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A Markowitz Portfolio Approach to Options Trading

Licheng Zhao

Abstract—In this paper, we study the problem of option port-
folio design under the Markowitz mean-variance framework. We
extend the common practice of a pure-stock portfolio and include
options in the design. The options returns are modeled statistically
with first- and second-order moments, enriching the conventional
delta-gamma approximation. The naive mean-variance formula-
tion allows for a zero-risk design that, in a practical scenario with
parameter estimation errors, is totally misleading and leads to bad
results. This zero-risk fallacy can be circumvented with a more re-
alistic robust formulation. Transaction cost is also considered in the
formulation for a proper practical design. We propose an efficient
BSUM-M-based algorithm to solve the optimization problem. The
proposed algorithm can perform as well as the off-the-shelf solvers
but with a much lower computational time—up to one order of
magnitude lower. Numerical results based on real data are con-
ducted and the performance is presented in terms of Sharpe ratio,
cumulative profit and loss, drawdown, overall return over turnover,
value at risk, expected shortfall, and certainty equivalent.

Index Terms—Option portfolio, transaction cost, robustness,
BSUM-M, Sharpe ratio.

I. INTRODUCTION

ORTFOLIO design has attracted great attention from re-
P searchers ever since Markowitz introduced the mean-
variance portfolio optimization framework in 1952 [1] (for
which he got the Nobel price in 1990). This framework plays a
fundamental role in modern portfolio theory by using a statisti-
cal modeling in the portfolio formulation. It aims at achieving a
trade-off between expected return and risk (measured by portfo-
lio variance). This framework is well-known for its flexibility:
if an investor is willing to take a risk, more weight is given to
the expected return; otherwise, more weight is placed on risk.

In the open literature, most works merely considered stocks
in the portfolio design. The reason for this is very straightfor-
ward: stock data is readily available online and seems relatively
easy to understand and manipulate. One can easily estimate
the expected return and covariance matrix of a certain number
of stocks (albeit usually with a dubious quality of estimates).
However, the applicability of the Markowitz framework is not
limited to stocks. It would be desirable to extend it to include
derivatives. For the sake of concreteness, we focus on a specific
kind of derivative named “options” (vanilla options, to be exact),
but the approach can be straightforwardly employed with other
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derivatives. Traditionally, derivatives are regarded as hedging
instruments, but, in this paper, we will reveal their potential for
investment under the Markowitz framework.

A. Preliminaries on Options

Admittedly, derivatives, especially options, are more compli-
cated than stocks, see [2]-[4] for popular textbooks on deriva-
tives. A standard (vanilla) option contract consists of the fol-
lowing parameters: option price, the underlying asset (mostly
stocks), expiration date, and strike price. A call (put) option
gives the option holder the right, rather than obligation, to buy
(sell) the underlying asset by the expiration date for the strike
price. American options can be exercised at any time before
expiration, while European options can only be exercised on the
expiration date. Most of the trading options on exchanges are
American style.

The price of an option is associated with the following factors:
current price of the underlying asset .Sy, strike price K, risk-
free interest rate rfee, time to expiration 7', and (underlying)
volatility o. One popular approach to evaluating a European
call or put option is the Black-Scholes-Merton formula [5], [6]
(for which another Nobel price was awarded in 1997):

Call Price = SyN (d;) — Ke "' N (ds)
Put Price = Ke "' N (—=dy) — SN (—d), (D)
where
_log (So/K) + (Tiree +07/2) T
oVT ’

log (So/K) + (rfree — 02/2) T
= =dy —oVT,
2 /T 1—0

and N (z) is the cumulative distribution function for standard
Gaussian distribution. Let us look at a toy example to gain some
insight into how much an option is worth.

Example 1: Suppose the current price of the underlying
stock is $105, the strike price is $100, the risk-free interest
rate is 2% per annum, and the volatility is 20% per annum. The
option is European style and expires in 6 months. Thus, by ap-
plying the Black-Scholes-Merton formula, we obtain the option
price as follows:

dy

(@)

Call Price = $9.24 3)
Put Price = $3.24.

There are several reasons why one may want to include op-
tions in the portfolio design. The first reason is the compar-
atively higher return, which can be seen from the aforemen-
tioned example. We already calculated the call option price:
$9.24. Suppose the stock price increases by $1 on the next
trading day, and thus the call option price moves up to $9.93
according to the Black-Scholes-Merton formula. The return in
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stock is only 1/105 = 0.95%, while the return in the option is
(9.93 —9.24)/9.24 = 7.47%, which is much more attractive.
We should note that the comparatively higher return of options
comes at the cost of higher tail and kurtosis risk because options
prices are known to be heavily-tailed and not log-normal dis-
tributed in practice.! Options are a convenient method to make
directional bets on stocks without too much exposure. The sec-
ond reason is the convenience of taking a short position. When
an investor believes the market will go down, he has no other
choice than to short sell if he only trades stocks. During the
short selling period, he has to maintain a margin account so that
the deposit is not lower than the minimum requirement. On the
other hand, if options are considered in the trading, he can con-
veniently buy a few put options instead, and no extra money is
required. While many advantages can be identified, we still need
to point out that options are not a panacea. The option market
often experiences a larger percentage change than the stock mar-
ket, so frequent adjustment or rebalancing of the option position
is a must. Another weakness is concerned with the expiration
date. If the market takes an unexpected large move opposite to
the investor’s belief and the expiration date is drawing near, the
loss will be inevitable.

B. Related Works

So far, there have been two prevailing philosophies for option
portfolio design. The first one is based on the single period port-
folio optimization framework [7]-[9]. The investors delicately
design an option portfolio at the current time in the hope of
maximizing the expected return or minimizing the value at risk
(VaR) on the expiration date [8]. This philosophy works well
with European options because they cannot be executed until
expiration. One weakness of this philosophy is that it fails to
consider the trading of option contracts: options can be bought
and sold as well as executed. Moreover, this philosophy is faced
with the difficulty of long-term return estimation. In order to
make the estimation result reliable, it is recommended that only
near-expiration options are chosen. The final concern relates
to the risk management. The option market is more volatile in
terms of percentage change and it is very risky to conduct a
one-shot investment without further adjustments. Any adverse
market move before the expiration date could result in a big loss
for the investors.

In view of all the drawbacks, we would prefer to design a
dynamic option portfolio that is subject to daily adjustment, i.e.,
actively trading the options rather than passively executing them.
This is exactly the second prevailing philosophy, which is based
on the delta-gamma approximation of the function of the op-
tion price (not necessarily the Black-Scholes-Merton formula)
[9]-[11]. This approximation is by nature a first-order Taylor
expansion in time difference and second-order in stock price
difference and can be rederived from the stochastic differential
equation perspective, as we will elaborate in later sections. We
will approximate the option price difference up to the second or-
der and ignore any higher order statistics. The biggest advantage
of adopting this philosophy is the flexibility. We can include vir-
tually all the vanilla options in the portfolio, whether the lifespan
is short or long and the style is European or American. Besides,
we can conduct daily adjustments very conveniently. The ap-
proximation is renewed on a daily basis, so the portfolio is

'We ignore the heavy-tail issue and higher-order risk (risk higher than the
second order) in this paper and leave them for future work.

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 66, NO. 16, AUGUST 15, 2018

dynamically updated. The possible weakness of this philosophy
is also obvious: we need extra information on the partial deriva-
tives and we need to update them frequently to ensure a valid
approximation. Fortunately, some powerful terminals, e.g., the
Bloomberg terminal, offer such statistical information. Some
software libraries can also compute options-related quantities
such as QuantLib [12]. On top of that, the designed portfolio
strongly depends on the current-moment data, so the investment
decision could be myopic.

