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Abstract. We examine the situation when the investor wants to outperform a certain benchmark
by actively trading in this asset, typically a stock index. We consider an investor who wants to
minimize the expected shortfall in the case he fails to achieve this goal. Using recently devel-
oped techniques of Follmer and Leukert, we can relate this optimal investment problem to option
hedging. This allows us to obtain analytical characterizations of the optimal strategy in special
cases.

1 Introduction

This paper studies a dynamic portfolio selection problem, assuming continuous time model with
a risky asset and a money market. We study the case when the investor wants to outperform a
certain benchmark (we call it index) by trading in this asset. The trading is continuous and the
performance of the investor is measured by the shortfall risk. He wants to minimize this risk while
trying to outperform the index. There are several techniques which could be applied in solving the
problem, in particular, constraint optimization, convex duality methods or methods of stochastic
optimal control. An alternative approach is to use the technique of Neyman Pearson lemma as
suggested by Follmer and Leukert (1999, 2000).

There are several papers which solve the problem of finding optimal strategy which maximizes
the probability of beating the index. Heath (1993) solved the problem when the underlying process
is a Brownian motion with a drift. Karatzas (1997) extended this result to a random drift and
Browne (1999) pointed out the link between certain digital options and strategies which maximized
the probability of beating the index. Fo6llmer and Leukert (1999, 2000) generalized these meth-
ods to the case of quantile hedging, and further introduced efficient hedging with the criterion of
minimizing shortfall risk. Using the method of Neyman Pearson lemma, they provided existence
results in the general semimartingale model. The optimal strategies can be characterized by the
Radon-Nikodym derivative in the complete market case. They also provided explicit solutions for
the Black-Scholes model with insufficient initial capital. Basak, Shapiro and Tepld (2002) in their
work provide an independent approach, which also features an investor targeting outperformance
of a benchmark with some permitted shortfall.

In this paper we extend the use of the techniques developed by Follmer and Leukert (2000) to
study strategies which try to beat the market. The no arbitrage argument precludes any existence



of a trading strategy which would outperform the market with probability 1. The best we can hope
for is to find an optimal strategy which would beat the benchmark in the sense that it minimizes
the expected shortfall from reaching this goal. This result can have an impact on the choice of
trading strategies of many hedge and mutual funds which use a stock index as a benchmark of
their performance. The paper is structured in the following way. After model independent problem
formulation, we solve for optimal strategies in both Brownian and Poisson model.

2 Problem Formulation

Suppose that the investor can trade in the index S; and in the money market with constant interest
rate r. His wealth X; evolves according to the self-financing strategy

dXt = qtdSt + T(Xt — tht)dt, (1)

where ¢; is number of shares held at time t. We do not impose any constraints on ¢; except that
the wealth X; stays nonnegative for all ¢, i.e.,

X, >0, Vtel[o,T]. (2)

Let us consider the situation when the investor wants to outperform the index itself by selecting
the trading strategy ¢;. Thus he wants to compare the resulting wealth X7 with respect to the
index level St at time T'. To measure the risk involved in such a strategy, we introduce the loss
function f. For computational simplicity we can assume that f is of the form

P
flz) = —. (3)
p
We will study the case p > 1 for risk averse investors. The objective of the trader is to beat the
market by a factor of « at a fixed time horizon 7', while minimizing the expected shortfall

Ef[((1+ a)Sr — Xr) ], (4)

when he fails to meet this target. This problem is non-trivial when the initial capital Xy is less
than the super-hedging price (1 + «)Sy. Otherwise, the target can always be met.

In summary, we can describe the problem as: for any fixed constant 0 < Xy < (1 + «)Sp, we
need to solve

