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Abstract

We study the effect of estimated model parameters in investment strategies
on expected log-utility of terminal wealth. The market consists of a riskless
bond and a potentially vast number of risky stocks modelled as geometric Brow-
nian motions. The well-known optimal Merton strategy depends on unknown
parameters and thus cannot be used in practice. We consider the expected util-
ity of several estimated strategies when the number of risky assets gets large. We
suggest strategies which are less affected by estimation errors and demonstrate
their performance in a real data example. Strategies in which the investment
proportions satisfy an Li-constraint are less affected by estimation effects.

KEY WORDS: optimal investment, continuous time, estimation effects, lasso, shrink-
age, vast portfolios

1 Introduction

We consider an investor who seeks to maximise expected logarithmic utility of ter-
minal wealth. We assume the same setup as in |Merton| (1971), i.e. the financial
market consists of a riskless bond and a potentially vast number of risky stocks
modelled as geometric Brownian motions. The optimal strategy in this setup, de-
rived in Merton| (1971), depends on the unknown model parameters, the vector of
drifts and the volatility matrix. To use this optimal strategy, these parameters need
to be estimated.

How does estimation influence the expected utility, in particular if the market
consists of many stocks? We answer this question for various types of investment
strategies.

The present paper contains several new results. First, we give analytic results
for the expected utility of several strategies that use estimated parameters. Second,
we provide new explicit optimal strategies for Li-restricted portfolio optimisation
problems. Third, we analyse the limiting behaviour of the expected utility when the
number of available assets goes to infinity. Fourth, via theoretical considerations,
simulations, and an empirical study, we discuss which strategies are less affected by
estimation errors if a vast number of assets is available.

Parameter uncertainty is a well-known problem in portfolio selection, see e.g.
Merton (1971)); Detemple| (1986 |1991);|Dothan and Feldman| (1986));|Gennotte| (1986).
The problem of parameter uncertainty in the static Markowitz| (1952, 1959) situa-
tion is for example considered by [Bai et al. (2009). It is popular to use a Bayesian
approach in continuous-time portfolio selection, which allows the use of filtering

*Address correspondence to Luitgard A. M. Veraart, London School of Economics, Department
of Mathematics, Houghton Street, London WC2A 2AE, UK, l.veraart@lse.ac.uk



1 INTRODUCTION

methods to account for parameter estimation, see e.g. Karatzas and Zhao| (2001);
Rogers| (2001); |[Rieder and Bauerle| (2005); |Garlappi et al.| (2007). All of the above
references do not consider the effect when the number of stocks d goes to infinity.

In this paper we consider continuous-time portfolio optimisation when the num-
ber of assets gets large/goes to infinity. We assume that the parameters are estimated
on a set of past data and plugged into the various strategies. We do not use any
Bayesian /filtering approach. We consider this problem in a Merton market. To our
knowledge, this has not been discussed in the literature. The effect of letting the
number of available assets tend to infinity has only been studied in the Markowitz
framework (Pesaran and Zaffaroni, 2008)).

Our analysis is based on a simple setup with logarithmic utility function and
constant market coefficients. In this setup, we can show the key points about
estimation effects: they must not be ignored and they can be reduced by using
constrained strategies. There are more general portfolio choice problems with ob-
servable time-dependent stochastic model parameters, see e.g. [Ocone and Karatzas
(1991); Detemple et al.| (2003)). In these more general setups, time-dependent pa-
rameters would have to be estimated instead of mere constants. This should make
the estimation effects even more prominent.

When letting the number d of assets tend to infinity we always consider the fol-
lowing example: The drift of the assets are realisation of independent and identically
distributed random variables. The volatility matrix is such that, conditionally on
those drifts, the log returns of different assets have a fixed constant correlation. In
this setup, the optimal Merton-strategy with known parameters leads to a linearly
increasing expected utility in the number d of available assets (Example .

In our theoretical derivations (Sections , but not in our simulation study
(Section [7]), we assume that the volatility matrix is known. This is reasonable
because volatility is in principle much easier to estimate, particularly, when high-
frequency data are available.

We assume that the mean returns are unknown. It is well-known that estimating
the expected return is a very difficult task. As (Merton| 1980, p. 4) said: “...one
might say that to attempt to estimate the expected return on the market is to
embark on a fool’s errand.” For the expected return, sampling at higher frequencies
does not improve the estimates. Instead, a very long time horizon is needed for
an accurate estimation, see e.g. Merton| (1980); Rogers| (2001). Still, the expected
return is one of the main input parameters in our and almost all portfolio selection
models, and therefore we have to tackle this problem.

We begin our study of the effect of estimation on expected utility in Section [3] by
considering the optimal Merton strategy with a plug-in estimator of the expected
return. Our analytic results show that this plug-in estimator has a detrimental
effect: when we send the number of stocks d to infinity then the expected utility
goes to —oo in realistic cases.

In Section {4} we investigate whether this can be prevented by improving the
strategy through James-Stein type shrinkage (Stein, 1956} |[James and Stein, 1961)).
This shrinkage improves an estimator for a multivariate quantity by shrinking it
towards a specific target, resulting in a biased estimator with smaller mean square
error. This can be interpreted as an empirical Bayes approach (Efron and Morris,
1975). The use of James-Stein-type estimators for the mean return and/or the
covariance matrix has been advocated by e.g. |Jorion| (1986); Gruber| (1998)); Ledoit
and Wolf (2004)); |Golosnoy and Okhrin, (2009).

We apply James-Stein type shrinkage directly to the strategy rather than the
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drift or the volatility. To do this one has to pick a strategy one is shrinking towards.
When shrinking towards the optimal strategy, the James-Stein strategy is (almost)
as good as the optimal strategy - except for a fixed penalty not depending on the
number d of available stocks, see . In practice, when the optimal strategy is
unknown, one has a linear loss of expected utility as the number d of available stocks
goes to infinity, see .

Next, in Sections[b|and [6] we investigate whether restricting the set of investment
strategies suitably improves the situation. Generally, restricting the set of strate-
gies cannot lead to higher expected utility if the parameters are known. If those
have to be estimated, however, it will turn out that restricting the set of strategies
can improve the expected utility since the resulting strategies are less affected by
estimation errors and more robust.

In the Markowitz portfolio selection model, |Jagannathan and Ma/ (2003]) show
that restricting the strategies by a no-short-selling constraint improves the portfolio
performance. The no-short-selling constraint is a special case of an Lj-constraint on
the portfolio weights, i.e. the sum of the absolute values of the proportions of wealth
invested in the risky assets is required to be bounded above by a predetermined con-
stant. [Fan et al.| (2009) and |Brodie et al.| (2009) consider such a general L;-constraint
in the Markowitz framework. They find that the no-short-selling portfolio is usu-
ally too restrictive and can be improved by allowing some short-positions such that
the sum of the absolute value of the portfolio weights still stays below a previously
fixed level. The advantage of the Li-constraint is that it induces sparsity into the
portfolio, i.e. it does not invest in all assets. This is reasonable when the number of
assets gets large, particularly in the presence of transaction costs and market fric-
tions. Compared to optimal subset selection, which is an (NP-) hard problem, there
are computational benefits in using an Li-constraint, as efficient algorithms to solve
Li-constrained optimisation problems have been developed (Efron et al., [2004). In
addition to sparsity, an Li-constraint avoids the accumulation of estimation errors
(Fan et al., [2009). There is empirical evidence that these L;-constrained strategies
even outperform an evenly balanced portfolio which is very rarely the case for a
strategy obtained from solving an optimisation model (DeMiguel et al., 2007). None
of the above papers consider the expected utility as d — oo, nor do they work in a
Merton setup.

