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CVaR hedging using quantization based stochastic approximation
algorithm

OLIVIER BARDOU * NOUFEL FRIKHA I GILLES PAGES *

December 17, 2010

Abstract

In this paper, we investigate a method based on risk minimization to hedge observable but
non-tradable source of risk on financial or energy markets. The optimal portfolio strategy is
obtained by minimizing dynamically the Conditional Value-at-Risk (CVaR) using three main
tools: stochastic approximation algorithm, optimal quantization and variance reduction tech-
niques (importance sampling (IS) and linear control variable (LCV)) as the quantities of interest
are naturally related to rare events. As a first step, we investigate the problem of CVaR re-
gression, which corresponds to a static portfolio strategy where the number of units of each
tradable assets is fixed at time 0 and remains unchanged till time 7'. We devise a stochastic
approximation algorithm and study its a.s. convergence and rate of convergence. Then, we
extend to the dynamic case under the assumption that the process modelling the non-tradable
source of risk and financial assets prices are Markov. Finally, we illustrate our approach by
considering several portfolios in the incomplete energy market.

Keywords: VaR, CVaR, Stochastic Approximation, Robbins-Monro algorithm, Quantification.

1 Introduction

It is well known that in a complete financial market, an investor faced with a contingent claim can
hedge perfectly on a finite horizon time 7" without any risk. However, from a practical standpoint, an
agent would like to have a more realistic view of financial or energy markets which are intrinsically
incomplete for many reasons (stochastic volatility, jumps, temperature dependance of prices on
energy markets, ...). There is no exact replication to provide a unique price. Thus, pricing and
hedging contingent claims in such a framework require new approaches. One may still price and
hedge using a super-hedging criterion as studied in [8]. However, the price is often too high,
actually, the trader can only hedge partially and often has to bear some risk of loss. Many authors
studied pricing theory under a martingale measure which corresponds to an optimized criterion.
For instance, one can refer to [13] for the minimal martingale measure, to [2], [16] and [21] for the
minimal entropy martingale measure among others.

Another method widely used to adress this problem is based on expected utility maximization.
Indeed, there is a huge litterature on hedging and pricing in incomplete markets using expected
utility maximization method and utility indifference pricing. It consists in pricing an unhedgable
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claim so that the investor’s utility remains unchanged between holding and not holding the contin-
gent claim. We refer to [17], [18] and [9] among many others for some developments. Although, this
approach has been studied for long, the main drawback for a pratician remains the lack of knowl-
edge of his own utility function for hedging and pricing derivatives. Moreover, different agents may
price and hedge a contingent claim differently according to their own risk preference so that it has
little acceptance in practice.

In this article, we propose an alternative method based on risk minimization using stochastic
approximation algorithm. To be more precise, we focus on minimizing dynamically the Conditional
Value-at-Risk (CVaR). The CVaR is strongly linked to the famous risk measure called Value-at-Risk
(VaR) which is certainly the most widely used risk measure in the practice of risk management.
By definition, the VaR at level a € (0,1) (VaR,) of a given portfolio loss distribution is the lowest
amount not exceeded by the loss with probability « (usually a € [0.95,1)). The Conditional Value-
at-Risk at level a (CVaR,,) is the conditional expectation of the portfolio losses beyond the VaR,
level. Compared to VaR, the CVaR is known to have better properties. Risk measures of this type
were introduced in [1] and have been shown to share basic coherence properties (which is not the
case of VaR,,. The extension to convex risk measures were introduced and extensively studied in
[12].

Pricing and hedging using risk measures is a recent approach which has been investigated by
many authors. Barrieu and El Karoui in [4] developped a risk minimization problem to hedge non-
tradable risk on financial market using convex risk measures. Hedging strategy which maximizes
the probability of successfull hedge is studied in [11] as an alternative to super-hedging strategy
which requires a large amount of initial capital.

In [25], a portfolio optimization method which calculates the VaR,, and optimizes the CVaR,,
using a linear programming approach is developed. Portfolio strategies with a low CVaR,, necessar-
ily have a low VaR,. The method first consists in generating loss scenarios and then in introducing
them as constraints in the linear programming problem. The main drawback is that the dimension
(number of constraints) of the linear programming problem to be solved is equal to the number of
simulated scenarios so that this approach turns out to have strong limitations in practice. In our
approach, we are not limited by the number of simulated scenarios.

We consider an energy (or financial) market operating at discrete trading dates tg =0 < 1 <
<o < tyr = T. We have d assets available for trade with price process X = (X Lo X d) and
Xt = (ng)ogﬁgM for i = 1,---,d. We will denote X, for X;,. For simplicity, we assume that
the risk free rate is equal to zero. The portfolio loss (or the payoff of a financial instrument)
with maturity 7" is described by an R-valued random variable L defined on a probability space
(©Q,G,P). In our framework, the source of market incompleteness comes from the presence in L
of a state process Z that is observable but not available for trade. Thus, it induces a source of
risk that is not completely hedgable. Typically, in the electricity market, the loss L suffered by an
energy company may be due to an anormal annual electricity (or gas) anormal consumption. This
consumption depends on the temperature, which is an observable but non tradable source of risk.
In this example the process (Z;),-,<,; can be considered as the temperature which may influence
not only the loss but the assets available for trade, i.e. electricity prices of spot and forward
contracts (which are in this example the only available assets for hedge). More generally, this
kind of dependance with respect to an observable but non available source of risk is a particularly
relevant source of incompleteness in financial and energy markets (stochastic volatility, default
time, temperature for energy derivatives, weather contracts, ...). The probability space is equiped
with a filtration G = (G¢)y<y<,,- Intuitively, Gy represents the observable information at time ¢, by
all investors, so that G, = o {X;, Z;;0 < i < (}.

In order to reduce its risk (or hedge the contingent claim), the holder of the portfolio uses a
dynamic self-financed strategy represented by a d-dimensional predictable process 0 = (0¢)g<pc s



where 0, € LY, (G¢,P) (LY, (Ge,P) denotes the space of all G-mesurable and P — a.s. finite random
variables with values in R?). In such a strategy, we may regard 6, as the number of shares invested
in the stock at time ty,. The gains from a trading strategy 6 with an initial investment of 0
are described by the discrete stochastic integral Zé\i 100—1.AX,, where we denote by AX, the
increments X, — X,;_1. Throughout the paper, we will use the following main assumptions

Assumption 1. The process (X¢)o<p<pr 8 a (G, P)-martingale.
and,

Assumption 2. The process (X¢, Z¢)y<y< s taking its values in R? x RY is Markovian with respect
to the filtration G.

The basic problem for the holder of the portfolio is to find the optimal self-financed strategy
0* which minimizes the residual risk of the portfolio’s losses, i.e. the solution of the following
minimization problem

M
: 1
91€I}£g CVaR, (L ; eg_l.AXg> , (1)
where Ag = {9 = (0r)o<e<nmr—1 | 00 € L]%d (Ge,P), £=0,---, M — 1} is the set of admissible strate-
gies, that is minimizing the residual risk of the portfolio risk profile over all self-financed strategies.

A natural question which arises is how to measure dynamically the risk of the considered
portfolio in this context. To measure the risk at a given time ty, we introduce in a quite natural
way and for the first time to our knowledge, the definition of a dynamic version of the CVaR that
will be denoted G,-CVaR based on the Rockafellar & Uryasev’s static representation of the CVaR.
In order to estimate at time 0, this random risk measure, which reads as a conditional expectation,
we use integration cubature formula based on optimal quantization.

For many reasons (transaction costs, difficulties to store energy assets, ...), the holder of the
portfolio may not want to trade every day but may be only interested by a rough hedge to reduce its
risk. Consequently, we firstly investigate one step self-financed strategies. Decided at time ¢, such
strategy is obtained by setting 0 = 0y,, for k = £y,--- ,M — 1. Consequently, a one-step portfolio
strategy decided at time ¢4, is an R%-valued random variable 0, € Luoad (G, P). The investor risk at
time t4, can be measured by the quantity Gy,-CVaR,, (L — 0y, (Xar — Xy,))? which is only known
at time ?y,. However, the investor can estimate this quantity at time 0 by numerically computing
E [Gy,-CVaR,, (L — 0y,. (Xar — Xy,))]. This quantity is a forward risk, i.e. it is the best estimation
at time O of the risk at time ¢;, while the quantity CVaRg, (L — 6y,. (Xar — Xy,)) represents the
risk at time 0. Consequently, there are two optimization problems.

The first one is to minimize the forward risk, i.e. the expectation of the risk profile measured
at time ¢y, of the portfolio losses using a self-financed one step portfolio strategy starting from an
initial wealth of 0

GZOGL;%gfgeO,P)E [Gry-CVaRg, (L — 0y (Xar — Xyy))] - (2)

The second one consists in minimizing the risk measured at time 0 (i.e. we use a static CVaR

criterion) of the portfolio losses using a self-financed one step portfolio strategy starting from an

initial wealth of 0

inf CVaR, (L —0y,. (X — Xy,)) - 3
el ) CVaRa (L= Oy (X = Xiy) )

"We consider the general definition of expectation of a random variable Y, i.e. the quantity E[Y] exists as soon
as E[Y}] < +oo or E[Y_] < +o0.

*We consider the general definition of conditional expectation of a random variable Y, i.e. the quantity E[Y'|Ge,]
as soon as E[Y, |Gy ] < 400 or E[Y_| Gy, ] < +00



The VaR, and the CVaR, are disymetric risk measures unlike standard deviation. By CVaR
hedging we aim at modifying the shape of the loss distribution L, i.e. we reduce the right-hand side
of the distribution which corresponds to high loss greater than the left-hand side which corresponds
to small losses or potential gains. That is the main difference between CVaR hedging and hedging
by means of a quadratic criterion as developed in [14] and [26] among others.

Under a Markovian framework, 7.e. under Assumption 1, we propose a stochastic approximation

algorithm to compute the optimal self-financed portfolio strategy 6* solution of (3), (2) and (1)
(and both the VaR and the CVaR of the resulting portfolio).
However, in the case of dynamic self-financed strategies framework, when the number of trading
dates M is too large (say M > 10, in practice) or when the dimension of the process (X, Z) is too
large, the proposed algorithm to solve (1) turns out to be numerically untractable. We develop
other approaches based on some majorations of the objective function of (1) in order to approximate
the optimal solution.

All proposed algorithms are built on some Rockafellar & Uryasev’s representation of the CVaR
and spatial discretization of the process (X, Zy)o<¢<pm using optimal vector quantization. This
leads us to devise a global Robbins-Monro (RM) procedure to estimate all the quantities of interest.
This kind of idea has already been used in [3] to propose an algorithm which simultaneously
computes both the VaR and the CVaR. The estimator provided by the algorithm satisfies the
standard Central Limit Theorem (CLT) for recursive stochastic algorithm. However, the proposed
algorithm is just a first building block. When « is close to 1 (otherwise the original procedure
behaves well), VaR and CVaR are fundamentaly related to rare events. As a matter of fact, in this
kind of probem, we are interested in hedging extreme events, i.e. events that are observed with
a very small probability (usually less than 5%, 1% or even 0.1%) thus we obtain few significant
scenarios to update our estimates. As a crucial improvement, we need to introduce a recursive
variance reduction method. To compute more accurate estimates, it is necessary to generate more
samples in the area of interest, the tail of the distribution. A natural tool used in this situation
is importance sampling (IS). Following the IS procedure developed in [20], which has already been
used in [3] for the estimation of the VaR and the CVaR, our IS parameters are optimized adaptively
by a companion (unconstrained) RM algorithm which is combined with our first procedure. We
also propose another variance reduction method based on a linear control variable which can be
used alone when IS is not necessary or can be combined with the IS algorithm. It dramatically
accelerates the convergence of the original procedure. The weak convergence rate of the resulting
procedure is ruled by a CLT with optimal rate and minimal variance.

The paper is organized as follows: in Section 2, we present the dynamic version of the CVaR
and develop some fundamental theoretical results on the G-CVaR and CVaR hedging. This will
allow us to devise a RM algorithm. Section 3 is devoted to numerical aspects of CVaR hedging.
We show how to devise a RM algorithm to compute the optimal strategy with its associated VaR
and CVaR. We establish its a.s. convergence and rate of convergence. In order to approximate
conditional expectation, we rely on optimal vector quantization. We present our several algorithms
to approximate the optimal strategy solution of (1) and briefly mention the two variance reduction
tools in the static framework. Finally, Section 5 is devoted to numerical examples. We focus on
the energy market which is known to be incomplete. We propose several portfolios to challenge the
algorithm and display dynamic CVaR estimations.