. _ + .
XGII}l{l(I}(o) Ef[(1+ a)St — X1)7] (Main Problem)

t t
where X(Xo) ={X:>0: X; =X +/ GqudSy +/ r( Xy — quSu)du, 0 <t <T},
0 0

P
and a > 0 is a constant, f(z)=—, p > 1.
p

One can relate this situation to option hedging. The value (1 4+ a)S7 can be viewed as an
option payoff. The objective of the trader is to deliver this payoff, but he is short of the initial



capital to do so with probability 1. Follmer and Leukert were able to characterize the optimal
solution for the option hedging problem in general. Suppose that Hr is a payoff at time T (a
nonnegative Fr - measurable random variable). The objective of the trader is to replicate this
payoff by creating a self-financing trading account X; having dynamics (1). In a complete market,
there would exist a hedging strategy ¢; providing perfect option replication X7 = Hp, given that
the trader starts with initial capital equal to discounted expected payoff under the risk-neutral
measure Xg = e "TEHy. However, if the initial capital X is smaller than e "TEHr, there is
positive probability that X < Hrp, i.e., the trader would fail to deliver the option payoff in all
possible scenarios. However, one can try to minimize the resulting expected loss by minimizing

Ef[(Hr — Xr)*] (5)

for some loss function f.

Since it is impossible to perfectly replicate the contingent claim being short of the initial capital,
one can selectively lower the payoff of this claim in such a way that it is possible to hedge it perfectly.
For this procedure, called modification of the payoff, let us introduce the following set

R={¢p:Q—1[0,1] | ¢ is Fr — measurable}. (6)

The modified payoff is ¢Hr. The following theorem identifies the optimal modification of the
payoff which minimizes the shortfall risk for convex loss function /(z) in complete market case, i.e.
there is a unique risk-neutral measure P.

Theorem 2.1 (Follmer and Leukert, 2000) The solution qg to the above optimization problem
is given by
- I(c2)
=1———"=A1, 7
b=1- T 7)

df (z)

-1
where Z = %, I(z) = [ e ] , and the constant c is determined by the initial condition

e TE [éHT} = Xo. (8)

We can now apply this result to our case using the payoff Hr = (1 + «)Sr and a loss function
of the form (3).

Remark 2.2 (Controlling the downside risk) The investor might wish to guarantee that he
would end up with at least a fraction 0 < a < 1 of the benchmark a.St at time T'. It is easy to see
by no arbitrage argument that in this case his wealth must satisfy X; > «a.5; at all times 0 <¢ < T.
If we introduce the residual wealth X; = X; — aS;, we can transform the problem of controlling
the downside risk to the original problem by the following simple observation

min Ef[((1+ a)Sr — X7)¥] = min Ef[((1+ o — a)Sr — X7)7], (9)

X¢>a8, x>0

as long as a > 0. Therefore the investor can use his residual wealth to try to deliver (1+a—a)St
at time 7. His remaining wealth a5, should be fully invested in the benchmark, leading to wealth
of aSt at time T. Without loss of generality, we will consider only the case in the (Main Problem).



3 Minimizing Shortfall Risk in a Brownian Model
Suppose that the index evolves according to the stochastic differential equation

under the real physical measure, where p is the drift and o is the volatility of the underlying asset.
The stock dynamics under the risk neutral measure is given by

dS, = Sy(rdt + cdWy). (11)

We assume that g > r. The risk-neutral measure and the original market measure are related by
the Radon-Nikodym derivative

- % = 67%WT*%(M;T)2T = const ST_%. (12)

Z

The process Wt given by Wt = W; + £t is a Brownian motion under P.

In this section we provide solutions to the problem of risk minimization control of the beating
the market strategies.

Proposition 3.1 For 0 < X < (1 + «)So, the optimal control to (Main Problem) is to replicate
an option with the payoff

Xr=(1+a)[Sr— LSy~ Iig,~1), (13)
where a = £ and q = p—il. The constant L is determined by the initial condition
n S s 102 n So T laz
Xo=(1+a)|S® (W) Sy et T (W + (ag + 1)0\/T> ’

(14)
where ®(+) is the standard normal cumulative distribution function and v = o%(aq + 1)? — (aq +
1)(r + 302). The optimal wealth process is

X(t,8) = (1+a) s -

n St r 102 T n St 102 T
S,® (1 (g )Hrtz0) ) _ Sy et <1 CLFT257)T 4 (ag + 1)0\5)],

and the optimal strategy is to invest §; shares in the index S; where

gt = Xs<t7St)' (16)

PRrOOF. We can apply Theorem 2.1 to identify the optimal modified payoff for the claim (1+«a)S7.
The modification is given by
- I(cZ)

=1—-— A1
¢ (1+a)STA’

where c is determined by
E[9(1+a)Sr| = Soe',



with

~ -1
7 = % and I(z) = [dj;(;)] .
In our case , oy
fla) =2 Lt ) =,

where ¢ = p%l > 0. Hence the optimal solution is the strategy that replicates a contract with the
payoft: .
o(1+a)Sr =1+ a)Sr—[(c2)" A (1+a)St].