C. Contribution

The major contributions of this paper are:

1) We derive the expressions of mean and variance for a
portfolio with mixed stocks and options. To the best of
our knowledge, we are the first to apply the Markowitz
mean-variance framework in option portfolio design by
means of exploiting both first- and second-order statistics
of option returns using stochastic differential equations.
Conventionally, the delta-gamma approximation focuses
on the expected return of options, which corresponds to the
mean term of the proposed optimization problem. Thus,
we enrich the traditional delta-gamma approximation by
further considering second-order statistics, i.e., the vari-
ance of option return. It is also worth noticing that modern
portfolio selection practice involves more sophisticated
measures of risk, e.g., VaR or CVaR (Conditional VaR).
We will look into these more realistic approaches in our
future work.

2) We identify a weakness in the variance term of the option
portfolio in the form of a zero-risk subspace, which in
theory seems good but in practice crumbles due to esti-
mation errors in the parameters (we call this phenomenon
the zero-risk fallacy). We then introduce different kinds
of robustness to fix this problem. Eventually, we present a
unified formulation including all the proposed modifica-
tions. We additionally propose a Black-Litterman model
with specific views derived from the stock-options rela-
tionships.

3) We additionally consider transaction costs in the formu-
lation.

4) We propose an efficient BSUM-M-based algorithm to
solve the portfolio design problem. It is especially use-
ful when the off-the-shelf solvers are not available on
some online financial programming platforms. According
to synthetic simulation results, the proposed algorithm can
achieve as good solutions as MOSEK (an off-the-shelf
solver) and the computational time is within 0.3 seconds
when the problem size is smaller than 500, around one
half or one order of magnitude faster, depending on the
choice of parameters.

5) We demonstrate via real-data numerical simulations the
superior performance of our proposed stock-option port-
folio compared to the pure-stock portfolio design (in some
cases achieving a Sharpe ratio of 3.60 compared to the
0.73 of the benchmark).

D. Organization and Notation

The rest of the paper is organized as follows. In Section II,
we present the price model and derive the problem formula-
tion. In Section III, we improve the original naive formulation
by introducing different kinds of robustness so as to fix the
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zero-risk fallacy. In Section IV, we provide an efficient algo-
rithm to solve the robust formulation, which serves as an alter-
native to the off-the-shelf solvers. Finally, Section V presents
numerical results, and the conclusions are drawn in Section V1.

The following notation is adopted. Boldface upper-case letters
represent matrices, boldface lower-case letters denote column
vectors, and standard lower-case or upper-case letters stand for
scalars. R denotes the real field. ® stands for the Hadamard prod-
uct. [z]4 = max(z,0). || - ||, denotes the £,-norm of a vector.
V(-) represents the gradient of a multivariate function. 1 stands
for the all-one vector and I stands for the identity matrix. X',
Tr(X), rank(X), and Ay, .« (X) denote the transpose, trace, rank,
and the largest eigenvalue of X, respectively. o;(X) is the ith
largest singular value of X. Diag(x) is a diagonal matrix with
x filling its principal diagonal. Block diagonal matrix

X1
X3

X1

is compactly rewritten as Blkdiag({x;}/_;). X = 0 means X
is positive semidefinite. | X]||,, and ||X]|,,, denotes the matrix
Schatten p-norm and ¢, ;-norm of X, respectively.

x>0

1
sgn(x):{o x=0.

-1 =<0

II. PRICE MODELING AND PROBLEM STATEMENT

A. Price Modeling

We denote the stock price at time ¢ as .S; and make the fol-
lowing assumption on the stock price process.

Assumption 1 ([2]): The stock price S; satisfies the follow-
ing geometric Brownian motion:

dS; = pSidt + 0S;dz, 4)

where o and o are given parameters standing for the mean and
volatility of the percentage change of S;, and z; is the Wiener
process.

We denote the price of a particular derivative (could be op-
tions, futures, etc.) at time ¢ as F;. We impose the following
assumption on Fj.

Assumption 2: Let F; be a function of time and the price of
its underlying, i.e., F; = F;(S;,t) where 0 <t < T and T is
the time from now to the expiration date.

According to It6’s lemma [2, Sec. 14.6], the differential of
Ft is

_ (OF, OF,
dFt = (w,uSt + W

LR,
2 952

OF;

8 O' St dZt
4)
In practice, we can hardly expect to obtain stock data on a
continuous time basis, so we modify the stochastic differential
equations to their discrete counterparts. The notations in (4) and
(5) are changed as follows: At in place of dt, Az in place of
dz;, AS; in place of dS;, and AF; in place of dF;. Now that
At is no longer arbitrarily small, the expressions of AS; and
AF; are merely an approximation. We assume the following
approximation is valid.

0253) dt +

4225

Assumption 3: In discrete time, the underlying stock price
approximately satisfies a geometric Brownian motion

ASt >~ /,LStAt + O'StAZt, (6)

with the percentage drift 1 and volatility o staying constant for
a short-term period At. The difference of F} is assumed to be
validly approximated by its continuous differential counterpart,
i.e.,

OF;
AF, ~ (85 St +

OF;
05,

OF, N 10°F,
ot 20852

O'St AZf
(N

Higher order statistics (Greeks) are not considered in this paper.

We can estimate the value of ;1 and ¢ from historical stock
prices. Note that (7) could be the price change of any derivative.
In this paper, we specify the derivatives as vanilla call and put
options for the sake of concreteness, whose prices are denoted
as Cy and P, respectively. The expressions of AC; and AP,
can be readily obtained from (7):

o’ S’f) At +

1
AC; ~ (AC,tMSt +0Oc,; + 2FC,tU2St2> At + Ac, 0S5 Az
(8)

and

1
AP, ~ (Ap’t/j,st + ("‘)Pﬂg + 2Fp’t0'253) At + Ap7tO'StAZt,

(9)

P,
where ACt—Os»APt asr» @Ct:aa%’ @Pt Ot’
Iey = Sq ,and 'py = 052 Note that the first term of AC}

or AP, is exactly the well-known delta- -gamma approximation.
Although the Black-Scholes-Merton formula only applies to
European options, the aforementioned analysis can be extended
to American options as well as any other derivative that follows
the form F, = F; (S, t).

Remark 2: In continuous time, we can easily see in (5) that
the source of the variance of the option is the underlying stock
because they share the same stochastic source dz;. In discrete
time, for any 0 < ¢ < T, the option value F; is a determin-
istic function of time index ¢ and its underlying stock price
S; based on the evaluation of future pay-out. Now for ¢ + 1,
we do not know Sy, yet. If we knew it, then F;,; would

be deterministic and F;,. 1 — F} £ AF, would be determinis-
tic as well. However, S, is only characterized statistically
with some mean and variance. This translates into the stochas-
tic nature of S;,1 — .5, £ AS,. We can see from eqg. (6) and
(7) that AS; and AF; share the same stochastic source Az;.
This indicates that the source of the variance of the option is
the underlying stock. Moreover, this source is consistent with
the Black-Scholes world. We can rederive the Black-Scholes-
Merton formula with Assumptions 1 and 2, It6’s lemma, and the
boundary conditions for vanilla call or put options. Technical
details can be found in [2, Chap. 15.6].

Remark 3: Now let us look into these partial derivatives.
These partial derivatives are named Greeks in the financial in-
dustry, namely, A, ©, and I". They are used to measure the
sensitivity of the price of options to a change in the underlying
stock price. To simplify notation, we omit the subscript “t” for
the moment. A is defined as the rate of change of the option
price with respect to the underlying stock price. © is known as
the time decay parameter. It is the rate of change of the option
value with respect to the passage of time. The definition of I is
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the rate of change of the option” s A with respect to the under-
lying stock price. If I is small, A changes mildly; if T" is large,
A is sensitive to the underlying stock price. To sum up, each of
these Greeks measures a different dimension to the risk in an
option position. Interested readers can refer to [2, Chap. 19] for
more details.