Acknowledgements: We would like to thank Sandrine Bouthemy for fruitful and stimulating
discussions.

Notations: e |.| will denote the canonical Euclidean norm on RY, u.v will denote the canonical
inner product of the two column vector u, v € R? and u” denotes the transpose of the column
vector u € R%.



o £ will denote the convergence in distribution and =% will denote the almost sure convergence.
e r, :=max(0,z) will denote the positive part function.

e [P (P) will denote the sub-space of random variable U such that (E [|U}? ])1/ P < +00.

e LP (du) will denote the sub-space of function f such that ([ |f|Pdu) VP < foo.

2 Theoretical aspects of CVaR hedging

2.1 Definitions and preliminaries

We start this section by briefly recalling the definitions of the VaR and the CVaR (for more
details, we refer to [3]). Then, we introduce the notion of dynamic CVaR that will be fundamental
throughout the paper. To measure the risk associated to a loss (or a short position on the contingent
claim with payoff) L, one usually considers the VaR at level a € (0,1) i.e. the lowest a-quantile of
the distribution L

VaRq (L) :=inf{{ e R | P(L < &) > a}.

We assume that the distribution function of L is continuous (i.e. with no atom) so that the VaR is
the lowest solution of the equation:
P(L<¢) =a.

If the distribution function is (strictly) increasing, the above equation has a unique solution, other-
wise there may (infinitely) more. In fact, in what follows, we will consider that any solution of the
previous equation is the VaR,(L). Another risk measure commonly used to provide information
about the tail of the distribution of L is the Conditional Value-at-Risk (at level ). Assuming that
L € L(P), it is defined by:
CVaR, (L) :=E[L|L > VaR(L)] .

The next proposition shows that these two quantities are solutions to a convex optimization problem
which value function can be represented as an expectation, as pointed out in [25]. It has already

been used in [3] to devise a RM algorithm to compute both the VaR and the CVaR. We briefly
recall this important result in order to justify the definition of the dynamic CVaR.

Proposition 2.1. Suppose that the distribution function of L is continuous and that L € L]%Q(IP)).
Let V' be the function defined on R by:

VO =¢+—E[L-0).]. @

Then, the function V is convex, Lipschitz continuous, differentiable and VaR, (L) is any point of
the set

argminV ={£€R | V'(§) =0} ={{ €R | P(L < &) = a},
where V' denotes the derivative of V. This derivative V' can in turn be represented as an expectation
by

1
Furthermore,
CVaR, (L) = min V (£). 6
aRa (L) = min V(¢) (6)

We refer to [25] or [3] for a proof. Now we are in position to define the dynamic CVaR. We consider
a sub o-field F C G, representative of the information observable by all investors. Given the above
result concerning the CVaR, it is quite natural to define the G-CVaR according to the following
definition.



Definition 2.1. Suppose that L satisfies E [L; | F|] < 400 a.s. The F-CVaR is a random risk
measure defined by

- L):= inf
F-CVaR, (L) 5eeslfol(lrjr)&—i—l_oé

E[(L-¢), |F].
By construction, it is straightforward that it satisfies the following coherence properties

1. Sub-additivity: for every L, L’ such that E [Ly + L', | F| < +o0, a.s., F-CVaRq (L + L') <
F-CVaRq (L) + F-CVaRq(L').

2. Positive homogeneity: If A € LY (F) with A > 0 a.s., F-CVaR4(AL) = A x F-CVaR,(L).
3. Translation invariance: for all Z € LY (F), F-CVaR, (L + Z) = Z + F-CVaR,(L).

4. Monotonicity: for every L, L' such that E [Ly + L/, | F|] < +ocoand L < L' a.s., F-CVaR4(L) <
F-CVaR, (L").

When F = {@, Q}, the F-CVaR, (L) coincides with the usual CVaR(L). To estimate F-CVaR,, (L)
at time 0, one may compute the quantity E [F-CVaR,(L)] which is still a coherent risk measure in
the sense of [1].

2.2 General properties
In this section, we state some useful properties satisfied by the G,-CVaR,,.

If one aims at measuring the risk at time ¢, of his financial strategy 6 € A started at time
to = 0 using a CVaR criterion, one has to compute G,-CVaR,, (L — Zg/il Hp_l.AXp>, which is
only known at time t,. It is natural for the holder of the portfolio to ask how the risk evolves with

time until maturity. Next result shows that the G,~-CVaR risk measure is time consistent, i.e. the
risk of any position decreases with time.

Proposition 2.2. We set M = +oo for this result. Let Y € Ly (Goo,P) where Goo = ViGy.
The sequence (Ge-CVaRa(Y))1<p<ps s a G-supermartingale. Moreover, it satisfies,

Gn-CVaRo(Y) 23 Y, asn — 4oo.

Proof. First note that for £ =1,---, M,

) 1 1 1
- = - _ < -
G-CVaRa(Y) = esint €+ 1= [(V ~€), 6] < 7= E V6] € L'(P),
and by Jensen’s inequality,
1
EY = inf —— (E[Y|Ge] — < Gp-CVaR, (YY), 7
[Y'|Gel gféSLSOl(fée)€+ 1_@( [Y[Ge] =€), < Gi-CVaR,(Y) (7)

so that, Gi-CVaR(Y) € L (P). Then, by definition, we have
1
Gi-CVaR,(Y) < € + T—oE (Y = &), |G|, forall &€ Ly(Gr),
which implies that

. 1
E [Gi-CVaRo (Y)|Gr_1] < ggeLSOS(lgIl}i)f +1——E (Y =€), 1Gi—1] = Gi_1-CVaR4(Y).



Consequently, the sequence (Gi-CVaRa(Y)); <4<y is a G-supermartingale.
Now, owing to (7), for n > 1

(Gn-CVaRo(Y)) . < (E[Y|Gn]) - < (E[Y-[Gn]) <E[[Y]|Gn],

and
supE [(G,-CVaRo(Y))_] < E[|Y]] < 4o0.
n>0
Doob’s martingale convergence theorem implies that the sequence (gn'CVaRa(Y))n21 a.s. con-

verges toward Yo € Lt (P). Now, from the first inequality and the a.s. convergence of the sequence
(E[Y[Gn]),>; toward E[Y|Goo] =Y (the convergence also holds in L), we get

Yo > Y.

On the other hand, for every n > 1

,-CVaR, (¥) <E[Y|G] + 1B [(Y ~E[YIG.]), 6]

so that, for every n > m > 1 and every A € G,,,
1
E [14G,-CVaRa (V)] < E [u (Y b (v B mgnmﬂ . (3)
It follows from Fatou’s Lemma that
E [1 Af/oo] = E[14lim, Gp-CVaRo(Y)] < lim, E [14Gn-CVaRa(Y)],

since G,-CVaR,(Y) > E[Y|G,], a.s., for every n > 1 and E[Y|G,] converges in L!'(P). Now
1

(Y —E[Y|Gn]), Y® 0 which shows that

=— 1
lim, E [1,4 (Y + r— (Y —-E [Y\gn])+>} <E[14Y].
Combining these inequalities with (8) yields
Vm>1 ¥YAcGn E [1Af/oo] <E[14Y],

which in turn implies that
Yo <Y.

This completes the proof. O

This result naturally implies that the sequence (E [G;-CVaRq(Y)]); <<,/ is non-increasing, thus
the average risk (hopefully) decreases with time for any strategy 6 € A. The result concerning the
convergence of the supermartingale is quite intuitive. If the loss of the considered portfolio satisfies
L is Gpr-measurable (as it is the case in our modelization) then the average risk associated to this
position decreases toward the average loss itself.

Another useful result concerns the supermartingale property of the hedged portfolio.



Corollary 2.3. Suppose that L € LL(P) and that there exists p' > 1 such that AX, € L%d (P) for

{=1,---,M. Let 0 € A such that 0y € L%d(P) with p = p,p_/l. Then,

M
(gk—CVaRa (L — Z Hgl.AXg>> s a supermartingale
/=1

0<k<M

and satisfies, for every k € {0,--- , M — 1},

M M ¢

Gr-CVaR,, (L - > eg_l.AXg> = G;-CVaR, <L — Zeg_l.AXg> =Y 01 AX, (9)
t=k+1 (=1 =1

Proof. Holder’s inequality implies that Zé\i 100-1.AX, € LL(P) so that in view of the definition

of the G;,-CVaR, G,-CVaR,, (L — Zz]‘i1 Hg,l.AXg> € L' (P). Now by the change of variable, ¢ =

£+ Zlgzl 0_1AX,, we have

M M
1
Gi,-CVaR, | L — E Op_1.AXy | = eSSOiIlf &+ T E L— E Op_1.AXy — €& G
= §€L0(Gr) -« — N

0—1AX,

E

)
X

M
+ essinf 5—1— 1 E (L— Z 9@1-AX£—§~> (&
+

geroigyy - 1-a Pt

k M
= Z 0, 1AX, 4 G-CVaR,, (L - Z Gg_l.AXg> .
(=1

{=k+1

In particular, if X is a (G,P)-martingale (9) implies that for every k € {0,--- , M — 1}

M M
Gi-CVaR,, (L - Zeg_l.AXg> Gi-CVaR,, (L - Z Gg_l.AXg>] ,
/=1

{=k+1
which means that the mean estimate at time O of the risk at time ¢, does not depend on the
decisions taken prior to time t;. This property follows from the fact that the hedging strategy is
self-financed.

E =K

2.3 CVaR hedging using a one step self financed strategy

In this section, we adress the two problems (2) and (3), that is hedging a contingent claim using a
one step strategy starting with an initial investment of 0 and a CVaR or a Gy,-CVaR criterion at
a fixed time t,.

By one step strategy decided at time t;,, we mean that the investor is restricted to rebalance
its portfolio only once at time t; € {to, -+ ,tp—1}. By a one step static strategy, we mean that the
investor uses a one step strategy decided at time ty = 0.

This case of study is interesting since in energy markets, practiciens may be interested only by
a rough hedge of their loss using only few forward contracts, especially when dealing with physical



assets like gas storage or power plant. Moreover, theoretical results in the dynamic framework will
be built on similar ideas used in this section.

Without loss of generality, we can suppose that the market operates with only two dates ¢y,
and T = tp;. We will denote X for Xps — Xy,. Actually, we use a general o-algebra F C A with
the possibility of setting F to Gy, with £y =0,--- , M — 1. Consequently, we consider the two more
general problems

inf E[F-CVaR, (L — 0.X)], (10)
6Ll ,(F,P)
R
and
inf  CVaR, (L —60.X). (11)
0eL? ;(F.P)
Note that (11) can be written
inf inf E[§+ L 1-ox g)] (12)
in in —(L-60.X —
£ELY(FF) 0eL0, (F P) l1—o *

so that, in a first step, one may adress the stochastic optimization problem

1
inf E[(+-——(L—0.X-¢),]. 13
eeLif(f,P) [5 T 5)+] (13)

Up to the change of variable L := L — &, we can suppose that £ = 0 and o = 0 so that, without
loss of generality, the problem (13) is equivalent to minimizing the short fall risk

inf E|(L—-0X . 14
GEL]%;I(F,P) I )+] (14)

First, we will show that there exists an optimal one step trading strategy 6 solution to (14) thus
for all £ € R there exists 6} (&) solution to (13). Finally, we will come back to (12) and deduce the
existence of an optimal £, solution of (12)

Now in order to derive the existence of solutions to (10) and (11), we assume the existence of a
regular conditional distribution of the couple (L, X) given F denoted by II(dy, dz) = II(w,dy, dz)
and we make the following assumptions on the conditionnal distribution of the couple (L, X).

Assumption 3 (Static Case).

i) The distribution of L and X satisfies L € Li(P), X € Ly, (P).
ii) essinfueLﬂgd(ﬁP)y uj=1 E[(u.X)+ | F] >0 a.s.
Assumption 4 (Forward Case).

i) The distribution of L and X satisfies L € L§(P), X € Lid(ﬂl’).
ii) essinfueLﬂgd(EP)y uj=1 F-CVaRq (u.X) > 0 a.s.