Now,

dp —a
Z:dTP’:COHSt Sr~ %,

where a = £5* > 0 and

(eZ)" = PSp™

for some constant ¢ > 0. Since ¢;(z) = Y2~ is a convex and decreasing function, there is at
most one point of intersection with function go(x) = (1+«)ax. Let’s call L the point of intersection.
Then (1 + o)L =L~ from which we get ¢ = (1 + )L "1, Therefore the payoff of this claim
can be written as:

. [0, ifSr<L
o(1+)Sr = { (1+a) [Sp — Leat'Sp], if Sp > L.

The constant L is given by:
(:’_TTE |:(1 + a) [ST - Laq+IST_aq} 1{ST>L}:| = So.

The final wealth of the optimal strategy is equal to the modified payoff Xr = qAS(l + a)Sr, and the
wealth process can be computed using standard risk-neutral pricing method

X(t, St) = e_TTE |:(]. + a) [ST — Laq—i-lST—aq] 1{ST>L} |ft:|

= (1+a) T NG

ni ks l0'2'7' n& T l0'2‘1'
&¢C(Nﬂ+2)>—5?%““”@(”L”“”’+wmuwwﬁy

where 7 = T — ¢ and v = 02(ag + 1)? — (ag + 1)(r + $0?). The optimal strategy is the usual
delta-hedge. o

Remark 3.2 The optimal investor would bankrupt the fund in the extreme case when Sp <
L. The more averse investor, the lower is the level L. He would under-perform the market
for Sp < L(1 + é)ﬁ, but he would outperform the market otherwise. This trader would be
increasingly successful as the market goes up, but he would lose some money when the market
declines (St < L(1 + é)ﬁ)7 and it is even possible that he would bankrupt the fund when the
market goes down significantly (S7 < L). Notice that the optimal solution never exceeds the level
(1 + «)St, so that P(X7 > (1 4+ «)St) = 0. See Figure 1 for illustration. As mentioned earlier
in remark 2.2, it is possible to reformulate the problem in such a way that the trader would never
bankrupt the fund, having always at least « fraction of the market.



Figure 1: Payoffs of St (bottom straight line), (1 4+ «)St (top straight line) and a typical optimal
payoff profile (thick black line) as a function of the stock price Sr. The optimal payoff profile is 0

for ST < L, it is below Sz up to the point L(1 + é)ﬁ, otherwise it exceeds the index St.

4 Minimizing Shortfall Risk in a Poisson Model

Suppose that the stock evolves according to the stochastic differential equation

under the real physical measure P, where p is the drift, IV; is the Poisson process with constant
intensity A\, and 0 < § < 1 is the faction of the price after a jump. The solution to (17) is given by

St _ Soe;ttJr)\(lfzs)taNt _ SOeNt ln6+p‘t+)\(176)t. (18)

The stock dynamics under the risk neutral measure is given by

dSy = Sy_[rdt — (1 — 8)(dN; — A*dt)], (19)

where \* = f—¢ + A = A(1 4 v) is the intensity of the Poisson process under P. We assume that
w > r. Consequently, v > 0 and A* > A. The risk neutral measure and the original market measure
are related by the Radon-Nikodym derivative process

Ay
Z,=E [% ‘ft:| — NIl (=Nt _ Ny In(14v)— vt (20)

The solution to the (Main Problem) in the Poisson model is given as follows.