B. Warm-up: Rederivation of Markowitz Mean-Variance
Framework for Stocks

Suppose we construct a portfolio consisting of I stocks, with
the proportion of the total budget B allocated to the ith stock w;
(note that by definition ) 71 _, w; = 1). The value of the portfolio
is then II = 25:1 Bw; = B. For simplicity of notation, we
drop the time subscript “t” for the moment. Now we study the
percentage change of II:

ATT Zz 1 sz 5, (a i i S; At + 0:S; Az
H a =1
I
ZZ, wMzAt+Z wiUiAZi (10)
deterministic stochastic

where (a) follows from (6). Recall that z;’s are Wiener pro-
cesses with E[Az;] = 0, E[Az;Az;] = p;; At with p;; being
correlation coefficients. Thus,

AII ! s T
E [H} ~ ;:1 w; i At = w o x At (11)
ATI ! ’
. 9
Var [H} ~ E <7-E_1 w,;aiAzl) £ E{(WTDlag (o) Az) ]

= w' Diag (o) E [AzAz" | Diag (o) w

P11 P1I

= w'Diag (o) | : Diag (o) w x At
pr -

wlEw x At,

prr

(1>

12)

where p is the expected stock return and X is the covariance
of the stock returns. In order to achieve a tradeoff between
the portfolio expected return (E[4]) and risk (Var[51]), we
eventually obtain the Markowitz mean-variance optimization
problem [1] [13, Sec. 5.1.1].

C. Extension to Portfolio with Mixed Stocks and Options

Now we construct a portfolio of mixed stocks and options
and we only consider vanilla call and put options. We include 1
stocks in the portfolio and for each stock, e.g., the ith stock, we
consider M; call options and NN; put options. We redefine the
normalized portfolio vector w as

_ T T 717
W f— [Wl ... W,L PRI WI ] 5 (]3)
where
T
ws,; We,1i v Wo M@ Wp1i ctt WP N
W; = |~~~ . (14)
stock call options put options
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The expression of the percentage change of I1 is (time subscript
“t” is dropped for simplicity of notation)

Zz 1 <BU)S ! A:gl + Zm | Bwe mi AC(;:,’y:i
ATl + Zfz\(:l Bwp Aplj?f[ )
o B
(a) ! w
~ Z SZ SZAt—‘rO'ZSZAZZ)

Cm7 Wp ni
AC miTiq S AZL + E AP VILUIS AZ/

ni
n=1

M;
M; 1
Z we ,mi (AC,miﬂiSi + @C,mi + 2FC,miUz‘25i2> At

Wp ni

%

1
<AP,niMz'Si + 9P,ni + 2FP,rLiUZ‘257;2> At

le

15)

where (a) follows from the expressions of AC),,; and AP,; in
(8) and (9) and AC,mi» AP.nia eC,mia G)P,ni’ FCJrLiv and FP,ni
follow the same definition as in (8) and (9) up to a subscript
difference. Thus,

it

1

I
Z [ws,zui At

i=1

M;
S w 1
+ Z Cami (AC TVIZ,LLTS + @C mi T+ 2FC mi0; S ) At
m=1 mi
w VIt
+ Z }1;7” (AP rLl/'[/LS +@P7zz + 2FP niT; 52> At
n=1
2 wlu x At, (16)
where
T T 71T
u:[u1 coou; ul} , (17
and
1 1 9 o2
u; = |, o Ac1ipiSi +Oc¢ i + §FC,1i0i Si ),
1i
1 1 2 00
c Acow,ihiSi + Oc v + irc,ﬁmai S
M;i
Ap1ipiSi +Op1i + 111}:'11'67425-2
Pll‘ L1 L L 17 2 211 1 b )
1 1 r
Apn,ipiSi +Opnii + =Lpn,i07 S ;
Py, 2
(18)
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1

Var {AH} Var

IT

I M;
we , mi
E we.; + § C AC.HMZSi
mi

1=1 m=1

N;
wp ni
+Z ;“ AP‘ijZ'>UZ'AZi‘|

n=1

|2

= Var [w’ VDiag (o) Az]
w’ VDiag (o) E [AZAZT] Diag (o) VI'w

=

= wlVEVTw x At, (19)

where (a) follows from defining V = Blkdiag({v;}/_,) and v;
Ac.1iSi Ac m;iSi ApaiSi Ap n;iSi

=156 Te T TR TRy Tad (0)

from the definition of 3 as in (12).

Remark 4 (No risk-free arbitrage): We denote N £ I +
S (M; + N;). Note that the length of w is N, the size of V
is N x I, and the size of X is I x I. This means that the covari-
ance matrix VXV is highly rank-deficient and has a nontrivial
null space. This result makes sense because the prices of options
are perfectly determined from those of their underlying stocks.
Under the assumption of no riskless arbitrage opportunities (the
Black-Scholes world), any stock-option portfolio in that null
subspace (i.e., with a zero risk) shall achieve a zero excess re-
turn. Furthermore, any stock-option portfolio with a nonzero
risk can achieve a nonzero excess return but in theory the same
return can be achieved with only stocks. The only hope to con-
struct a stock-option portfolio with a better performance than
only stocks is that the original assumption of no riskless arbi-
trage does not hold. In addition, in a practical case, one has
to deal with the errors of parameter estimation. Admittedly, in
the absence of estimation error, one can find an arbitrage port-
folio, just like what [14] conjectured. With estimation error,
this naive risk measurement can be disastrous since the claimed
zero risk fails to materialize in practice. We name this phe-
nomenon “zero-risk fallacy” and it will be properly addressed in
Section III. Paper [15] suggests that there may exist an efficient
asset subset with which we can achieve the same performance.

Remark 5 (Investment opportunities): In the Black-Scholes
world, it is assumed that no riskless arbitrage opportunities ex-
ist and the true values of the parameters are known to all the
financial market participants and are applied by everyone in
the evaluation of different securities. In the practical financial
world, the assumption of no riskless arbitrage does not seem to
hold. There exist undervalued and overpriced assets. Some peo-
ple can do better in recognizing the mispricing than others due
to a better knowledge, so we can have some hope to construct
a stock-option portfolio with a better performance than only
stocks. The true statistical parameters are hidden to everyone.
Every financial market participant is trying to make a better
mean-variance estimation so as to take advantage of others’
mispricings.

D. Transaction Cost Concerns

Trading of stocks or options incurs transaction costs. Take
the commission rule of Interactive Brokers” for example. The
transaction cost for stocks is the minimum of USD 0.005 per
share and 0.5% of the trade value if this number is larger than

Zhttps://www.interactivebrokers.com
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USD 1.00; otherwise the cost is USD 1.00. The transaction
cost caused by trading options of fewer than 10,000 monthly
contracts (one contract represents 100 shares of stocks) is
e USD 0.70 per contract if the premium (option price) is no
less than USD 0.10,
e USD 0.50 per contract if the premium is between USD
0.05 and 0.10, and
e USD 0.25 per contract if the premium is smaller than USD
0.05
if this number is larger than USD 1.00. For simplicity, we assume
our trading volume is always large enough to exceed USD 1.00,
whether stocks or options. Also, the trading volume of options
is always smaller than 10,000 monthly contracts. In this case,

the transaction cost of trading wg dollars of stocks at price S is
Transaction Cost = 0.5% x wg/max (1,S5),  (20)

while the transaction cost of trading w¢ (wp) dollars of call
(put) options at price C' (P) is

1 (C) x we /C call

Transaction Cost = {77 (P) x wp /P put ’ 21
where
0.70/100 Cor P > 0.1
n(Cor P) =< 0.50/100 0.05 <CorP <0.1.

0.25/100 Cor P < 0.05

To sum up, the expression of transaction cost can be compactly

written as
B(w—wq)©dql, (22)

where w is the target portfolio, w is the current portfolio, and

T
a=[al - df - d] ], (23)
with
T
[ 0s5% ) n(Cr1) n(Pr) (P, i)
qQi = maxz)l,S]) nClt e Cuji nPll, e Py ' (24)

The transaction cost penalty coincides with the LASSO estima-
tion technique [16], [17].

