nonlinear functionals

j(és,s-i-l) (Z) = E@ (IHEQ ( ’JT V s+1) ’f ) (219)
d
an j(és,t) (Z) = j(és,sﬂ) (jés-i-l,s-‘r?) (_..j(ét—l,t) (Z))) . (2.20)

Herein, F, and F¥ are the filtrations generated, respectively, by (S;,Y;) and S; fori=1,...,s

We are now ready to provide the iterative algorithm for the minimal aggregate entropy. Notice
that the involved measure is the minimal martingale one, given in Proposition 3.

Proposition 2.9. The minimal aggregate entropy is given by

HTT = and H’}nfl,T = hT (221)
and, for t=0,1,....T — 2, by the iterative schemes
1)

HiT = hit1 — ;7@%; (— ?:Lt,-el,T) (2.22)

and
T
0 = —ijm (— > hi> . (2.23)
i=t+1

Herein hy+1 is defined in (2.8), and T8 and .7@555,2 are given, respectively, in (2.19) and
(2.20) with the measure Q™™ being used.
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Proof. The first equality in (2.21) is immediate while the second one follows from the definition
of Hi¢y p and hr. We now establish (2.22) for t =0,1,...,T — 2, i.e., that
H = huys — Bgon (In Bgun (774502 ‘]—"t VFL) 1R (2.24)

Q™ (&1, Mes1| F) )
me — E me (11’1 .;E
wre e P (&1, M1 [ F2) 7

Fir1 | |F
i=t42 P (g’bv i ’jri—l )
Q™ (&t me1| F)
where we used the definition of the aggregate minimal entropy (cf. (2.16)). We introduce the
random variables

We have

T
(& mi| Fie
+Egme (EQW (1n 11 Q™ (&, il )1)
— E me ln f) +E me Hme f- ’
Q ( P (&t41,me41 | Ft) t Q ( 1, | t)

(At+1Bt+1| ft) me uu (At+1Btc+1‘ Ft) e_Hme,ud

Z4 — e Hiir + t+1,T
! P (A1 |Fe) P (A1 |F1)
and
74 — P (At+lBt+1| T) oHES T n P (At+lBt+1| F) RS
( t+1 |~7:t) ( t+1 |~7:t)

where Hffllfﬁ, Hﬁeff}l, Hﬁeﬂﬁ, and H:fldg are the values of the F;, 1-measurable random variable

H{L5 o conditional on Fy.
>From Proposition 5, we have

tT—Qme(At+1Bt+1’ft)ln (Q (At+1’ft))Zt+1T>
t

P(Aia| Fe

ud
A ].‘ t+1 T
+Q"¢ (A1 Bfy 1| Fe) In (Q A Fe % )

P(A1| Fe

(Af+1| ft) Zt

me dd

me ( t+1‘ ft) Hidr
P (AS, | F) Z¢
Further simplification and rearrangement of terms yield

M = —HITEQ™ (A1 B | F) — R Q™ (A Biyy | F)

me ,du
me }“ t+1 T
+Qme (A§+1Bt+1’ ft) In (Q ( t+1’ t) )

me (& (& Q me
+Q™ (Af1 Bi1| Fi) In ( ) + Eqme (Ht+1,T‘ fT—Z) :

me du me me me c

t 1TQ (At+1Bt+1|'7:t) t 1d:;lQ (At+lBt+1|'7:t)

Q¢ (Agr1| Ft) )

= T~ _InZ*
P(Ap1| Fe) !

Q™ (Af 4| F)
P (A7 | Fe)

Q™ (A F) (ln

+Q™ (Afy| 7) <ln —In th> + Egme (Hﬁel,T’ ft)

_ Qme (At—&-l‘ ft) In Q (At+1| ft)

P(Ap1| 7o)
me 1-Qme (At"‘l’ft)
+(1-Q" (Ap1| F)) In —P(A1| F)

10
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~Q (A | F) In Z} — Q7 (Afy | Fe) In Z.

Using (2.8) we obtain
H = hip — QM (Apsr| F1) In Z — Q™ (Af,, | 7)) In Z{ (2.25)
Observe, however, that because of (2.11),
Zy = Egmmn <@7Hﬁel’T‘ FiV At—i—l)
and
Z = Bgmm (7M1 | By A7)
The above and (2.7) yield
Q" (A1l Fo) In Zj + Q" (Af 4| o) In Z
= Egnon (In Bgnn (e 00| 7o v 7L )| 7

and (2.22) follows.
Assertion (2.23) follows from (2.22) and Lemma 2. O

The following process, yielding the sum of the aggregate entropies, turns out to be useful in
establishing parity relations between the two measures.

Corollary 2.10. For s =1,..,T, define

Msr =%7_1hi + H{'T (2.26)
Then, My € Fs and fort =s+1,...,T,
Mg = —J88 (=My.r) (2.27)

with jéfn?n given in (2.20).

Proof. We first show (2.27) for s = t — 1. Using the measurability of h (see Lemma 2), we rewrite
(2.22) as

Siz1hi + M =S 1hi + by — T’ (‘ ?Lf)
t—1,t)
- _j(mm ( 1h tT) (228)

and (2.27) follows. Using similar arguments, we deduce

Moz = ~Tgm ™ (~My_17). (2.29)
Combining (2.20), (2.28) and (2.29), we obtain (2.27) for s = ¢ — 2. For s < t — 2, we proceed
similarly. O

2.3. A parity result between the minimal martingale and the minimal entropy mea-
sures

In the previous two sections we obtained representations for the densities of the minimal mar-
tingale and minimal entropy measures. It is easy to see, by comparing (2.11) to (2.17) and using
(2.21), that these measures coincide only at expiration,

Q"™ (Yr| Fra v FF) = Qm (Yol Froa v 7). (2.30)

The fact that they differ at previous times, however, has important consequences on the up-
coming representations under these measures of both the exponential value functions and the
related indifference prices. Understanding how these two measures are related to each other is
helpful in exploring the specific features of the pricing algorithms.

11
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>From the computational point of view, it turns out that the connection between the two
measures is most transparent through the minimal aggregate entropy, H}’;:, when computed
under Q" (| F;) and Q™€ (| F) , respectively. We explore this next. We start by investigating

the connection between the nonlinear entropic functionals Jn.. ¢, t+1 and j (t t+1 , and their multi-

step analogues jQinsyl and jQW (see Definition 8).

Proposition 2.11. Let s =0,....,T — 1, and Z € Fs11. Let also H{'E 1, j(s D ond Mg be
as in (2.16), (2.19) and (2.26), respectively. Then,

T (2) = IEnV (2 - mie ) = Tge D () (2.31)
— T Z = Mgy 1) + My, (2.32)

Moreover, for Z € Fy, andt=s+1,..,T,
T (2) = TEAZ — Myr) + M. (2.33)

Proof. Note that (2.32) follows easily from (2.31) as we can see using the measurability of the
local entropy (see Lemma 2) and Corollary 2.10. For this, we only show (2.31) and (2.33). We

start with the former. From the definition of 755" (cf. (2.19)) and using (2.7) and (2.13), we
have

T ss+1)( )
Qmm (As—i—lBs—‘rl‘ fs) Zuu Qmm (AS+1B§+1’ fs) Zud
=Q" (Asy1| Fs)In e’ + e
Q ( +1’ ) ( Qmm (As—&-l‘ fs) Qmm (As—i-l’]:s)
Qmm (Ac+1Bs+1‘ Fs ) Zdu Qmm ( c+1Bc+1| Fs ) de>
+Qm™ (A, | F)In ( st " 4 - e
( +1| ) Qmm(A_i_l‘j:') Qmm(A-i-l‘f)
o me P(A3+1BS+1|‘7:5) Zuu ]P)(AS—FIBS_{_I‘-FS) Zud
- Q (As-‘rl‘ fs) In ( P(As+1| ]__S) e + P(A5+1| fs) (&