In Section [5] we investigate the effect of an Li-constraint in the Merton context.
A major advantage of an Li-constraint is, as we will show, that the expected utility
is bounded from below as d — oc.

We also provide analytic results for the optimal strategies with Li-constraint and
known parameters for a specific volatility matrix (Theorem m Corollary . We
see that the Li-constrained strategies are sparse, i.e. do not invest in all the assets.

We study how quickly this optimal strategy diversifies when plug-in estimators
for the expected return are used. By using results from extreme value statistics,
we obtain analytic results for d — oo (Theorems . We find that the diver-
sification is very slow, i.e. the strategy invests only in few assets. This makes the
resulting strategy less robust against changes in the market.

In Section |§|, we consider two further L;-constrained strategies: the 1/d-strategy,
that invests an equal amount in all available stocks, and a modification of the 1/d-
strategy, that only invests in the stocks with the most extreme returns. We call this
strategy EWE-strategy (Equal Weighting of Extreme stocks). Essentially, the EWE-
strategy is designed to have a higher return than the 1/d-strategy whilst retaining its
diversification and robustness properties. We find that the EWE-strategy performs
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particularly well in our simulations as well as in the application to real data.

The theoretical as well as the out-of-sample utility of the strategies in examples
are illustrated in Section [l Section [§] contains a discussion and Section [9] contains
conclusions. Proofs can be found in the appendix.

2 Model Definition and Classical Solution

2.1 The Financial Market and the Investor’s Objective

We are working in a market with d + 1 assets, one bond and d stocks. We assume
the standard log-Gaussian dynamics

dSO(t) = So(t)Tdt, S()(O) = 1,

d
dSi(t) = Si(t) | pedt + > oydWi(t) |, Si(0) >0, i=1,....,d,

i=1
where 7 > 0 is the constant interest rate, W = (W1, ..., W,) " is a standard d-variate
Brownian motion, p = (1, .., q) " is the constant drift and o = (0ij)1<i,j<d is the

constant d x d-volatility matrix. We assume that o is of full rank. Explicitly,

d d
1
S;i(t) = S;(0) exp ui—5203j t+Zaijo(t) , 1=1,...,d.
J=1 Jj=1

We assume that in this market an investor seeks to maximise
V(m|p) := Ellog(Xr)],

where T > 0 is some fixed time, X; denotes their wealth at time ¢, which satisfies

d S, (t
dX, = ;m(t) X, Si((t ))

and 7;(t) denotes the fraction of the wealth invested in the ith asset at time ¢. Hence,
Zg:o mi(t) = 1 for all ¢. We assume that Xy is a constant. We use the notation
V(m|p) to emphasize that we will later allow the true p to be random and that we
will consider the above model conditionally on u.

2.2 The Merton Solution

Next, we briefly derive the classical Merton| (1971)) strategy which is optimal among
all strategies 7 that are adapted to the filtration F; = (W (s),s < t),t > 0 and that
are sufficiently integrable such that their stochastic integrals with respect to W are
martingales. Using mo(t) =1 — Z?Zl m;(t) and setting ™ = (71,...,mg)" we get

dXy

S (r+ 7T 1)) dt+ 7T (DodW (),

where 1 = (1,...,1)" € R% Hence,

Xr = Xoexp (/OT (r T () (= 1) — ;ﬂ(t)TEW(t)> dt + /OT 7r(t)adW(t)> ,
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where ¥ = oo ". Therefore, the expected log-utility is

T
1
V(r|p) = Ellog(Xr)] = log(Xo) +rT + E [/ (W(t)T(u —rl) — QW(t)TZﬂ'(t)> dt} .
0
Hence the optimal 7 is constant in time. For any time-constant strategy .,
1
(2.1) V(m|p) = log(Xo) +rT +TE |:7TT(,U, —rl) — 27TTE7T:| .

The term in brackets can be written as —3 o 7 —o =1 (u—r1)||3+c, where ¢ does not
depend on 7 and || - ||2 is the Euclidean norm. Thus obtaining the optimal strategy
requires the solution of a classic quadratic optimisation problem. If there are no
constraints on 7 then the optimal strategy is

(2.2) 7 =" —rl).

The corresponding expected utility is

(2.3) V(r*|a) =108(Xo) + 1T+ o [( — r1) TS — 1))

2.3 Expected Utility as d - o

In the following example, we consider the effect of increasing the number of assets
on the expected utility. We assume that all model parameters are known and that
the covariance matrix has a very simple structure. Particularly, we assume that all
stocks have the same volatility and all pairs of stocks have the same correlation.

In the example we let p be random and consider the model described in Sections
[2:2] conditionally on p. We denote the utility obtained by integrating over p by

V(m) = E(V (7|p)).

Letting p be random allows us to easily specify properties of  as d — oco. V() can
be interpreted as average behaviour of the strategy over several different “truths”.

Example 2.1 (Utility of the Merton strategy as d — co).

Suppose ¥ = n? [(1 — p)I + pllT], for some 1% > 0, 0 < p < 1, where I € R4 is
the identity matrix and 1 = (1,...,1)" € R% Furthermore, suppose that i1, .., jq
are i.i.d. with E(u?) < co. Then, as we show in Appendix

(1+ p(d = 2))Var[m] + (1 — p) (B — 1)°
22(1— p)(L + pld— 1)) |

(2.4)  V(r*) =log(Xo) +rT +Td

Hence, if p > 0,

(x* drti—s Var(u1) + o(d), if Var(u) > 0,
e =
log(Xo) + T + "= 4 o(1), if Var(u) =0,

where o(d) and o(1) are meant as d — oo. Thus V(7*) is linearly increasing in d
unless Var(u;) = 0. The latter case, when all stocks have the same non-random
return, is obviously not very realistic.

If p =0 then V(7*) = log(Xo) +rT + % [Var(p1) + [Epq — 7]?] and hence,

o [ (Var(u) + [y — ) + o(d), P #7) >0,
V(r*) = 2n
log(Xo) + 7T, else.

Thus, unless all stocks have the same return as the risk-free bond, the utility will
increase linearly with d.
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Remark 2.2. How does the utility V' (7*) depend on the correlation p in the previous
example? One can show that a@pV(w*)|p:0 = %d(l —d)[Epg —7]? < 0 for d > 1.
Furthermore, %V(ﬂ'*) has two roots. One that is clearly negative for large d, and
the other one is

~[Epr — 1] = Var(u) + y/Var(u)® + B — r/*Var(u) d
(d—2) Var(p1) — [Epg — r)? '

For large d this is between 0 and 1. Hence, for large d, V(7*) is initially decreasing
in p and increasing afterwards.

We have seen in the example that when parameters are known and not all the
stocks have the same return, the expected utility is a linearly increasing function in
the number of stocks. We will see in the next section that this is no longer the case
when parameters have to be estimated.

3 Plug-in Merton Strategy

3.1 General Plug-in Strategies

In general the drift parameter p and the volatility matrix ¢ will be unknown and
need to be estimated from empirical data. In this section we consider the case where
o is known but p is unknown and an estimator [i is plugged into the optimal strategy
7%, i.e. we consider the strategy @ = X7 (j — r1).

If & ~ N(mqg, V@), for some my € R% and V2 € R¥*? then the expected utility is

1
V(#|p) =log(Xo) + rT + TE[# " (1 —71) — ifrTZfr]
1
=log(Xo) +rT+T (mg(,u —rl)— §[tr(ZV02) + mJEmd) ,

where tr denotes the trace operator. If, in addition, 7 is unbiased for the optimal
strategy, i.e. mg = X~!(u — r1) then, using (2.3)),

V() = V) - 5 tr(EV).

