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Abstract

We study the impact of negative returns on the health of a given financial portfolio. It is often the
case that a series of significant negative returns trigger a credit event such as a downgrade in rating, or
even a default of the portfolio owner. We focus our attention on a Weighted Average of Ordered Returns,
which is a statistic that allows us to weight returns according to their relative adverse impact. We use an
option pricing approach to derive the theoretical price and properties of a forward, a swap contract, a call
and a put option written on the Weighted Average of Ordered Returns under different assumptions about
the distribution of returns. The models of returns considered in this paper are defined by the following
underlying price processes: geometric Brownian motion, Merton model with Poisson jumps, and GARCH
model. We present a convergence result which states that the price of a forward on the Weighted Average
of Ordered Returns converges to the theoretical law invariant coherent risk measure. Finally, we show
that the forward price process itself satisfies the axioms of a dynamic coherent risk measures.
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1 Introduction

The main idea of this paper is to study the impact of negative returns on the health of a given financial
portfolio. It is often the case that a series of significant negative returns trigger a credit event such as a
downgrade in rating, or even a default of the portfolios owner. We introduce the concept of a Realized Return
Risk which is defined as a directly observable function of realized returns on standardized portfolios. A
Weighted Average of Ordered Returns, a special case of the Realized Return Risk, will be the main focus
of this paper. Predictive assessment of the future risk is given by the Price of Return Risk — the price of
a theoretical contract which pays its holder the Realized Return Risk for a certain period. In particular, a
high Price of Return Risk on a portfolio implies a high risk of its mispricing, and an excessively high Price
of Return Risk could indicate the imminency of the next market crisis. The Price of Return Risk depends
on the risk-neutral distribution of negative returns and is strongly affected by the following features of the
distribution: no jumps in the underlying asset prices or presence of jumps, dependent or independent returns.
We study models based on geometric Brownian motion, Merton model with Poisson jumps, and GARCH
models.

In practice, market participants use pricing models for their trading. Thus, we do provide simple bench-
mark dynamic pricing formulas for a Price of Return Risk in Section 3, where we made the assumption of
independent and identically distributed returns, but left the choice of the distribution of returns open.

Let us put the concept of Realized Return Risk in the context of past research. Within the areas of mathemat-
ical finance and mathematical insurance, there has been almost simultaneous development of an axiomatic
approach of measuring risk. Arztner et al. [3] and [4] established the representation theorem of a Coherent
Risk Measure as a supremum of expectations under the axioms of monotonicity, subadditivity, positive homo-
geneity and translation invariance in a finite probability space. Wang et al. [28] independently deduced the



Choquet integral representation of the distributional property of risk measures based on the work of Yaari
[30] with additional assumptions of law invariance and comonotonicity. Kusuoka [19] developed equivalent
representations to Wang et al. [28] in the form of Weighted Value-at-Risk. Recent research has focused on
extending to general spaces where the representation theorem applies (Delbaen [12], Cherny [9]), attempting
to develop a dynamic version of coherent risk measures (Artzner et al. [5], Riedel [23], Cheridito et al. [§],
Frittelli and Scandolo [15], Kloppel and Schweizer [18], Weber [29]), or relaxing the axioms to convex risk
measures (Follmer and Schied [13]). The universal industry approach is represented by the latest Basel II
framework which adopts Value-at-Risk (VaR) as a minimal capital reserve requirement for market risks.
Though the fact that VaR is not a Coherent Measure of Risk motivated the original work of Artzner et al. [3]
and [4], it has nevertheless remained as the industry standard up to date and its adequacy has been a topic
of research in Peura and Jokivuolle [22]. On the risk transfer side, there already exists significant volume in
trading non-coherent based risks in today’s market. For example, volatility swaps provide a way to trade and
hedge realized volatility. For options on realized variance, see Carr et al. [7]. Jarrow [17] also studied put
option premium as a risk measure. Our choice of a Realized Return Risk will focus on theoretical contracts
that satisfy axioms for coherent based risk measure.

Recall that a Realized Return Risk is a directly observable function of realized returns and a contract with
the Realized Return Risk payoff is called a Price of Return Risk. In this sense, we show in Section 2 that most
of the currently traded contracts, such as Total Return Swap and Variance Swap, are in fact special cases of a
Price of Return Risk. However, neither are they estimators of the popular Value-at-Risk (VaR), nor do they
satisfy axioms of a Coherent Measure of Risk. Thus, we focus on a forward written on a Weighted Average of
Ordered Returns. It is proposed in Heyde et al. [16] as a risk measure itself. We show that it serves both as
an estimator of a Weighted Value-at-Risk from the distribution of returns (Theorem 4.1), and demonstrate
that under certain conditions, its dynamic forward price satisfies generalized axioms for dynamic Coherent
Measures (Theorem 5.2). Other important examples of the contracts with Realized Return Risk include VaR
Swap, Worst Return Swap, and Shortfall Swap, where we emphasize their similarity to the existing Variance
Swap or Total Return Swap.

This paper is organized as follows. In Section 2, we define a Realized Return Risks an provide several
examples. This allows us to introduce a Price of Return Risk — the price of a contract with a Realized Return
Risk payoff. Section 3 contains pricing formulas for a special case of a Realized Return Risk, Weighted Average
of Ordered Returns, with the assumption of independent and identically distributed returns. Section 4 shows
that the price of a Weighted Average of Ordered Returns converges to a weighted average of quantiles from
the distribution of returns, and thus it can serve as an estimator to popular risk measures such as VaR or
Expected Shortfall. Interpretation of Price of Return Risk as a dynamic risk measure is discussed in Section
5. Section 6 concludes the paper.

2 Realized Return Risk and Price of Return Risk

Let T be a finite time horizon and 0 =ty < ¢; < ... < ty—1 < ty < T a partition of the interval [0,7]. Let
S, be the market price, at time ¢;, of a traded asset or a portfolio of assets. Random variable X; represents
a return on the asset over period [t;_1,;] - either the dollar return, the percentage return, or the log return:

St; — St,_, St,

Xi=8, — S, Xi=2t_Zh1 o X, =log
Sti—l

Let us consider a general function of returns Xi,..., Xx : RRx((X;)Y,). One can think of the function
RRy as the payoff of a contract. As an example, assume that RRy is given as follows:

RRN((Xz)i\;l) = 7X(1), where X(l) S X(g) S S X(N) are ordered returns,



An investor holding a contract paying such RRy at time T will be compensated for the largest daily loss
over [0, 7). Note that the value of RRx((X;)X ;) is known only at time 7, after all the returns are observed.
Therefore, RRx((X;)¥_;) will be called the Realized Return Risk.

Definition 2.1 Let 0 =ty <t < ... <ty <T be a partition of interval [0,T] and X; the return for period
[ti—1,t;], 1 <i < N. The Realized Return Risk RRy is defined as a function of realized returns Xq,..., Xy :

RRN((Xi){L).

In effect, the Realized Risk is a mapping RRy : RY — R.

The concept of a Realized Return Risk allows us to introduce the following definition of a Market Crash.