P (A, Boy1| Fs) gau P (AL B | Fs) de>
_|_Qme Ag j:s ln S+C e + S L s
(Aol 7) ( P (A7) P (A | 7)

where Zw, zud zdv 7dd gre the values of the random variable Z conditional on . Propositions

3 and 5, then, yield
5,8 Qme (AS+1Bs+1| fs) Zuu e Ut
T (7)) = Qe (Agyy| Fs 1n< e m
'(2) (Asi1| Fo) T (A | F

(P (Asy1Bs1| Fs) I N P (As1BS | Fs) e_Hme,v’J,d>

1

P (Asia] F) | P(Agi1| Fs)
Q™ (A5+1B§+1| .7—“5) ezud+H;'f1"g y
Qme (As-i-]_‘ fs)

P(As+1Bs+1| fs)efﬁjfl’?; P (As+1B§+1| ]:s) efﬁgrfl’t‘q‘f
P(AS+1|]:5) P(As+1|~7'—s)

Qme (AC+1BS+1‘ f ) Zdu+Hme ,du
+ me Ag FS 111 c sHL,T X
R e e
X (IP’(A§+1BS+1|}"S)€_H$$ + (Ac+1Bs+1‘f)e—H;’ff;£>
P(A§+1’-7:s) P(A +1‘~7:s)

Qe (A§+1B§+1‘ .7:3) de_i_H;nJreldg y
Qme (A4 q| Fs)

12
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(P (A1 Bs1| F) o HIST I P (AS BS | fs)gH?ﬁf‘ﬁ)) '
P (AG4] Fs) P (ASy] Fs)
Therefore,

me (AS+1BS+1‘ fs) Zuu+H7rflu71f

(s s+1 —Qme (A 1 Q

Qme (AS+1B§+1| fs) ezud_‘_HWflu;
Qme (As—&—l‘ Fs)

Qmﬁ (AC+1BS+1’ ‘7:5) Zdu+Hme du
Q™ (AZyy| Fi) In s i s
(45| ) ( Sl
Qme (A 4| 7o)

_l’_

P(Asi1Bsi1| Fs) _pmewn P (Agy1 B | Fs) _qqmeud
+Q™ (Agi1| Fs)In e Tts+1T 4 s e Hstir
@Al 7Y ( P(Asi1] Fs) P(Agi1| Fs)

P (AS Bsy1| Fs) —HTE R P (A5 1 B[ Fs) —ggmeda
(ASa| F) P(A,,| F.) P (AS, | Fe)

and (2.31) follows.
To prove (2.33), we first note that it is equivalent to

j (s t) ( )
(s:) : () :
omm | Z=HEF = Y hi| = Tgom | —HIF— > hi - (2.34)
1=s+2 1=s+2

This follows from Lemma 2 and Corollary 2.10. Next, we show the above equality (2.34). For
s =1t —1, it was shown in (2.31). For s =t — 2, we observe

T (2) = TGV (T80 (2))
—J@Zﬁt b (Z@fnelt (Z) — Hi“ IT) T D( H™ 1T)

= T (TE 0 (2) = e+ TG (1)) = T (<1 )

= =T (TG (2 = HIF) = he) = T ™" (M)

= 8t (21— hy) = TtV (<1 )

S (2 = = ) = TG (= + T (=15) )

= T (7 = 132 = he) = T (—he = M)
where we used (2.31) for times ¢ and ¢ — 1, and the recursive formula (2.22) for the minimal

aggregate entropy. To establish (2.34) for s < ¢t — 2, we work by induction. The arguments are
lengthy but routine and are, thus, omitted. O

A consequence of the above findings is the following result.

Corollary 2.12. Fort =0,1,..,T, let H"; be the minimal aggregate entropy andj (t tH j (¢ t+1

be as in (2.19) with Q = Q™, Qmm Then
(t,t41) Hme _ _ g(tt+1) H™ 2.35
S (1) = T (). 29

13
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The next result yields an explicit one-step representation of the minimal aggregate entropy

)

in terms of the non-linear functional Jg (441 , evaluated at Q = Q€. The assertion follows from

(2.22) and (2.35).

Proposition 2.13. The minimal aggregate entropy Hi'% (cf. (2.16)) is given by the iterative
scheme
T =0 and HpS g =hr
and
HEE = b + Tgne D (M), ¢=0,1,.,T -2, (2.36)
tt+1

with hyrq1 and J defined, respectively, in (2.8) and (2.19).

Proceeding iteratively in (2.36) and using Lemma 2 we obtain the (multi-step) representation
of the minimal aggregate entropy in terms of the minimal entropy measure. Combining it with
(2.23), we obtain the following parity result.

Theorem 2.14. Fort=0,1,...,T, let Q"™ (- \.7-}) and Q™€ (| Ft) be, respectively, the minimal
martmgale and the minimal entropy measure, Hi7 the minimal aggregate entropy and h;, i =
t+1,...,T, the local entropy. Then,

HYY = T (— XT: hi) gD (Z h) (2.37)

i—t+1 i=t+1

where JQmm and j me are given in (2.20) for Q = Q™™ ,Q™¢.

The reader is invited to compare the above parity representations with the ones proved in
[31] for the case of a diffusion model with stochastic volatility.

Remark 2.15. It is worth commenting on some distinct features of the minimal martingale and
the minimal entropy measures. Firstly, we recall that the density of the former (see (2.11)) has
the intuitively pleasing property of preserving the conditional distribution of the non-traded
factor, given the stock price, in terms of its historical counterpart. In essence, this property
states that the unhedgeable risks, given the hedgeable ones, are viewed in the same manner
under P and Q™.

The minimal entropy measure, however, albeit its predominant role in exponential utility
maximization, appears to be lacking an intuitively pleasing structure, as the formulae in Propo-
sition 5 show. Secondly, we observe the dependence of this measure on the horizon choice, T, as
reflected by the T'—dependent values H}"f in (2.17). In Section 4, we will see how the indifference
prices inherit, in turn, this dependence Note, however, that the minimal martingale measure
does not depend on the specific horizon choice as (2.11) shows.

We finish with representation results for the value function process Vi (z), defined in (2.5).
The first formula is well known (see, for example, [4], [13] and [23]) while formulae (2.39) and
(2.40) are, to the best of our knowledge, new. They follow from Theorem 14.

Proposition 2.16. The value function process Vi (z) is given, for v € R and t =0,1,...,T, by
Vi (z) = —e 7T (2.38)

T
= —exp (—vx - J&’i) ( > hz)) (2.39)
i=t+1

T
= —exp (—’m + .7&313 (— > hz)) ; (2.40)
i=t+1

with hy as in (2.8), and j(ét’T) defined in (2.20), for Q = Q™™ Q™*.

14
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3. Indifference valuation algorithms

In this section, we review the notion of indifference price and provide two iterative algorithms
for its construction. The claim to be priced is written at time ¢y on both the traded stock and
the non-traded factor. For simplicity, we assume that tg = 0. The claim matures at t =1, ..., T
yielding payoff C;, represented as an F;-measurable random variable. We are interested in com-
puting its indifference price in reference to the exponential criterion (2.5). For the moment, we
price a single claim and present the results on the multi-claim case afterwards. For convenience,
we eliminate the "exponential" terminology. We recall the familiar definition of indifference price
(see, for example, [4] and [23]).

Definition 3.1. Consider a claim, written at time tg = 0 and yielding at ¢ payoff C, € F,
t=0,1,...,7T. Let V; (z) be the value function process (2.5). The claim’s indifference price is
defined as the amount v4(Cy), s =0, 1, ..., ¢, for which

Vs(z —vs(Cy)) = sup  Ep (Vi (Xy — Cy) | Fs), (3.1)

Qs1,---,00

for all initial wealth levels X, = z € R.