Suppose we have observed the value S of the stocks over some past time interval
[—test, 0] for some tes > 0. Then for i =1,...,d,

_ 1og(5,(0)) — log(Si(~tewt)) |, 1 Zd:0'2
2

(3.1) fLi
test

is an unbiased estimator of p;. For this estimator, V02 =y-1 /test. Thus in this case

T
Qtest‘

(3.2) V(#lp) = V(n*|p) —d

Thus the loss through estimation is linear in the number of available assets. More-
over, it is increasing linearly in the time horizon and decreasing in the length of the
estimation period teg:.
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Remark 3.1. Can we do better if we update the estimator at each time point?
Consider the the time-dependent plug-in strategy #(t) = X~!(i(t) — r1) with

2

1

_ log(S;(t)) — log(Si(—test)) n

1
t+ test 2

d
fi(t)

J

The expected utility of this strategy can be shown to be

VGO = Vi - gios (14 ).

Comparing this to , we see that the loss through estimation is still linear in d
— only the constant changes. The continuous updating of the estimator will lead
to appreciable improvements only if the length T of the investment period is large
compared to the length .4 of the initial estimation period.

3.2 Expected Utility of Plug-in Strategy as d — oo

Example 3.2. What happens to V(7)) as d — oo? Consider the same setup as in
Example with p > 0. Suppose we use the estimator in (3.1)). Then

V(r) =E(V(7t|p) = E(V(7"[n)) —

Td T<Var(,u1) 1 >+O(d)

2 est N 2 7]2(1 - ,0) a test
2
\V n*(1—p)
{7 ar(un) > 25,y (d— 00).
—o0, Var(u) < -

In particular if all stocks are the same (Var(u;) = 0) then the limiting utility is
—00.

Since we assume a special structure of 3 and , the covariance matrix of the
estimator [ is

n(L=p),  mp
test test

Y /test = 17

Hence, the limiting behaviour of V(7) depends on how Var(u;) relates to the id-
2(1_

iosyncratic part of Var(jy) (which is %) In practice, we would usually expect

the variance of p; to be smaller than the idiosyncratic part of the variance of [y,

)

201
ie. Var(uy) < %, in which case the expected utility goes to —oo.

4 James-Stein-type Shrinkage of the Strategy

In this section, we consider James-Stein-type (JS) shrinkage of the Merton plug-
in strategy towards some given fixed strategy m’. More precisely, we consider the

strategy
a

A= (1 (A= mO)TS(7 — WO)) =)+

where # = X7z — r1) and 7° € R% a > 0 are fixed constants.
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4.1 JS-Strategy

The following theorem is the transformation of the classical result about the loss of
the James-Stein estimator (James and Stein, [1961) to our situation.

Theorem 4.1. If i ~ N(p,X/test) then

~JS 0 ~ T d - 2 test
) = P bR | [
VSTl = ViE) + ga [29-2 — o] B 5]
where K ~ Poisson()\), A = (1% — 79 TS(x* — 79)/2 and # is the Merton plug-in
strategy. V(7757 |) is mazimised for a = (d — 2) /test, giving
T (d—2)? 1
(d-2)°", { ] '

41 LTS N 1 4
(4.1 VES ) = V) + 5 E |

A proof can be found in Appendix [C]
The above theorem shows that the James-Stein strategy strictly dominates the
Merton plug-in strategy 7 for 0 < a < 2(d — 2) /test-
If A =0, i.e. one is shrinking towards the optimal strategy «*, then using the
optimal a = (d — 2)/test and the estimator given in we get
T(d - 2) T

(4.2) V(@S ) = V(#|p) + i = V) -

test

Thus, if one is shrinking towards the optimal strategy then the James-Stein strategy
is (almost) as good as the optimal strategy - except for a fixed penalty that does
not depend on the number d of available stocks.

Remark 4.2. The classical James-Stein estimator can also be interpreted as an
empirical Bayes approach, see Efron and Morris| (1975). In our context, the empirical
Bayes approach would be as follows. We would assume a normal prior on 7* with
expectation 0. The prior variance of 7* would be estimated using the observed #
(this is the empirical Bayes part). Then the posterior mean of 7* will coincide with
the JS estimator #757" .

4.2 Expected Utility of JS-Strategy as d — ~

In the following, we consider the far more realistic case of not shrinking towards the
correct strategy. We use the optimal a and shrink towards 7° = gl for some 3 € R.
We assume that puq,...,pug are ii.d. normally distributed with P(u; # r) > 0 and
Var(p) < oo and that ¥ = n? [(1 — p)I + p117].

By Lemma C.1} E | 75bor | = E(E | 75borA]) = E [ 75| + O(%). Then,

A= %(W* — T8 —a0) = %(,u, —r1) 'S (= r1) + o(d)

almost surely, because (7°) " 27* = (70T (u — r1) = %Z(Ll(m —r) = fE(u —r)
almost surely and (7°)T 270 = g—jn2[d(1 —p) + pd?] = O(1). Using Lemma and
the strong law of large numbers,

2
A :d;nml_p) (;(u—mﬂ(u—m) - 1_Zd+pd <6111T(,u—7“1)> ) + o(d)

1
:§Qfd —+ O(d),
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where o = mVar(ul). By the bounded convergence theorem (for d > 3: d/(d—
2+2)) <d/(d—2)<3),

d—;HM]‘Eh1+mz+d@}‘Ehrw$+mn}%1ia'

|

Hence, the difference between the expected utility of the James-Stein strategy and
the plug-in Merton strategy is

92
V(#IS™) — V(7)) = B(V(#757 |n)) — E(V (7|p)) = m

T
~ S gt

+ o(d)

We see that the expected utility from the plug-in Merton strategy can be increased
linearly in the number d of stocks through James-Stein shrinkage. The gain due to
the James-Stein strategy compared to the plug-in strategy is increasing in the time
horizon and decreasing in the length of the estimation interval t.q.

Next, we consider the difference between the expected utility of a James-Stein
strategy and the expected utility of an informed investor that uses the optimal

strategy. Using (3.2)),

V(775 — v (a*) = E(V (7757 |n)) — E(V (7*|))

1 Td
(4.3) ( 1+ a) 3.y T o)
a Td Var(p1) Td
- _ d) = — d).
14 a2test +old) (1 = p) + Var(ur) 2tes +old)

Comparing this to , we see that the loss in expected utility due to using the
James-Stein strategy rather than the optimal strategy is 1_%1 times smaller than the
loss due to using the plug-in strategy rather than the optimal stratey.

How well does the James-Stein strategy perform in absolute terms? If p > 0 and

Var(pi) > 0, combining (4.3) with Example gives

~JS 0\ _ ﬁ_JSJI’O _ Z VCL’I“(,UQ) . Var(lul) 0
VETT) =EVEDT W) = dg (nm—p) <n2<1—p>+Var<u1>>test)+ @)

T 1
=d———Var(p) | 1 - + o(d).
271 =) (1+ 20 e

In particular, if tes¢ > 1 then V(ﬁJS’”O) — 00, i.e. the James-Stein strategy does not
only perform better than the plug-in Merton strategy but the expected utility even
converges to 400 as in the situation when the parameters are known.

If p=0and P(u; # r) > 0 then

1
(1 + w%(ﬁul)) test

V) = s $ VarGu) (1 - (B — ) b+ ofd).