Definition 2.2 Let [0,T] be a finite time horizon and RR,, a Realized Return Risk over n periods. A market
is said to have experienced a crash, MC, if the Realized Return Risk RR,((X;)_,) exceeded a threshold C
for at least one n = 1,..., N. The time of a Market Crash, TMC, is defined as the first moment when RR,
exceeds C':

TMC =inf{n > 1|RR,((X;)i~q) > C}.

If RR, (X)) < C foralln=1,...,N, no crash has occurred.

Remark 2.3 The event of a Market Crash defined above may result in a downgrade of credit rating, or even
a default if the underlying asset is a stock.

Let us assume that S is a tradeable asset and that there exists a risk-neutral measure Q. The no-arbitrage
value, at time t € [0, T, of a contract with the payoff RRy((X;)Y,) at T is given as

e " T ER [RRN (X)) [ X1, o0 X ]

where E is the expected value under Q, time ¢ € [t,,,%,4+1), and r is a constant risk-free interest rate. We will
call this value the Price of Return Risk RR. Realistically speaking, there will be no good hedging possibility
for for some of the contracts, therefore this is an incomplete market pricing problem. However, let us assume
there is a risk-neutral pricing measure Q for practical purposes.

Definition 2.4 Let [0,T] be a finite time horizon and RRy a Realized Return Risk over this horizon. The
Price of Return Risk associated with RR, p(t,T), is the price, at time t, of a financial contract with the payoff
RRN((XZ)lJ\Ll) at T :

(1) p(t, T, (Xi)tiﬁt) = e_T(T_t) EQ [RRN((XZ)i\Ll) |X17 vXn} )
where t € [t,,tai1), EQ is the risk-neutral expected value, and X1, ..., X,, are the observed past returns.

The definition of a Price of Return Risk can be justified in the following way. If there existed market quotes
for p(t,T,, (Xi)w,<t), they would provide investors an indication of how the market views the risks associated
with RR. “High” (“low”) values of p(¢, T, , (X;):,<¢) would imply that market participants expect the Realized
Return Risk to be “high” (“low”).

A call option and a put option on a Realized Return Risk RRy can be defined as contracts with payoffs
(RRy((X)N.)) — K)* and (K — RRN((X;)X.,))", respectively:

(2) o(t, T, (Xi),<t) = e " T D E?[(RRN (X)) — K)T X1, X ]

(3) p(t,T, (Xi)tift) = eir(Tit) EQ [(K - RRN((Xl)fvzl))+ |X1’ ""X’n] .



Note that both the call and the put options are special cases of a Price of Return Risk.
Examples of Realized Return Risk:

1. The Asset Itself. The most trivial example of a Realized Return Risk is the underlying asset St itself.

Sy, —S

Assume that t = 0 and {X4,..., Xx} are future percentage returns: X; = Stitl_l If we set
i—1

N
RRy (X)) = So [J(1 + Xi) = S,

i=1

then p(0,T") coincides with a forward on the underlying asset and ¢(0,T") and p(0, T') are respectively European
call and put options on that asset.

2. Weighted Average of Ordered Returns. This paper will focus on the Realized Return Risk RRy
defined as a Weighted Average of Ordered Returns:

N N
(4) RRN((X)N)) = — ZwiX(i), where w; > 0 and Zwi =1

i=1 i=1
Random variable X(;y is the i—th order statistic: Xy < Xy < -+ < X(). If the weights in (4) are
decreasing, wy; > ... > wy, then RRy((X;)Y ;) is a statistical approximation of the class of law invariant

convex comonotonic risk measures, called Weighted VaR, that is based on probability distortion of Conditional
VaR and is equivalent to the Choquet integral representation (see Kusuoka [19] and Wang et al. [28]). The
details are given in Appendix A, in order not to deviate from the current presentation. For additional
justification from an axiomatic approach in finite probability space, see Heyde et al. [16]. The method in
Appendix A is closer to the idea as in Acerbi [1], while we provide convergence results in Section 4. Important
special cases of Weighted Average of Ordered Returns include: the Worst Return, the j—th Worst Return,
the Empirical Value-at-Risk (VaR), and the Empirical Expected Shortfall.

2a. The Worst Return. The Worst Return is a special case of the Weighted Average of Ordered Returns
with
RRN((X)L) = =Xy, py (6T, (Xi),<t) = —e 707D E2[X )| ).

The weights are given by w; = 1if ¢ =1, and w; =0 if ¢ > 1.
2b. The j—th Worst Return. Let j be an integer between 1 and N. The j—th Worst Return is defined as
RRy (X)) = =Xy, p(y (6T (X)i<o) = —e 7T ECLX ()| 7).
The weights are given by w; = 1 if i = j and w; = 0 if ¢ # j.
2c. Empirical Value-at-Risk at the (1 — X\)100% level. Let A € (0,1) such that N > 1.
RRN (X)) = =X(vap, oAt T (Xi)e<o) = —e7 T BRIX (o | F-

Weights: w; = 1if ¢ = [NA] and w; = 0if i # | NA], where [IVA] denotes the largest integer less than or
equal to NA, 0 < A < 1.

2d. Empirical Expected Shortfall at the (1 — A)100% level. Let A € (0,1) such that NA > 1.

[NX] [NX]
1 1
X)) =-—— > X .1, (Xi)e,<t) = —e "7 —— 3" EO[X(;)| 7.
RRN(( )1_1) LN/\J s (2)» p(? v( )tzSt) e LNAJ v [ (1)‘ft}



Weights: w; = 157 if i < [NA] and w; =0 if i > [NA].

2e. Crash Option. A crash option is a contract the payoff of which is triggered by a drop in S by
more than K% before the time of expiration T'. The holder of the option receives the compensation equal
to the difference between the drop and level K. Thus, the option pays (RRraroar((X:)EMONT) — K)*+

at time TMC A T, where A denotes the minimum, RRy((X;)Y,) = —X(1) is the maximum loss, and
TMC = inf{n > 1|RR,((X;)?_,) > K}. The price of this option at time t < TMC AT is:

CO(t, T, (Xi)t,<t) = B2 |e " TMONT=O(RRppoong (X)) EMONT) — K)ﬂft} .

A crash option of this kind was studied by Tankov [26]. Another definition of a crash option was introduced
by Longin [20]. Its holder receives amount (—X (1) — K)* at time 7. The price of such an option is:

CO(t7T7 (Xi)tiﬁt) = _e_T(T_t)EQ [(_X(l) - K)+|‘7:t]

Note that this contract can be considered a European plain-vanilla option on the Worst Return over the
period [0, 7.

3. Maximum Drawdown. Another example of Realized Return Risk is a discretely monitored maximum
drawdown of the price process Sy, which can be defined as follows:

!
RRN((X)X,) = max ( max S;, — S, | = max (S;, —S;)=— min E Xi.
0<k<N \0<I<k 0<k<I<N I<k<ISN £
i—

Random variables X are the dollar returns on S : X; = S5;, — S;, , for i =1,..., N. For a more systematic
treatment of Maximum Drawdown, see Vecer [27].