E. Problem Formulation

The ideal investment portfolio has the following characteris-
tics: 1) high (expected) return, 2) low risk, and 3) low turnover.
The first two characteristics are self-explanatory. As for low
turnover, the true motivation is to lower the transaction cost
caused by rebalancing. Since we can already model transaction
cost, we can directly minimize this quantity. In order to design a
desirable portfolio, we want to achieve a tradeoff between high
expected return (E[411]), low risk (measured by Var[5{L]), and
low transaction cost (B||(w — wq) ® q||1). Thus we naturally
formulate the optimization problem as

minimize —w/ u+ AW/ VEViw
+&B|[(w—wo) @dl|,
subjectto 17w =1
w > 0, (25)

where \ and £ are positive regularization parameters. The scal-
ing factor At that appears in (16) and (19) is removed in E[AH—H]
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and Var[41] and it is absorbed in the parameter £. We addition-
ally impose the long-only constraint because 1) short selling
of stocks and options requires an extra margin deposit [2, Sec.
10.7] which we do not want to consider (although it could be
allowed in the formulation); 2) short selling of options can be

very risky, especially for risk-averse investors [8].

III. ROBUST RISK MEASUREMENT

In Section II-C, we derived the expression of Var[AH—H], which
is regarded as a measure of risk: Var[42] oc w! VXV’ w. This

quantity could be zero even if w # 0 because VXV is rank
deficient. This zero-risk phenomenon cannot be realized in prac-
tice since we are investing in risky assets, and thus we name this
phenomenon risk-free fallacy. We see two reasons to account
for the risk-free fallacy. The first reason is that, assuming the
covariance VEV7 can be perfectly estimated, the portfolio is
still exposed to a higher order risk despite that it is risk-free to a
lower order. There do exist methods for hedging a higher order
risk, but such methods often introduce new heavier tail risks
that are even harder to hedge. Including higher order moments
enriches the risk measurement so that the overall risk will never
achieve zero. The second reason is that the covariance VXV’
contains the estimation error due to the estimation error in V
and 3. Higher order statistics are not easy to obtain in practice,
so an alternative is to work on the covariance to suppress the
effect of estimation error. In the following, we propose intro-
ducing different types of robustness so as to force the risk term
never to become zero.

A. Stochastic Robustness

One way to deal with the zero-risk fallacy is to make the
quadratic matrix full rank, and the most straightforward way
is to introduce stochastic robustness, i.e., model the parame-
ters as random variables around the noisy estimates. We bor-
row the idea from [18], a wireless communications application,
where the authors acknowledged the imperfectness of channel
state information (as opposed to naively assuming the estimates
were perfect) and modeled the parameters statistically. In their
modeling scheme, the channel parameter consists of a determin-
istic component equal to the estimate and a zero-mean stochastic
component modeling the estimation error.

Let’s start from the definition of covariance. We define the

assetreturnast = [r] ... r}] with
T _
r, = [ rsi s TC1liy--->TC,M;iis TP1iy--->sTPN;i ]
~—
stockreturn returnsof calloptions returnsof putoptions
(26)
For stock return, rg = %; for options return, r¢ = AC—C and

rp = ATP. The expressions can be found in (15). Applying the

law of total covariances, we get
Covr] = Cov[E[r|X%, V]| + E[Cov[r|X, V]]
~ Cov[u] +E[VEV'],

where the expected return u comes from (17) and the ap-
proximation results from (16) and (19). Following the logic
of stochastic robustness, we can use the same modeling on the
three parameters u, V, and 3. We model u = u + m where
u is the estimation of u (the x’s come from sample mean and
the Greeks are obtained from the Bloomberg terminal) and m
is elementwisely independent and identically distributed with

27
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E[m] = 0 and Cov[m] = Dy,, a diagonal matrix. One way to
construct Dy, is to impose variance on p, A, O, and I" inde-
pendently and then figure out the overall variance for each rg,
rc, and rp so as to form Dy, ’s principal diagonal. Recall that
V = Blkdiag({v;}/_,) , so we can assume Vi, v, = V; + n;
where v; is deterministic and n; is stochastic with

E[ni] = O

E [mnﬂ =0,i#] (28)
E [ninﬂ =R; = 0.
Thus,
V = Blkdiag ({V,}f:1>
= Blkdiag ({\72}{:1) + Blkdiag ({ni}y{:l)
2 V4N 29)

We similarly model ¥: ¥ = ¥ 4+ E with E[E] = 0. We addi-
tionally assume u, V, and X are statistically independent. In
the first stage of derivation, we merely rewrite the covariance
matrix in terms of the stochastic model just described and obtain

Var [w'r] = w’ Cov[r]w = w'(Cov[u] + E[VEV'])w

:wTme+wTE[(v+N) (£+8) (vT+NT)}w

:wTme+wTE[(v+N)i(VT+NT)}W

=w' Dpw+w E[VEV'|w+ 2w E[VENT | w
(30)

We notice that 1) w/E[VEVTw =w/ VEVTw and 2)
wlE[VENT|w = 0. Therefore,

Var[wTr] =w'Dpw+w' VEV w + WTE[NENT] w.
(€29
The second stage of derivation is reflected in the following
lemma.
Lemma 6: Suppose N = Blkdiag({n;}/_,) satisfies (28).
Then,

+wlE [NE_INT] w.

E [NEN”] = Blkdiag ({£;R;}) £ D,.

Proof: The proof is straightforward and is omitted due to
space restrictions. ]

With stochastic robustness, we modify the original ideal and
naive risk tﬁerﬁmﬁwTVEVT w to a more realistic and meaningful
one: w! (VEVT +D)w where D=D,, +D,,. Dy, is a diago-
nal matrix and D,, is a block diagonal matrix, so D is block dia-
gonal. VEVT 4D is a full rank covariance matrix. This mod-
eling scheme indeed avoids the zero-risk fallacy, but it seems to
have no effect on the parameter 3 except for a notational dif-
ference. This is because w/ VXV w is linear in . By taking
the expectation, we can only get its deterministic component.

Remark 7: The initial risk measurement is wrongly esti-
mated in practice and suffers from zero-risk fallacy due to lack
of higher order statistics and estimation error in parameters.
After we introduce stochastic robustness, the new risk measure-
ment overcomes the zero-risk fallacy and is observed to enjoy
better performance. The introduced robustness helps to suppress
the effect of estimation error and, in a sense, make a slightly

(32)
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TABLE I
SUMMARY OF MODIFIED RISK EXPRESSIONS

Category of Robustness Expression

No. Remark

Stochastic Only

wT (VSVT + D) w 1

Convex in w.

Matrix Norm (Schatten
Stochastic & Norm) Uncertainty

Worst-Case

wT [\7 (f]—i—sI)VT—l-D}w 11

Convex in w.

Matrix Norm
(€q,p-norm) Uncertainty

wT (VEVT £ D) w
+e [ VW, [[VTwll,

1. May not be convex in general.
111 2. Convex in w if a=b.
3. Boil down to Expression II if a=b=2.

wT (VEVT + D) w

S T e 1. |-] means taking absolute value elementwisely.
Elementwise Uncertainty + |V W‘ E |V W| ) v 2. May not be convex in general.
3. Convex in w if E=e117.
Eij = €4

better prediction on risk than before so that we are able to take
advantage of others’ mispricings.

B. One Step Further: Worst-Case Robustness

Since stochastic robustness provides no protection from the
inaccurate estimation of 3, we consider further imposing worst-
case robustness so as to take into account the uncertainty of
3. We assume 3 has a nominal value 3 and lies within an
uncertainty set Us;, which we specify in the following.