The following proposition is the key result to solve our optimization problem. The proof is
postponed to an appendix and relies on classical arguments from stochastic control theory.

Proposition 2.4. Let Vy and V be the two functions defined respectively on 2 xR x R? and 2 x R?
by
Vi6.0) = [ or(€.6.5 00w, d,dy), (15)

9



‘/s(w’é-’e) = /vs(e’y’x)ﬂ(w’dx’dy) (16)
where 1
'Uf(f707y7x):f+m(y_0-x_§)+7 (17)

and

US(Hvyvx) = (y—0$)+, (18)
Then, we have

i) Static Risk: Suppose that Assumption 3 is satisfied. Then, for all w € Q, the function Vs(w,.)
is convex, lipschitz continuous and limg|_, o Vs(w,0) = +00. Moreover, we have

inf E[(L—-0X =K essinf E|[(L—0.X Fll, 19

GeLﬂgd(F,P) [( ) ] [%Lﬂid(f P) [( ) | ] ( )
and

inf E|(L—-0X F = min Vy(w,#). 20

Geelifdl(nf,P) [( ) ‘ ] @) ;IEIRHCII («.9) (20)

1) Forward Risk: Suppose that Assumption 4 is satisfied. Then, for all w € ), the function
Vi(w,.,.) is convex, continuous and for all § € R, lim|(¢ g)| 400 Vi(w,§,0) = +00. Moreover,
we have

inf E[F-CVaR, (L —0.X)|=E
96L?Rd(f,lp>)

essinf
0€L) ,(F.P), EELR(F.P)

E[§+ﬁ(L—«9.X—§)+

A e
and

1
ess inf Eledr ~ (IL_0.x—
0€L ;(F.P), EELR(FP) [5 1— o ( £,

.7-"] (w) = (gﬁgrel'ﬁ%nxw Vi(w,&,0). (22)

Remark 2.1. The non-degeneracy Assumptions 3 ii) and 4 ii) can be replaced by the stronger
assumption:
e E[X | F]=0and E [XXT | F| is a.s. positive definite in S(d,R).
e The conditional distribution of X given F is continuous (no affine hyperplane has positive
mass).
Indeed, for w € Q, we have essinf,cro0 (7 p) juy=1 F-CVaRa (u.X) (w) = infeer yes,o0,1) Viw, & u)
R b K k) K

where Sy (0,1) := {u € R?| |u| = 1} denotes the (compact) unit sphere. Furthermore, since the
function vy(§,.,y,x) is Lipschitz continuous for all £,y € R, = € R?, it follows that for any
u,u’ € §4(0,1),

inf/vf (&, u,0,2) I(dz,dy)— inf/vf (&', 0,2) I(dz, dy)

§ER £eR
<sup | [ (0r(€ 0,9, 9) 6o y,) Wi, )
€
!
< %/hﬂﬂ(dx,dy), a.s.
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Consequently, for all w € €, the function u — infeer Vi(w, &, u) is continuous on Sg (0,1). Thus, it
remains to check that for all u € S;(0,1), infecr Vi(w, &, u) > 0, knowing that E [X | F] = 0 a.s.
Proposition 2.1 implies that there exists &, such that infeer Vi(w, & u) = Vi(w, &), u). There are
three cases to check:

o if £ > 0, then it is straighforward that Vi(w, &, u) > & > 0,

o if & < 0, then Jensen’s inequality leads to

1
Vf(w,fj;,u) > 5; + m <u/xﬂ(w,d:c,dy) - 52)+ = _1 fagokz > 0’
o if & =0, fvf (&, u,0,2) [I(w,dz,dy) = ﬁE [(u.X)Jr | }'] (w). Now, if E [(u.X)Jr ] .7-"} =
0, then E[|[u.X| | F] =0, since E [u.X | F] = 0. Then u.X = 0 a.s., so that it implies that
u = 0, which is impossible.

The right-hand sides of (20) and (22) show that the two optimization problems (10) and (11)
can be written

inf E[F-CVaRo (L—0.X)]=E| min_ Vy(0)], 23

el B (1= 0.0 =B [ e (€. @
and,

inf CVaRq (L — 60.X) = inf E [min V}(&,0)] 24

ot OV ( ) = inf [;g]g; 7(€ )] (24)

respectively. Consequently, for all w € €2, we have to solve deterministic optimization problems.
Next result provides a characterization of those minima and will allow us to devise (later on)
numerical procedures to estimate the quantities of interest.

Proposition 2.5. Suppose Assumption 3 is satisfied. Then, for all £ € R
Argmin V(€ .) = {9 e RY V,Vj(€,0) = o} £ 0.
If Assumption 4 is satisfied then
Argmin Vy = {(5,0) €R X RY Ve g Vy(£,0) = 0} + 2.

where the gradient of Vy can be represented for every (£,6) € R x R? by

v(f,@)vf (5’ 9) = / v(&,@)vf (5’ ‘9’ Y, IE)H(dIE, dy) (25)

and,

VoVi(£,0) = / Vous (€, 0.y, )TI(dz, dy). (26)

Moreover, & — E [mingcga Vi (§,0)] is Lipschitz continuous, convez, and limj¢|_, 4o E [mingega Vi (&, 0)] =
+oo. Consequently, (10) and (11) admit solutions.

11



Proof. Since the functions (£,6) — v¢(§,0,y,2), (y,z) € R x R?, are convex, the function Vi is
convex. To justify the formal differentiation of Vy to get (25) and (26), we only need to check the
domination property. First note that we have, for all (y,z) € R x R?

c%f 1
a¢ (€, 0,y,2) =1— 1= o Hy—0.0>¢h

avf

1
(5 0 Y, T ) 1 — axl{yfo.zzg}v

so that there exists C' > 0 such that
IVieayvr(6,0,L,X)| <C(1+|X]) € Lg (P).

Now, let &, & € R, there exists a real constant K > 0 such that

' [mf Vi (€, 9)] Lienlgd vf(g’,e)H <E

jnf, sup |Vy(€,0) — Vi(¢',0)|

0cRd

and, owing to Jensen’s inequality

E [52& vf(g,e)} >+ T (EB[L] =6,

—

so that lim¢|_, 4o E [mingega V¢ (€, 0)] = +o0o. This completes the proof.

2.4 CVaR hedging using a dynamic self financed strategy

In this section, we adress the main problem (1), that is hedging a contingent claim with a dynamic
self-financed strategy starting with an initial investment of 0 using a static CVaR criterion at a
fixed time t = 0. Actually, in this theoretical section, we consider the more general multistage
stochastic optimization problem:

f CVaR, 1. AX, | = inf inf E — 0p_1.AX 27
H,l4 a < Zgl g) 1n 1€th f—i— < 221 0 — ) (27)

0cAr
Jr

where Ar is the set of all sequences 6 = (fy,---,0p_1) such that 6, € L°(F,), Fo C F1 C
-« Fau—1 € A fixed o-algebras. Later on, for numerical applications, we will set F;, to Gy, ¢ =
0,---,M—1.

Note that in order to solve (27), we may adress firstly the multistage stochastic optimization
problem

inf E 5—1——( Zﬂg 1.AX, — > , foreach &€ R. (28)
0cAr N

Up to the change of variable L := L — &, we can suppose that £ = 0 and a = 0 so that, without
loss of generality, the problem (28) is equivalent to minimizing the shortfall risk

M
inf E|[|L-— Or_1.AX . 29
A ( ZZ:; -1 z>+ (29)

12



The optimization (29) is a classical stochastic control problem. One may think that it is possible to
derive existence of solutions of problem (29) using results on dynamic programming. Unfortunately,
in our case, standard assumptions of dynamic programming are not fulfilled (see e.g. [10]).

However, we can adapt this classical approach in order to derive the existence of an optimal
shortfall-hedging sequence 6 := (f;)o<¢<ps_1 solution of (29), thus we obtain the existence of an
optimal CVaR-hedging sequence 07, := (0], )Jo<¢<n—1 solution of (28). Finally, we will come back
to (27) and using similar arguments to those of the static framework, we will deduce the existence
of ¢} solution of the problem

M
Z . 1 Z “
éIellgelerjfE f+ D a— < 9( 1- AX( — ) = éIellgE f-f— m (L — Qg_l’a.AXg f)
Jr

/=1

In order to derive similar results to those obtained in Section 2.3, we consider a family of
regular conditional distributions (IIy)y <y« s, Where IIy(dy, dz) = IIy(w, dy, dz) denotes the regular
conditional distribution of the couple (L,AXy,- -, AX)s) given F; and we make the following
assumption.

Assumption 5.
i) The distribution of (L, AXy,--- ,AXy) satisfies L € Ly(P), AXy € L%Rd(IP’), (=1,--- M
ii) eSSinfueLD%d(F,P), uj=1 E[(uwAXe) 4 | Fo-1] > 0 as.

Remark 2.2. In the same way that Remark 2.1 in the one step framework, the non-degeneracy
Assumption 5 can be replaced by the stronger assumption

e E[X; | Fr1]=0and E [XgX;f | .7-},1] is a.s. positive definite in S(d,R) for £ =1,--- , M.

e The conditional distribution of X, given F,_; is continuous (no affine hyperplane has positive
mass) for £ =1,--- , M.

In the spirit of the dynamic programming principle, we construct the solution of (29) using a step
by step backward induction. To be more precise, using similar arguments to those used to prove
(21), one first notices that (29) can be written

M
inf E essinf E <L — Z Hgl.AXg> Fu_1ll. (30)
/=1 +

GZELH%d(]:e:P)f:O,'",M—Q lefleL?Rd(]'—]MflaP)

so that one may start by solving the following problem

M
essinf E||L-) 6, 1.AX Fu-1| (w)= min  Var_1(w,00.pm—2, 0nr— 31
On—1€LY 4 (Frr-1,P) < Z: =1 é) M-1| (w) Oar ERY M-1(w, 002,00 1) (31)

= VMfl(w,GO;Mfg,éMfl) a.s. (32)

where 071 € LY, (Far—1), Var—1 is defined for all w € Q, 6, € LY, (F;), ¢ =1,--+ ,M —1, by

M
Vir—1(w, 0o:pr—2,00-1) :=E (L — Z 9@1-AX15> Fr—1| (w)

:/(y—Z@gﬂW).Al’g) HM_l(w,dw,dy)- (33)
(=1

+
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This follows from similar arguments to those of the proof of Proposition 2.4, i.e. from the fact
that for all w € Q, 6, € L°(F;), £ = 1,--- ,M — 2, the function (defined on R%) by 01
Var—1(&,00.01—2,00—1) is convex, Lipschitz continuous and limg,, | |5400 Var—1(&,00:01—2,00-1) =
+o0. Thus, it implies that (31) has a solution that we denote by Opr—1 :=Opr_1 (w, b, ,0p—2),
which is Fjs_i-measurable (owing to measurable selection, see e.g. Lemma 3 and Lemma 4 in [10])
so that (32) holds.

Then we proceed by a backward induction: we denote by 5& M—1 = (é@, e ,0~M_1) the solution
built down to step £. At step £ — 1, we adress for every 6y.s_o € L?Rd (Fo,P) x -+ x L]%d (Fr—2,P),
the problem

ess inf E [Ve(e&e—hée)‘ -7'_571] (w) = min V;_y(w,00.0—2,00-1)
O¢—1€LY 4 (Fe—1,P) 0y, €R?

= Vi1 (w, 00:0—2,00-1) a.s. (34)
where for all 6}, € L?Rd (Fi,P), E=0,--- ,¢—1, the functions V; and V;_; are defined by

¢ M
Vi(w,00.0-1,00) == E <L - ZQk—1-AXk - Z ék—LAXk;) Fe| (w)
+

k=1 k=0+1
4 M ~
:/ (y—29k1(w)-A$k— Z Hkl.Axk> Iy (w,dx, dy) (35)
k=1 k=0+1 4

and,

¢ M
Vi1 (w, 00:—2, 0e—1) :/<Q_Z‘9k—1(w)-A$k_ > 91<;—1-A$k> Iy (w,dz,dy)  (36)
k=1 N

k=041
The following proposition implies that (27) has an optimal solution (&%, 6%) € R x Ar.
Proposition 2.6. Suppose that Assumption 5 is satisfied. Then,

i) (30) is satisfied, the problem (31) has a solution and for ¢ = M —1,--- 1, one can find an
Fi—1-measurable random wvariable 0,1 solution of (34). Thus, (28) has an optimal solution
denoted by 07, == (0, Jo<e<rr—1-

it) The function & — & + ﬁ infpca, E [(L - Zej\i1 Op_1.AX, — 5) J is convex, Lipschitz con-

tinuous and satisfies lim¢ 4o &+ ﬁ infge 4, E [(L — Zé‘il 0p1.AX, — g) } = +o00 so that
Jr
(27) admits a solution.
Proof. i) The proof of (30) uses similar arguments than those used in the proof of (19).