4. Realized Variance. As mentioned earlier, contracts on realized variance are already traded. In fact,
such contracts are a Price of Return Risk with the payoff:

N
RRN((Xi)ALl) = ]1[2 (Xl - X)Z’

where X, ..., Xy are percentage returns on an asset. See Carr et al. [7] for details.

A particular feature of Price of Return Risk is that the past is seamlessly connected to the future in a non-
parametric way. If the current time is ¢ and the time of maturity T, the realized returns (X;);,<; have an
impact on p(t, T, (X;),<¢) through its reflection in the payoff function RRy ((X;)¥ ;).

Remark 2.5 (Worst Return Swap, VaR Swap, Shortfall Swap) Worst Return, Empirical VaR and
Empirical Shortfall can be traded as Forwards (or Swaps) so that no initial change of capital is required to
enter such contract. In analogy to the existing Total Return Swap contract, they can be written on returns
of two markets.

Let X1, Xo,..., Xy and Y7,Ys, ..., Yy be realized returns in two different markets. Total Return Swap
is defined as a contract which pays off X; —Y; at times ¢;, i = 1,..., N. We can define Worst Return Swap
as a contract which pays off X3y — Y(q) at time T, VaR Swap as a contract which pays off X () — Y3, for

k= |NA]| at time T', and Shortfall Swap as a contract which pays off LJ\}AJ Z}ivf‘J (X@) — Y)) at time T

When we fix the second market to be a constant, we can introduce Worst Return Rate, VaR Rate, and
Shortfall Rate for a single market.



Worst Return Rate is given by
R(l) — o r(T-1) EQ[X(1)|}—t]7

VaR Rate is given by .
Ry = e "I EQ[X )| F],

for k = |[NXA|, and

Shortfall Rate is given by
1 A

R(k) — e_T(T_t)m Z EQ[X(i)‘}-t}»
i=1
for k = [NAJ.

The above rates carry potentially important information about the expected stability of a given market,
and these rates can be possibly influenced by a central bank analogously to interest rates.

3 Price of Weighted Average of Ordered Returns

In this section, we will limit our focus to a special case of a Realized Return Risk, namely on the Weighted
Average of Ordered Returns. Miura [21] set up a similar pricing problem of a lookback option on order
statistics. Since it was applied directly to the asset price instead of the returns, a closed-form solution was
not obtained. Assume that the financial returns { X7, Xs, ..., Xn } are independent and identically distributed
with cumulative distribution function Fx(z). The cumulative distribution function of the ith order statistic
X(z) is:

N

5) Frp@ =30 (F ) IFx@ltl1 - Fx(@)* .

k=i

When the returns have a continuous distribution with probability density function fx (z), the density of X;
is given by:

©) P @) = G @ P @)1= P (@)

If we assume the information available at any given time comprises the observed returns X;’s up to that
time, meaning F; = o ((X;)s,<¢), then we can rewrite the dynamic forward price (1) as:

N
p(ta Ta (Xi)ti St) = _e_T(T_t) Z wiEQ [X('L) |‘7:t]

i=1

N
(7) = —e"(T-Y) ZwiEQ[X(MXl, ey Xp],  where t, <t <tpi1.
i=1

In general, we need to find the conditional distributions of order statistics X(;)’s based on the first n observa-
tions X1, Xo, ..., X,,. Let us formulate the question in the following way: suppose we have an ordered set of
real numbers —co = ¢ < 21 < T2 < ... < Ty, < Tpy1 = 00 and a set of random variables Y7, Y3, ..., Y;,, which
are independent draws from a common distribution with cumulative distribution function F'(z). Let us mix
the samples z1,x2, ..., Ty, Y1, Yo, ...., Yy, and call them 71, Zs, ..., Zp, 4. We need to compute the conditional
distribution of Z(;) as a function of x1, %2, ..., xn: Fz, (2[21,...; Tn).



Lemma 3.1 The conditional cumulative distribution function has the following representation:

nAt

(8) Fz. (z|T1, .y ) = Z Fy, (izywrr)(2) + Licny g1 ,00)(2),  for 1 <d <n+m,
k=0V(i—m)

where 14 (x) is the indicator function of set A.

ProOOF. The order statistics of Y;’s are written as Y(q), Y(1), ..., Y{;n), where we have added an extra variable
Y(0) = —oc. The z;’s divide the real line into n + 1 intervals, and we need to keep track of which interval
each Y(;) falls in. When z € [z, 2 41), the event {Z(;) < 2} is equivalent to {Y{;_x) < z}. Therefore, we can

write:
nAL

]I{ngz} = Z H{Y(i,k)gz}]l[xkvkarl)(z) +lienylfz1,00)(2), for 1 <i<n+m.
k=0V(i—m)

Note that the constraints 0 < k <n and 0 < i — k < m give the range of summation 0V (i —m) < k <nAi
in the above equation. The conditional cumulative distribution function is therefore given by the following
expression:

Fz, (2|71, .y2n) = Q(Za) < zl21, 00, T0)
nAL

Z Q(}/(z—k) < Z)H[Ik,$k+1)(z) + H{i<n}]1[wi+1,oo) (Z)
k=0V(i—m)

nAt

(9) = Z FY(i—k,) (Z)I[[a:k,a:k+1)(z) + ]]:{i<n}1[[$i+1700) (Z), for 1 <i<n+m.
k=0V(i—m)

o
Note that the conditional cumulative distribution function, Fz, (2|z1,...,zy), is equal to Fy,_, , (2) on the

interval z € [z_1, 1), and Fy(iik) (z) on the interval z € [xg, xg41). Therefore, there is a discrete probability
mass at every z = x, whenever 1 < k <1 :

Q(Zy = zklz1, oy ) = Fzy (Tp| 1,5 oy T0) — Fz (T — |21, 0005 00)

= FY(i—k) (xk) - FY(i—k+1) (mk)

= " PP - Fam - S () PPl - P
j—zz—k(J > * * j_;H(J ) g i
(10) = () G = B,

If the Y;’s have a continuous distribution with density function f(z), we can write the conditional probability
density (mass) function of Z(;y, with the help of the Dirac delta function d,(z):

nA(i—1)

fZ(i) (Z|.’L‘1, ’xn) - Z fY(i—k) (Z)H(Ik,xk-f-l)(z) + ZQ(Z(i) = $k|l’17 ~--,$n>5;pk (2)
k=0V(i—m) 1
B nA(i—1) m! 7 ik ) P m_1'+k]l
_kﬂé;m@klwmi+mﬁ@ﬂ(@] [1— F(2)] oo (2)
(11) + Z ( ; Tk ) [F(J?k)]i_k[l _ F(mk)]m_i+k5zk (),
k=1

for1<i<n+m.



Theorem 3.2 Suppose the returns { X1, Xa, ..., XN} are independent and identically distributed with cumula-
tive distribution function FX( ) under Q, and t € [tn,tpy1). Let X1y, ..., X ) statistics of observed returns

Xi,...,X,, and X(l), .. X(N n) the order statistics of future returns Xpi1,..., Xn. The dynamic forward
price pmcess defined in (7) i8:

N
(12) ot T, (Xi)r<t) = — e 7T wBOX ;) [ Xy, ..., X
=1

nAt

N
(13) — TN Y / zFg. , (dz)
(X)X k1)) -

=1 k=0V(i—N+n)
- szZX(m( L ) (A = ()P
=1

where

N—n
FX('i—k)(x) = ‘:Z_k < Nj_ " > [FX( )] l[l — FX(;C)]N_n_j.