~ JS,m0

Again tes > 1 is sufficient for V(7 ) — oc.
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5 Li-restricted Strategy — Lasso

In this section we consider the effect of bounding the Li-norm of the investment
weights in the stocks. More precisely, we suppose that 7 satisfies ||7||; = Zf-l:l |7t:] <
¢ for a constant ¢ > 0. This bound does not include a bound on the investment in
the risk-free asset. In a regression context this kind of constrained optimisation is
called ’lasso’ (Tibshirani, (1996).

The expected utility with this bound is

1
V(#t|u) =log(Xo) +rT +TE [fﬁ(u —r1) =5 ATZ%]

2
>log(Xo) +7T —TE {cmax \pi — | + CZmaX|Eij|} ‘
g i,J

Therefore, if max; |p; — r| and max; ; |¥;;| are bounded then the utility of an L;-
restricted strategy cannot deteriorate to —oo as d — oo.

Remark 5.1. [Tibshirani (1996, Section 5) showed that Lasso estimates can be
understood as Bayes posterior mode under independent double exponential priors for
the unknown parameters in the linear model (assuming diagonal covariance matrix).

In the following we first clarify the structure of the optimal Li-constrained in-
vestment strategies for known parameters and a specific covariance matrix X. After
that we analyse the effect of plugging estimators of the drift p into this strategy.
Particularly, we are interested in how the strategy diversifies as the number of assets
gets large.

5.1 The Optimal Strategy with Known Drift

We consider the optimisation problem for a special structure of the covariance ma-
trix, i.e. we assume ¥ = oo' = n%(pll" + (1 — p)I) for constants n > 0 and
1> p > 0. As we have remarked after maximising V' (7|p) is equivalent to
minimsing || "7 — ¢! (x — r1)||2 which will be used in the following theorem.

Theorem 5.2. Suppose ¥ = oo ' = n?(pl1" +(1—p)I). Consider the optimisation
problem

(5.1) {\UTW—U_l(u—rl)H% — min

Il < ¢

The unconstrained solution is
1
e = (v —L 11T (u—
. 1) (w-r1)),
772(1—0)< L—p+pd
which is a solution to the constrained optimisation problem if |7t < e
Otherwise, the unique solution to is

m(m’—r—fﬁ)a if pi —r > at,
A ), < an

n
0, otherwise,

where a™ > a~ are solutions to the equations

at +a” =201 *, |7t =c

Such a™ and a~ always exist and are unique.

10
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A proof for this theorem is given in Appendix The main use of the above
theorem is the clarification of the structure of the solution. If p = 0 then a™ = —a~
and we get the following simpler solution. In a regression context this simpler
solution has been mentioned in (Tibshirani, 1996, Section 2.2).

Corollary 5.3. Suppose ¥ = n*I and p € R with |y —r| > [po—7| > ... > |pg—7].
Then ©t = L (u —r1) is a solution to if |7f|l1 < ¢. Otherwise, the unique
solution to is

*

1
= el =)l —rl = a), o senlue =) (s =7l = a), 0, 0)T,

where sgn is the sign function,

l
. 1
k:mln{le{lv'-'vd}:cg 77QZ(|MZ'_T|_|:UI+1_T|)}7
i=1

a=g |nc— Yoy i — 7‘\} and jgr = 7.

5.2 Optimal Strategy with Estimated Drift

We now analyse the optimal Li-constrained strategy with plug-in estimator i of
the drift vector u, that is we plug [ into . In particular, we determine the
probability of investing in a fixed number of stocks when the number of stocks d
in the market goes to infinity. We find that the optimal strategy does not diversify
quickly.

We consider the independence case ¥ = n?[ first. In this case we can get some
explicit results using results from extreme value theory.

Assume that ui, ..., uq are i.i.d. normally distributed and that conditionally on
those, each p; can be estimated by an independent normally distributed estimator
f;. Thus, fi1,..., fig are independent and identically distributed.

Theorem 5.4. Suppose ¥ = n?I and suppose we use the Li-constrained optimal
strategy with plug-in estimators ji; for p;, where fi1,..., g are independent and
identically normally distributed. We wuse the threshold ¢ = acg, where cq > 0
are norming constants specified in Theorem for a folded mormal distribution
FN(E(fi1 —r),Var(fi1)). Then

#limr 20 5 K+1 (d— o00),

where 5 denotes convergence in distribution and K is a Poisson distribution with
expected value an?.

Figure [1| contains some plots of the constants cg.

One of the main ideas for the proof of Theorem provided in Appendix [E] is
that the random variables Z; := |f1; — r|, i = 1,...,d are i.i.d. and follow a folded
normal distribution. By Corollary the number of stocks one invests in depends
on the spacings of the upper order statistics of Z; which can be analysed via extreme
value theory. The norming constants are the scaling constants for extreme values of
a folded normal distribution, see Theorem

Motivated by the above result, we compare, crudely via their means, the ap-
proximation #{i : 7} # 0} ~ K + 1, where K is a Poisson(n?c/cy) distribution, to

11



5.2  Unknown Drift 5 Li1-RESTRICTED STRATEGY — LASSO
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Figure 1: Plot of the constants ¢4 in Theorem see also Theorem

—— True value -z
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d

Figure 2: Mean number of stocks the Li-strategy is investing in when p =0, n =1,
{1, ..., ftg ~ N(0.5,1) and ¢ = 2. The Poisson approximation is the mean of K + 1
where K ~ Poisson(n?c/cq). The true value was obtained through simulations.
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6 OTHER RESTRICTED STRATEGIES

simulation results in Figure [2l The approximation seems to be good. Furthermore,
we see that diversification happens very slowly in the Li-constrained situation.

For ¥ = n?((1 — p)I + p117) with p > 0 the following theorem gives bounds on
the number of stocks one invests in as d — oo.

Theorem 5.5. Suppose ¥ = n((1 — p)I + pl1") with p > 0 and suppose we
use the Li-constrained optimal strategy with plug-in estimators fi; for p;, where
(11, f0q) T ~ N(E1,8/test) for some € € R. If we choose the threshold ¢ =
a(21og(d))~Y2 then for even k,

Tim P(#{i - m} # 0} > k) <2P(K > k/2+ 1),

where K is a Poisson distribution with expected value an/1 — py/test-

Again, using the resulting Poisson approximation, one can see that the diversi-
fication happens only slowly.

6 Other Restricted Strategies

6.1 Ly-restricted Strategies

Consider funds that are restricted to invest in certain sectors and/or certain coun-
tries. This means that these funds use strategies that only invest in a fixed finite
number of stocks. After renumbering the stocks this means that 7; = 0 for j > k,
where k € N is some fixed constant. Then, if one uses the resulting Merton-strategy
with plug-in estimators based on only these k stocks one does not suffer from the
deterioration of performance as d — co.

6.2 Lo-restricted Strategies

Imposing an Ls restriction on its own does not guarantee that the expected utility
does not degenerate to —oo as d — co. Indeed, consider ¥ = (1 — p)I + p11" and
pw—rl = &1 for some p # 0 and some & # 0. The strategy m = ﬁl satisfies the

Lo-restriction ||7||2 < ¢, but has an expected utility that degenerates to —oo for
d — oo. Indeed, 7'%7 = (1 — p)® + pc?d and 77 (u — r1) = c€v/d. Thus the
corresponding expected utility converges to —oo as d — oo.

6.3 The 1/d-Strategy
Consider the strategy that invests the same amount into all stocks, i.e. 7%/4 = 1

for some a, > 0. Assuming that pq, ..., uq are i.i.d., as d — oo,

T
(6.1)  V(x™/?) =E(V(x*/|n)) — log(Xo) + rT + Ta.Elus — ] - 577261*2&

No degeneration occurs.