Let 0p7—1 be a solution of (31). We go one step backward. For all w € Q, 0, € L%d(fg), (=
0,---,M — 3, (using the definition of Vj;_1) we are interested by the function

Onr—2 = Var—a(w, Oo:p1—3,00—2) =

M—-2
E essinf E|[L- Z Op_1.AXp — Onp—0. AXpi—1 — O 10X | | Faaer || Fars
9M—1€L]%d(]'—M—l) -1 +

=Var—1(00:ar—2.00—1)
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It is straightforward that this function is convex. Let €p; o, 9;\/[_2 € L?Rd (Frr—2,P), using the
standard inequality |essinf;cr a; — essinficr b;| < esssup;ey|a; — b;|, we have

Vir—2(00:00—3, 0n1—2) — Var—2(0o:ar—3, 007 )| < |0as—2 — 00y o|E[|AX 01| | Frr—a] as.
so that the function is Lipschitz continuous.

Lemma 2.7. (Conditional Jensen’s inequaility) Let F' be a non-negative convex function and B be
a sub-o-algebra of A. If X is random variable such that E[|X| | B] < 400, a.s. then

E[F(X)| B> F((E[X | B]) a.s.
Proof. This is a straightforward adaptation of the proof of Jensen’s inequality. U

Now, owing to Lemma 2.7 , we have

M—2
Vii—2(60:0r—3,00—2) > E < [L | Far-1] 29e—1-AXe—9M2-AXM1> Fu—2| . (37)
+

We aim at showing that the right-hand side of (37) goes to infinity as |0y/_2| — +oo. First, the
sub-additivity of the function x — x4 implies that

M—-1

E[ (—0nm—2.AXn—1) .| Fr—2] <E (E[L]]—"M_l] — Z Hgl.AXg> Fri—2
/=1 +

M—2
+E <_E[L‘~’TM—1] + Z 9@1-AX£> Fur—2
(=1 +

We focus on the left-hand side of the above inequality, this quantity is lower bounded by

IHM_Q‘ essinf E [(u.AXM_1)+| .FM_Q] ,
weL) ; (Far—2,P), |ul=1
Consequently, Assumption 5 implies that for all w € Q, 6, € Luoad (Fe,P), £ = 0,--- , M — 3,
lim‘ol\4_2‘*>+oo VM,Q(W, 90;]\/[,3,(9]\/[,2) = 400 and the function 0;;_o — VM,Q(W, Oo-v—3, QM,Q) has
a minimum 6 n—2 which is Fjs_o-measurable owing to measurable selection theorem.
Furthermore, using similar arguments to those used for the proof of Proposition 2.4, one shows
that for all w € Q, for every 0g.p;_3 € L%d(}"o) X oo X LHOW (Far—3)

essinf  Viso(w,00:0r-3,00-2) =
On—2€L0 4 (Frr—2)

M
ess inf E (L — Z 6?51.AX5> | Far—o|  a.s.
/=1 +

(Orr—2,00—1)ELY 4 (Frr—2) X LY 4 (Far—1)

Now if the solution is built down to step ¢, for all w € Q and 6, € L°(F;), k= 0,--- ,£ —2, one
shows that the function 6,1 — V;_1(w,8p.p—2,0p_1) is convex, Lipschitz continuous and satisfies
limg, ||4o00 Veo1(w,00.0-2,0¢—1) = +00. Consequently, there exists 0,_1 solution of (34). Thus,
(28) has an optimal 9; = (QZ,E)OSESM—L

Now we come back to our original problem

M M
1 1
f inf E||L- 1 AX — = inf E{|L-) 605, A%, —
inf &4 inf ( ;92 LAX, 5) inf &7 ( > O AXe §>+

+ /=1
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For all x € R, the functions £ +— £ + ﬁ(m — &)+ are convex and Lipschitz continuous so that
E= &+ ﬁ infge 4, E [(L — Zé‘il 0p1.AX, — §)+ is convex, Lipschitz continuous. Owing to

Assumption 5 and using Lemma 2.7 with a backward induction, one shows

1 M 1
5+1—aaierf4ffE (L_;QH'AXE_f) 25+1_Q(E[L]—£)+,
= +

so that limpe & + ﬁ infpe s, E [(L — Zé\il 0p1.AXy — §) ] = 4o00. This completes the
+
proof. O

3 Computational and numerical aspects of CVaR hedging

In this section, we propose several methods to compute the optimal strategies of the three problems
(3), (2) and (1). First, we will focus on (2) since it will be the main building block when we are
going to propose several algorithms to approximate the optimal dynamic strategy solution of (1).

3.1 Markovian framework and Optimal Vector Quantization

In order to simplify the numerical computation of conditional expectations that appear in the
problem (2), we will work under Assumption 2.

To be more precise, from a modeling point of view, it is quite natural to consider that the random
variable L can be written as a function of the process (X, Z), i.e. L = ¢(X,Z). Typically, in the
electricity market, Z can be considered as the temperature process and may influence electricity
spot prices and electricity forward prices. Consequently, we assume that there exists two continuous
functions F : RY x R? x R™ — R and G : (RY) ™! x (R7)%* » R™0 — RY such that

Xy — Xgo = G(Xgo, Zgo, Ugo + 1) and L = F(Xgo, Zgo, UgOJrl)
where Uy, 41 is a 7y,-dimensional random variable independent of Gy, := o (X, Zy,). We will
denote U for Uy +1. Under this markovian framework, the function (15) can be written for all
(z,2) € R? x RY
V(,0,z,2) =E[v(,0,z,2,U)],

where v(§, 0,2, z,u) == & + 7= (F(z, z,u) — 0.G(z, z,u) — ), so that (22) becomes

1
ess inf E[§+—(L—¢9.X—§)+
0€L) 1(Gey P)EELY (e P) 11—«

gzo] :( min V(f,&,x,z)) a.s.

(AR (2,2)=(XeqZey)
(38)
Consequently, in order to solve the global problem (2) we need to solve the local optimization
problem that appears in the right-hand side of the above equation for each (X, (w), Zs, (w)). Then,
we have to estimate the quantity

E ( inf  V(,0,x, z)) . (39)
(0,6)€ERIXR |x=X 0, 2=Z0,

When the dimension of the random variable (Xy,, Z,) is large (greater than 5,10), one can use
Monte-Carlo simulations and estimates (39) using N samples by

N
1
N kZ:l <(9,§)leanxR (57 ,x’z)) |

[2=X¢q,k:2=Z00 k
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where (Xy, i, Zeg,k)1<p< y are ii.d. random vectors having the distribution of (Xy,, Zy,).

When the dimension of the random variable (Xy,, Zs,) is small (say less than 5,10), we can
use an integration cubature formula based for instance on a spatial discretization of (Xy,, Zs,). A
commonly used method in such a framework is optimal vector quantization. Thus, we consider an

optimal Ny, -quantization (X o> Zgo) of the random variable (Xy,, Zy,), based on an optimal quan-

. . . Ny Ny Ny . i i
tization grid Ty, := F(XOzO,ZeO) = ((m%o,zl}o) S, (xgo °, 2y, 0)) Then if we denote CV;(xy,,27,)
for inf g eyepaxr V(€. 0, (27,,2,))s J = 1.+, Niy, the quantization based quadrature formula to

approximate (39) is given by

Ny

SOV, 2P (Xay. Zuy) € Cjleg, 22,)) s (40)
j=1

where (Cj(@4, 26,)) j—1..... N, is a Voronoi tesselation of the Ny, -quantizer I'y,. Fore more details

about optimal vector quantization, including error bounds for cubature formulae, we refer to [22].

Consequently, we need to compute the solution as well as the value of the objective function for
all nodes of a quantifization grid (or for all Monte-Carlo samples). Thus, throughout this section,
we will focus on the value function that appears within the brackets of the right-hand side of (38).

For the sake of simplicity, we will temporarily drop (z, z) in the notations so that we will denote
F(U) for F(z,2,U), G(U) for G(z,2,U), V(,0) for V(&,0,x,2), V(£,0,U) for v(,0,z,2,U) and
so on. Thus, we will omit “for all (z,2) € R? x RY” in any assumption or property given below
about those distributions or functions.

3.2 Computing CVaR hedging by stochastic approximation: a first approach

The above local representation (38) naturally yields a stochastic gradient algorithm derived from
the Lyapunov function V' which will converge toward (£%,0%) € ArgminV. Then, following the
procedure investigated in [3], a companion recursive procedure can be easily devised which has
CVY¥:=CV}(xz,z) = CVaRy (F(U) — 65.G(U)) as a target, i.e., the CVaR,, of the CVaR-hedged
portfolio at the point (x,z). Finally, in order to compute the value function at time ¢y i.e. the
global expectation (39), we will rely on the cubature formula based on optimal vector quantization
given by (40).

First, we set

ov 1
Hy (57 07 U) = 6_5 (57 07 U) =1- ml{F(U)—G.G(U)Zf}v (41)
ov 1
Hy:a41(£,0,U) = 55 (€,0,U) = ———G(U)L{rw)-0.6()2¢) (42)

so that,
VieoV(€,0)=E[(H1(£,0,U), Haap1 (£,0,U0))].
Since we are looking for (¢, 6) for which E [H; (§,0,U)] and E [Ha.44+1 (£,6,U)] = 0, we implement
a classical R.M. algorithm to approximate (£, 0?), i.e., we define recursively for n > 1:
§n = &n—1— Mt (Snfla On—1, Un) ) (43)
On = On—1 — mH2a+1 (§n—1,0n-1,Un) , (44)

where (Uy,),,~, is an i.i.d. sequence of random vectors with the same distribution as U, independent
of (£,00), with & € L§(P), 6y € L2,(P) and (yn),>, is a positive deterministic step sequence
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satisfying
Z’yn =400 and Z’yﬁ < 400. (45)

n>1 n>1
Following [3], as a second step, in order to estimate CVaR,, (F'(U) — 0%.G(U)), i.e. the CVaR,,
of the local CVaR hedged loss, we devise a companion procedure using the same step sequence
than (43) and (44), for n > 1
Cp=0Ch1— YnHaq2 (gnfla On—1,Cn—1, Un) > (46)

with Hyo (€,60,c,u) :=c—v(£,0,u). In order to derive the a.s. convergence of (43), (44) and (46),
we introduce the following additional assumption on the distribution of F(U) and G(U).

Assumption 6. Let a > 0. F(U) € L?*(P) and G(U) € L?*(P).

To establish the a.s. convergence of (&,,0,, Cn)n21, we will rely on Robbins-Monro Theorem
(see e.g. [7]). In fact we will use the following slight extension (which takes into acount the case of
non-uniqueness of the target). For a proof, we refer e.g. to [20].

Theorem 3.1. (Extended Robbins-Monro Theorem) Let H : RY x RY — R be a Borel function
and let X be an R%-valued random vector such that E[|H (y, X)|] < +oo for every y € R, Then set

vy €R?, h(y) = E[H(y, X)).
Suppose that the function h is continuous and that T* := {h = 0} satisfies

vy e RINT*,Vy" € T, (y—y" h(y)) > 0. (47)
Let (Yn)n>1 be a deterministic step sequence satisfying (45). Suppose that
vy € RY E[H(y, X)) < O+ [yP) (48)

(which implies that |h(y)|?> < C(1+ |y|)).

Let (Xy)n>1 be an i.i.d. sequence of random vectors having the distribution of X, let yo be a random
vector independent of (X,,)n>1 satisfying Elyol? < +00, all defined on the same probability space
(Q,A,P).