We remark that the alignment of the expiry of the claim with the time at which the value
function process is calculated in the right hand side of the pricing condition (3.1) is chosen for
mere convenience. Indeed, the above definition can be directly extended to times beyond the
claim’s maturity in that (3.1) can be replaced by

Vs (Xs —vs (C)) = sup  Ep (Vi (Xpy —Cy)|Fs), (3.2)
Qs f 1y Qg
fort' =t+1,...,T—1,T. This follows easily from (3.1), the dynamic programming principle and
the fact that Oy € Fy. Observe, however, that this cannot be done for times ¢’ exceeding T'.

Next, we review the price representation obtained for the single-period case in [18] (see, also,
[19]). Therein, the claim’s indifference price is represented as a non-linear expectation of its
payoff, providing the incomplete market analogue of the linear arbitrage-free pricing rule. We
refer the reader to these papers for a detailed discussion on the nature and properties of the
pricing formula. For indifference prices in single-period models for utilities different than the
exponential, see [5].

Proposition 3.2. (Single-period model) Let Q be the martingale measure under which the con-
ditional distribution of the non-traded factor, given the traded asset, is preserved with respect to
the historical measure P, i.e.,

Q(Yr |St) =P(Yr|ST). (3.3)
Let Cp = C(S7,Yr) be the claim to be priced under exponential preferences with risk aversion
coefficient . Then, its indifference price, vy (Cr ), is given by

wo(Cr) = E(Cr) = Eg (i In Eq (77 ysT)) . (3.4)

As the above result shows, the underlying indifference pricing blocks are the non-linear ex-
pectation £y and the pricing measure Q. For the multi-period case, we need to build their
appropriate multi-period analogues. We stress that due to the inherent nonlinearities of the
problem, together with the fact that the model at hand is non-reduced (i.e., the nested model
is not complete), it is not at all clear how these analogues should be constructed. Notice, for
example, that property (3.3) is satisfied by both the minimal martingale and minimal entropy
measures, Q™™ and Q™¢, but only at expiration (see (2.30)). For times before T'— 1, the two
measures differ and property (3.3) is held by Q", and not Q™¢, which is the natural martingale
measure in exponential utility maximization. This important difference motivates us to look for
algorithmic price representations under each of these two measures.

15
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Next, we introduce two non-linear functionals. In the sequel, they will be evaluated on Q™™
and Q™€ for the construction of the pricing algorithms.

Definition 3.3. Let T > 0 and Z be a random variable in (92, F, P). For s = 0,1,....,T — 1,
t=s+1,.., T and Q € Qr , define the single- and multi-step functionals

g5t (2) = 1E@ (n Bg (% |7 v F21) 17 (3.5)
and
e5V(2) =5V (87 (2)). (3.6)

We caution the reader that, for t > s + 1,
1
sV (2) # 2 (n Bg (|7 v FP) |17,)

Definition 3.4. Let Z be arandom variable in (2, 7, P). For s = 0,1,...,T—1and t = s+1,..., T,

define the nonlinear single- and multi-step price functionals P(s ) and Pgnfy)n

S,8 S,8 s,8 1
PG (2) = GV (2 - Smztn ) — et (-7 ) (3.7)

and . .
st S,8 t t
Poiin (2) = P (- PEun” (2)) (3.8)

with 5((@852_1) given in (3.5) for Q = Q™.
The following lemma provides the explicit form of the multi-step functional 77(87’,15,),1.
Lemma 3.5. Let Z be a random variable in (2, F,P). Then, for s <t —1,
Pyin (2)

(s:1) 1 1

i=s+2 z s+2

Proof. We establish (3.9) only for s = ¢t — 2 since the rest of the proof follows along similar
arguments. We need to show that

— _ 1 _ 1 1
P (Z) = Elri? (Z — ht> — gl (—H;}; - ht) . (3.10)
Y v v
Using (3.7) and (3.8), we write
Pl (2) = PG’ (P (2))
- 1
=gy (5&”#” (Z - 7%21;) gk ( : ?ff) Lt T) (3.11)
- (gr;i’til) ( Ht 1T>
On the other hand, (2.36) yields
1
Ht = —fht I (—VH%)

and the second term in (3. 11) becomes
1
ez (—Ht 1T> = gl 2D (—ht+5“ L (‘7 ;nT))

16
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Y - 1,1
_ g2t (E(tmif') (_h _ Hme»’
Q Q ~ t ~ t,T

where we used the measurability properties of h;. Similarly, the first term in (3.11) becomes
o4 _ 1 a1 1
5(tmi,t 1) < (tm}n,t) (Z _ Hme) _ g(tmm, <_Hme) _ Zgyme >
y t,T ~y t,T 5 LT
=241 =1, 1
- 1 1 (01
_g(tmnlq’t) (_Hme> — Th+ g(tmm7 (_ me)>
Q T ~ Q ST
t—2,t—1 t—1,t 1 1
= (en” (2= S = Se)

—24-1 -1, 1, e 1
= Egmmt ) (&gmmt) (Z - - ,yht>) :

Combining the above, (3.10) follows. O

We are now ready to provide the pricing algorithms for the indifference price. The first al-
gorithm uses the minimal martingale measure and the pricing functionals P(Sfi D and P(é;;f}n
(cf. (3.7) and (3.8)) while the second one uses the minimal entropy measure and the pricing
functionals E&q’fjl) and £5) (cf. (3.5) and (3.6)).

To ease the presentation, we first state the main theorems and, then, provide their proofs and
discussion.

Theorem 3.6. Consider a claim written at tg = 0 and expiring at t yielding payoff Cy € Fy.
Fort=1,...,T and s =0,1,....,t — 1, the following statements are true:
i) The indifference price vs(C}), defined in (3.1), is given by the algorithm

Uy (Ct) = Ct, (312)
Vs (Ct) = P(Sﬁfrjl) (V5+1 (Ct)) s (313)

where P((Qf,;f,jl) is the single-step pricing functional defined in (3.7).
it) The indifference price vs(Cy) € Fs is given by

vs(Cr) = Poitn (Ct) (3.14)
s 1 1< ] 1 1<
oL N S T It (R T W 1 IR G 1)
v 7 izt v Y izsro

with the multi-step price functionals Pgrf,)n and Sg;,f,)n defined, respectively, in (3.8) and (3.6)
Jor @ =Qm™.
iii) The pricing algorithm is consistent across time in that, for 0 < s < s’ < t, the semigroup
property
Vs (Cr) = P (Pl (Cr) = Pt (v (Cr)) = vs(PS (Cy)) (3.16)
holds.
Theorem 3.7. Consider a claim written at to = 0 and expiring at t yielding payoff Cy € Fy.

Fort=1,...,T and s =0,1,....,t — 1, the following statements are true:
i) The indifference price vs(Ch), defined in (3.1), is given by the algorithm

Vi (Ct) = C},
vs (Cr) = EGTY (s (C1)) (3.17)

where E&’fjl) is the single-step price functional defined in (3.5) for Q = Q™.

17
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it) The indifference price process is given by
us(ct) =gl ), (3.18)

with the multi-step price functional gl me deﬁned in (3.6) for Q = Q™me.
iii) The pricing algorithm is consistent across time in that, for 0 < s < s’ <'t, the semigroup
property
s,s’ st s,s’ s/t
v, (Ci) = Egn (Egut) (C) = EGi) (v (C1) = val(€G(CY)) (3.19)
holds.

We proceed with the following auxiliary result.