Furthermore, when the distribution of X; is continuous with probability density function fx(x), we can write:

n/\z 1)

N
(14) p(ta T, (X’i)tift) =—e 7T Z Wi / fX(z k)( ) x
(Xwy X(rt1)

=1 k= O\/(z N+n)

—e szZX(k) ( i—k ) [FX(X( ))]i—k[l —Fx(X(k))]N_n_H'k’

=1
where:
(N —n)!

I g @@L P

fri (@) =

PROOF. The results follow directly from Lemma 3.1 and the comments afterwards, where we replace 1, ..., T,
with X17 vy Xn, and Y17 ceey Ym with Xn+1; vy XN <

The pricing formulas given in Theorem 3.2 are based on the distribution and density functions (5) and (6)
defined at the beginning of this section. Here, we present a lemma that associates the distribution of order
statistics to a Value-at-Risk (VaR) transformation of Beta distribution in a general continuous distribution
case and provide an alternative pricing formula. As before, X (), X(2), ..., X() are the order statistics of in-
dependent and identically distributed random variables X7, X5, ..., Xy with cumulative distribution function
Fx(z) under Q. Since VaR)(X) is the negative value of the A—quantile function of X, it is the negative
value of an inverse function of Fx(x). Note that a Beta(a, 3) random variable Y has probability density
function:

1 «
B(a,8)"

(15) IB(a,p)(T) = T1-z)f o<z <,

where B(a, ) = fol 22 Y1 — )% 'dr and a > 0, B > 0. Its expectation and variance are simply given by
e — af

EY = 3t and Var(t) = pptersn-

Lemma 3.3 Fx(x) is continuous. Suppose {X1,Xs,..., Xy} are independent and identically distributed

random variables with a continuous distribution. Then the j-th order statistics X ;) and —VaRy (X) have

the same law, where Y is a random variable with Beta(j, N-j+1) distribution.



PRrROOF: The proof is very simple. It is well-known that the j-th order statistics from an independent
identically distributed Uniform(0,1) random sample of size N has a Beta(j, N-j+1) distribution. Since
Fx(X;) ~ Uniform(0,1) and Fx is an increasing function and therefore preserves the order of the statistics,
Fx(X(jy) ~ Beta(j, N-j+1) and the result follows easily. A direct proof using the probability density function
in (6) is also straightforward. Recall that:

) = i e @@= B ()
We have:
QX =2) = [ (j_l)]!\(fj!v_j)!fx(x)[Fx(x)]“[l = Fx(2)]N ™ da
= /_ (j—l)!]\(]Z!V—ﬁ[FX( WL = Fx (2)]V 7 dFx ()
Fx ()

- o B(j N1_3+1)yj_1(1 y)N dy

= Q(Y < Fx(2)) = Q(~VaRy (X) < 2)
where F;'(\) = —VaR,(X). o

Lemma 3.3 allows us to think of any order statistics as a transform of a Beta random variable with parameters
depending only on the order of the statistics and the sample size. From a computational perspective, it also
makes the expectation formula simpler to evaluate. Theorem 3.2 is based on the direct formula (6):

B X = /OO mmh@)[&(x)]j”[l — Fx(a))Vda.

— 00

If we use Lemma 3.3 and (15) instead, we arrive to an alternative formula:

1 _ .
(16) E@X(J / VCLR)\ )fBeta(]N j+1)(/\)d)\— / VCLR)\ )B /\7—1(1 —/\)N—Jd/\.

The second approach is much more systematic for evaluation or simulation, and formula (14) in Theorem 3.2
can be simplified correspondingly in the unconditional case which we will state in the following Corollary.

Corollary 3.4 Suppose {X1, Xa, ..., Xn} are independent and identically distributed random variables with
a continuous distribution. The initial forward price, a special case of Theorem 3.2, can be calculated as

p(0,T) = ”"TZwEQ

- _ e*TT/ VaR\(X (Z wi fB(i,N— H—l)(/\)) dA.
0

Let us compare formula (16) to the equation (31) in Appendix A. The negative value of the expectation
of a particular order statistic is not going to be a good risk measure that satisfies the usual axioms because
the Beta density does not have the monotonicity property which function ¢ possess in the representation
(31) for Weighted VaR. On the other hand, the negative value of the expectation of the Weighted Average
of Ordered Returns when the weights are decreasing will serve as a good risk measure. Its convergence to
Weighted VaR is proved in Section 4, and its properties as a dynamic risk measure are discussed in Section
5.
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Figure 1: First graph: simulated stock price under the Black-Scholes model. Second graph: paths of
—pi) (&, T, (Xi)e;<e), where j = 1,2,3, T = 3 months, and At = 1 day. The daily returns, X, are assumed to
follow the Black-Scholes model with interest rate » = 1% and annual volatility ¢ = 40% under the risk-neutral
measure.

Now let us turn to the question of how to apply Theorem 3.2 to a portfolio process Wy, 0 <t < oo, and give
several numerical examples. The value of this process will be recorded at times 0 =tg <t; < ... <t, =T
to compute the log returns:

X, =In (W?‘i’jl) . i=1,2,..,N,

where we denote W; = W;,. Without the loss of generality, we will choose uniform time intervals with length
At =t; — t;_1. If W, follows the Black-Scholes model, then:

th = Wt(rdt + O'dBt),

under the risk-neutral measure, where r is a risk-free interest rate, ¢ > 0 annual volatility, and B; a standard
Brownian motion. Discrete returns in the Black-Scholes model,

(17) Xi=(r—5)At+0(By, — Bi_,).
are independent and identically distributed with N ((r - %)At,azAt) distribution. Thus, Theorem 3.2
applies, and the dynamic forward price can be explicitly calculated as:
N
p(t,T, (Xi)tiit) = _e_T(T_t) Z Wi

/h A a:fj((j_k)(x)dx
i=1  k=0v(i—N+n)” X Xet1)

N g . .

_ _ 5 N -—n Xy —mAt ik Xy —mAL N-n—itk

r(T

—e t)zwiZX“)( i—k )[(I)( B )} {1_@( B ﬂ ’
i=1 k=1

nA(i—1)

where m =r — %2, ® is the cumulative distribution function of the standard normal distribution, and:

i~ = (N—n)! 1 7(z,m)f2 z—mAt =kt z—mAt N-n—itk
fX(z‘—k) (z) = R DI(N—n—i7 k) Varg?aiC 272 [‘I) (W)] {1 - ( AL )} .
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Dependence of p on Volatility Dependence of p on Running Minimum
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Figure 2: First graph: dependence of p(;)(0,T), where j = 1,2,3, on volatility o. Second graph: dependence of
—p) (1, T, (X1)), where j = 1,2, 3, on the running minimum return X;. The daily returns, X, are assumed to follow
the Black-Scholes model with interest rate r = 1% and annual volatility o = 40% under the risk-neutral measure.