Then, the recursive procedure defined for n > 1 by

Yn = Yn—1 — ’YnH(yn—lv Xn)a
satisfies:
I Yoo 1 (0 A) = T* yso € L2(P)  such that y, =2 yoo.
The convergence also holds in LP(P),p € (0,2).

In the next proposition, we establish the a.s. convergence of the sequence (&, 0y, Cy),,~, toward
its target (£%,0%,C%).

)’

Theorem 3.2. Suppose that Assumptions 4 and 6 are satisfied (for a = 1), and that the step
sequence (’yn)n21 satisfies the usual decreasing step assumption (45).
Then the recursive procedure defined by (43), (44) and (46) satisfies:

3 (&,0%) : (Q,A) — Argmin V, (which is a compact set),

such that
(&n,0n) == (£5,60%), n — +o0.

Moreover,

Cn =5 CVyi= min V(£0)=V(,05) n— +oo.
(€,0)ERXRA
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Proof. We first prove the a.s. convergence of (§,,0y),,>, using the above Extended Robbins-Monro
Theorem; that of (C),),>1 will follow the lines of the proof of the a.s. convergence of the CVaR
algorithm in [3] (Section 2.2). In order to apply the R.M. theorem, we have to check the following
facts:

e Mean reversion. For the sake of simplicity, we denote by y the couple (£,0). The mean
function of the algorithm defined by (43) and (44) reads

(y) =E[(H1(y,U), Hyar1 (y,U))] = VV (y)
so that 7* := {l = 0} = {VV = 0}. Moreover, if y* € T* and y € R x RN\T*,
(y—y" 1) = -y, VV(y) >0,
since the function V is a convex differentiable function and Argmin V' is non empty.

e Linear Growth of (§,0) — E [\Hl (€,0,0))? + |Hog11 (§,H,U)\2]. This conditions is clearly
fulfilled since there exists a real constant C' > 0 such that

(151 (6.0.0)] < 0 and E[1Ha (66.00F] < =B lewpr] <.

so that,
B[|Hy (6,0,0)F + [Haar (6,0,0)F] < C (1+yl?).

Consequently, we have
(s On) == (65,65 -

In order to prove the a.s. convergence of (Cp)p>1 toward CVZ, we set for convenience 7y :=
1 +sup,,;>1 Yn- Then, one defines recursively a sequence (A )n>1 by

Api1 = An7n+1 L’ n>0, Ag=1.
Tn V0 — Tn+l

Elementary computations show by induction that
A, . =
Y = ’yoS—, n >0, with S, := ZAk. (49)
" k=0

Furthermore, it follows from (49) that for every n > 1, log(S,) > %
lim,, S,, = +o0.
Now using (46) and (49), one gets for every n > 1

> w—1 Yk, which implies that

SnCn - Sn—lcn—l + An (ANn + V(gn—lv Hn—l))

where AN, :== v(§n-1,0n-1,Upn) =V (&n—1,0n—1), n > 1, defines a sequence of martingale increments

with respect to the natural filtration of the algorithm F,, := o(&p,00,U1, -+ ,U,), n > 0. This
implies that
1 n—1 1 n—1
Cn=g- (;O AkHANkH> 3 (kz_o Akﬂwsk,ek)) :
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The second term in the right hand side of the above equality converges to V(&%,0%) = C} owing
to the continuity of V' at (£, 0%) and Cesaro’s Lemma. The convergence to 0 of the first term will

follow from the a.s. convergence of the series

n
N =) wANy, n>1,
k=1

by the Kronecker Lemma since v, = ’yog—:. The sequence (N;),>1 is an JF,-martingale since the
ANy’s are martingale increments and

E (AN, Fun1] < o [(F(U) ~0.6(0) — €)%

(1-a) ]K=&4ﬂ=%4'

Assumption 6 and the a.s. convergence of (&,,6,) toward (£, 0}) imply that

sup E[(AN,)?|Fpn_1] < +oo  a.s.
n>1

Consequently, the step assumption (45) implies (N7)oo = 3, <1 YAE[(AN,)?[F,—1] < 00, which in
term yields the a.s. convergence of (Ny]),>1, so that C,, % C'V*. O

As concerns the rate of convergence, the global procedure composed by (43), (44), (46) is a
regular stochastic algorithm that behaves as described in usual Stochastic Approximation textbooks
like [5], [6], [19]. As soon as T* is reduced to a single point (£, 07 ) (the local CVaR C'V is always

1

)’
unique), the procedure satisfies under quite standard assumptions a CLT at rate ~y, 2. It is well
known that the best asymptotic rate is obtained by specifying v, = 3, ¢,b > 0. However, the
choice of ¢ is subject to a stringent condition depending on (£, 0) (which is unknown to the user).
This always induces a more or less (sub-optimal) blind choice for the constant c.
To overcome this classical problem, we introduce the empirical mean of the global algorithm
implemented with a slowly decreasing step “a la Ruppert & Polyak” (see e.g. [23]). First, we write
the global algorithm in a more synthetic way by setting for n > 1

¢7’L = (57176717 Cn) ) ¢0 - (507 007 CO)
and
¢n = ¢n—1 - ’YnH (¢n—17 Un) ; (50)

where H(¢p,u) = (Hy (§,0,u), Ho.qr1 (£,0,u) , Hyio (§,0,c,u)). Thus, the Cesaro mean of the pro-
cedure

— _ ¢ot-+dna
¢n - )
n
where ¢,, is defined by (50), a.s. converges to the same target. The Ruppert & Polyak’s Averaging
Principle says that an appropriate choice of the step yields for free the optimal asymptotic rate and
the smallest possible asymptotic variance. We recall below this result following a version established
in [24].

n>1, (51)

Theorem 3.3. (Ruppert and Polyak’s Averaging Principle) Suppose that the R?-sequence (Dn)n>0
is defined recursively by

¢n = Gn—1—Vn (h(ﬁbnfl) + en) s

where h is a Borel function. Let F, := o (&, 0, Uy, ,Uy) be the natural filtration of the al-
gorithm. Suppose that h is C' in the neighborhood of a zero ¢* of h and that P = Dh(¢*) is
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a uniformly repulsive matriz (all its eigenvalues have positive real parts), and that (€p)n>1 is a
random JFp-adapted sequence satisfying

(1) Elen+1Fnllyp,—p1<cy =0,
(RP)=3C >0, such that a.s. (17) 3 b> 2, sup, E[|€n+1|b|fn] 1414, —¢*|<cy < +00, (52)
(i7) 3T € ST(d,R) such that E [en+1e£+1|]:n} L5 7.
Set yn = Ty with $<B<1, and

En — o + - n+ On-1 _ En_l _ % (an_l _ ¢n_1) Cn>

Then, on the set of convergence {¢, — ¢*}:

vn (En — qb*) A N (O, Pilf(Pfl)T) as n — +o0o,

In order to derive the convergence rate of the averaged algorithm, we suppose that the condi-
tional distribution of (X — Xy, L) given (Xy,, Zs,) = (24, 2¢,) has a probability density function
(X507Z€0):(m[07’z[0)
(Xn—Xgy,L)
Moreover, in order to simplify the notations, we will denote X the conditional distribution of

(X — Xy,) given (Xy,, Zo,) = (2,5 24,)- Finally, we will denote by px and pr, the (conditional)
marginal density functions of X — Xy, and L (given (Xy,, Z¢,) = (x4, 24,)) respectively. Moreover,
we make the following additional assumption on the joint conditional probability density function
pPXx,L

for all (xg,,2¢,) € R? x RY that we will denote px,r, for the sake of simplicity.

Assumption 7.

(i) For all € R% s px 1 (x,y) is continous on R,

(i7) For all § € RY, for every compact set K C R sup px.r(, 0.7 +y) € L'(dz).
yeK

(#7) For all £ € R, for every compact set K C R? sup(1 + |z|*)px 1(z,0.x + &) € L' (dz),
0eK

(i) / pxn (@, €5 + 0%a)da > 0, for all (€5,67) € Argmin V.
R4

Example 1. We take the example (that will be studied in Section 5) of the energy provider which
buys on an energy market a quantity Cr = puc + ocGy where G ~ N (0,1) of gas at price S7,
where gas spot price is modeled as a geometrice Brownian motion correlated with p # 0 to the
consumption, namely

i
51 = sy AT TP

This quantity is sold to consumers at a price K = Sy. The energy provider uses a one step
self-financed strategy based on S9 to reduce its risk so that X = S — Sp. The loss L can be
written

L= (8% - K)Cr = (5% — So)Cr.

Using the change of variable formula, one shows that the joint conditional distribution function
writes for x > —Sp, * # 0, v € R,

2
1 L (G (e e B 1) VI L (o)) gy ()
27TpJgJC\/T (z + So)|z|

px,0(z,y) =
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Consequently, px 1, satisfies (i) and (iv). Moreover, for all z > —Sp,  # 0 and y, 0 € R,

1 1
2mpogocV/T (T + So)|z|

px.p(z, 0.2 +y) < € L'(dz).

so that, (i7) is satisfied. Now, if K C R is a compact set, for all £ € R, there exists a constant
A > 0 such that for all x > =Sy, x # 0

14 ePpxse e te < — LFBE cad g
7 2mpogocVT (T + So)||

so that (i) is satisfied.

In next theorem, we use notations of Theorem 3.3. We establish a CLT for the empirical mean
sequence ¢,, defined by (51).

Theorem 3.4. (Convergence rate of the procedure) Suppose that Assumptions 4, 6 (with a > 1)
and 7 are satisfied. If the step sequence is v, = Z—g, with % < B <1 and v > 0, then the averaged
procedure defined by (51) satisfies

ﬁ(&n—¢*)i>N(0,E) asn — 400
where the asymptotic covariance matrix ¥ is given by

> =Pl Ht

with
[ Jrepxi(e &t Ga)de (fpawpxs(e, &+ 05a)dn)" 0
P70 fopxs(e 4 0aa)de oo pxs(e & +05a)ae 0 o (59)
0 0 11—«
and
_a_ 0 oE[(L-05.X—€3), ]
1-a (1—a)?
r.— E[XXT10y oy xoen)]  E[X(-02X-€),] | (54)
0 (1-a)? (1-a)?
aE[(L—0%.X—¢%) ] E[X(Lfeg.ng*)+]T Var((L—0%.X—¢£%), )
(1-a)® (1-a)® (1-a)®

Proof. First note that the procedure (50) can be written

v n Z 17 ¢7’L = ¢n—1 - fyn (h((bn—l) + 671)7 ¢0 = (507607 CO)7

where h(¢) == E[H(¢,U)] = VV(¢p,z,2), and €,, n > 1, denotes the F,-adapted martingale
increment sequence defined by:

1
617” = 1 — (]p (L - GX 2 S)l.f:fn,lﬂ:@nfl - 1{Ln*9n—l-X'n2£n—l}> )
1 .
€in =T (E [(Xic11{r—g.x>¢}] €t 1.0=0n 1 Xi—l,n1{Ln79n_1.Xn2§n_1}) , 1=2,d+ 1,
1
€d+2,n = ANn = 1 —a (E [(L —0.X — f)+] 6=En—1,0=0p_1 - (Ln - anl-Xn - fn,1)+> 5
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where L, = F(U,) and X,, := G(U,). Since the function V is convex, its hessian matrix P is
positive as soon as h is differentiable. Now, in order to differentiate h, we write

1
1l -«
1 .
hi(¢) = — /Rd Rﬂ?ipx,L(l“,y)l{yzgw.z}dﬂ?dy, i=2,-,d+1,
X

l—«

hi(¢) =1—

/ Px,L(% Y)Ly>eto.01dedy,
R4xR

hasa(@®) = C - (6 + 2B [L-0X-9),]).