Lemma 3.8. Let s = 0,1,...,T — 1, &&,ﬂl be defined in (3.5) for Q = Q™™ and Z € Fgyq.
Then,

sup Ep (—6*7(X5+1fZ)].7:8) = _efw(eréi;f;”(z)) 9+1, (3.20)

Ast1

with hs as in (2.8).
Proof. With As;1 as in (2.6) we have
sup Ep (—e_'y(XS“_Z)]}"S)

ast1
— e Xs (p(ASH|_7:s)€fvas+1ss(§?+1*1)EP (e”/Z|}-S v As+1)
(1= P(Aspa] F))e oS Cn D By (77, v 4G ))
Differentiating with respect to a4 yields that the optimum occurs at
1 I ( Ep (672\}— \ As+1) P(As11]Fs) (fgﬂ - 1) )
VSs (€841 — &541) Ep (72| Fs v Ag ) (1 = P(Asya|F)) (1 — fgﬂ)
Using the form of the density of the minimal martingale measure (see (2.11)) we obtain

sup Ep (_e—v(st—Z) | }-s>

Qs+1
= —exp (=7 X, + Q™ (Ag 1 |Fo) In Bp (771 F, V Aga )
+ (1= Q™ (Ags1|F)) In Bp (7] F, v AL, )) X

( P(Ass1|Fs) )Qmm“‘s“'f ) ( 1 — P(Ags1|F) ) 1-Qm™ (As 11| )
@mm(As+1|fs) 1—- @mm(As—i-l’fs) )

Using once again the form of the density of the minimal martingale measure (2.11) and the
definition of 5(5 s+1) (cf. (3.5)), (3.20) follows. O

Og1 =

We are now ready to prove Theorem 3.6.
Proof. i) Equality (3.12) is immediate. We prove (3.13) for s =¢ — 1. From (2.38) we have
sup Ep (Vi (X¢ — Cp)| Fi-1)
Ot
= sup Ep <—e_7(Xt_(Ct_’1YHT;;)) ‘ ft—l) X
Using Lemma 3.8 for s =¢ — 1 and Z =Cy— s we get

X1 =€l (Co—LHpe) ) —h
supElp(Vt(Xt — Ct)]}“t_l) — ( 17%q ( tT t,T)) t.
(677
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Combining the above with (3.1) and formula (2.38) for V;_1, we deduce

_ 1 1 1
Vie1 (Cr) = Efn” (c - Hm€> +—HP g — =
11 (Ct) t 5 t, T ~ t—1,T 5 t

- 1 _ 1
= &5 (Ct - VH;?;) — &) (—VHZ?) : (3.21)
where we used (2.22) for H;™ 1.

For s =t — 2, we have
sup E[P (% (Xt — Ct)| ft_g)

Qt—1,0¢

sy By (eSS G 7,
Qt—1,0¢
= sup Ep (e—’Y(Xt—2+at—1(Sz—1—5t—2))
ai—1

x sup Ep (—e_v(o“(st_st1)_(Ct_iH%)) ’ ft1> ‘ ftQ) -

Qg

Using Lemma 3.8 for s =t —1 and Z = C; — %H?}fﬁ, and (2.22) and (3.21) we deduce
sup Ep (Vt (Xt - Ct)’ -7:t—2)
= sup Fp ]:t—2>
at—1

1,00

(e_'Y(Xt2+OétI(Stl_StQ)_ngrlrit) (Ct—%H:'f{:)) —hy

<6’Y (Xt—2+at—l(St—1*St—2)* (Vz—l(ot)Jrg&;,l,{t) (*%Hl’?) f%ht>) ’ r )
t—2

= sup bp

at—1
= sup Ep (67(Xt—2+01t—1(st—lst—2)(Vt—l(ct),lqutnﬁl,T)) ‘ ft—Q) )
ar—1

Using Lemma 3.8 once again, this time for s =t — 2 and Z = 1,_1(Cy) — %Hﬁel’T, we obtain

sup Ep (Vt (Xt - Ct)| fth)

Qt—1,0¢

_ (e o=t 1) )k

On the other hand, (2.38) yields,
‘/;5—2 (Xt—2 - Vt_Q(Ct)) B _e_'Y(Xt—Q—Vt_Q(Ct))_HﬁeZT'

Comparing the above to (3.22), using the definition of the indifference price (3.1) and formula
(2.22), we deduce

(3.22)

—2,t—1 1. e 1 1, e
Vt72(ct) = (gmmt ) (]/tl(ct) - ,yHt—l,T) — ahtil + ; t—2.T
94 1 24— 1
) (ut_l(ct) - VHﬁeLT) gtz (—VHZELT) , (3.23)

and we conclude. For s =0, ...,t — 3, (3.13) follows along similar arguments.

ii) In view of property (3.9), assertions (3.14) and (3.15) are equivalent. We only show (3.15).
For s =t —1, (3.15) follows trivially. To show (3.15) for s =t — 2, we work as follows. We first
observe that (2.22) together with the measurability properties of the local entropy process h;

yield
o4 1 94— _ 1 1
glt=21-1) <_ me ) _ glt=24-1) (S(tmq}{t) (_Hme> _ h)
S LT N T 4
—2, 1, . 1
- g’”mt) (_th,T - Vht) :
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On the other hand, using (3.13) for v;_1(C¢) and (2.22), we deduce
—o4 1
g(gm?nyt 1) (Vt—l(ct) _ ,yHﬁel,T>
—9t— — 1 - 1 1
— £tV (o (0o - Srpp) - 88k (—Sm) - M)
Q Q t ~ t,T Q ~ t, T S 1,7
ot _ 1 _ 1
= (gmivt l) (g(tmjzt) <Ct o ; ZL]@) _ (gm'r};t) (_7 ?7;)
A B
+g(trnmt) (_’}/Ht’;> - f)/ht)
—2,t—1 -1, L me) _ 1
= EGmt ™Y (agmmt) (Ct - 7ﬁfﬂ) = fyht)
ot _ 1 1
_ g(tm%t 1) (g(tmi;t) (Ct _ *HTQC; _ ht))
Y Y
t—2,1 1 me 1
= g5t (Ct - - Vht> .
Combining the above with (3.23) yields
_ 1 1 - 1 1
=252 (- - L) et (Lo 1),
1-2(Cr) = &g v M= ) = &g ST = Dhe

and we deduce (3.15). For s =0, ...,t — 3, we work similarly.
The semigroup property (3.16) follows easily. d

We continue with the proof of Theorem 3.7.
Proof. We only need to establish that
Egn ) (e (C1))

=gt usﬂ(ct)_% gt (M
Q . :

since all assertions of the theorem would follow by straightforward arguments.
To this end, let Z = yvs11 (Cr) — H{YG 7. Then (2.31) yields

Tgin ) (e (O =M1 0) = TG (e (C0) + TGt (M)
and, in turn,
]- S,8 me
5 GtV (’YV5+1 (Cr) — s+1,T)
. 1 (s,s+1) 1 (s,s+1) me
- ;\7 me (7V3+1 (Ct)) + ;;7 mm (_ S+17T) .

We easily conclude. O

Discussion on the pricing algorithms: The indifference price is calculated via the iterative
pricing schemes (3.13) and (3.17), applied backwards in time, starting at the claim’s maturity.
The schemes have local and dynamic properties.