Let us assume that 7' = 3 months, At = 1 day, interest rate r = 1%, and annual volatility ¢ = 40%. We
will study properties of contracts on the the first, the second, and the third worst returns: p)(t, T, (Xi)t,<¢),
pe)(t, T, (Xi)t,<t), and pesy (¢, T, (X;)¢,<¢). Note that in this case, [N5%] = 3, therefore the third worst re-
turn coincides with the 95% Empirical VaR: ps) (¢, T, (Xi)t,<t) = pso (£, T, (Xi)t,<¢)-

Figure 1 shows a simulated stock price under the Black-Scholes model and the corresponding processes
piy(t, T, (Xi)t,<¢), 7 = 1,2,3. The graph illustrates how the values of the p's react to newly observed returns
X;. If a new return is large negative, all three processes drop.

The first graph in Figure 2 depicts the dependence of values p(;)(0,7'), j = 1,2, 3, on the stock volatility.
As one can expect, the risk increases with increasing volatility and moreover, the gap between p(;(0,7") and
pj—1)(0,T) widens. The second graph shows how the values p;)(t1,7,(X1)), j = 1,2,3, change with X1,
the running minimum. Clearly, if X is close to 0, it does not affect the Price of Return Risk. On the other
hand, if X; is significantly lower than the expected future minimum, —0.059, then p)(t1, T, (X1)) = —X1
and p) (t1, T, (X1)) = p(1)(t1,T,0) and ps) (i1, T, (X1)) = p(2)(t1,T',0).

In Figure 3, we present the term structure of the Empirical VaR, p59(0,T), for different values of T' (rang-
ing from 6 months to 12 years). The prices with longer time to maturity tend to be closer to the theoretical
value of quantile g5y, (X), which is consistent with results we prove in Section 4.

Note that in the simple Black-Scholes model (17), the real expected value and the risk-neutral expected
value of the Weighted Average of Ordered Returns differ by the risk premium. Let p be the expected
annualized return on portfolio W under the real probability measure P. Thus, X; ~ N ((u — 02/2)dt, o+/dt)
under P and X; ~ N((r — 02/2)dt,o\/dt) under Q for all i = 1,...,N, which implies that EF[ X)) =

11
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Figure 3: Term structure of —e"” psy (0, T), where T' € [0.5,12] years, At= one day, and N = T/At. Daily returns
X are assumed to follow the Black-Scholes model with interest rate r = 1% and annual volatility o = 40%. The
horizontal line represents the theoretical 5% quantile, gso;(X) = Fix*(0.05).

EQ[X(Z-)} + (u — r)dt and

N
p(ta Ta (Xi)tift) = _eir(Tit) Z thQ[X(l)|X17 s aXn]

i=1
N
(18) = e Ty —r)dt — e T ZwiEP[X(i) | X1, .., X

i=1

Let us provide a numerical example to compare the Price of Return Risk when the returns are given by the
Black-Scholes model and the Merton model with jumps while the total volatilities in both models are kept
at the same level. The Merton model is defined as:

th = Wt_ (Tdt + 5'dBt + }/tht),

where B; is a standard Brownian motion, NV; is a standard Poisson process with intensity Ap,, and Y; are
independent and identically distributed normal random variables with mean p and standard deviation v,
Y; ~ N(u,v?). The discrete return can be calculated from the Doléans-Dade exponential formula:

Ny, —Ne,
(19) Xi=(—%)At+6(B;, — B, )+ Y. VY
k=1

The density function of X; has a series expansion:

—(r—5&2 —kp)?
. <ApoAt>’fexp{—<’” (" /)t }

2(GZALTkv?)

_ = APoAtL
=
Ixi ];) k'\/2m (52 At + kv?)

Figure 4 shows a simulated stock price process under the Merton model and the corresponding price processes
of the worst, the second worst, and the third worst returns: peyar(t, T, (Xi)e,<t), p2yam(t, T, (Xi)e,<¢), and
pym (t, Ty (Xi)t,<¢). In Figure 5, we have plotted values of p;)a(0,7), j = 1,2,3, where T = 3 months

12



Stock Price Price of Empirical VaR
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Figure 4: First graph: simulated stock price under the Merton model. Second graph: paths of —p(;)(t, T, (X:)¢,<¢),
where 7 = 1,2,3, T = 3 months, and At = 1 day. The daily returns, X, are assumed to follow the Merton model with
interest rate r = 1%, & = 40%, A = 10, p = —0.05, and v = 0.1 under the risk-neutral measure.

and At = 1 day, obtained from the Merton model with different intensities Ap,. The total volatility of the
returns is kept at 30% by changing the diffusion volatility & along with Ap, : /62 + Apo(v2 + p2) = 30%.
For comparison purposes, we also include the Black-Scholes values of p;yps(0, T),j=1,2,3, withr = 1%
and o = 30%. Thus, the total stock volatilities in the two models are identical and moreover, when Ap, = 0,
the models coincide. As the intensity of the jumps Ap, increases, p(1yas exceeds p(1)ps due to the jumps with
standard deviation v = 0.05. On the other hand, p(2)s first decreases until it reaches a minimum because
the jumps do not occur often enough and & decreases. Afterwards, p(2)ps increases, as the effect of more
frequent jumps begins to outweigh lower values of 7. Finally, p(3yas is lower than p(3)pg for the given range
of intensities Ap,.

An important assumption of Theorem 3.2 is the independence of the returns. Let us present numerical
results for a GARCH model, in which the condition of independence does not hold (see Bollerslev [6] for
details). In particular, we will consider the following GARCH(1,1) model for the returns that preserves the
risk-neutral expected value of (r — 02 /2)dt with o, denoting the annual volatility:

X, = rdt—o0?/24¢, i=1,...,N,
€ = 064,
(20) 0'1»2 = g+ oqef_l + ﬂlaf_l.

{e;}, is a sequence of independent random variables with standard normal distribution, €y = 0 and oy is
given. Symbol o; denotes the daily volatility of the return X;.

Since the formula in Theorem 3.2 does not apply to dependent returns, we need to use a Monte-Carlo
simulation to estimate p(;) in the GARCH model. Figure 6 shows evolution of p; (¢, T, (X;)¢,<¢), j = 1,2,3,
assuming the returns follow the GARCH model (20). Note that paths of p(;)(t,T, (X;)s,<¢) react to signifi-
cant changes in the conditional volatility of the returns, o;. Subsequently, let us assume that 8; = 0. Figure
7 illustrates the effect of the ARCH coefficient, a1, on the Price of Return Risk.

13
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Figure 5: Comparison of p;(0,T), where j = 1,2,3, for the Black-Scholes and the Merton model of the daily
returns, where T'= 3 months and At = 1 day. The horizontal lines represent the price of the Empirical VaR in the
Black-Scholes model with annual volatility o = 30% and interest rate r = 1%. The curves display the dependence
of the price of the Empirical VaR on Ap, in the Merton model. Other parameters are set to be: p = 0, v = 0.05,
r = 1%. Volatility of the diffusion component, &, changed along with A in order to preserve the total volatility of
30% : /52 + Apo (V2 + p2) = 30%.