In order to differentiate hy, note that, by Fubini’s Theorem,

1 [t
mo) =1 [y [ pxatepar=1- 7 [ ar [ pesmay
— 13 Rd — Q JRrd +9 T

Owing to Assumption 7, one can interchange integral and derivation. In order to differentiate
h9.4+1, first note that, by Fubini’s Theorem,

—+o00
/ dy/ xpx,r(z,y)d /dx/ xpx,r(x,y)dy,
1—Oé 1—C¥ R4 £+91

so that owing to Assumption 7 and Lebesgue’s differentiation Theorem, one can interchange integral
and derivation. Consequently, the functions hy and hs.441 are differentiable at ¢* := (&%,0%,CF)
and for i =2,--- ,d+ 1,

ho.a41(9

ohy 1 . ohy .. o, .. 1 | o
8—€(¢ ) 1_a/ pXL(x €a+9 )d ; 8(91'71 (¢ ) - 85 (¢ ) - 1—C¥/l\§d prX,L(x’€a+9a’$)dxa
Ohy Ohgs oh, ohj, .. 1

e =Ty =0 o) = G = 1 [ mepxi(e €+ 0

1 -«

Oh; Ohao

N N ahd-l-?

oC

(¢") =1,

so that M is given by (53). Let u = (u1,ug,u3) € R x R? x R,

ul Mu =

Jra px (2,5 + 05.2)dx ( uy + 2uy Jra @px.L (@, € + 05.w) dzus

l—« fRd pX,L(x7 g; + 0* . )d
xx x, &8+ 0% x)dx
u 2TfRd Tpx,i( *f : ) s + 112
fRd bx,L $,€a + ‘904' )d

Jpa wpx,L(2,6540% )
Jeapx, (8540 x)dx

using the inequality 2u dzuy > —ud — ulEq [X]Eq [X]” ua, we obtain

s B G O (1 [, foarpiale G40 )
- -« ? Jpa Jpa Px.L(x, & + 0}.x)dx
( fRd rpx,(z, &+ 07,.7)
X\ T —
fRd pX,L(:Ca 52 + ‘9355)(133

T
> pX,L(xvgj; + 0;1))(11"11,2 + u%) )

> 0.
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Consequently, the matrix P is a uniformly repulsive matrix. To apply Theorem 3.3, we need to
check assumptions (RP) of (52). Let C' > 0. First note that

1 2a
E [[ex i1 7] 1{¢n¢*SC}S(1_ ) 2" < +o0.

Thanks to Assumption 4 (with a > 1), there exists A > 0, such that for i =2,--- ,d + 1,
E [Jein+1]*Fn] 1jp,—gr1<cy < AE [X7] < +oo,

«

and
E [leas 1] Fn] Lo, —grj<cy < A (E [IL[*] + E [|X|2a]) < oo

Consequently, (i) of (52) holds true with b = 2a since
supE |:|€n+1|2a |]:n} 1{|¢n_¢*‘§0} < +o00.
n>0

It remains to check (iii) for some positive definite symmetric matrix I

The continuity of the functions (§,0) — E [Xi,lXj,ll{L_g.ng}] and (§,0) — E [Xi,ll{L_g.ng}]
at (£%,0%) which follows from the continuity of the joint distribution (L, X), combined with the
equality E [Xi,ll{L_ga.ngé}] =0,i=2,---,d+ 1, implies that

E [(€n+1€¥;+1)i’j ’]:n] =K {(En-i-lngrl)j,i ‘}—n}
1
T (1—a) (E [Xi1Xj11(-0.x2¢)] |6=n,0=0n
E [Xi11{1-p.x>¢}] €= ,0=0n E [Xj—11{1-0.x>¢}] |€:£n79:9n) ;
a.s. 1
2%

—E | X, 1 X 115 _ps “1 .
(1 o a)2 [ ? J {L ea'nga}]
Using similar arguments one shows that E [en+1e£ +1\}'n] L% T'. This completes the proof. U

One may be interested by the asymptotic variance of each components of the algorithm, namely
&, 0, and C,, rather than the whole asymptotic matrix. The inverse matrix P~! can be written

. 1+ vty —yTo! 0
pPli= _— Ity - 0
px.o(x, & + 0%.x)dx ’
Jra 2,65+ 05) 0 0 L fopxs(m €+ 0a)da

(55)
L Jrd Tox L (2,65+05 ) Jpd ©px (2,65 +05 %) T * %
where II = [pq (:c - fRDipx,L(x,ing@;.z)dz) (3: - fRipx,L(z,é;;JrG;.x)dx) px,(z, & + 0%.x)dx, and

= Jra Px L(Ji,lfé-i‘@?;.z)dz fRd $pX7L($,fZ + Hzx)dxv so that, for 1 =2,--- ,d+1,

Y11= o px,L(w,;;i Or o)) ((1 + VTH—lv)2 o(l —a)
+ (V) B [XXT 1 gy xey)] TV, (56)
e (Jpa P, (2, 51;; +07.2)dx)’ (m?a (1 =) + B [XX 11 x2)] m’) (57)
Yat2,dt2 = (1 i a>2Var (L—0X—&0),), (58)

—1 —1 ~
where m =II""V and II7" = (mi:j)lgigd,lgjgd'
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3.3 Dynamic CVaR hedging

In this section, we propose several methods to compute the optimal strategy of (1), the VaR and
the CVaR of the CVaR-hedged portfolio. From a modeling point of view, under Assumption 2, we
suppose for every £ = 1,--- , M that there exists two continuous functions Gy : R x R? x R™ — R%,
F;:R? x R? x R™ — R such that

Xy — X1 =Go(Xp-1,2Z4-1,Up), and L =F;(X¢-1,Zp-1,Up),
where Uy is a ry-dimensional random variable independent of G;_.

Crude CVaR hedging Algorithm (C.H.)
The direct approach to solve (1) is to proceed as in the static framework and to devise a global
stochastic gradient algorithm. To be more precise, at every time tj, we consider an optimal

Np-quantization (X’k,Zk), k=1,---,M — 1, based on an optimal quantization Ny grid I'y =

((xi., zl}u_) R (x]kv’“, z,]gv’“)) of the state process at time ty.

A careful reading of Section 2.4 shows that the optimal number of shares to be held over the
time period (k,k + 1], 0; depends of the whole process (X,Z). For this method, we make the
approximation which consists of making ¢; depending only of the state process at time &, (X, Zy).
Thus, we only need to estimate Hi’* at each time ¢, for all nodes (:ci, zé), j=1,---,Ng on the
corresponding grid. This can be done by the following stochastic algorithm, namely,

§n = &n—1— YnH1 (§n—1,0n-1,Un), (59)
Oon = O0,n—1 — YnH2,0 (En—1,0n-1,Un) , (60)
07, =0, 1 —mHy, (En1,0n1,Un), j=1,-+ Ny, k=1,--- M —1, (61)

Cp =Cho1 —Hs (&n—1,0p-1,Cn-1,U,), (62)

where 0, = (Bon, -, Om—1,n), (Un)n21 = ((U17n,-~- ,UM,n)n>1> are i.i.d. random variables with
Uppn~Upand for f =1,--- M and j = 1,---, Ny the functions Hy, H3 and Hgg are defined by
1
Hl(ga H,U) =1- 1_ al{Zf\i1 ALi*Qi—l-AXizf}’
G1(Xo, Zo,Un)

H2,0 (57 0, u) - - 1-a 1{2511 ALi—Gi—l-AXiZE}’
: Gr1(Xes Zo, Upta)
Hy y(€,0,u) = — 1—a 1{2;‘;ALi—ei,l.AXizg}1{(X47Z4)€Cj(xz,zz)}’
1 M
Hs (€,0,C,u) = C =&~ 7—— <ZALi —0i-1.AX; — 5)
i=1 +

The sequence (&, 6p,Cy),~; a.s. converges toward its target (&%, 0%,Cr). Note that the dimension
of the sequence (&,,0,,Cy) to be updated at each step of the algorithm is equal to D := 2 +d +
ZZJ\iQ d x N, 0-

When the dimension is low (D < 100), which is often due to the fact that the number of trading
dates is low (say M < 5) and the number of traded assets used for the hedging is small (d =~ 1,2),
the above algorithm is very efficient and we observe a great reduction of the CVaR compared to
the static case (3).

However, if we consider a portfolio with a time horizon T = 1 year, 12 trading dates (one each
month), if the investor hedges using 5 stocks and in the case where all layers in the quantization
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grids have the same size, i.e. N = N, =5,¢{=1,--- , M, the dimension of the algorithm is D = 282.
This example is a reasonable case in the energy sector when an energy company has to provide
electricity or gas to consumers all year long and simultaneously needs to control and hedge its risk
every month using electricity and/or gas forward contracts since the underlying spot is not storable.
For instance, one may use 12 forward contracts with maturity 7, = ¢, that delivers electricity or
gas over a period which corresponds to each month of the considered year. From a practical point
of view, Electricity and Gas Futures market enable to trade: the next three months, the next
two quarters and the next three electricity or gas seasons (see the Powernext Gas Futures market
for instance), thus one may proceed to a rough risk hedging using only some of these contracts.
However, when dealing with a portfolio that depends on several energy commodities as it is often
the case in energy market, the dimension of the considered RM algorithm becomes a real issue.

From a numerical point of vue, we observe that in a high dimensional framework the algorithm
“freezes” and “suffers”, say as soon as the dimension is greater than 100 or 150. Moreover, we
observe that some components of 0,, are never updated by the algorithm. That is the bottleneck
of this first algorithm in pratical implementation. To overcome this problem, we propose several
approximate solutions to solve (1) which crucially relies on Assumptions 1, 2 and 5. These solutions
have the major advantage to dramatically reduce the dimension of the above algorithm.

Backward dynamic hedging strategy (B.H.)

This strategy is based on (9) and consists in a backward resolution. To be more precise, if we
consider M trading dates, then (9) and Assumption 1 imply that in order to hedge the risk at the
last trading date t3;_1, we have to solve

= inf E [QM_l—CVaRa (L - HM_lAXM)] .

inf E
feA Gl\lfleLo(gi]yjfl)

M
Gr—1-CVaR,, (L - Z egl.AXg>
/=1

The optimization problem that appears in the right-hand side of the above equalitie can be easily
solved using the static algorithm developed in Section 3. Now that we have the solution 93/1_1 of
this problem, we can go one step backward and solve the new problem

inf E |Guro-CVaR, (L — 6% 1. AXy — OaroAX 1) ],
0rr_2€L0(Gr,, ) Grr—2-CVa ( M—-1-RA&M — UM—2 M1)]

using again the algorithm developed in the static framework in order to obtain 05’\472. Following
this idea till time 0, we obtain step by step the backward hedging strategy 6° = (92)1 <O<M—1"

Although this method is not optimal from a theoretical point of view, it has the advantage to
provide a strategy which controls the risk at each time step until maturity. However we observe
on numerical experiments that the resulting static CVaR related to this self-financed strategy 6°,
namely

M
CVaR, (L - Z «92_1.AXE> ,
/=1

is significantly higher than the one obtained by the first global algorithm (C.H.). The reason is
that by solving at step k 4 1 the optimization problem

M
inf E |Gr—k_1-CVaRq | L — 05 AXp— O 1 AX ko1 ||

there is an error (compared to the original problem (1)) on the estimate 02/1_ v—1 7 03_y_q which
propagates at each step and can become more and more important as the number of trading dates
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increases. That is the major drawback of this procedure.
Dynamic hedging strategy based on a martingale decomposition of L (M.D.H.)

This method is based on the sub-additivity of the CVaR and on the following decomposition of the
loss L into a sum of G-martingale increments, namely

M
L] + Z AL@, (63)
/=1

where ALy = E[L|G] —E[L|G,1], 1 < ¢ < M. Now, using the sub-additivity of the CVaR, we
obtain

M
inf o L= 6, AX, )| <EI[L f o (AL — 0, 1AX,) . 4
GIQACVaR ( Ezl 1 é) o +Z94 1611% Ge—1) CValt ( ¢ -1 E) (6 )

The right-hand side of the last inequality shows that for each time step we have to solve a one step
static local CVaR-hedging problem. From a numerical point of view, indeed, when the dimension of
the algorithm is not too large (say D < 150), we observe that the CVaR obtained using this strategy
is almost equal to the optimal one. When the dimension D becomes large, which is generally due
to a large number of trading dates, we observe a good behavior with a real improvement on the
CVaR when the number of trading dates increases. An even better behavior is obtained by slightly
modifying this second aproach. We use the inequality

inf E[gg,l—CVaRa (ALg 0, 1AX,Z)} inf  CVaR, (ALg—é?g,lAXg>, (65)
0p—1€LO(Go—1) 0p—1€L0(Gp—1)

and switch to the new optimization problem

- it E [gg_l—CVaRa (ALg - Qg_lAXg)} . (66)

— Op1€L(Gr—y

The main difference in solving the local problem in the left hand-side of (65) compared to the
right hand-side appears in the variable &, of the two associated RM algorithms, which corresponds
to the estimate at step n of the VaR,,. In this new version, like in the static case, the variable &, is
local and depends of the considered nodes whereas in the other version this variable is global and
is the same for all nodes of the quantization tree.