(s:t) )

Dynamically, the pricing functionals PQSTfm and Eg,;fe are similar. Specifically, at each time
(s,5+1)

interval, say (s, s+ 1), the price v5(C}) is computed via the single-step pricing operators, Pgm
and Sg,fjl), applied to the end of the period payoff. The latter turns out to be the indifference
price, vs11(C), yielding prices consistent across time.
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Locally, however, the pricing roles of 73(8 ) and € (ngjl) are very different both in structure

and the associated measures. We start with the latter price functional since it has the simpler
of the two forms. Valuation is executed in two steps, in analogy to the single-period counterpart
(3.4). In the first sub-step, the end of the period payoff, vs11(C}), is altered via a non-linear
functional and the conditioning on the information generated by Fy V F2 s+r1- The new payoff,

1
1784-1 (Ct) = 5 In EQme (e'YVs+1(Ct)

FoV Fi) (3.24)

emerges which is, in turn, priced by expectation. The indifference price is, then, given by
vs(Ct) = Egme (U541(Ct) | Fs). (3.25)

While structure-wise the price functional £y, (s, SH) has a simple and intuitive form, the employed

measure Q¢ does not, as it can be seen from (2.17).

The situation is reversed in the first algorithm. Specifically, the pricing functional P(S,;f[,f 2

has no transparent form while the used measure, Q™" has the intuitively pleasing property
(2.11). Indeed, P(Srfi b incorporates the minimal aggregate entropy l'Hs " 7 in a "palindromic’

manner. Namely, at each time step, the end of the period payoff v,y1 (Cy) is reduced by 2 HS G
and priced, yielding the indifference price

st 1
Ve = glestl) <Vs+1 (Cy) — 5 Zf1,T) .
In turn, the payoff
V2 _ (st <_1 me >
s+1 — Qmm v s+1,T

is added. Both quantities v/}, ; and v2, | are calculated via the two-step procedure similar to the
one described in (3.24) and (3. 25) Notice that due to the non-linear character of the indifference
price, the entropic liability — Hs " ¢ could not be factored out. This is a direct effect of the
internal market incompleteness in the model herein.

Therefore,

vs(Cy) = plostl) (Vs+1 (Ch))
(s,8+1) <V C) — 1 me ) o S(S’S—H) <_1 me )
Q +1 ( t) ~ s+1,T v s+1,T

£ 8 (Ug41 (C1)) -

The following results follow easily from the above pricing algorithms.
Corollary 3.9. Let the payoff C; be of the form
Ci=Yi1+ Z

with Yy € Fy and Zy being such that there exist Zs € .7-“59 and o; € .7-'1-*9,1, i=s41,...,t, satisfying
Zy = Zs+ X, oiAS;, a.e. Then,

Vs (Ct) = Vs (Y;f + Zt) = Vs (Y;S) + Zs
= Pl (Vi) + Bgr (2| FY) = €5 (Vi) + Egme (2] 7).
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3.1. Multiple claims

We provide the pricing algorithms for the multi-claim case. For convenience, we assume that in
the interval [0,n + 1] with n+1 < T, we price a collection of n+2 claims, Cy, C1, ..., Cj, ...Cp41,
with each generic claim maturing at time j, j = 0,1,...,n 4+ 1 and yielding payoftf C; € F;. The
result follows easily from the earlier and, for this, we do not provide its proof.

Theorem 3.10. Consider a collection of n + 2 claims, written at tg = 0, yielding payoffs
C; € Fj, with j = 0,1,...,n+ 1. The following statements hold:
i) The indifference price Z/S(E;LISICJ-), s given, for s = 0,1, ...,n+1, by the iterative algorithm

Vnt1 (Cnt1) = Crya,s
vs(Cs + E?isl+1cj) =Cs + P(Séfnfl)(csﬂ + VS-‘rl(E;L:lerQCj))
= Cy + EGT (Ot + v (SHL,0)),
with P and £55) as in (3.7) and (3.5).
it) The indifference price process vs(Cs + Z?islﬂCj) € Fs and satisfies, for s =0,1,...,n+ 1,
va(Cs + 57204, C))
= O+ P (Conr +Poin™™ (Corz + . PGn™ (Co+ PG (Can))))

= Oy + EGTD (Comn + €SI (Cora + 850 (Cut €522V (Crn)))

3.2. The static certainty equivalent and the indifference price

The definition of indifference price motivates us to ask whether there is a natural connection
between the dynamic price v4 (Cy) and the static certainty equivalent pricing rule. The latter is
given, say for a random variable Z, by

C(Z)=—u'Ep(u(-2))), (3.26)

with u being an increasing and concave utility function. Notice that this pricing rule is defined
in the absence of any trading activity.

Is the indifference price the dynamic analogue of the above static pricing rule? We will see
that, surprisingly, it is not!

To this end, we first introduce the auxiliary process V, ! (z), s = 0,1,...,T, denoting the
spatial inverse of the value function process (2.5), given by

—1 hl (_1:) ZL’IQ —
Vit () = ———F — ——, reR™. (3.27)
Y v
Inspecting (3.26), we are motivated to define the following process, which we will be referring
to as the conditional certainty equivalent.

Definition 3.11. Let Z be a random variable in (2, F,P) and Vs (z) and V! (2), s = 0,1, ..., T,
be, respectively, the value function process and its inverse (cf. (2.5) and (3.27)). For Q € Op,

define the conditional certainty equivalent C(g s+1) (Z) by

Cg’sﬂ) (Z)=-V3} (EQ (Vs+1 (=2)| Fs v ffﬂ)) : (3.28)

The following lemma follows from direct arguments.
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Lemma 3.12. Let the conditional certainty equivalent C(S SH) = 0,1,....,T, be defined in
(3.28), and Q™™ and Q™ be the minimal martingale and mmzmal entropy measures. Then,

Com 1 (0)#0  and Coai (2) £ G (2).
Moreover,
S,8 S,8 S,8 1 me
C((@T’njl) <Z+ s+1 T) ?é CQmjl ( )+C( +1) <'Y s+1,T>
with Z € (Q, F,P).

We note that there are particular cases when the above inequalities become equalities. These
cases are discussed in Proposition 4.4 and Theorem 4.5.

We are now ready to explore the analogies of the indifference price and the static certainty
equivalent.

Proposition 3.13. Let vs11 (Cy) be the indifference price of the claim at time s = 0,1, ...,t. Let

also anfil) and C(g ) be as in (8.28) for Q = Q™™ , Q™ and 73(8 ) and E(S,’,fjl) be as in

(3.7) and (3.5). Then, for s =0,1,...,T,
Poin ) (vs1 (C1) = B (€52 (v (ct))\ Fo) = Bgrn (Cot (0 )\fs) . (3.29)

Similarly,
g(és”;ij‘l) (VS—‘rl (Ct)) == EQme (C(S%fj‘l) (V5+1 (C ) + H5+1 T)

o 0 () )

Proof. To prove (3.29), we use Definition 3.11 to obtain
g (G (v (C)| 7,)

f) (3.30)

1 __pyme
= E@mm (7 ln EQmm (e’YVs+1(Ct) HS"'LT ’ fs V f§+1>

)

-7:5) (3.31)
S,S 1 me 1 me
= gl (Vs+1 (Cr) — 5 s+1,T> + Egmm (’Y s+1,T fS> :
For Z = 0, we have
s,5+1 s,s+1 me

Subtracting (3.32) from (3.31) and using (3.7) ylelds (3.29).
To prove (3.30), we work similarly. To this end, we have

S,8 1 me
Egme <C(§7’n:rl) <Vs+1 (Cy) + ’YHSH’T)

1

)

1 1g/me __gyme
= E@me ( In E@mm <GW(Z+VHS+1‘T) Hs+1’T FS \ f§+1> ’ Fs)
Y

)

1
S) + E@mc (’y ;T-LFCLT

7).