6.4 Equal Weighting of the most Extreme stocks (EWE)

In this section we suggest a strategy that improves upon the 1/d-strategy by invest-
ing in the stocks that have the most extreme variance-adjusted returns. As it turns
out, we will get potentially a better mean log-return, without a higher variance of
the return. In this section we will assume that 3 is known.

13



7 SOME EXAMPLES

Consider the strategy

TEWE — & on(ag, )16 < Bd), i=1,....d,
7 Bd T
where a; = ﬂg_r, ax > 0 and € (0,1) are constants, and k; are such that |ag, | >

|Gk, | > -+ > ]lékd|. As this strategy uses an Equal Weighting of the most Extreme
stocks, we call it the EWE-strategy.

Remark 6.1. This strategy can be seen as satisfying an L, restriction for all 0 <
p < oo, namely ||[7EWE|| ) < o, (8d)/P~! for 0 < p < oo and ||7FWE|| < Bd.

Theorem 6.2. Suppose ¥ =n* [(1— p)I + pllT]. Then

Tn?a?

(6.2) V(xE"E|u) >log(Xo) + rT + TE[(1n — 1) 7 EWE] 254

[1+p(Bd —1)].

Furthermore, suppose that p1, ..., ug are i.i.d. and that, conditionally on p1, ..., 4,
the estimator satisfies fi ~ N (i, iZ) This implies that fi; ~ N(pa + pi, ﬁ(l -

telstp772) and His-oos Hd-

p)n?),i = 1,...,d are i.i.d. conditionally on u* ~ N(u¥,
Then

(6.3)
T
lim V(nZ"P) = Jim E(V (mPWE| 1)) > log(Xo) +rT — =na.’p
—00

d—o00 2

Oy R ~
+ TWE[P(CM > |y, pa)(pn — ) —Plar < —clp, pa)(p — 7)),

where ¢ is such that P(|a1| > c|pa) = B.

A proof is given in Appendix [F]

Comparing 1} and 1) one sees that the variance penalty of strategies, %az 1)
for the 1/d-strategy is not larger than the variance penalty for the EWE-strategy.
Furthermore, the EWE-strategy is superior to the 1/d-strategy in the limit if

9(B) = BE[P(a1 > c|pr, pra)(ps — 7) — Plar < —c|pn, pa)(ps — r)] — Elps — 1] > 0,

which essentially is the difference between the mean log-returns of the two strategies.
Some simulation based evaluations of the previous expression can be seen in Figure
We used the following simple setup: j; ~ N (po,.052), n?/tiest = 0.12. The EWE
strategy is superior in many situations. Especially, if 3, the proportion of stocks one
is investing in, is small.

7 Some Examples

In this section, we investigate the performance of the various trading strategies by
looking at their theoretical performance in a specific setup (Section and by
looking at their real life performance in an out-of-sample test (Section .

Both will be based on a data set which consists of daily returns of 373 stocks that
where part of the S&P 500 index on the 1st of January 2006 and had daily returns
for all trading days between 2001 and 2008. This choice might lead to some selection
bias as we are choosing companies which existed for several years and survived the
financial crisis in 2008. The out-of-sample results in Section might therefore be
slightly optimistic.

14



7.1 Theoretical Utility - Simulation Study 7 SOME EXAMPLES
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Figure 3: Comparison of the EWE-strategy with the 1/d-strategy. Plot of g(3)
against 5. If () > 0 then the EWE-strategy is superior.

Throughout this section we assume Xg = 1. There were n = 2011 trading days
in these 8 years. We assume a yearly interest rate of r = 0.02.

We will investigate how the strategies perform as the number d of stocks varies.
For this we use a specific random ordering of the stocks and will allow the strategies
to invest in the first d stocks of this ordering.

Based on the observed stock prices at the time points 0, A,2A, ..., (n—1)A, we
use the following unbiased estimators of y and X:

1 - 1 ~
~data __ - o data
/’L - Af + 2 dla‘g(z )7
(7.1)

1=

o

for p,v =1,...,d, where R, (i) = log (%), éu =L Z?:_OQ R, (7).

7.1 Theoretical Utility - Simulation Study

In this subsection, we consider the theoretical performance of the strategies men-
tioned in the previous sections. For strategies for which we do not have explicit
formulas for the expected utilities (e.g. for unknown ), we will use simulation to
compute their expected utility.

We use the data described above to define the model we will simulate from. We
set the true return vector to p = 192 and we let the covariance matrix ¥ be given
by ¥ = &2(%11T + %I), where 6% = %Z‘ij:l f]?fta. A similar analysis, not reported
here, for & = 62 and ¥ = 394t Jead to similar results.

All of the following is conditional on these choices of p and 3. In particular, the
S&P 500 data set will not be used any further in this subsection and, in contrast to
some of the examples in previous sections, u will not be random.

We consider up to three degrees of information about the model parameters that
the strategy 7 can use:

e 11, known,
e 3 known, p has to be estimated and

e both p, 3 have to be estimated.
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7.1 Theoretical Utility - Simulation Study 7 SOME EXAMPLES
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Figure 4: Comparison of the expected utility of several strategies. The first row
contains Merton strategies (Section , the second row James-Stein type strategies
(Section , the third row Lj-restricted strategies (Sections @

Figure 4| shows the expected utility V' (7|n) when using roughly 7" = 1 year as invest-
ment period. In the first two information scenarios, we have used our explicit results
for the expected utility V (r|p) for the Merton strategy with known parameters (2.3),
the plug-in Merton and the James-Stein strategy . For the 1/d-strategy, an
explicit formula can be obtained by using . For other strategies 7, we simulate
n=>504, 1008, or 2016 past observations spaced one trading day apart (corresponding
to 2, 4 or 8 years) and estimate the parameters p and ¥ analogously to the esti-
mation in ([7.1). We repeat this 1000 times and based on the estimated parameters
obtain estimated strategies 7(1), ... 7(1090)  We then approximate V (r|u) in
by the Monte-Carlo estimate

1000

1 . 1 . )
e N (1 — 1) — = (2O T (0
1og(X0)+rT+T1000;[(w ) (p=r1) = ()T

The first row of Figure [4] compares the expected utility for the Merton strategy
with and without plug-in estimators. If both p and 3 are known then the expected
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7.2  Out-of-Sample Performance 7 SOME EXAMPLES

utility is increasing roughly linearly in the number of stocks. This illustrates the
theoretical results from Section 2l When p has to be estimated then, consistently
with the theoretical results of Section [3] the expected utility is decreasing linearly
in the number of assets. Having to estimate > in addition to u makes the situation
even worse. The loss in utility is now non-linear. Furthermore, we see that having an
increased sample size for estimation improves the estimated strategies. Consistently
with , the loss in expected utility through the estimation of p alone is halved
when the observation period is doubled.

The second row of Figure 4| shows the expected utility for different James-Stein-
type strategies. The best overall performance is obtained by using a James-Stein
estimator that shrinks towards the optimal strategy, i.e. 70 = 7*. Compared to the
optimal utility of the Merton strategy with known parameters in the first row, only
very little utility is lost. Obviously, in practice this strategy cannot be used, since
the true parameter is unknown. The expected utility of a James-Stein estimator
which shrinks towards 7% = 0 € R? performs less well than if one shrinks towards
the optimal strategy. A James-Stein estimator does improve the performance of the
portfolio significantly when compared to the Merton plug-in strategies. When we
have to estimate the covariance matrix ¥ for the shrinkage, then the expected utility
is decreasing very rapidly in the number of stocks.