Now we will give formulas for the dynamic version of the call and put prices defined in (2) and (3). These
formulas are derived only for the Empirical VaR and the j—the Worst Return because we have calculated the
conditional distribution of one order statistic X(;) in Lemma 3.1, not of a linear combination Zf\il w;i X (4)-

Theorem 3.5 Suppose that returns {X;, Xo, "'7XNA} are independent and identically distributed with cu-
mulative distribution function Fx(x) under Q. Let X(1)s--->X(n) be the order statistics of observed returns

X1, Xp, and X1y, ..., X(n—n) the order statistics of future returns X, y1,..., Xn. If the Realized Return
Risk is defined as the j—the Worst Return, RRn((X;)1<i<n) = —X(j), then the dynamic call and put option
price processes are equal to:

(21) (6T, (Xi)r<t) = e " TR (=X () — K) T [ X1, ey Xoo]

nAjJ

— o T(T-1) Z /A ) (_x _ K)JFF)E'(j,k) (dx)
k=0 (j—N—+n) ” (X)X (k41))

J
—_r —_ g N_n % j— X _n_
+e T ”Z(—Xoc)—Kf( ji—k )[Fx(Xw))]] L= Fx (X )V 7t

_ —r(T—t) + 1.
=e > / o (E+a)tFg,  (dz)
k=0v (j—N-+n) ¥ X0 Xe41))

J

—r — % Nﬁ X j— X —nd

+e @ t)Z(K+X(k))+( ik ) [Fx (Xo)P ™1 = Fx (Xo)]N 77,
k=1
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Stock Price Price of Empirical VaR
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Figure 6: First graph: simulated stock price under the GARCH model. Second graph: paths of —p(;)(t, T, (X:)¢,<t),
where 7 = 1,2,3, T' = 3 months, and At = 1 day. The daily returns, X, are assumed to follow a GARCH model,
X, = (rdt — 02/2) + €i, €i = 0iei, 07 = o + @171 + 510371- Parameters: interest rate r = 1%, ap = 0.00005,
a1 = 0.15, 31 = 0.8. Note the drop at day 35 of —p(;)(t, T, (X:),<¢), for j =1,2,3, caused by an increased volatility
while the returns are still positive.

where ty <T <tni1, tn <t <tpy1, and

N-—n
FX(j—m(x) = ':z‘;k ( N ; " ) [Fx (v )][1 — FX($)]N_”—1'.

Furthermore, when the distribution of X; is continuous with probability density function fx(x), we can write:

nAG—1)

Gt T, (X)) =e"T70 H" / (- K)Tfg, , (@)da
k=0V (j—N+n) Y X Xa+1)

J
- N - . o
TS =~ 8% () I G4 = P (R,
k=1

nA(j—1)

Pyt T, (X)) =770 7 /X (K +a)*fx,_, (@)d

k=0 (j—N+n) ? X0 Xk11)

—r(T— N —n N . A i
e ”Z<K+X<k>>+( M )[FX<X(k>>]J 1= Fx (Xgo) V7,
k=1

where:
(N —n)!

L Vi 11 gy Sy

fx(@)[Fx (@) 11 = Fx(2))N itk

Paths of processes c(;)(t,T, (Xi)t,<t), 7 = 1,2,3, where T' = 3 months and At = 1 day, is shown in Figure 8.

15



0.2

0.18f
0.16[
bt Payoff: x(
L B )
= )
o 0.14F
s
= Payoff: —&2)
o
2 012
g Payoff: -
E ayoff: X(a)
S 01 e
@
L
T
0.08 -
0.06 -
0.04 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
o — ARCH Effect

Figure 7: Dependence of p(;)(t, T, (Xs)¢;<t), where j = 1,2,3 and the returns are given by a GARCH-M model, on

parameter a;. Assumptions: 7' = 3 months, and At = 1 day. Model of the returns: X; = (rdt — 07 /2) +¢i, £; = 0sei,
ol =00+ onel_ | + [5’10,521.71. Parameters: interest rate r = 1% and «p = 0.00063.

4 Convergence Theorems

Let us discuss the convergence of a Price of Return Risk, p(¢,T,(X;)i,<¢), if we let the time of
maturity T — oc. The number of future returns increases and the expected discrete payoff,
EQ [RRN((X:)o<i<n)| X1, ..., X5] , approaches the continuous payoff of which RRy((X;)o<i<n) is an esti-
mate. The continuous payoff is in fact the Weighted VaR (see Appendix A). We define the A—quantile of a
distribution with cumulative distribution function Fx (z) as:

(23) g (X) =sup{z: Fx(z) <A}, 0<A<l1.

We see from (30) in Appendix A that the VaR is simply defined as the negative value of the above A—quantile
function:

VaR\(X) = —qx(X) =inf{m|P(X +m <0) < A},
where X has distribution Fx(x).

Theorem 4.1 Suppose that returns {X1,...,Xn} are independent and identically distributed with a contin-
uous and increasing cumulative distribution function Fx () and a density function fx(x), where 0 < fx(z) <
o0, x € R.

(i) If A€ (0,1), [y VaRA(X)dA < 0o and RRy((X,)o<icn) = —X(|na))s then:
(24) e Tp(t, T) — VaRx(X) almost surely as T — oo, for any t > 0.

(ii) Let ¥(X\) be a nonnegative, bounded, and continuous function on [0,1], such that fol PY(A)dA =1 and
fol VaRx(X)Y(AN)dX < 0o. If RRN((X;)o<i<n) = — Zfil w; X(;) and the weights are given as:

1 i—1 | X P
wi:SNNlb(]Vl) for i=1,...,N, where sN:Ni_Zlqp(Nl)’

1
(25) e Tp(t, T) — / VaRx(X)Y(N)dX almost surely as T — oo, for any t > 0.
0
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Figure 8: First graph: simulated stock price under the Black-Scholes model. Second graph: paths of
et (T, (Xe)e;<e), 5 =1,2,3, where T = 3 months, At =1 day, and K = 4%. The daily returns, X, are assumed to
follow the Black-Scholes model with interest rate r = 1% and annual volatility o = 40%.
PROOF:
(i) According to David and Nagaraja [11], result (10.2.1) on page 285,
X(na)) — —VaRx(X) almost surely as N — oo.