Although, to our knowledge, there is neither an equality nor an inequality between the original
problem and (66), numerical experiments led us to the conclusion that this last algorithm behaves
better than the one obtained by solving the right-hand side of (65) at each time step. To be
more precise, the original CVaR estimated by the strategy obtained by (66) is lower than the one
obtained by the strategy solution of the right-hand side in (64).

In order to solve (66), we use optimal vector quantization again to approximate the unknown
random variable ALy, i.e., we approximate I [L|G] by using the cubature formula

N
E[Foy1(Xe, Zo, Upr1)| (X, Zo)] = (X, Zo) = ZF(X& Zg,up )P (U1 € Cylugyr)),  (67)
j=1
and design at each time step a RM algorithm based on the procedure investigated in the static
framework. One may have considered the classical decomposition

M
L=Lo+» AL (68)
/=1
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instead of (63). However, it is quite natural to approximate from the sequence of martingale
increments AXy, ¢ = 1,---, M, another martingale sequence so that the decomposition (63) is
more appropriate to our framework than the decomposition (68). The method based on this
classical decomposition of L will be called C.D.H.

3.4 Design of faster procedures: variance reduction techniques

In practice, the convergence of the different considered algorithms (static and dynamic frameworks)
will be slow and chaotic when the confidence level « is close to 1. This is due to the fact they are
only updated on rare events since it tries to measure the tail distribution: P (L — 6%.X > &) =
1 — a ~ 0. Another problem may be the simulation of L and X. Each evaluation may require a
lot of computational efforts and takes a long time when L is representative of the loss of a huge
and complex portfolio. So, for practical implementation, it is necessary to combine the above
procedures with variance reduction techniques to achieve accurate estimates at a reasonable cost.

In [15], two variance reduction techniques have been developed in order to reduce the asymptotic
variance in the CLT (53). The first one is based on the unconstrained importance sampling (IS)
stochastic algorithm originally developed in [20] and then applied to both VaR and CVaR in [3].
Assume that U has an absolutely continuous distribution Py (du) = p(u)A,(du) where A, denotes
the Lebesgue measure on (R", Bor(R")). The starting idea of importance sampling (by translation)
applied to stochastic approximation algorithm like (50) is to use the invariance of the Lebesgue

measure by translation to show that for every u € (RT)dH,
X+ pi .

(X + :U'd+2):| (70)

E[Hgo(&,0,c,U)] =E [Hd+2(§a9,C,U +Hd+2)p 2(X)

It is easy to obtain a new CLT using these new random variables with the same expectations

following the lines of Theorem 3.4. However, now we want to select © so that the asymptotic variance
(X +u¢)} is

p*(X)
minimal over all p; € R", i =1,--- ,d+ 1 (idem with ¢ = d + 2). This yields a new minimization
problem that can be solved by a Stochastic Approximation procedure. As (¢, 0%, C) are unknown,
we combine these new procedures in an adaptive way with the algorithm (50) in its averaged

form following the ideas developped in [3] for the recursive computation of VaR and CVaR. To

covariance matrix is minimal in a specific sense, namely that E [HZ-Q(E;,HZ,U + 1)

minimize the three variances Var(l{L_gg.XZ%}), E [Xz'Ql{L—Gg.X2§3}] and Var ((L -05.X — §;)+)

respectively using (69) and (70), we are lead to minimize the functions Q;(.,&},0%) defined for
H = (Mlv e 7,u'd+2) € (RT‘)d+2 bY7

- 2
. p*(U + 1)
Ql(lu'lvfcwea) =E _1{L(+H1)—9;.X(+H1)2§;} p2(U) ] )
- 2
P (i) 2 P (U + pi)
Qi(1i, §5,05) = E _(Xi ) Lipcono—gs x (e >gx} 22U |’
[ 2 p*(U + prasa)
* gty | ([ (Frare) _ gr x(Frave) _gx )T PAY T Hdy2)
Qav2(par2,Ex,05) ( a §a>+ P2 (U) ;

where for sake of simplicity we use the notations L*#) = F(U + p) = F(z,2z,U + p), X&) =
GWU £ p) =G(x,2,U £ p) —x and ngi“) =G;(U £ p) —a, for pe R".
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Under some classical log-concavity hypothesis on py (for more details we refer to [20]), one shows

that @Q; is finite, convex, differentiable on R" so that if we define W (u,u) = p(z ;(;(gf Q)M) vplzggi’;),

we have
VQi(p, &, 05) =E :1{L(—u>79;,)((—#)25;}”/(% U)} ; (71)
V0602 =B | (X7) 10004y xicagy W0 (72)
VQunan €,02) = B [ (L4~ 00.x0 - )" w0 (73)

+00 so that argmin Q; (., &, 0%) =

(%) a) [eZage?

for all 4 € R". Moreover, one shows that limj, 4 Qi(p, &

{H € R” | VMQZ(H’ gaa ) - 0} is non empty
Equations (71), (72) and (73) may look complicated at first glance but in fact the weight term
W (p,U) can be easily controlled by a deterministic function of p since

W (1, w)| < *M° (Aful~ + Alul~ + B), (74)

for some real constants p, A and B (for more details we refer to [20] and [15]). In the case of a
normal distribution U £ A7(0; 1),

W(p,U) = 6”2(2,u -U).

Now if we have a control on the growth of the function F' and G, typically for some positive
constants C' and ¢

Vu € R", |F(u)] < F(u) and F(u+v) <C(1+ F(u)¢(1+ F(v))°,
Vu € R",|G(u)] < G(u) and G(u+wv) < C(14 Gu)(1+ G))E, (75)
E U260 (' + GU)'e) + GU)*] < +oc,

then we can define, for p € (R7)%+2

Ki(p,65,05,U) = 6_21)‘”1lbl{L(—m)_az_X(—ul)Zgz}W(ﬂlaU)’ (76)
Ki(ps, €,07,U) = el (XK*M>)21 | e W (i, U), i =2, ,d+1
i1 € U T Gz (Lm0 gz xCr5et Wi, U), 0= 2,0,
(77)
Koo £ 08 1) = e~ 2plnaral’ (L(—Md+2) gt x(pare) _ 5*)2 Wi )
d+2 (Hd+25 Sa Yars 1+F(_Md+2)26+ \HZ\QCG(—/MH)QC o o), Hd+2,Y ),

(78)
so that it satisfies the linear growth assumption (48) of the RM Theorem and for i =1,--- ,d + 2

{IU’Z RT | E[ (I"LZ’SOU a’ )] = 0} = {IU’Z RT | VH,ZQ (ulaga’ 04) 0} .

Moreover, since Q; is convex V,,Q; satisfies (47). Now the RM algorithms defined for n > 1 by

Hin = Hin—1 — ’YnK (Mz n— 175047 ) Hi0 S Rr
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ySar Ve
about unconstrained recursive IS, we refer to [20] and [3]). Now, since we do not know either £

and 07, respectively, we make the whole procedure adaptive by replacing at step n, these unknown
parameters by their running approximation at step n — 1. This finally justifies to introduce the
following global procedure. One defines the state variable, for n > 0,

¢n - (gnv 0717 Cnv Hin, 7Md+2,n) ) (79)

where &,, 0,, C, denotes the VaR,, the regression vector and the CVaR,, estimates at step n, uy
denotes the variance reducer for the VaR,, p; denotes the variance reducer for the ith component
of 03, i.e. 67, and jig4+2 denotes the variance reducer for the CVaR,. We update this state variable
recursively by

a.s. converges to an Argmin Q;(., &, 0;) (square integrable) random variable 7, (for more details

On = OPn-1 — ’YTLL(QZ)TLfla Un)’ n=>1, (80)

where (Up,),,~; is an i.i.d. sequence with distribution U (and probability density p) and for i =
2,---,d+1,

ol b 1 p(u+ )
Ll (f,e,ﬂl,U)) =e plut] (1 — —1 — al{L(+u1)_9_X(+u1)2§} p(u—) (81)
e*p‘,ufi‘b ' plu -+ i
Li (55 05 His u)) = N 1/2 X(+MZ)1{L(+/A¢)_6.X(+IJ‘¢)Z§} (p(u)'u ) ) (82)
(14 G2e(—p))
1 (u+ )
— e~ |7Hpare) _ (Fpas2) _ plu T fd+2)
Lavs (€,6,C, paraw) = C = § = — (L 0.X (Hhas 5)+ s ®)

Ld+2+j (S)H)IU’]’U) = KJ(HJagaeau)) ] = 15 )d+2) (84')

In [15] it is shown that the algorithm (80) behaves as expected, i.e. it a.s. converges toward
its target and that its empirical mean satisfies a Gaussian CLT with optimal rate and minimal
variances.

The second variance reduction tool is based on Linear Control Variate. We use a control variable
based on X, since under Assumption 1 we have E [X] = 0. For more details, we refer to [15] where
we only develop and study those two methods in the static self-financed strategy framework though
it can be easily generalized to the other considered algorithm.

4 Numerical Examples

4.1 Static setting

First we consider two simple examples in the static framework in order to show the efficiency of
the CVaR hedging algorithm and of the two variance reduction techniques. For all example, we use
RM algorithm with two phases (see Remark 4.1) combined with the Ruppert & Polyak’s averaging

principle. In all examples, we define the step sequence by ~,, = n—lp, with p = %.

Spark Spread

We consider a short position on an exchange option between gas and electricity (called spark
spread). Since Electricity has very limited storage possibilities, the seller of this option hedges by
trading only gas spot contracts. The process Z can be considered as the electricity spot price since
it is observable on the energy market but cannot be used to set up hedging strategies. We choose to
model the price of the two spot contracts by the Black & Scholes model with a correlation p = 0.8
between the two Brownian motions. The loss L can be written

L= (85— hrS§—C),,
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No hedging Static hedging
o VaR | CVaR | VaR | 6} | CVaR | VRvar(IS) | VRreg (IS) | VRovar (IS) | VRevar (LCV)
95% | 65.1 | 1144 | 63.1 | 7.8 98.3 3.0 1.9 16.7 2.0
99% | 142.2 | 208.3 | 120.2 | 13.6 | 163.2 3.7 2.3 19.0 1.7
99.5% | 183.1 | 257.8 | 146.8 | 16.4 | 190.2 4.5 3.0 20.2 1.5

Table 1: One step Self-financed static CVaR-hedging of Spark Spread option

where the time horizon 7' = 1 (year), the heat rate hg = 4BTU/kWh (BTU: British Thermal
Unit), the generation costs C' = 38/MWHh, the two volatilities o, = 0.4, 0. = 0.8 and the electricity
and gas initial spot prices are S§ = 403/MWh, S§ = 3$/MMBTU. The seller of the option uses a
self-financed static strategy based on the gas spot price in order to reduce its risk at time ty = 0.
Thus, its optimal strategy is given by the solution of (3) with £ = 0. A crude Monte Carlo gives
E[L] = 11.86 with a variance of 3692 after 3 000 000 trials. The variance ratios correspond to an
estimate of the asymptotic variance obtained without any variance reduction techniques, i.e. (56),
(57) and (58) divided by an estimate of the asymptotic variance using IS (column (IS)) or LCV
(column (LCV)) (see the asymptotic matrix obtained using IS and LCV in [15]).

In this example, the LCV method based on X doesn’t provide any variance reduction. However,
for the CVaR component, we use the control

A=1s;ogy —(1-0);

where ¢§ is the quantile of S at level 6. We choose: 6 = 0.995 (g5 ~ 228.04) for o = 0.95, 6 = 0.999
(g5 =~ 344.15) for a = 0.99 and § = 0.9995 (¢§ ~ 403.95) for a = 0.9995. The results obtained for
three different values of the confidence level a = 95%, 99%, 99.5% after 3 000 000 iterations of
the Robbins-Monro procedure are specified in Table 1. We provide the VaR and CVaR of the loss
without any hedging strategy which are computed using the Robbins-Monro procedure developed
in [3].