Finally, the last row of Figure 4] compares different strategies that all respect
the Lj-constraint ||7||; < 1: the optimal Lq-restricted strategy (with combinations
of known/estimated parameters), the equally weighted portfolio, the EWE-strategy
described in Section (with 5 = 0.1 and o, = 1) and the equally weighted
portfolio (1/d-strategy). The best performance can be achieved by using an L;-
constraint when the parameters are known. In this situation the optimal portfolio
only contains a very small number of stocks. The expected utility therefore only
changes if a new asset becomes available which has a much better expected return
and volatility than those which were previously available. That is why we observe
a step-function type of behaviour. If the parameters p and X have to be estimated
in the Li-constraint case the expected utility is obviously worse than in the case
with known parameters. The expected utility stays positive in the majority of
situations which was not the case in the plug-in-Merton case or the JS-case when
both parameters had to be estimated. The difference between having to estimate X
or not is marginal in the L;-constrained case. The 1/d-strategy has a very stable
performance. It outperforms the Li-constrained portfolio and the EWE-strategy
when parameters have to be estimated and the number of available stocks is very
small. Otherwise, the 1/d-strategy is strictly dominated by the other L;-restricted
strategies. The EWE-strategy performs well and guarantees a stable performance.

As the sample size n increases, the performance of the estimated optimal Li-
constrained strategy approaches the performance of the optimal Li-constrained
strategy with known parameters. Furthermore, the expected utility of the EWE-
strategy improves. The 1/d-strategy and the Li-strategy with known parameters
do not use any estimated parameters and thus their performance is not affected by
n.

7.2 Out-of-Sample Performance

Based on the 8 years of S&P 500 data, we now consider the out-of-sample perfor-
mance of the strategies. We estimated the covariance matrix and the mean returns
on data from 4 years and run the investment strategy for the following year.
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7.2  Out-of-Sample Performance 7 SOME EXAMPLES
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Figure 5: Out-of-sample performance for several strategies. Note the different scale
for the utility for the Li-constrained strategies in the first row and the Merton and
the James-Stein strategy in the second row. In the latter case the observed utility
can be —oo.

As the Merton model is a continuous time model we need to approximate it by
trading in discrete time. We do this by trading once per trading day. The discrete
trading may lead to negative wealth at a time point ¢, in which case we set the
utility log(X7) to —oo. As discussed in [Rogers (2001)), to avoid going bankrupt, the
investor trading at discrete time steps has to restrict the investment proportions 7
to be nonnegative and to satisfy Zle m; < 1. Then the loss due to discrete time
trading is small.

Results can be seen in Figure |5 where the number d of available stocks is plotted
against the utility log(S7) with T' being one year.

The plug-in Merton strategy performs badly in all years, being equal to —oo very
quickly as d increases. The James-Stein strategy (which uses 7 = 0) shows results
with a very high volatility, and shows a utility of —oo in 2007 and 2008 for large d.

The Li-optimal strategy with plug-in-estimators has a large volatility. A good
performance in 2007 is destroyed by the extremely poor performance in 2008. This
volatile behaviour is due to the slow diversification of the Li-strategy.

The EWE-strategy and the 1/d-strategy are not very much affected by the num-
ber of available stocks. Overall, the EWE-strategy performs best, narrowly beating
the 1/d-strategy. This is particularly evident in 2008, the year of a financial crisis.

This is no contradiction to the results for the theoretical expected utility in
Section [7.1] where the optimal L;-restricted strategy with estimated parameters was
doing best. In this subsection, we consider a real-data situation. Several assumptions
of the theoretical model will be violated. In particular, the assumption that p and
> are constant over time probably not be true and will have a heavy impact when,
as in the last column of Figure [5 pre-crisis data (2004-2007) are used to trade in
the crisis year 2008. Not surprisingly, the strategies that do best (1/d-strategy,
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8 DISCUSSION

EWE-strategy) are the ones that are least dependent on the estimates.

8 Discussion

The Li-constrained portfolio selection problem is an example of an optimal invest-
ment problem with convex constraints on the investment strategies. Such problems
were analysed by (Cvitanic and Karatzas (1992)) using duality methods. In princi-
ple, one could use their approach as well to tackle the Lj-constraint situation and
consider general existence results. Since we find that the primal formulation already
allows the derivation of analytic formulae for the optimal strategies we prefer the
direct approach here.

In the unconstrained Merton portfolio optimisation problem with logarithmic
utility the optimal investment strategy is given by X ~!(u — r1) which is, up to a
scaling factor, the optimal solution to the one-period mean-variance optimisation
problem with one riskless and d risky assets (usually referred to as Tobin model
or generalised Markowitz model). In what sense do our results carry over to the
Markowitz/Tobin situation? In a classical one-period mean-variance model an ob-
jective function could have the form f(r) = E[r" R] — 3Var(r " R) where R models
the random return vector and 7 as before models the investment weights. We see
immediately, that by writing Var(r"R) = 7' £ we derive the optimal strategy in
the Merton and in the static mean-variance framework by solving the same quadratic
optimisation problem as long as 7 is deterministic. Therefore, our results for the
optimal strategies (also for the Lj-constrained strategies) carry over to the static
mean-variance optimisation problem. However, the expressions for the expected
utility are different in the Merton and the mean-variance situation. Consider e.g.
the estimator 7 which has to be used when model parameters are unknown. In the
Merton context we consider the expression

1
V(#|u) = log(Xo) + T + TE frT(,u—rl)—ifrTEfr ,

whereas in the mean-variance context we consider
1 1
f(7) = Eli" R] = 5Var(7 ' R) # El7 ' R] = 5E(7 " 27).

These two expressions do not coincide and therefore the loss due to having to es-
timate the model parameters in the Merton context and the static mean-variance
context is not directly comparable.

Our model does not include any transaction costs. Analysing the effect of esti-
mation in a model that includes transaction costs would be of interest. However,
no explicit results for the strategy and no analytic results for the expected utility
are known in these models. For proportional transaction costs, Davis and Nor-
man| (1990) have shown that the optimal strategy can be expressed in terms of a
no-trading-interval: While the proportion of wealth in the share stays within this
interval it is optimal not to trade. Otherwise just enough trading is done to push
this proportion into this interval. This interval usually contains the Merton propor-
tion. From a mathematical point of view one has to solve a free boundary problem
and even in one dimension (meaning one risky asset) there are no analytic results
for the boundaries of this interval. There are numerical algorithms available which
could be applied for higher dimensions. But those algorithms suffer the curse of
dimensionality and it will be effectively impossible to solve this problem even for
known parameters for high-dimensional problems.
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B EXPECTED UTILITY OF THE MERTON STRATEGY

9 Conclusions

Our theoretical results for known ¥ about the behaviour of the utility when the
number of stocks d goes to co can be summarised as follows. The plug-in Merton
strategy degenerates to —oo in realistic cases. The James-Stein type strategy does
better than plug-in Merton. In particular, the James-Stein strategy does not degen-
erate in many realistic scenarios. The utility of Li-constrained strategies can never
degenerate to —oo. The Lj-constrained optimal strategy with plug-in estimators
diversifies only slowly, i.e. it invests in few stocks only.

The specific situation considered in Section covers, via simulations, the case
when Y needs to be estimated as well. In this case we observed the following. The
expected utility of the plug-in Merton and the James-Stein strategy degenerates to
—o0o. For the optimal Li-strategy with plug-in estimators, the difference between
having to estimate ¥ or not is negligible. The EWE-strategy (Equal Weighting of
Extreme stocks) performs better than the 1/d-strategy. The optimal Li-strategy
with plug-in estimators does better than the EWE-strategy for large d.