In order to prove EQ[X (| ny)|F:] — —VaR(X), which is equivalet to formula (24), it suffices to show
a conditional uniform integrability of | Xy} :

. Q _

(26) algr;o s11\17p EX1 X (van | Tx wap 1>a} [Fe] = 0 almost surely

Let x1,..., 2, be the observed returns up to time ¢ and fx ., (z|21,...,%,), * € R the conditional
density of the empirical quantile X(|yy)) given Xi,..., X,,. Since the returns are assumed to have a

density fx, the conditional density exists and is given by (11). Hence, the left-hand side of (26) can be
rewritten in terms of the conditional density:

lim sup/ 1z fx(wap (@lT1, - 20) da
|z|>a

a— 00 N
Let i = min{xy, ..., 2, } and Ty, = max{xy, ..., 2z, }. If @ > max{|Tminl, |Tmaez|} and N > Ny for
some Ny, then formula (11) implies that
(N —n)! [NA]—n—1 N—|NAX|
= F "1 -F
fX(LNM)(x"rlv ,Sﬁn) (LN)\J—TL—l)'(N—I_N)\J)'fX(:E)[ X(l')] [ X(x)]
(N = )!(LNA] — 1) .
Fx(nayy () NI([NA] —n—1)! [Fx ()]
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for x € (a, 00) and

_ (N—TL)' 1 —n—
fX(LNM)(x‘xl""vxn) - (LN)\J*l)'(N*Tl*LN)\J) f .17)[ ( )]LN)\J [ _FX(:K)]N LNM

(
(N —n)/(N — [NA))!
NI(N —n— [NA])!

Fx(nayy () [1— Fx(x)]™"

(N—m(INAJ-Dt o

for x € (—oo,—a). Note that since Fx(z) is increasing and sequences NN =D

% converge to a finite number, one can write:
fX(LNM)(xl‘rlﬂ T 7$n> <C fX(LN)\j)(‘r)

for |x| > a, where C is a constant. According to David and Nagaraja [11], formula (10.2.6) on page 288,

E[X( Ny — VaR,\(X)]2 — 0 as N — oo, therefore random variables {X (| yx})}%—; with densities
{fx(vr) (®)}¥=1 are uniformly integrable. Hence, we have:

lim sup/ Z] fx(wap (@lT1, .0 20) do < C lim sup/ 1Z] fx(nap (®) dz = 0
|z[>a |z|>a

for any real x1, ..., x,. This result concludes the proof.

Stigler [25] presented a proof of (25) for ¢ = 0, the unconditional case. The conditional version of the

formula will be proved in a similar way. Let X; = z;, ¢ = 1,...,n, be the past returns observed at
times tq,...,t, where t,, <t < t,,41. Assume that n > 1 because n = 0 represents the unconditional
case proved in Stigler [25]. Let us order the values z1,...,x, and denote g = —oc0 and z,,+1 = 0.

Without loss of generality, it can be assumed that one of the past returns is 0 : x; = 0. If this is not
the case, the distribution Fx and the observed returns can be shifted by (0 — x;) for some j. At the
end of the calculation, the inverse transformation is applied and the result still hold true. The order
statistics of the future returns X, 41, ..., Xy will be denoted by X(l), e X(an)-

Term —e"?p(t,T) can be written in the following way:

N
—ep(t,T) = > wiXe) 4 =
i=1
0 N ~ ( N
= —/ {Z w;Q[X (4 < x]—}]} dz —|—/ {Z w;Q[X () > a:|.7-"t]} dzx =
—© i=1 i
j—1 Tht1 Tr41 N
= Z/ sz(@ Xy < x| Fy] p do + Z/ ZwiQ[X(i) > x| Fy] p dx
k=0" Tk i=1
In order to calculate the limit limy_ o Zf\il w;Q[X () > x| F] for x € [wg, Tx11), where k =0,...,n
we consider a sequence of random variables {Yn}3_, with the following conditional distribution on
{mﬂN%7 7]\/ 1}N 1-
Q|Yy=-~ _ Loy salA, i=1,..N
N_N _CN (2) TS, =1, V.
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Constant ¢y ensures that Eil Q {YN = ﬁ’ .7-}} =1:

N . . N ) N
;Q [YN = Ji/;_lﬂft} . ;Q[X(i) > x| Fi) = EEQ ;H{X“)M} ]-“t]
= —m0 iH{Xm} ft] - = ((n—k)+ EN: EQ {H{XW}D
CN P CN Mt i
= E((” —k)+ (N —n)(1 - Fx(z)))

Thus, N
ex = ((n =)+ (N —n)(1 = Fx(2))) and Jim — = ﬁ

Formula (9) implies that Q[X(;) > x|F;] has three possible values:

@[X(z) > IE|]:t] = 0 fOI‘ Z = ]., ...,k,
QXu >z|F] = 1- FX(i_k)(x) for i=k,..,N—n-+Ek,
QXu >z|F] = 1 for i=N-n+k+1,..,N.

Let 6 € (0,1) and N large enough, so that [(N —1)] + 1 > k where [r] is the lowest integer greater
than r. Then,

1 N 1 N—n+k
Qv >0 = — Y QXp>alFEl=— Y (1-Fg,, @)+

N ro(N=1)141 N i ro(N—1)]+1

n—=k

CN

According to (5), 1— FX(FM (x) is the probability that a Binomial random variable, Bin(N —n, Fx(x)),
is less then or equal to ¢ — k — 1, which leads to the following convergence result:

N—n+k

: . N1 e
NIEDOOQ[YN>0‘FA B ngnooaﬁ Z (1_FX<i—k>(x))+]\rlfloo CN
i=[0(N—-1)]+1
1 1 N—n+k
= TTEREAm Y 2. QBn(V-nFx(@) <i-k-1+0

i=[6(N=1)]+1
1 — max{Fx(x),0}
1— Fx(x) '

Hence, Yy converges weakly to a uniform distribution on (Fx(z),1) even if we condition on F;. Since
w; = leN (;}‘_ﬂ) , we have Zfil wQ[X ) > z|F] = EQ[¢(Yn)| Fi] . Due to the assumption
that v is continuous and bounded, the limit of this term is :

|
g

N
. P 1 EQ
Nh_rgo ‘5:1 wzQ[X(z) > $|ft] Nh—IgoE [¢(YN)| ft}

1 1 1
(1 —FX($))/}7X(1)¢(y)wdy = /Fx(m)l/)(y)dy

Moreover,
N N Fx (z)
]\;gnoo ;wiQ[X(i) <z|FK]l=1- J\}gnoo EMZ-Q[X(Z-) > x| F) = /0 Y(y)dy.
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Thus, the limit of the Price of Return Risk, p(¢,T), can be expressed as follows:

: _ T —
q}grloo e p(t,T)
J=1 g N n Tpi1 N
— 1 . < 3 ) )
ngnooz:/ {szQ[Xm < l“lft]} du + lim Z /z {2 wiQ[X ;) > xlﬂ]} da

Fx (z)
/ / dydac—i—/ / dyd:zc—/ Fy y)dy,
Fx(x)

where Fi'(y) = —VaR,(X), which completes the proof.

<&

Another feature of a Price of Return Risk is that e"™ =" p(t, T, (X;):,<¢) becomes a better estimate of payoff

RRN((X;)o<i<n) as t converges to the time of maturity T. This observation is stated and proved in the
following theorem.

Theorem 4.2 Suppose that {X1, Xs,..., XN} are independent and identically distributed random variables
with finite variance. Let us define function h(t), t € [0,T) as follows:

(27) h(t) =E2 [T p(t, T, (Xi)e <) — RRN((Xi)MSN)} ’ ,

where RRN((X;)o<i<n) = — Zf\il w; X (y. Then h(t) is a nonnegative decreasing function of t and h(T') = 0.