1
+E@me < ; Zfl,T

1
= EQme (71nEQmm (e’yl/s.i,_l(Ct) fs \/ ff—‘rl)

%)

s+ 1
é@sﬂi )(Z) +E@me (7 ;Tfl,T
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We also have

1 1
Egme (Cg,;fi” (7 Zfl,T) fs) = Egme (7 ST ]:S> '

Subtracting the above we conclude. O

As the analysis above shows, there is no direct connection between the indifference price and
the conditional certainty equivalent. Indeed, using (3.14) and (3.29), we easily see

vy (C1) # Bgrm (C5itY (vesn (C)| 7). (3.33)
Respectively, (3.18) and (3.30) yield
vy (Cr) # Bgme (Cont (ven (C)| 7). (3.34)

These findings are direct consequences of the form of the investment performance process
Vi (z) (see (2.40) and (2.39)), as well as the measurability properties of the minimal aggregate
entropy Hi’f (see, for example, (2.23) or (2.36)).

Remark 3.14. A direct analogy between the indifference price and the classical certainty equiv-
alent is present in two cases. Specifically, it holds when the binomial model is of reduced form.
This case is analyzed in detail in Section 4. It is, also, present in an alternative kind of indiffer-
ence prices built in reference to a new framework for portfolio choice in which the value function
process, Vs (z), is replaced by its "forward" analogue (we refer the reader to [21] for further
details).

3.3. Risk preference normalization points and the related indifference prices

So far, we have derived indifference prices associated with an exponential utility function (pre)set
at time 7. An important implicit assumption in the entire construction is that the claims we
consider mature before this exogenously chosen horizon. We will refer to the instant 7" as the
risk preference normalization point.

Two questions then arise: i) how the indifference prices depend on the choice of the risk
preference normalization point? and ii) can this dependence be relaxed? Herein, we only address
the first question and refer the reader to [21] for the second one.

In order to emphasize the dependence on the horizon choice, we introduce the notations
Vir (z) and vs (Cy; T') for the value function and the indifference price, respectively. We will be
referring to v, (Cy; T) as the indifference price normalized at 7.

Theorem 3.15. Let T' and T be two normalization points with T > T, and let HT% and

H:@; be the associated minimal aggregate entropy processes. Consider a claim written at7t0 =0

and maturing at t = 0,1,...,T, yielding payoff C; € F;. Let vy (Ct;T) and vs (Cy; T) be the
indifference prices normalized at T and T, respectively. Then, for 0 < s <t < T,

Vg (Ct;T) =vs (Cy — Zy;T) + Zs (3.35)
where, foru =s, ..., t,
1 me me
Zu= (H%TA - H%T) . (3.36)

Proof. Consider the normalization point 7". Then, (2.38) yields
sup  Ep (VLTA (X; — Ct)’ }"S) —

Qg4 15000y08

= sup Ep (— exp (—’y (Xy —Cy) — H?’;) ‘ .7:3)

As41,-.-,00
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= sup FEp (— exp (—7 (X —Cy) — (H?’; - H?’f) - H%nf)

As41,-.-,00

1
= s B (—ow (= (X (a2 (g ) ) ) )| 2
As41,---,00t ’Y 7

= sup By (—exp (= (X — (G — 20) — HiF)| 7

Qst150,00

)

= sup Ep(Vir (Xi—(Cr — Zy))| Fs)

where we used (3.36). From (ZSB,;; have
s B (Vip (X = G| 7) = —exp (= (2 v (0 ) —175)

and, similarly,

sup e (Vi (Xo = (Co— Z0)| F) = —exp (= (2 — v (Ch = ZisT)) = HI5) .

Qs150,00

Combining the above we easily conclude. O

We conclude with an interesting parity result for the indifference price of the differential of
the minimal aggregate entropies.

Corollary 3.16. Consider a claim written at to = 0 and yielding at t, t = 1,...,T, payoff (cf.

(3.36))
7=~ (15— ).
with T > T. Then, for s =0,1,...,t,
Zy=vs (—Z5T) = —EGi (- 7). (3.37)
On the other hand,
Zy=v, (2;T) = 5(3;;52 (Z,). (3.38)

4. Reduced incomplete binomial models

We focus on an important special case of the incomplete binomial model introduced in Section
2. Specifically, we assume that neither the values nor the transition probabilities of the stock
price process are affected by the non-traded factor process, i.e. for t =0,1,...,7 — 1,
g €7 and g € (4.1)
and
P (€1 = &4 1) = P (€1 = &1 |77 (4.2)
We will call such an incomplete binomial model reduced.

Notice that under (4.1) and (4.2) the nested model becomes complete and market incomplete-
ness is generated only through the presence of the non-traded risk factor in the claim’s payoff.
To our knowledge, this is the only case analyzed so far in exponential indifference pricing in
binomial models (see, among others, [1], [18], [30] and [29])).

As it is expected, the minimal martingale and minimal entropy measures must coincide
since there is now a unique (nested) martingale measure. We denote this measure by Q (-| %),

t = 0,1,...,T. The interesting fact is that the minimal aggregate entropy looses its non-linear
character and reduces to a mere conditional expectation of the aggregate local entropy.

Lemma 4.1. Under assumptions (4.1) and (4.2), the local entropy process is
]:gg-predictable, i.e., hy € f,;g_l, t=1,..,T.
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Proposition 4.2. In the reduced binomial model, the minimal martingale and minimal entropy
measures coincide, i.e. for t=0,1,....,T,

Q([F) =Q™" (| Fr) = Q™ (:| 1) - (4.3)
Moreover, the minimal aggregate entropy Hi't becomes

T
TfZE@( > hi

i=t+1

fﬁ) , (4.4)

with h;, i =t+1,...,T, as in (2.8).

Proof. The proof is based on iterative arguments. Equality (4.3) holds trivially for ¢ = T" while
for t =T — 1 it was shown in (2.30). Equality (4.4) also holds for ¢t = T,T — 1, as it can be
shown using (2.21) and (2.30).

Next, we observe that Lemma 33 yields H7'¢, » € .7:75_1 and, thus, the (conditional on Fp_o)

values HpM, and Hp“"% coincide. Therefore, (2.17) and (2.11) imply

Q"(Ar_1Br1|Fr—2) = Q™" (Ar_1Br_1|Fr_2).
Similar arguments yield analogous equalities for the values of Q™¢(-|Fr_o) and Q™™ (-|Fr_9)
on the sets AS_{Br_1, Ar—1B$_, and AS_B$_,. Thus, (4.3) is shown for t =T — 2.
Using once more that H{F"ELT is fﬁ_l—measurable, (2.22) implies
H7lor = hr—1 + Q" (A1 | Fr—o)H7 o 0 +Q™™( 5“—1“7:7“—2)7{?5{1,1%'
In turn,
Hiypor = hr—1 + Egmm (H7Sy 0| Fr—2) = Egmm (hr—1 + hr|Fr—2),

and (4.4) follows for t = T — 2. The rest of the proof follows by similar arguments which are
omitted. 4

Combining (4.4) with Proposition 2.16, we deduce the following result.