1) Matrix Norm (Schatten p-Norm) Uncertainty: We define
the Schatten p-norm as

==

rank(A)

> o (AP

i=1

1A, = (33)

We introduce the following lemma to show the impact of Schat-

ten p-norm uncertainty. B
Lemma 8: When Uy, = {Z|||2 — X||,, < ¢},

max (WTVZVTW) =w!'V (2_3 + EI) Viw.
Yels

(34)

Proof: The proof is straightforward and is omitted due to
space restrictions. ]

2) Matrix Norm (¢, ,-norm) Uncertainty: We define the ma-
trix £, p-norm (@ > 1and b > 1) as

b

|A] (35)

a
wr = [ D21 D il

llT
b
=12 lAeill;
J i J
Note that when a = b, we have ||A||,,, = ||[vec(A)]|,. Now we
present the following lemma. ~
Lemma 9: WhenUs, = {Z|||X — X||.0 < €},
max (WTVEVTW)
Yelus
W VEV w e [V W] [V W]

a
a—

(36)

Proof: The proof is straightforward and is omitted due to
space restrictions. |
Remark 10: It can be observed that 1) if a =10, the
expression [|[V'w| o [V wl[l . = [V w[2_ is convex

a—1

in w; if a=b=2, ||\7TW||ﬁ||\7TW||bz%1 = VTwl|j3 =

w! VVTw, which boils down to the Schatten p-norm case.

Remark 11: Nowthata > 1andb > 1, the ranges of aa_l and
% are also [1, +00). With a slight abuse of notation, we replace
[VTwl|_« with |[VTw]||, and ||\7Tw||% with | VT wl|, for
simple notation when presenting the formulation.

3) Elementwise Uncertainty: We introduce the following
lemma to show the impact of elementwise uncertainty.

Lemma 12: When Us, ={X||X;; —%;;| <e;;, Vi, j} where
€ij = €jis
max W' VEVIW) =w' VEV W+ e |w/ v |w] V)|

ij
_ (37)
(Recall that V' = Blkdiag({v; })).
Proof: The proof is straightforward and is omitted due to
space restrictions. |

C. Summary of Modified Formulations

We summarize the aforementioned modified risk expressions
in Table I. We may rewrite some of the expressions for the sake
of clarity.

We notice that Expressions III and IV are not convex in
general. For simplicity and convenience, we only focus on the
scenarios where the modified problems are convex. For Expres-
sion III, we set a = b and additionally confine a to 1, 2, and +oo
because these values are most commonly used. For Expression
IV, we simply let ¢;; = € and thus E = e11”.

Itis easy to see that Expressions I, IT, and III can be unified into
Expression III: when ¢ = 0, Expression III becomes Expression
I; when a = b = 2, Expression III becomes Expression II. Now
that in Expression IV we set E = ¢1 17, we obtain

w (VEVT 4 D)w + |[V'w|" E [V w|

=w (VEVT + D) w +¢|[VIw| 117 [V w|
—w' (VEV! £ D) w+¢ (17 [V w|)?

(38)

which means, when a =b=1, Expression III becomes
Expression I'V.

—w' (VEVT + D) w +¢|[V w3,
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D. A Unified Formulation

To this end, we have been able to unify the four expressions
in Table I into one if the aforementioned parameter settings are
applied. The unified problem formulation is formally presented
as follows:

minimize —w’u4+ \ {WTAW +e HVTWHE}
+&B ||(w—wo) ©dlf

subjectto 17w =1

w >0, (39)

where A = VEV? + D and a = 1,2, or +00. Note that if
one seeks to maximize the Sharpe Ratio of the portfolio, the
robustness discussion will stay the same.

E. Black-Litterman Extension

We consider incorporating the idea of the Black-Litterman
portfolio [19], which involves financial views. The view vector
v is modeled on the random return r [20]:

v=Pr+e, (40)

where P is a view-based parameter and e measures er-
ror. Thus, the expected return u and robustified covari-

ance A (A =VIVT 4+ D, as is defined in Sec. III-D) are
modified as

ug. = u+AP” (PAP” + Q)" (v —Pu)  (@1)

and

Ap. = A — AP” (PAP” + Q) ' PA. (42)

The view-based parameter P is decided by relating the stocks

with the corresponding options. Taking one stock S and one
option C, for example, we have

_ s | ~ 1 2 @2

[-SA C] {rc}_@+2FaS, (43)

inferring from (6) and (8) (rs = AS/S and r¢ = AC/C). In

this case, we obtain p = [ —SA C'] (now P is a row-vector) and

v=06+ %FO’Q S? (now v is a scalar). The parameter 2 can be
chosen as a scaled identity.

IV. EFFICIENT ALGORITHMS FOR PORTFOLIO OPTIMIZATION:
AN ALTERNATIVE TO SOLVERS

With problem (39) being convex, we could conveniently call
an off-the-shelf solver, e.g., MOSEK [21], SeDuMi [22], or
SDPT3 [23], to obtain a global optimal solution. However, it
can be tedious to rewrite the problem formulation in the correct
format of the solver. For that purpose, one can conveniently use
a “modeling framework™ to do this tedious reformulation like
cvx [24], which is available for Matlab, R, Python, and Julia.
This convenience comes at the cost of a higher computational
cost.

While the off-the-shelf solvers can be applied, they may not
support all the simulation platforms. There are many widely
used online financial programming platforms, e.g., Worldquant,
Quantopian, JoinQuant, Ricequant, and Uquant, and not all of
them may support appropriate solvers. In the following we de-
velop a specialized algorithm simple to implement that does not
require any off-the-shelf solver. Not only such an algorithm is
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convenient but it is even faster than solvers (according to the
simulations about one half or one order of magnitude faster).

From the constraint of (39) we find there exists a coupling
linear constraint 17w = 1, which could be tackled with the
popular approach of alternating direction method of multipliers
(ADMM) [25]. In this paper, we consider an advanced version
of ADMM named BSUM-M [26] for algorithm design. Let us
take a look at this general method.

A. BSUM-M Overview

Consider the following general convex problem:

IIllIllIIllZe

K
tinimi FED) + ) e (xi)

K
subject to ZHIch =h
k=1

xp €Xp, k=1,2,... K (a4)

where f is a smooth convex function, g, is a nonsmooth convex
function, and X}, is a convex set for any k. Define

l l -1 -1
& (0, kD).

The BSUM-M algorithm is briefly described in the following
table.

(45)

At each iteration [ > 1 :

Y+ = 3O 4 o0 (h Ek—lHka

x,(CZH) = arg ming, cx, U (xk,xgcl),x(lzw) (46)

— [y+Y ] Hixi + gk (x1)
where (') > 0 is the step size for dual update and uy, is an
upper bound of f({x;}) + 2|h — 31 Hyx;|3 ata

given iterate (X,({l) ; X(lljw ).

Convergence: The main result of convergence of BSUM-
M is elaborated in [26, Theorem 2.1]. Every limit point of

{{x"}£ |y} is a primal and dual optimal solution. The
upper bound function wu; must satisfy a few conditions [26,
Assumption B], so that the convergence criteria are satisfied.
The conditions are given as follows. We denote

ZHk'qu + Z Hyx| V@)
k=1 k=k+1
and uy, must satisfy
1) wy (Xl(g”axgc)’x(fl]:rl)) = f(X;gl>7X(f;:1)) + g”h — Hkx,(fl)
-H ;x k||2,ka being feasible, Vk,
2) (1) (+1) (I+1) /)
uk(x 1 X x! k )>f(X x| —k ) Slh — Hyxy, —

H_;x* k||2,VX x§j>, UH) being feasible, Vk,

3 (’“)>le X,):v (foeex" ) +

3) vxkuk (kaxk y Xk
§lIh — Hyox — BB, o v xU Y being fea-

sible, Vk,
4) ug (x5 Xg) , x(],jl)) is continuous in x;, and (X]EU , X(]kH))

and also strongly convex in xy,



ZHAO AND PALOMAR: MARKOWITZ PORTFOLIO APPROACH TO OPTIONS TRADING

5) up (xp; x,(f) , x(fﬁ) has a Lipchitz continuous gradient.

Interested readers may refer to [26] for more technical details.