However, in the out-of-sample tests, the EWE-strategy and the 1/d-strategy do
better than the optimal L;-strategy. This could be explained by the L;-strategy in-
vesting only in few stocks, whereas the EWE-strategy and the 1/d-strategy diversify
much better, investing in more stocks and weighting them all equally. This seems
to be important when there are structural changes in the market, such as in the
financial crisis of 2008. An explanation why the EWE-strategy seems to outperform
the 1/d-strategy is that the former tries to pick stocks with a higher return, while
still diversifying reasonably.

A Inverse of a Specific Covariance Matrix

The following lemma can be derived by solving I = ¥(al 4 b11") for a and b.

Lemma A.l. Suppose ¥ = n?[(1—p)I+pl1T], where 0 < p < 1 and 1 =
(1,...,1)" € R4 Then

1 P

= I-
n?(1 —p) 1—p+pd

117 forp<1.

B Expected Utility of the Merton Strategy

This section contains the proof of (2.4) in Example Using Lemma the
quadratic term in (2.3) can be written as

P
el e

_ 1 P 2
— i (et = = =)
1 d p d
— 2= ;(Mz‘ —r)? - i ;(ui —7)(j —r) + ;(M — )2
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C PROOF - JAMES-STEIN STRATEGY

The expected value of this is

_
n*(1—p)

p
dE[(u1 —7)*] — [
d

B n2(1—p)(1 — p+ pd) [(1 —p+pd—p)E[(u1 — )] — (pd — p)(E(p1 — T))Q]

d[(1+ p(d = 2))Var[m] + (1 — p)(E(m —1))*]
(1= p)(1+ p(d—1)) '

[d(d — 1)(E(u1 — r))? + dE[(j11 —1)°]]

C Proof - James-Stein Strategy
Proof of Theorem [4.1. Using yields

1
V(#?57 u) =log(Xo) +rT — STE[-2(+75™) T 4 (#757) T8z /5w,

where 7% = X 7!(u — r1) is the optimal strategy. Noting that 7570 = & (ﬂﬁ%
with 7% = # — 7% and expanding the term in the expectation gives
~0\T * ~0\ Ty 4 2
) B (7%) ' X7 a
—27T% *+2a(7+ATZA—2a + .
Toem (ﬁ.O)TET}O Toam (ﬁO)TEﬁ.O (frO)TEﬁO

Collecting terms gives

T
V(#TS\u) = V(#|p) + ) {2aE [(fr —)'s

s

. T - 1
= V(#lp) + Fa {21@ [(g —¢ )Tngl —aE [CTC} } :

where ( = 0170 = 071 (i — 1) — 0 ' 70 ~ N(C*, [ /teg) and ¢* = o' (7* — 70).
Using Stein’s lemma (Stein, 1981) as in (Young and Smith, [2005| p.34) yields

P T é - (é/test_g*/test)—ré/test B |:d—2:|
(C C ) QCTCA] =E [ é/t;ti/test ] =K C/\Tg /test.

E

testé Tgc follows a Xfl(Z/\) distribution with non-centrality parameter 2\ = tu¢* ' (* =
test (7" —70) T8 (7% —70). Thus testéTf can be written as a mixture of central X?HQK
random variables where the mixture variable K follows a Poisson distribution with
parameter A. Thus,

1 1
B [testCATCA] - [d_2+2K} '
O

Lemma C.1. Let K be a Poisson distributed random wvariable with mean \ and let

q>1. Then,
1 1 1
E = +0 (= as g+ A — 00,
<q+K) q+A (q2> !

where X may depend on q and O (q%) does not depend on A.
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D PROOF FOR THE STRUCTURE OF Li-CONSTRAINED STRATEGIES

Proof. A Taylor expansion of K — CIJF#K around K = ) gives

1 1 1 1
g+K g+ (q+A)2( ) (q+¢€k)?

for some &x between K and A. Using that the last term is non-negative and taking

expectations, we get
(k)2
g+ K q+A

L 1
(¢+¢&x)3 ~ (g+N/2)3

Using this, taking expectations in (C.1)) and using (Houdré, 2002} (1.6)) with f(z) =
—x, which gives P(K < A\/2) < exp(A\/2 — 3/2A10g(3/2)), we get

1 1 A A A 3 3
E < + + Ge2m2Moe(3),
<q+K)_q+A TESYOER

(C.1) (K =\,

Furthermore,

1
+I(K < /\/2)$.

The second term can be bounded above by 8/¢* and Xexp()\/2 — 3/2\1log(3/2)) is
bounded. O

D Proof for the Structure of L;-constrained Strategies

Proof of Theorem [5.9. The solution for the unconstrained case follows directly from

and Lemma

Let 7 = max(m;,0), 7; = max(—m;,0). Hence, 7 = 7t — 7. We consider the

(2d)-dimensional vector #7 = (7t T, 77 T). Let 1, = (1,...,1)T € R¥ for k € N.
The optimisation problem can be written as follows:

¥ =X
al ( s ¥ ) 7—2((p—rla)",(rlg—p)") * — min

subject to

k (—f;) " (—0> |

The following Kuhn-Tucker conditions characterise uniquely the solution to this
problem (Lawson and Hanson, 1995| p.159,160).

X =X\ . w—rlg .
2(_2 E)Tr_2<r1d—,u>_u+12dv_0’
720,197 < c,v > 0,u >0,
u;=0 Vie{l,...,2d}:7m >0,

T ~
v=_0or ly,m =c,

where v € R and v € R??. The first equation is equivalent to
201 @ 2 4T o (pr—rTla —uy 1q _
(D.1)  2n*(1—p) <7T> + 2" plglym—2 <,U _ Tld) + < ” > + (_1d> v=0,
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where u = (u] ,uq )", u,ug € RL It is straightforward to verify that 7* satisfies

the Kuhn-Tucker conditions with v =a* —a™,

0, if 7¥ >0, 2(at —a™) if 7¥ >0,
uy = =2 —r—at) fxf=0, uy=92p-—-r—a) ifxr=0,
2(at —a™) if w7 <0, 0 if w7 < 0.

Thus 7* is a solution to the optimisation problem.

Next, we show that the equations for a™ and a~ always have a unique solu-
tion. From quadratic optimisation theory it is known that the optimisation problem
always has a unique solution. This solution has to satisfy the Kuhn-Tucker equa-
tions. Thus it suffices to show that any solution to the Kuhn-Tucker equation can
be written in the form of 7*, which we will do next.

For i with 7; > 0, (D.1)) implies n?(1 — p)m; +n2pl) 7 — (u; — ) +v/2 = 0. Hence,

1
S )

where at = v/2 + n?p1 ) 7. Similarly, for i with m; < 0,

1 _
P )

T, —

where o= = —v/2 + 772/)1;77, Thus at +a¢= = 2n2p1:ir7r. For ¢ with m; =0,
22p1l T — 2(pi — 1) + v = uy; >0,
mPpl T — 2(p — 1) — v = —ug; <0.

Hence, a™ > p; —r and a~ < p; — r. Thus if ||7||; = ¢, then 7 = 7*. O

E Some Results from Extreme Value Theory

Let X ~ N(p,0?). We will say that | X| has a folded normal distribution and denote
its distribution by FN (i, 0?).