Proposition 4.1 For 0 < z < (1 4 «)Sy, there exists an integer N > 0, and a constant 0 < ¢ <
(14 «)Sy such that the initial condition is satisfied:

N N
z=(14+a)Sy in(T) — cefT Z:UI(CIJ”')Q(T)7 (21)
k=0 k=0

_ _yu=r — 1 g__ 1 AN T (1) — ATt (AT _7_
where v = Niey 4= p_l,ﬂ— r+gA+((1+v)I—1—q)\", zl(t) = - LetT=T—t,
the wealth process of the optimal strategy is

N 0 if Ny > N;
Xt:{v Zf t > ’

q 22
(14 a)S; SN N 2d (7) — eK (1) 87 0P SN Ne g UF) () if N, < N, (22)



where b = qlnlE]l;V) >0, and K(t) = S§edb+AA=0b=2)t ~ O In particular, at final time T, the

optimal wealth is equal to the modified payoff

~ ~ 07 Zf NT > N;
Xr=¢(1+a)Sr = 23
T d)( Ck) T {(1+a)ST—cK(T)S;b, ZfNTSN ( )
The optimal strategy is to invest in ¢, shares of stocks where
X(t,68-) — X(t,S—)  X(t,Ne— +1) — X(t,Ne_) (24)

o= 65 —S;_ n (6 — 1) SpelNe- Ino+ut+A(1=8)t”

Remark 4.2 Since there is one-to-one correspondence between the values of Ny and Sy, the optimal

wealth process can be written as X; = X(t,Nt) = X(t,St). Note Ny < N 1is equivalent to Sy <
SQ@N In 5+;Lt+)\(1—5)t.

PROOF. As computed in proposition 3.1, the optimal final wealth should equal to the modified
payoff

= (,23(1 + Oé)ST
(1 + Oé)ST — (CZT) N (1 + Oé)ST
(1—|—a T—CZ%/\(I-FO[)ST
)0, cZi > (1+ a)Sr
(1+a)Sp —cZt, ¢ZL < (1+a)Sr
Recall
ST _ SO@NT In 6+MT+)\(1—§)T, Zr = eNT ln(l-‘rl/)—)\I/T. (25)
Obviously, Z% is an increasing function of Ny and St is a decreasing function of Np. If ¢ > (1+a)Sy
(or equivalently, cZg > (1 4+ a)Sp), then ¢Z% > (1 + a)Sr always holds and X7 = 0. Since z > 0,
this not the case we are studying. We also have © < (1 + «)Sp. Therefore, X; < (1 + a)Sy and
¢ > 0. For any 0 < ¢ < (14 a)Sp, suppose cZ% < (1+ «)Sr for Ny < N and ¢Z% > (1 + «)Sr

for Ny > N. The optimal wealth process is computed as the conditional expectation of the final
wealth

X; = "TE] XT\]-}

0, if Ny > N;

e "E[(1+ «)St — cZT) 1 np<ny|Fe], if Ny < N.

if Ny > N;

Il
/—’H

=TT 1—|—0£ SE[ N:Inéd+pr+X(1— 6)7’1{N <N— Nt}]
7r7'CZq]E Nrqln(14+v)— qAVTl{NTSN—Nt}L if N, < N.

if N, > N
( +a)S SN Nl (1) — ezfePT SN N (HV)Q(T), if Ny < N.

Since Z! = K(t)S;® where b = —% > 0, and K(t) = ShetbrA1=0b= )t ~ () we get
formula (22). In particular, we can find an integer N > 0, and a constant 0 < ¢ < (1 + «)Sg such



that the initial condition is satisfied:

N N

x= (14 a)Sy sz(T) — cePT Zx,gl+u)q(T).

k=0 k=0
The optimal strategy for the jump is easily computed using Ito’s formula

o X(4,68) — X(t,Si-)
"= 38, — S;_

&

Remark 4.3 The conclusion is similar to the Brownian case. The optimal investor would bankrupt
the fund in the extreme case when Sy < Spel¥ I 0+1t+A(1-0)t " He would under-perform the market

1
for St < (%(T))Hih but he would outperform the market otherwise.

5 Conclusion

We have determined the optimal strategy of a trader who wants to outperform the market and
we have related this problem to option hedging. Beating the market could be viewed as an act
of hedging the option with insufficient initial capital for a perfect hedge. However, the trader can
choose a set of scenarios when he outperforms the market, but at the cost of under-performance
in some other set of scenarios. The paper identifies the optimal choice for the shortfall measure
associated with power loss function. The risk averse investor’s optimal choice is to outperform
the market consistently when the stock is going up, but he might under perform the market when
the market goes down. In the extreme case of market crash he can even bankrupt the fund. It
is straightforward to modify this problem in such a way that the bankruptcy never occurs — the
value of the fund being always greater than a certain fraction of the market.
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