B. Implementation of BSUM-M

We find the convergence conditions in [26, Theorem 2.1] are
either readily satisfied or can be satisfied via doing a change of
variables, so we are guaranteed to obtain the optimal solution.
We observe in (39) that a could be 1, 2, or +00, so we look into
each case by case in the following. We start with a = 2, which
is the simplest case.

1) Casel, a = 2: When a = 2, the objective of (39) can be
rewritten as

—wlu+w! Bw+¢B|(w—wo) @ql;, (48)

where
B =)+ )\VVT, (49)
Here f(w) = —w’ u + w! Bw and uy, (w; w(!)) should be an

upper bound of f(w) + 4(1 —17w)?. We introduce the fol-
lowing lemma to derive its upper bound function.

Lemma 13 ([27, Lemma 1]): The quadratic function x Px
+ p’x+ const (P is real symmetric) is upper bounded at
X0 by

Amax (P)x?x 4+ r7x + const/, (50)

where r = 2Pxy — 2.5 (P)xo + p, and this upper bound
function satisfies the aforementioned convergence conditions.

By applying Lemma 13, we obtain
17 W) ?

f(W)+§(1—

=w’ (B—|—§11T)W—(p1—|—u)Tw+g

< Aw!w + bTw + const, (51)

where A, = Apax (M) > 0, b =2Mw() —2), wl) — p1 —
u,and M = B + £117. So we set uy, (w; wl)) = A, w/'w +
b”w 4 const.

Therefore, the update steps of BSUM-M are

V(Z+1> _ I/(Z) + a(l) (1 _ 1TW(Z)) (52)
and
w(+D = arg mi% Aw!lw +blw
~ VT W €B (W - wo) @l (53)
ie., Vk,

(1+1)
k

= arg m1>% A wi + (bk - u(Hl)) Wy

W

w

+ EBay |wy, — wo k] - (54)

We introduce the following lemma to give the closed form so-

lution of w](fﬂ) .
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Lemma 14: There holds

argmigl oz’ + fr+ |z — 20
x>

1=8 1=8
|: pre :|+ Zo Z 2a
= _1+p _ 2+
2a Lo S 2a
+8 —f
o 7’)20,/ < o < ’)2(1

(1>

(55)

v=8
[[xo]zs,.,} ,
2a +

where o > 0, v > 0, and 2y > 0.
Proof: The proof is straightforward and is omitted due to

space restrictions. |

1
Thus, we can compactly express w,E_H ) as

w}({,l+1)

(56)

§Bqp by +v I+
2y
[w(),k] ¢Bqp+by—v(+1) .
+

2y

2) Casell, a = 1: Now we look into a slightly more involved
case. When a = 1, we rewrite (39) as

minimize —w! u+w! (M)W + \e (1Tt)2
w.t,s1,89

+&B|[(w—wo) ©dl|,

subjectto VIiw+s; =t,s >0
VTW—SQ =—t,50 >0
1Tw=1

w > 0. (57)

Here f(w,t,s1,82) = —wlu+w! (A)w + A\e(17t)? and
we need to design three upper bound functions: u,, u¢, and ug
(i.e., u(s, s,)) for BSUM-M implementation. We introduce the
following lemma to obtain the upper bound functions.

Lemma 15: The upper bound functions for f(w,t,s;,s2) +
EIVIw +s; —t3 + [VIw — sy + t[3 + (1 — 17 w)?]
are given as follows:

Uy (W;WU),t(l),sg”,sg))
= >\max (M) -wlw + b’w -+ const
Ut (t;w(l“),t(l),s%”,sé”)
T T o 0\’
=t (pI + Aell )t—p(51 + 8y ) t + const
Us (SlaS2§W(l+1>,t(l+l),Sgl),s(;))
— gslTSler (VTW(HI) —t<l+1))T s + %SgSQ
—p (VTWUJrl) + t<l+1>)T S9 —+ COHSt,

(58)
where

M = AA + pVV7T + 511T (59)
and
b= 2Mw) — 2\, wl) + sV (sg” — sg”) —pl—u. (60)

All of them satisfy the aforementioned convergence conditions.
Proof: The proof is straightforward and is omitted due to
space restrictions. ]
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Therefore, the update steps of BSUM-M are

ng_l) _ Z(ll) +a(l) (t(l) _ VTW(I) — S(ll))

zgl“) = Z(QZ) +all (ft“) —VIiw® 4 ng))

D) = 0 4 o0 (1 - 17wl

(61)

the update of w follows (56),

T
tH) = argmint” (pI+ Ae117) ¢ —p( ”+s§”) t

T
n [zglﬂ) _ Zélﬂ)} ¢

1
2
1 A
= (- —— 2 117
2 P2+ prel’1
[ ( —|—s(2)> B Zgl+1) +Zgz+1)] 7 (62)
and
(s
P T (+1) _ c0+D)\
=arg min =sj sl—i-p(V —t ) S1
s1,82 >0 2
g (VT (z+1)+t(z+1))TS2
{Z (1+1) ] [ §”1>]T52
(st
+
|:VTW(Z+1) +t(l+l) _ zél+1)/P:| > (63)
+

3) Case Ill, a = +00: When a = 400, problem (39) is re-
formulated as

minimize  — wlu+wl (M) w + \et?
w,t,81,89

+&B[(w—wo) ©dl,
subjectto VIw +s; =t1,s, >0

VTW—SQ =—tl,80 >0
Tw=1

w >0, (64)

which is very similar to (64), so we present the update steps of
BSUM-M directly as follows:

N U (t“)l _VTwD _ S(ll))

2+ ( >) (65)

1)1 _ VT
].TW(l>),

= Zgl) +al (
I/(Z+1) = y(l) + a(l) (]_ —
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Algorithm 1: BSUM-M-based Portfolio Optimization
Algorithm, a = 2.

Requlre Initialization: (©), w(®) 1 =0, p;
: B=M +VVT,

2: M =B+ 2117;

3 A= )\max%M);

4 repeat

50 D =0 4 o1 —1TwD);

6: b=2Mw -2\, wl) — p1 —u;

7 Compute w,(fl“) using (56), Vk;

8 l=1+1;

9: until convergence

T () D) _ L+ (I+1)
(pI +Aell ) [ (Sl TS ) % T2 ] the update of w follows (56),

t(’+1)
(AT > 4 (0"
:argmln(pl 1+)\5)t —p(s1 —i—sQ) 1t
T
i [ZYH) _ zglﬂ)] 1t

T
(1714 2e)” 1 [p (ng) +s§”) _ D —|—z<21+1)] 1,
(66)

w\»—‘

and
(S§l+1)’sél+1)>

T
= arg mmo gsl s1+p (VT (1+1) _ t(l+1)1> S

S Sz

g sTs) (VT (1+1) +t(1+1)1)T52
T
[ l+1} [z;lﬂ)] S

wi D +t(l+1)1+zl“ /p} 7

([

{VTW(Z+1) + t(l+1)1 _ Z(QH—l)/p} > (67)
+

We summarize the efficient algorithms for portfolio optimiza-
tion in Algorithms 1 and 2. Some steps may be reorganized for
code efficiency.

C. Computational Complexity

We present an analysis on the computational complexity of
Algorithms 1 and 2 in this subsection and later in section V
we will show numerical results. The analysis is done on a per-
iteration basis. First we study Algorithm 1. Each iteration con-
sists of three steps: updating v, b, and w sequentially. Recall
that the length of w is [ + Zf:l(Mi + N;) = N. The most
costly step in the update of v is the summation of w(), of
complexity O(N). The most costly step in the update of b is
the matrix multiplication Mw(") (M € R *N), of complexity
O(N?). The computation of w(!*1) is by nature elementwise.
According to Lemma 14, updating one element of w(/*1) needs
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Algorithm 2: BSUM-M-based Portfolio Optimization
Algorithm, a = 1 or +o0.