Theorem E.1. The folded normal distribution is in the domain of attraction of
the Gumbel distribution, i.e. let X1,..., X4~ FN(u,0?) be independent, then there
exist norming constants cq > 0,bg € R such that
max(Xy,...,Xq)
cd

—ba £, g (d — o),

where H denotes the Gumbel distribution. The norming constants cq, by are (im-
plicitly) given by

1—@(%%“)—%1—@(%#):%, cd:abd),
(E.1) () (@) 0 (S5E) + @ (T (2 + ) + 0gp () — 2
)= 2~ (EE) — o(Z2E) |

[ea

where ® (resp. ¢) is the cdf (pdf) of a standard normal distribution.

The following two lemmas are needed for the proof of Theorem
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Lemma E.2. The cumulative distribution function of X ~ FN(u,0?) is F(z) =
—1+ ®(ZL) + &(ZEL) for x> 0.

Proof. F(z) =P(X <z) = (Z£) — @ (=2£). O

g o

Lemma E.3. Let F be the cdf of X ~ FN(u,0?) and let F(x) =1 — F(z). Then

o FOP' @)
L O

where ! denotes differentiation.
Proof. First, we consider the case 0 = 1. By ’'Hopital’s rule,
F
lim — (z) =
r=00 ——p(x — p) + m¢($ + 1)
—¢(z—p) — ¢z + 1)

= 1
60 (w:L)Zgb(:p —p) — ol —p) + ﬁaﬁ(aﬁ +u) — d(x + )
= lim ! =1

T—00

14 oSt oy blatn)

d(z—p)+d(z+p)

The last equality holds because

-1
-1 < (= H)zﬁf)( —p) + x+#)2¢($+ﬂ) < -1

) EI Y Py Wy per iy R ey

0+«

Hence,

F(a?)F”(x) . ¢(x M) + ¢(X:MM)] [—(x —p)o(z —p) — (x4 p)o(z + N)]

o (F(@)? oo B — p) + bl + p)]?

Expanding the negative of the numerator gives

¢m—uﬁ+¢m+uf+¢m—ﬂwm+uﬂx+“+x‘“]

rT—pu xT+pu
Thus
iy F@F" (@) Pz — p)o(x + p) [”" + 05k - 2]
oo (F(2)? 0 e [p(@ — 1) + ¢z + p))?

The limit on the right hand side is 0 because the term in the bracket in the numerator
simplifies as follows

2

2 2 2 2

2 -2 4

e+ ,um+u2+x2 B + p 9 Zu ! 0 ( )
T — [ T — [

and because
¢z — ol +p) ¢(x — oz + ) -1
T bl - o+ o —p)?+d(x+p)?+20(x — p)dlr+p) T2
In the general case o # 1,we have F'(z) = G(z/o) where G is the cdf of | X| where
X ~ N(u/o,1). Hence,
. F@)F'(x) . G/o)G"(x/0)/0? _
N 5 R N () T R
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Proof of Theorem [E71] Lemma together with (Embrechts et al., {1997, Example
3.3.23, Proposition 3.3.25) imply that F is in the domain of attraction of the Gumbel
distribution. Furthermore, (Embrechts et al., 1997, Theorem 3.3.26) shows that the
norming constants can be defined by

_ 1 < F(t)
byg=F Y1 =2), cqg=alby), aa::/ dt.
d (1-2), ca=alba), alz) . T
Evaluating the integral gives (E.1J). O

Proof of Theorem [5.4 Corollary shows that the optimal strategy with plug-
in estimators invests in k < d stocks if and only if 77% Zf;ll(Zi’d — Zpa) < c <
n% Zle(Ziyd — Zk+1,d), where Zy g > Zy q > ... > Zgq are the upper order statistics
of Z; = |g; —r|, i = 1,...,d. The random variables Zi,...,Z; are i.i.d. folded
normally distributed.

Theorem [E 1] shows that the folded normal distribution is in the domain of at-
traction of the Gumbel distribution and therefore (Embrechts et al., 1997, Corollary
4.2.11, p. 202) implies that for k& > 1,

k k
Y Zia—kZ
Yoic1 Zia ktld L ZEz (

d — ),
cd i=1
where Fy,..., E} are ii.d. exponentially distributed (with parameter 1) random
variables and ¢4 > 0 are norming constants specified in Theorem Noting that
P(SF | Ei < ¢) =P(K + 1 = k) finishes the proof. O

Proof of Theorem [5.5, For even k, using notation from Theorem

P(#{i:m] #0} > k) <P(#{i:7] >0} > k/2or #{i:7m <0} > k/2)
SP(#{i 7 >0} > k/2) + P(#{i: 7] <0} > k/2)
< P(fgjor1,a—1—a" > 0) +P(lg_joq—r—a” <0),

where fiy g > -+ > jigq. On the event {9414 — 7 — a®™ > 0}, we have

d d L ke
e |mf| > Y max(n,0) > 5 Y (fig—r—a’)
i=1 i=1 (1 —=p) =
LR e
=20 p) (Bia =) = (/a0 = 7)) = 35 (ftid = fja+1,d),

and, similarly, on the event {fig_j/24 — 7 —a~ <0}, we have

d d d
c> ; ’771*’ > 7]2(11—P) d%:/Q(a_ - (ﬂi,d - 7“)) > 772(11—P) d%:m(ﬂd_k/gd — ,ai,d)'
Thus,
/241
P(#{i:nf #0} > k) <P | > [fia — fwjorrd < en’(1—p)
i=1
d
+P Z [fia—k/2,40 — fia) < en’(1 = p)
i=d—k/2
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F  PROOFS FOR THE EWE-STRATEGY

Since Cov(f1) = ﬁnQ((l — p)I + p11T), there are independent and normally dis-

tributed pa, 1Y, ..., 1Y with Var(ud) = n%(1 — p)/test such that f; = u + pa. Asa
consequence we can replace fi; 4 — fig/211,4 by H?, q— ,ug /241, in the previous expres-
sion.

The normal distribution is in the domain of attraction of a Gumbel distribution.
Therefore, by (Embrechts et al., 1997, Example 3.3.29, Corollary 4.2.11),

k/2+1 /241

Vitest 1/2 0 0 L
———(2log(d)) D oomla— K24+ D soiig | = Y B (d— o0),
nvil—p i=1 i=1
where :“?,d > 2> U?l,d and By, ..., Ej /94 are 1.i.d. standard exponential. A similar

argument can be made for the lower tail.
With the chosen threshold ¢ = a(2log(d))~'/? we get

k/24+1
lim P(#{i: 7] #0} > k) <2P | Y Ei <\ | =2P(K > k/2+ 1),
d—00 :

where A = any/1 — py/test and K is a Poisson distribution with parameter A. ]

F Proofs for the EWE-Strategy
Proof of Theorem [6.3 Plugging 7EWE into (2.1)), the last term in the expectation is

(FEWEYTSrBWE < 0202 [(1 — p)Bd + pB2d®] = n?a®Bd [1 + p(Bd — 1)],

and thus,
o2
V(x™VE|w) > log(Xo) + T + TE[(x"YE) T (4 — r1)] = 50’ 51T P(Bd=1)].
Next, we prove the second part of the statement. For alli =1,...,d,

E[mfWVE (i — r)] =aB[P(x "7 > 0[pa, i) (i — r) — P(xYP < 0[pa, i) (i — 7))
HaEP(ar > clpr, pa)(pi — )] = Plar < —c|py, pa)(ps — 7).

To see (x):
P(rPVE > Olpa, i) = ZH a1 < lail) = 1= B,a5 > O|pa, p

As d — oo, for i # 1,

d
1 N 0
= Mgl < lail) = P(las] < laillpa, p, - 1)
d

Thus by the bounded convergence theorem, () holds.
Letting d — oo in the final term of (6.2]) completes the proof. O
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