Proposition 4.3. Under assumptions (4.1) and (4.2), the value function process Vi (x) is

FP —adapted and given by
FP ) ) :
(s,841)

T
Vi (x) = —exp (—w—E@ ( > hi
The next result shows that in the reduced binomial model, the pricing functionals Po

i=t+1
with Q as in (4.3) and h as in (2.8).

and Eg ) coincide. Moreover, they are equal to the conditional expectation of the conditional

certainty equivalent Cg s+

Proposition 4.4. Let Q be as in (4.3) and Z be a random wvariable in (2, F,P). For s =
0,1,...., T — 1, the following statements are true.

i) The single-step pricing functionals P nd E&fjl) (Z) (cf. (3.7) and (3.5)) coincide

,P(g,erl) (Z) = gé;,s+1) (2).

it) Moreover, the conditional certainty equivalence defined in (3.28) satisfies

EBo (¢t (2)| ) = RS (2) =l (2).
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Proof. i) From (3.7) we have
1
plostl) (Z) = el < Hs-l—l T) Y <—,y ZfLT) '
Property (4.4) implies H{ 7 € .7-'+1, for s=0,1,...,T — 1, and, thus,

egnt (2 - 2mzti) = 868 (2) - Bomn (D121 |72).
Similarly,

S,8 1 1 me
g( mrj ) <_’Y S+1,T) = —EQmm ( S+1 T |f>

Combining the above with (4.3) we easily conclude.
ii) We only show that

E@ (Cg,s+1) (Z)‘ -7:5) _ 5(((5’8+1) (Z),

since the rest of the statements follow easily. To this end, using (4.3), (2.38) and (3.27), we
deduce

Eq (¢5 (2)| 7,) = Bq (iln Eq (7" | 7oV 7S

+E@( s+1T~7:)

Using that in the reduced model H'% 1 € FZ. 1, we obtain

%)

EQ </1/ In EQ ((;/Z_H;TLT ’ FsV ‘7:3+1)

0 (2) - Bo (T 17).

and the assertion follows. O

We are now ready to state the main theorems of this section. The first theorem, a direct
consequence of the above result, states that in the reduced model the two pricing algorithms
(presented on Theorems 22 and 23) coincide. It, also, states that the single-step indifference
price functional yields a natural stochastic extension of the classical certainty equivalent rule.

The second theorem shows that in the reduced model the indifference price is not affected by
the risk preference normalization point. The intuition behind this property is the following. In
the general model, there are two sources of market incompleteness, one coming from the payoff
and the other from the model itself. The latter affects the form of the value function which
is also affected by the choice of the normalization point. Once the internal incompleteness is
removed, the measurability of the minimal aggregate entropy reduces and scaling simplifications
take place.

Theorem 4.5. In the reduced binomial model, the indifference price vs(C}) satisfies
v (Cy) = Cy,
and, for s =0,1,...,t,
vs (C) = PG (v (€)= €5 (v (C1)

Eg (C5* ) (vern (C)| 7) -
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Theorem 4.6. In the reduced binomial model, the indifference prices are invariant with respect
to the choice of the risk preference normalization point. Specifically, consjder a claim written at
to = 0 and maturing at t = 0,1,...,T, yielding payoff Cy € F;. Let T, T be two normalization
points with T > T and v, (Cy;T), vs (C’t; T) ,s=0,1,...,t,, be the associated indifference prices.
Then,

Vs (CiT) = v (Cii T) . (4.5)

Proof. Using (4.4) we have H['f, € FS for T" = T, T and s < t < T. Therefore, the claim
Ly = HT; —HT € F¢ and, in turn, (3.37) implies, for s = 0,1, ...,t, Zs = Eq(Z| Fs). Equation
(3.35), then, yields
Vi1 (Ct;T) =w1-1(Ct — Zi;T) + Z1
=11 (Cy;T) — Eg (Z| Feor) + Zi—1 = 141 (Cy; T)
with @ as in (4.3). Similarly, for s = ¢t — 2, we deduce, using (3.35),
Vi—2 (Ct;T> = V-2 (thl (Ci;T) ;T)
Vieo (Vi1 (C;T) — Zy 13 T) + Zy—2
= v (-1 (C;T);T) — Eg (Zi-1]| Fi—2) + Zi—2
=12 (-1 (C;T);T) =12 (Ci; T) .

Proceeding iteratively and using similar to the above arguments, we obtain (4.5) for s =
0,1,....t — 2. 0

5. Numerical results

We study numerically the dependence of the indifference price on the risk preference normaliza-
tion point T" and on the risk aversion parameter v. We consider a non-reduced incomplete model
in which the stochastic factor affects both the claim’s payoftf and the transition probabilities of
the stock price process.
Specifically, we assume that the values &, &, n and n¢, t = 0,1,..., T, (cf. (2.1) and (2.2))

are given by

€ =1+ pdt +oVdt and € =1+ pdt — oV/dt,
and

nt=1+bdt+aVdt and n' =1+ bdt—aVidt,
with the constants o, 1, a and b satisfying —o < pv/dt < o and —a < bV/dt < a.

The time increment dt is given by dt = %T where T and N represent, respectively, the risk
preference normalization point and the number of periods in [0,7]. For t = 0,1, ..., T, we choose

P(Y; = Y| Fi—1) = 0.5,

0. 757 Yt— 1> Y07
0.5, otherwise

(S, = S¥| Fi 1) :{

and
Cor (ASt, AYH ft—l) =0.5.

We consider a call option written only on the stochastic factor and maturing at T, i.e. Cr =
(Y7 — K)*. The model parameters are chosen as ¢ = 0.2, a = 0.5, b= p = 0 and Sy = Yy =
K =10.

Figures 1 and 2 show, respectively, the dependence of the option’s price on the risk preference
normalization time, T, and the risk aversion coeflicient, ~.
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FiGURE 1. Dependence of the indifference price on the risk preference normal-
ization point.
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FIGURE 2. Dependence of the indifference price on the risk aversion.

In Figure 1, v is fixed at 0.2. The number of time increments, N, varies from 60 to 155 in 5
unit-increments, and 1" varies from 0.083 to 0.215. The claim’s expiration time is fixed at 0.083
years.

In Figure 2, N = 115, T=0.4792, the claim’s expiration time is set at 0.25 years and ~ varies
from 0.001 to 0.901, with 0.045 increments.
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I ndi fference price versus risk preference
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FiGURE 3. Dependence of the indifference price on the risk preference normal-
ization point and the risk aversion.

Finally, Figure 3 incorporates changes in both 7" and ~. Therein, N and T are varying as in
Figure 1.

As discussed earlier, the indifference price changes with the risk preference normalization
point. For the chosen example, the price decreases as the normalization point moves further
away from the expiration time. This dependence dissipates considerably when the normalization
point is set at more than twice the contract’s expiration. It is worth noticing that Figure 1
suggests that the price has a finite limit as 7" — +o00. Two interesting questions arise: i) does
the price limit as T' — +o00o coincide with a price obtained from any known pricing methodology
and ii) do such limits exist for other, more general, contingent claims? We plan to address these
questions in another paper.

Figure 2 shows the dependence of the indifference price on the risk aversion for a fixed horizon
choice T'. The latter is taken to be different that the claim’s expiration time. One easily sees the
well known result that the price is monotone with respect to ~.

Figure 3 displays results for various levels of risk aversion, namely, when v = 0.001, 0.5, and
1.0. The graph highlights the interplay between the risk preference normalization point and
the risk aversion coefficient. As it is well known, when the risk aversion approaches zero, the
indifference price becomes linear.

Based on the latter observation, one may wrongly expect that the dependence on T' vanishes
for small values of . This is not, however, what the graph shows. For example, when +v = 0.001,
significant dependence on T’ is still present on the price. In our opinion, this dependence may
be attributed to the fact that while the pricing functional (3.5) is independent of the horizon
choice, the associated pricing measure, the minimal entropy one, is (cf. (2.17)). As discussed
earlier, this dependence is reversed if one uses the pricing algorithm in Theorem 23, in that
now the pricing functional (3.7) depends on the normalization point while the pricing measure,
the minimal martingale one, does not (cf. (2.11)). In both cases, the corresponding dependences
prevail even if the risk aversion coefficient becomes very small.

30



INDIFFERENCE VALUATION IN INCOMPLETE BINOMIAL MODELS

5.1. Comparison to linear pricing rules

By far, both in theory and practice, the most popular pricing approach in incomplete markets is

based on the construction of the price as the conditional expectation of the (discounted) payoff
under a specific martingale measure. This approach produces the price in an ad hoc way and
not as the outcome of replicating strategies, for perfect replication is not feasible. On the other
hand, the deduced price inherits all desirable features of the one in complete markets, especially
its semi-group property and linearity with respect to the claim’s payoff*.