Require: Initialization: ("), w(%), 1 = 0, p;
I: M= XA +pVVT + £117;

2: A, = (M);

3: repeat

4:  Dual update: if a = 1, cf. (61); if a = 400, cf. (65);
5. b=2Mw -2\, w + pV(s(ll) - sgl)) —pl—u;
6:  Compute w,ilﬂ) using (56), Vk;

7:  Update t or t: if a = 1, cf. (62); if a = 400, cf. (66);
8:  Update sy, s9: if a = 1, cf. (63); if a = 400, cf. (67);
9: I=1+1;

10: until convergence

O(1), thus in total O(N). Therefore, the overall computational
complexity of Algorithm 1 per iteration is O(N?), neglecting
lower-order terms.

Next we look into Algorithm 2. Each iteration consists of five
steps: updating (z1, 2o, v), b, w, t ort, and (s1, s2 ) sequentially.
The most costly step in the update of (z;,2z9) is the matrix
multiplication VTw) (V e RV*I) whether a = 1 or +00, of
complexity O(NT). The complexity of updating v is O(N).
The complexity of updating b is O(N? + NT) due to Mw!!)
and V(s!" — s!). The computation of w(/*1) is still O(N).
When a = 1, the update of t requires O(I?) (an I x I matrix
multiplies an I x 1 vector); and when a = 400, updating ¢ only
requires O(I) (summation of a length-I vector). Finally, the
update of (s1,s,) requires O(NT) as well, due to Vw1,
whether a = 1 or +oc. In our problem, N = I + Y7 (M, +
N;) > I. Therefore, the overall computational complexity of
Algorithm 2 per iteration is O(N?), neglecting non-dominant
terms.

V. NUMERICAL SIMULATIONS

In this section, we present numerical results on both synthetic
experiments (algorithmic performance) and real-data experi-
ments (financial performance). All simulations are performed
on a PC with a 3.20 GHz i5-4570 CPU and 8 GB RAM. The off-
the-shelf solver is specified as MOSEK built in the CVX toolbox
or MOSEK directly. If the proposed algorithm (Algorithm 1 or
2) is applied, we set by default p = 1, olV) = p/\ﬁ, and the ter-
mination condition is || w(*1) — w5 /||lw" ||y < 107% or the
number of iterations reaches 5 x 10* unless otherwise specified.

A. Synthetic Experiments

We study the algorithmic performance in this subsection. We
compare the performance of different methods to solve (39). The
experiment settings are as follows. Weset A = 1,{ = 1,ande =
0.01. We randomly generate u and V according to their length
or size. We also randomly generate A as positive semidefinite,
q as elementwise positive, and wy as a feasible point on the
simplex. When we run Algorithm 1 or 2, we randomly initialize
the dual variables: v, z;, and zo if applicable; we randomly
initialize the primal variables as well, but we additionally make
them primal feasible: w, t or ¢, s;, and s, if applicable. We
regard the built-in Matlab solver fmincon as a benchmark.
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1) Single Realization Scenario: We set the number of stocks
to 10 (/ = 10) and the combined number of stocks and options
to 100 (/N = 100 and the length of w is also 100) and run all
the computational methods once. We present the convergence
property of Algorithm 1 or 2 in Fig. 1. It can be observed that
although the objective does not decrease monotonically in all
iterations, the first ten iterations seem to be monotonic. The
converged objective always equals the optimal value computed
by CVX, and is always lower than the optimal value computed
by fmincon. It indicates that the solution computed by fmincon
is not optimal and thus fmincon does not give reliable results
when solving (39). We should use the solver MOSEK (whether
called via CVX or directly) or the proposed algorithm instead.

Next, we take a look at the computational time of different
methods. The result is presented in Table II. It can be seen
that all four methods take very little time to finish the compu-
tation, among which the proposed algorithm and MOSEK are
the fastest, almost one order of magnitude faster than the slow-
est ones. However, one realization is not sufficient to draw a
conclusion, so we move on to the next experiment.

2) Multiple Realization Scenario: Now we set I = N/10
and vary N in {50,100, 150, ...,450,500}. For a given tuple
of N and I, we run each method 100 times and the reported per-
formance is averaged over the 100 instances. We already know
from the previous experiment that the optimized objective of
fmincon is always higher than that of MOSEK and the proposed
algorithm, so we do not have to reproduce this result. Our focus
is shifted to the difference in solutions between the proposed
algorithm and MOSEK. It is observed that the gap between the
converged objective of the proposed algorithm and the opti-
mal value of MOSEK (whether called via CVX or directly) is
negligible, so we study the distance between the solutions in-
stead. We call MOSEK via CVX. Solution distance is defined as
follows:

Solution Distance = ||Wyosgx — W;roposedHoc . (68)

Apart from solution distance, we are also concerned with the
computational time of different methods.

In the simulation that follows, we will present the results of the
aforementioned two performance metrics. First we present the
solution distance between the proposed algorithm and MOSEK
in Fig. 2. The solution distance is generally low for all problem
sizes, smaller than 3 x 10~2. When a = 1 or 2, the solution
distance stays steady; when a = +o0, the solution distance dis-
plays a seemingly decreasing trend when /N < 350, and after
that, fluctuates in the range [4, 6] x 107°. Next, let us take a look
at computational time, which is displayed in Fig. 3. Among the
four methods, fmincon is always the slowest. MOSEK called via
CVXis the second slowest method because it spends extra time
on problem reformulation before calling the solver. The pro-
posed algorithm seems to be the fastest method, even faster than
MOSEK when called directly. When a = 1 or +0o0, the proposed
method is about half an order of magnitude faster than MOSEK
(called directly), and when a = 2, the proposed method is about
one order of magnitude faster than MOSEK (called directly).
Taking a global view, we can find that both MOSEK and the
proposed method can provide a solution within 1 second, which
is efficient enough for financial applications, so both methods
are recommended.
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COMPUTATIONAL TIME (SEC) OF DIFFERENT METHODS (ONE REALIZATION),

Solution Distance

Computational Time (sec)

N =100,1 =10

a=1 a=2 a = +0oo
Fmincon 0.2557 | 0.3547 0.2804
CVvX 0.2226 | 0.1629 0.2320
MOSEK 0.0363 | 0.0353 0.0331
Proposed Algorithm | 0.0284 | 0.0263 0.0306
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B. Real-Data Experiments

We move on to real data experiments. We obtain stock and
option data from the Bloomberg terminal. The trading period
goes from Nov. 18, 2014 to Jan. 20, 2017. We choose 6 stocks
as underlying assets, namely AAPL, BRKB, FB, MSFT, WMT,
and XOM; we also choose 128 liquid options (strike price close
to stock price) for portfolio design, namely AAPL: 14 calls, 14
puts; BRKB: 11 calls, 11 puts; FB: 18 calls, 18 puts; MSFT:
7 calls, 7 puts; WMT: 6 calls, 6 puts; XOM: 8 calls, 8 puts.
Note that one stock can be the underlying of many options
because there are many different strike prices and expiration
dates to choose from. The total budget B is 1 dollar. We conduct
daily rebalancing in the simulation and on each trading day,
the investment is fixed to be B = 1. In order to evaluate the
performance of trading, we adopt the following performance
metrics:

¢
1. Cumulative PnL (t) = Z

[ani ~ Bl|(wi - wi_) @,
i=1

transaction cost

where PnL; = Bwf_lri and r; denotes the return on the ith
day,

mean ({PnL; })

sd({PnL}) V252,

2. Sharpe Ratio (annual) =

3. Drawdown (t) (in percentage)

_ min (PnL; — max;_,_; PnL;, 0)

max;—1,...  PnL;
Cumulative PnL (T)
i Blwi = wial,
We will adopt three additional metrics on portfolio return. We

define portfolio return at time ¢ as x;, = PnL,/ Cumulative PnL
(t — 1). These three metrics are

4.ROT = /1074, (69)

5.VaR,, (t) = min {xt,o

Pr(z <) > a} , o= 0.99,

6. ES (Expected Shortfall, a.k.a CVaR)=E |x; |x; > VaR, (t)} ,
7. CE (Certainty Equivalent) = U (E[U (z)]),
Ua)=log(1+a),U " (a) =e" —1. (70)
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We choose the Sharpe ratio as our major performance metric,
i.e., we want this quantity as large as possible. The other metrics
are minor metrics; we present them merely as a reference. As
for the tuning parameter (), ¢,£), we choose them via cross
validation. We use data from the last 20 trading days to form
the training and validation set—80 percent for training and 20
percent for validation. The estimation of stock return mean and
covariance matrix is based on the training set. The covariance
matrix is simply computed as the sample covariance matrix,
but note that many other more robust and better methods exists
[28], [29]. We select the pair (), e,€) achieving the highest
Sharpe ratio. Since we only include 6 stocks, a training period
of 20 x 0.8 = 16 days? is enough since T/ = 16/6 ~ 3.