To complete this numerical example, we provide the histograms of the loss obtained with and
without hedging. We clearly see on Figure 1 that the asymetry of the histogram has been changed
from right(loss) to left (gain) so that gains are more likely to occured with the hedged portfolio. In
order to change the right tail distribution of the loss, the mode of the original portfolio has been
greatly reduced and slightly translated to the right. Figure 2 confirms this idea: in order to hedge
rare events that happen in the right tail distribution, the strategy consists in enlarging the left tail
distribution. This induces a slight reduction of the mode and its translation to the right.

Consumption hedging

At time T = 1 (year), an energy provider buys on an energy market a quantity Cr of gas at
price S and sells it to consumers at a fixed price K = 11€/MWh. The quantity C7p denotes the
consumption at time 7" and is equal to Cr = a — bTp, with ¢ = 100 Mwh and b = 3 MWh/°C.
The temperature is modeled as an Ornstein-Uhlenbeck process so that the temperature at time 7'
is given by
1 — e 2AT Gl’

2\
with Tp = 11°C, A = 0.02, m = 11°C, op = 6°C and G; ~ N (0,1). Gas spot price is modeled as
a geometric Brownian motion with Sy = 11 €/MWh and the Brownian motion of gas spot price is
correlated with the one of the temperature, p = —0.8, namely

Tr=eMTy+m(l—e ) +or

2
St = Soe_%qTJ”’-"\/T(’)GlJr v 1_p2G2>
- 9
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Figure 1: Histogram of loss with (dashed lines) and without (normal lines) one step CVaR-hedging
at level a = 95%. The vertical line is the mean of the portfolio loss distribution.

Histogram of Loss with CVvaR hedge 95 and 99%%0
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Figure 2: Histogram of one step CVaR-hedged loss at level & = 95% (normal lines) and a = 99%
(dashed lines). The vertical line is the mean of the portfolio loss distribution.

where 0, = 0.4, G2 ~ N (0,1), and is independent of G;. Consequently, the loss suffered by the
energy provider at time 7' is given by

L= (Sy — K)Cr.

The energy provider uses a self-financed static strategy based on the gas spot price in order to
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No hedging Static hedging
o VaR | CVaR | VaR | 6 | CVaR
95% | 784.6 | 1226.3 | 259.6 | 81.6 | 366.5
99% | 1452.4 | 2012.3 | 437.1 | 89.9 | 537.3
99.5% | 1769.9 | 2382.8 | 505.7 | 92.3 | 608.6

Table 2: Self-financed static hedging of Consumption

reduce its risk at time ¢gp = 0. A crude Monte Carlo gives E [L] = 62.6 with a variance of 10747.4
after 3 000 000 trials.

In this example, IS algorithms and the LCV method based on X don’t achieve any significative
variance reduction. Consequently, for the hedged portfolio, we don’t provide any variance reduction
ratio. However, we notice that in order to estimate both VaR and CVaR of the loss L without
hedging portfolio, the IS algorithm and the LCV method provides significant variance reduction.
Those results are due to the fact that, in this example, CVaR hedging already appears as a way
to (optimally) reduce the variance of the loss. Consequently, reducing again the different variances
by IS doesn’t provide any further variance reduction whereas in the first example, CVaR hedging
did not reduce the variance of the original loss but tries to capture some gains in order to reduce
the global CVaR so that IS and LCV succeeds in reducing the considered variances. Results are
summarized in Table 2.

To complete this numerical example, we provide the histograms of the loss obtained with and
without CVaR hedging using 3 000 000 samples. We can see on Fig 3. that the right tail distribution
(which corresponds to high loss) is greatly reduced. The deformation provided by a CVaR hedging
at level 95% is very impresive. The mode of the hedged loss distribution has been translated to the
right near 0 whereas without hedging it was negative, which means that the loss occuring the most
frequently has changed from negative (gain) to positive value (loss). In order to reduce the right
heavy tail which corresponds to high loss, the CVaR hedging strategy translates the mode near the
mean and thus gives more probability to small losses. Fig 4. illustrates the histrograms obtained
with a CVaR hedging at level 95% and 99%. We remark that the distribution which corresponds
to a CVaR hedging at level 99% has heavier tails than the one corresponding to a CVaR hedging
at level 95%. The more « is close to 1, the heavier CVaR-hedged loss distribution tails are. Note
that the mode of the distribution slightly translated to the left.

4.2 Dynamic setting

We keep on studying the consumption hedging example and now, we experiment our 4 differ-
ent algorithms to compute the optimal self-financed dynamic strategy: C.H., B.H., M.D.H. and
C.D.H. (see Section 3 for more details about each strategy and the RM algorithm associated). The
parameters of the last example remain unchanged.

We consider 3 different values for the number of trading dates: M = 4 (one trade each trimester),
M = 12 (one trade each month), M = 52 (one trade each week) and the CVaR-hedging level is
95%. All layers in the quantization tree of the process (X, Zy) <<, have the same size, i.e.
N =N;=10,¢=1,--- , M. Note that we do not quantify the process (S;,,Tt,)1<am—1 but only the
two gaussian random variables (G1, G2) so that our quantization trees are obtained as a transform
of the 2-dimensional normal distribution optimal grid. It is crucial to have a good approximate
of the random variable ALy, ¢ = 1,---, M, for the method M.D.H. so that we use an optimized
quantization grid of size 100 in (67). Results are summarized in Table 3.

We clearly see that the optimal strategy is given by the M.D.H. method when the number of
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Figure 3: Histogram of loss with (dashed lines) and without (normal lines) one step CVaR-hedging
at level a = 95%. The vertical line is the mean of the portfolio loss distribution.

Histogram of CVvvaR—hedged Loss at level 95% and 99%
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Figure 4: Histogram of one step CVaR-hedged loss at level & = 95% (normal lines) and o = 99%
(dashed lines).

trading dates becomes large. The C.H. method for M < 12 is optimal but suffers from convergence
when M > 12. When M is large enough, the dimension of the algorithm in the C.H. method
becomes too high and the estimate of the optimal strategy doesn’t converge anymore. The larger
is the number of trading dates, the greater is the difference between the M.D.H. and C.D.H.
methods. Figure 5 presents the histograms of the loss without any hedging strategy and with a
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method C.H. B.H. M.D.H. C.D.H.
M VaR | CVaR | VaR | CVaR | VaR | CVaR | VaR | CVaR
4 178.3 | 240.9 | 175.9 | 252.5 | 177.8 | 252.9 | 178.9 | 259.2
12 163.2 | 214.1 | 160.7 | 233.8 | 158.7 | 221.7 | 161.9 | 232.9
52 272.6 | 395.1 158 233.2 | 148.7 | 210.1 | 153.1 | 223.7

Table 3: Self-financed dynamic CVaR hedging of Consumption at level 95% with different strategies.

CVaR-hedging at level 95% using the M.D.H. method with 52 trading dates. The deformation of
the loss distribution is very impresive. Like in the static framework, the mode of the CVaR hedged
loss distribution has been translated near the mean and in order to reduce the right tail distribution,
the CVaR hedging strategy makes middle loss more likely. Figure 6 compares the CVaR hedged
loss distribution at level 95% using the static strategy and the dynamic strategy M.D.H. with 52
dates. The dynamic strategy translates the mode on the mean and removes losses under the mean
to reduce the right tail distribution. Note that the very left tail of the two distributions (which
corresponds to gains) are quite similar: dynamic strategy reduces greatly high losses and slightly
high gains. Figure 7 shows the 10 components of the optimal trading strategy using the M.D.H
with 52 trading dates.

histogram of loss with and without dynamic CVvaR hedge at level 95%
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| ]

1000000
|

500000
|

1
—1000 o 1000 2000 3000

Figure 5: Histogram of Consumption’s Loss with (dashed lines) and without (normal lines) dynamic
CVaR-hedging at level o = 95% using the M.D.H. strategy (52 trading dates).
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5 Appendix: Proof of Proposition 2.4

We propose below the proof of (21) and (22) which are the key results in order to derive our R.M. algorithm.
The proof of (19) and (20) will follow using similar arguments.

Proof. First note that since L € L*(P), E[L| F] € L° (F) so that
E[F-CVaR, (L — 0.X)] =E[L] + E[F-CVaR, (L —E[L| F] — 6.X)].

Consequently, we can suppose that E[L| F] = 0 for the rest of the proof. It is straightforward that

inf E[F-CVaR, (L —60.X)] > E { ess inf
L0, (F) 0,6€LO(F)

1
E —(L—-0.X — .
e+ @-ax-o, 17|
Let (0,)n>1 be a sequence in LY, (F) such that

. 1 .
9;525{}_)1[3 &+ 1o (L-0.X—-¢), |]:] = 7gfl]:—CVaRa (L—10,X),

and consider the sequence (Z,),~, with Z; = 6y := 0, and defined recursively for n > 1 by

=, ,if F-CVaRg (L —E".X) < F-CVaR, (L — 0,.X)

1]

Sn4l =

6, . if F-CVaRg (L —E".X) > F-CVaRy (L — 0,.X).
Note that Z, € Lp,(F) for n > 1 and

F-CVaRy (L — E,41.X) = min F-CVaR, (L—6,.X) a.s.,

0<p<n

so that the sequence (f -CVaR, (L — E,.X )) is non increasing and by Jensen’s inequality
n>0

1 1
- —EnX) > —— > =0.
F-CVaRq (L —E,.X) 2 =B [L+| F] = ;——E[L| F], =0

Moreover, by definition for n > 0

1
F-CVaRa (L = E5.X) < F-CVaRy (L) < 7——E[L4| F € LY(P).
The sequence (.F—CVaRa (L-E2,.X )) ., converges in L!(P) ought to Beppo-Levi’s Theorem and
n>0

inf  E[F-CVaRa (L — 0.X)] > inf E [F-CVaR, (L — Z,.X)]
0€L?, (F.P) n>0

>E [n;f F-CVaR, (L — En.X)}

=E l essinf F-CVaR, (L — 9.X)] .
0ELY, (FP)

The proof of (19) follows using similar arguments.
Let w € Q. The convexity of V(w, .,.) is a consequence of the convexity of (£,0) — vs(&,0,y,x) for all
(y,7) € R x R, Owing to Jensen’s inequality, for all (£,0) € R x R?,

Vit 6.0) 2 €+ = ([ oo as ) - ¢)

+
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Now, if ¢ < [ yIl(w,dz, dy), we have §+ﬁ (f yIl(w, dz, dy) — §)+ = fiaerﬁ J yIl(w, dz,dy) — +o0,

& — —oo. Moreover for all £ € R, £+ = ([ yIl(w,dz,dy) —£)+ > ¢, thus it imples that lime_, 4o & +
ﬁ (f yI(w,dx, dy) — §)+ = 400, which finally yields, for all § € R,

lim Vi(w,&,0) = +o0.
R, V7 (@ 6,6)

Now, in order to establish that the function V¢ (w,§,.) goes to infinity as |#] goes to infinity for all { € R, we
show that infeer Vi(w,§,8) = F-CVaR,, (L — 60.X) (w) satisfies

lim F-CVaRg (L — 0.X) (w) = +oc.

[6]—+o00
First note that the sub-additivity of the function z — x4 implies that
F-CVaR, (—0.X) < F-CVaR,, (L — 0.X) + F-CVaR, (—L),

so that,
0
|0|F-CVaR,, <WX) — F-CVaR,, (L) < F-CVaR, (L — 0.X),

which finally yields,

0| essinf  F-CVaRg (1.X) — F-CVaRy (—L) < F-CVaRy, (L — 0.X),
uEde(]—',P),\M:l

so that owing to Assumption 4 i), limjg_,; o F-CVaR4 (L — 0.X) (w) = +o00. The proof of (20) follows
using similar arguments.

Consequently, there exists (£,07 ) = (£5(w),05(w)) and for all £ € R, 05, := 0} (w,€) which are
F-measurable owing to measurable selection theorem (see e.g. Lemma 3 and Lemma 4 in [10]), such that

inf V(& 0)= min V(¢ 0) = V(&0 d inf Vp(€,0) = min V5 (,0) = V(.65 ,) a.s.
ot g (£.0) comn 7(6,0) = Vy(€a,070) and  inf V(& 0) = min Vy(§,0) = Vy(£,050) a-s
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