How to choose this measure is the topic of very active research. In continuous time models
with stochastic volatility that is correlated with the stock diffusion process - which is the clos-
est analogue of our binomial model - a convenient representation of all equivalent martingale
measures is via the family of the so-called ¢g—optimal measures (see, among others, [9] and [12]).
Three values are the most popular, namely, ¢ = 0, ¢ = 1 and ¢ = 2. The choice ¢ = 0 yields the
minimal martingale measure while ¢ = 1 generates the minimal entropy measure. For ¢ = 2, the
associated measure is the variance-optimal measure (see below).

The parameter ¢, then, becomes a useful index and a natural question arises, whether the
associated prices are monotone with respect to it. The answer is affirmative and we refer the
reader to [9] and [11]. To our knowledge, a similar analysis for non-reduced binomial models has
not been carried out. This requires extensive work and will be addressed in the future.

Next, we take a preliminary step and only study numerically two families of "prices". The first
one consists of expectations of the payoff under the minimal martingale and minimal entropy
measures, Q™" (¢ = 0) and Q™€ (¢ = 1), and the minimal variance measure, denoted by analogy
by Q™ (¢ = 2). In an self-evident notation, we denote these quantities by

10 (C) = Egin (Cr), wh(Cy) = ESil(Cy)  and w2 (Cy) = ESil) (Cy). (5.1)

The second family consists of their non-linear counterparts, namely,

#0(Cr) = EGiL (Cy), 7H(C) = €50 (C) and #2(Cy) = S (Cy), (5.2)
where the nonlinear functionals are given in Definition 19 for Q = Q™, Q™€ and Q™. Clearly
the indifference price computed herein satisfies

vs (Cy) = 71 (Cy) . (5.3)

In analogy to the results in Propositions 3 and 5 where we provide, respectively the densities
of the minimal martingale and minimal entropy measures (¢ = 0 and ¢ = 1), we construct the
density of the measure (¢ = 2). We first recall the definition of the latter (see, for example, [3]
and [27]).

The variance-optimal measure, Q™" (- |F;), t = 1,..., T, is defined on Fr as the minimizer of

¢ where

2
H{7 (Q(|F) [ P(-|F)) = Ep <m |ft> ,

fort=1,...,T and Q €Qp, i.e.

Her (@7 C1F) [P (7)) = min Hip (QC17) [ P( 7)) (5.4)

The following results are, to the best, of our knowledge, new. They resemble the ones derived
for the minimal entropy measure (see Propositions 5 and 9). With a slight abuse of notation, we
refer to H}"7 as the minimal entropy. The calculations to derive the formulae below are rather
tedious and are omitted for the sake of presentation.

4Implicitly, the price operator is also independent of any individual investment horizon.
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Proposition 5.1. The variance-optimal measure, Q™. satisfies, fort =1,...,T,

mu mu,ud
QM (A4By| Fi—1) _ Q (At’}-t—l)HtT (5.5)
P (A¢Bi| Fi-1) P(AB| Fr1) My P (ABE| Fro 1)7'[%]’%’
Q™ (ABf| Fi-1) _ Q™ (Ad Foa) My ™
PABE| Fir) P (ABY| Foor) M + <AtB | Fooa) My
Q™ (4B Fio) _ Q™ (A For) Hyp ™
P(A{B| Fio1) P (ASB| Fyq) Hywd 4 (ACBt\ft 1) Hyp
and d
Q™ (A¢Bf| Fi1) Q™ (Af| Fo1) Hyp'
P(ATBE| Fi1)  P(AGB| Foor) My ™ + P (AfBg| Fooy) ™

where Ay, By are as in (2.6) and ’Hmv u Hﬁf’ud H;n%)’du Hgﬁv’dd are the values of the Fy—measurable

random variable Hi"g (cf. (5.4)) conditional on Fy_.
Next, we provide an iterative scheme for the computation of the minimal entropy H?’%’

Proposition 5.2. The minimal entropy H" is given by the iterative scheme

@m”(AT! Fro1) | (1=Q™(Ar| Fr1))?

H%% =0 and HT 1 T

IP)(AT|.7'—T_1) 1—]P)(AT|fT_1)
and 4
my va(At’ft—l) 7_{tT H
t=LT P( At| ft—l) IP(AtBt\]-},l)HmU ud + IF’(AtB§|]-'t,1) mu,uu
P(Atlftfl) P(At‘ftfl) t,T
mu,dd v,du
(1 - Q™ (A Fi1))? Hyr “Hir
—P(A¢| Fio1) IP’(A,?Bt|-7:t—1),}_[nw dd | P(A§Bf|Fe—1) o ymuv,du
1—]P)(At|.7'—t71) 1— P(At‘]'—t 1) th

We are now ready to compute the quantities in (5.1) and (5.2).

Figure 4 shows the dependence of the linear prices in (5.1) on the risk preference normal-
ization point T'. Naturally, the minimal martingale measure yields prices independent of T'. To
the contrary, the minimal entropy and the variance-optimal measure exhibit monotonically de-
creasing dependence on T'. Moreover, the graph shows that prices are monotone with respect to
parameter ¢, with smaller values of ¢ giving higher prices. Thus the g-monotonicity result of [9]
appears to be valid for the binomial model at hand as well.

Figure 5 describes the nonlinear prices in (5.2). All three prices depend on the risk aversion
parameter, as expected from the definition of the nonlinear price functional. Moreover, for all
three values ¢ = 0,1, 2, the dependence on the risk preference normalization point, T', bears
the same character as for the linear pricing operators. Finally, we observe that the non-linear
expectations are also monotone with respect to parameter g, with higher prices obtained for
smaller values of q.

Remark 5.3. As we previously mentioned, the case ¢ = 1 corresponds to the indifference price
defined and constructed herein (cf. (5.3)). On the other hand, one can show that the case of
q = 0 corresponds to an indifference price that is built on a new kind of risk preferences. These
are the so-called forward performance processes (see, for example, [22]). A complete study of
the forward indifference prices can be found in [21]. Interesting questions related to qualitative
and quantitative studies of the traditional and the forward prices are left for future research.
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Linear prices for q =0, 1, 2

0.045 -

0.035

0.025 —o—

Qo o Qo
[N
P ON

0.02

0.015

0.01

Expectation of the terminal payoff

0.005 I I I I 1 I ]
0.08 0.085 0.09 0.095 0.1 0.105 0.11 0.115

Risk perference normalization point

FIGURE 4. Dependence of the linear prices on the risk preference normalization
point when the parameter ¢ varies

Nonlinear prices for q = 0, 1, 2
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F1GURE 5. Dependence of the nonlinear prices on the risk preference normaliza-
tion point when the parameters ¢ and ~y vary
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6. Glossary

e V; () : value function (maximal expected utility) process

e T : terminal horizon, risk preference normalization point

e QMM (.|F), t=1,...,T, minimal martingale measure defined on Fr

e Q™ : abbreviated notation for the minimal martingale measure

e Qme(-|F),t=1,..,T, minimal entropy measure defined on Fr

e Q™ : abbreviated notation for the minimal entropy measure

e Hf : minimal aggregate entropy with respect to the minimal entropy measure

° (és’s+1)and J(és’s/) : single- and multi-step entropic nonlinear functionals evaluated at a

generic martingale measure measure Q

e v, (Cy) : indifference price, evaluated at s, of a claim maturing at ¢t =0,1,...,T

° ngf: D and P&f,;) : single- and multi-step price functionals evaluated at the minimal
martingale measure

o & (sgfjl) and E(S,;fm) : single- and multi-step price functionals evaluated at the minimal
entropy measure

° C(S ). conditional certainty equivalent evaluated at a generic martingale measure Q

Vs (Ct;T ) : indifference price, evaluated at s, of a claim maturing at ¢ with terminal

utility set at time 7', ¢ < 7.
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