Proor. Conditional expectations are L? projections of a random variable and therefore the result is not hard
to understand. For completeness, we provide a proof below. Conditional expectation EQ[.| X1, ..., X,,] will be

denoted by E2[] in this proof. Note that if t,, < ¢ < t,41, then e"T =D p(t, T, (X;)s,<;) = —E@ [Z L wiX
The following inequality proves claim (27):

N N 2 N
Z wl-X(i) + Z U/iX(i)‘| = EQ [—Eg [Z wiX(i)
=1 i=1 i=1

N
1 lz 'LUiX(,L-)
Z le( )

N 2
-
. =1 ,
+ Z wiX(i)]

= 2
+ Z w; X ] .

+E¢
[ n+1

5 Price of Return Risk as a Dynamic Risk Measure

\%

In Section 3, we studied the properties of a Price of Return Risk p(t, T, (X;),<¢) as the forward price process
on the Weighted Average of Ordered Returns. As t changes, the definition of the conditional expectation in
(1) makes the Price of Return Risk, p(¢, T, (X;)¢,<¢), particularly well suited to serve as a dynamic measure of
risk. In fact, the adoption of the option pricing approach implies its discounted value is naturally a martingale.
Representation theorems for Dynamic Risk Measures that satisfy either coherent or convex principles have
been proven in Artzner et al. [5], Riedel [23], Cheridito et al. [8], Frittelli and Scandolo [15], Kloppel and
Schweizer [18], and Weber [29]. We will focus on listing some usual desirable properties of a Dynamic Risk
Measure in Definition 5.1 and stating the properties which p(¢, T, (X;)¢,<¢) satisfies in Theorem 5.2. For some
of the properties, we will need to assume that the weights are decreasing: w; > ... > wy.
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Definition 5.1 (Coherence, Relevance, and Time Consistency) Suppose X; and Y; are stochastic
processes for t € [0,T], and p(t,T,X) and p(t,T,Y) are dynamic risk measures on X; and Y;. We de-
fine the following axioms for p:

1. Monotonicity: Xy <Y, for all t € [0,T] implies p(t,T, X) > p(t,T,Y) for all t € [0,T].

2. Subadditivity: p(t, T, X +Y) < p(t,T,X)+ pt,T,Y) for all t € [0,T].

3. Positive Homogeneity: p(t,T,AX) = Ap(t, T, X) for any real number A > 0 and for all t € [0,T].
4

. Predictable Translation Invariance: firt € [0,T], p(t, T, X +Z) = p(t,T, X) — Z for any F;-measurable
random variable Z.

5. Relevance: fiz u € [0,T], if Xs(w) = —ela(w)p,11(s) for some A € Fy, where Q(A) >0, and all € > 0,
then p(t,T,X) > 0 for all t € [0,u).

6. Time Consistency: e "p(s, T, X) =EQ[e " p(t, T, X)|Fs] for 0 <s <t <T.

Properties 1-4 are axioms of Coherent Measures of Risk; Relevance is related to the no-arbitrage principle;
Time Consistency makes it convenient to implement dynamic programming methods.

Theorem 5.2 (Coherence, Relevance, and Time Consistency) Let p(t,T, (X;)i;<t) be a Price of Re-
turn Risk defined by

(28) p(t, T, (Xi)t,<t) = e "T"PEC[RRN (Xi)1<i<n)|FH]

with
N N

(29) RRN((Xi)lgiSN) = — ZwiX(i), w1 Z wo 2 2 WN Z O, and Zwi =1.
i=1 i=1

Then p(t, T, (X;)e,<t) satisfies the axioms of Monotonicity, Subadditivity, Positive homogeneity, Predictable
Translation Invariance, Relevance, and Time Consistency.

PROOF. The results are straightforward consequences of the definition of p(t, T, (X;)i,<¢) as the conditional
expectation of weighted order statistics. The assumption about decreasing weights is a sufficient condition
for axioms of Relevance, and Subadditivity (the proof can be found in Heyde et al. [16]). We choose to show
only Relevance here (according to item 5 in Definition 5.1, X < 0):

N
p(t, T, (Xi)e.<t) = e " IERRRN (Xi1<i<n)|Fe) = —e "0 Y " w B [X ;)| )
=1

> 767T(T—t)w1E@[X(1)|]_—t] _ efr(T—t)wleQ(A) > 0.

Note that p(t, T, (X;)i,<:) satisfies all the properties mentioned in Definition 5.1.

6 Conclusion

We have considered the effect of significant negative returns on a given portfolio. Series of significant negative
returns may cause a downgrade in credit rating, or even a default of the portfolio owner. We studied the
price of Weighted Average of Ordered Returns, and computed it under different assumptions. Specifically,
we have considered models with both dependent and independent returns, and with and without jumps in
the price of the underlying asset.
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A Realized Return Risk Measure Based on Weighted VaR

In this Section, we will assume that Realized Return Risk g((X;)i1<i<n) is given by Weighted Average of
Ordered Returns with decreasing weights: w; > ... > wy. Let us relate formula (4) for g to Weighted VaR,
noting that the former is the discrete approximation of the latter. Weighted VaR (see Wang et al. [28],
Follmer and Schied [14], Cherny [9]) is in fact a probabilistically distorted Conditional VaR (see Acerbi et al.
[2], Rockafellar and Uryasev [24]), and it is the only possible form of law-invariant, comonotonic, convex risk
measures on L™ on an atomless probability space (see Kusuoka [19]). VaRx(X) is by definition the negative
value of the A-quantile of a random variable X defined in (23):

(30) VaR\(X)=—qx(A\) =inf{m|P(X +m <0) < A}.

Averaging VaR, we get Conditional VaR:

1 A

CVaRy\(X) = X/ VaR,(X)dy, for X e (0,1].
0

Suppose p is a probability measure on (0, 1] and the probability space (2, F,P) is atomless. Weighted VaR

is a distortion of Conditional VaR by probability measure p:

WVaR,(X) = CVaR,(X)pu(dy).
(0,1]

We can define CVaRy(X) = —essinf X to extend the definition of p on the closed interval [0, 1]. However, the
essinf X will be captured if y assigns positive probability on the point 0. In case X is unbounded below, this

point will overweight the rest of the distribution of X. Therefore, we avoid this situation here by excluding
point 0. Fubini’s theorem gives:

(31) WVaR,(X) = | VaR,(X)u()dr,  where v(3) = /( . (o).

It is obvious that () is a decreasing, right-continuous function. If we define v(\) = fo)\ Y(7y)dry, then v(\)
is increasing and concave with v(0) = 0 and v(1) = 1. Thus v(\) can be viewed as a distribution function
with density function ¢ (y). The discrete approximation of the WVaR,(X) from N statistical observations
becomes our payoff function (4) with decreasing weights:

N N
RRN((Xi)lgiSN) = — ZwiX(i), where w1 Z w2 Z Z wN Z 0 and sz =1.
i=1 1=1

The convergence from the discrete to the continuous case is given in Theorem 4.1. For additional justification
from an axiomatic approach in finite probability space see Heyde et al. [16].
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