1) Including Options is Worthwhile: First we show that in-
cluding options in the portfolio design is worthwhile. We com-
pare the performance of including and excluding the options.
The benchmark is constructing a portfolio with stocks only (the
aforementioned 6 stocks), either allowing or forbidding short
selling. The formulation is the traditional mean-variance trade-
off with transaction cost penalty*:

minimize —w u+ A\w’! Zw
+EB[(w —wp) ©ql

17w <1, w > 0. (long only)
subjectto or
[lw]l, <1. (short selling allowed)

(71)

What we propose is including different call and put options,
which is solving (25). We present the result in Fig. 4 and Ta-
ble III. As can be seen in the figure and table, the portfolio
containing both stocks and options is much more profitable than
that with pure stocks. The cumulative PnL reaches close to 8.
The Sharpe ratio is around twice as much as trading stocks (long
only) and ten times as much as trading stocks (short selling al-
lowed). This is mainly because 1) implementing a risk-hedging
trading strategy, investors can expect to obtain a higher return
using options than only stocks and 2) the transaction cost of
trading the same amount (of shares) of options and stocks is
almost the same. However, in terms of drawdown, including op-
tions improves the performance slightly but not as much as one
would desire. This could result from the aforementioned “zero
risk” fallacy in risk modeling. Additionally, we can observe that
when short selling is allowed in stock trading, the cumulative
PnL is even lower. This indicates the potential risk of short sell-
ing. For risk-averse investors, imposing a long-only constraint
is preferred. We can also observe that including options may

3For sanity check, we also tried longer periods like 40 or 80 days and we
obtained similar results.

4As can be found in [30], if short selling is allowed, the general constraint
should be 1/Levigng X 17 max(w,0) + 1/Levgon X 17 max(—w,0) <
1, where Levigng and Levghor are the leverage parameters for a long and short
position, respectively. (Note that 1 /Lev g is the margin requirement for short-
ing.) For a long position, one is allowed to borrow (Levieng — 1)/LevVieng
of the value of the position from the broker, so one needs to provide
1/Leving x 17 max(w,0) as a long budget; for a short position, one is re-
quired to have at least 1 /Levgor Of the short value as the initial margin to estab-
lish the short position, so one needs to provide 1/Levgorq x 17 max(—w,0)
as a short budget. If we set Leviong = Levghorr = Lev, then the general con-
straint becomes ||w||; < Lev. If we additionally set Lev = 1, then the con-
straint becomes ||w|[; < 1.
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Fig.4. Performance evaluation (cumulative PnL and drawdown versus trading

days) of stock-only and stock plus options.

TABLE III
PERFORMANCE EVALUATION (SHARPE RATIO, ROT, VAR, ES, AND CE (END OF
TRADE)) OF STOCK-ONLY AND STOCK PLUS OPTIONS

Portfolio Composition Sharpe ratio ROT VaR
Stocks (long only) 0.7253 11.2199 -0.0385
Stocks (short selling allowed) 0.1761 1.9404 -0.0449
Stocks and options 1.5504 111.0176 | -0.0645

Portfolio Composition ES CE

Stocks (long only) -0.0423 0.00059
Stocks (short selling allowed) -0.0609 0.00016
Stocks and options -0.0806 0.0040

cause a larger potential loss judging from the metrics of VaR
and ES, although a much larger CE is achieved meanwhile.

2) Robustness is Necessary: The zero-risk fallacy was men-
tioned in Sec. III and we want to illustrate the importance of
introducing robustness. To simplify the comparison, we only
impose stochastic robustness, which is solving (39) with ¢ = 0.
Recall that we need to specify D, which is Blkdiag({Z;;R;}).
We specify R; as Diag(v?) (elementwise squared, v; is defined
after (19)).% The parameter pair (A, €) is still obtained via cross
validation. We present the simulation result in Fig. 5 and Ta-
ble IV. As can be seen in the figure and table, the cumulative
PnL curve obtained from solving the nonrobust formulation (25)
is higher but more volatile; it has a lower Sharpe ratio and ROT,
a larger potential loss (lower VaR and ES), though a slightly
higher CE. Its drawdown is also larger on most trading days.
When stochastic robustness is imposed, we achieve a more sta-
ble cumulative PnL curve. Note that we have not realized the full
potential of the robust formulation (39). We still can introduce
the worst-case robustness as well. We will look into this in the
next subsection.

3) Factor Model: Factor-model-based methods are also
worth trying to modify the covariance after we introduce
stochastic robustness. For a given covariance matrix M =
VXVT + D, we perform eigenvalue decomposition M =
UAUT with A = Diag(\) and A\; > Xy > ---. We keep the
largest K values in . The remaining values naturally form a

SThis is a heuristic choice that is simple and we found to perform well.
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Fig.5. Performance evaluation (cumulative PnL and drawdown versus trading

days) of robust and nonrobust formulation, options included.

TABLE IV
PERFORMANCE EVALUATION (SHARPE RATIO, ROT, VAR, ES, AND CE (END OF
TRADE)) OF ROBUST AND NONROBUST FORMULATION, OPTIONS INCLUDED
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Fig.7. Performance evaluation (cumulative PnL and drawdown versus trading

days) of different types of robustness.

TABLE V
PERFORMANCE EVALUATION (SHARPE RATIO, ROT, VAR, ES, AND CE (END OF
TRADE)) OF DIFFERENT TYPES OF ROBUSTNESS

Robust or not | Sharpe ratio ROT VaR ES CE Different types of robustness Sharpe ratio ROT
Nonrobust 1.5504 111.0176 | -0.0645 | -0.0806 | 0.0040 Stochastic Robustness only 1.6763 117.5772
Robust 1.6763 117.5772 ~0.0642 -0.0716 | 0.0036 Stochastic & Worst-Case Robustness, a = 1 1.8514 103.8731
Stochastic & Worst-Case Robustness, a = 2 1.7779 100.1020
Stochastic & Worst-Case Robustness, a = 400 1.7541 99.5456
’ Factor model, K = 50% of dimension Different types of robustness VaR ES CE
26F B e K = 30 oF Gimension : Stochastic Robustness only -0.0642_| -0.0716_| 0.0036
gl Factor model, K = 1 i Stochastic & Worst-Case Robustness, a = 1 -0.0561 -0.0650 | 0.0038
2 Original covariance Stochastic & Wors(-Case Robustness, a = 2| -0.0572 | -0.0661 | 0.0037
S4r ] Stochastic & Worst-Case Robustness, a = +oo | -0.0573 | -0.0655 | 0.0037
2L 4
! 50 100 150 200 250 300 350 400 450 500 order as the diagonal elements of X (the covariance matrix
Trading Days of the stock returns only). For convenience, the comparison
o among different types of worst-case robustness is reflected in the
005 choice of parameter a. We present the simulation result in Fig. 7
o and Table V. As can be seen in the figure and table, imposing
g o1r i different types of robustness does not change the cumulative
3 0150 Factor model, K = 50% of dimension | _ PnL and drawdown very much, although imposing stochastic
o Factor model, K = 30% of dimension . .
Factor model, K = 10% of dimension and worst-case robustness simultaneously with ¢ = 1 seems to
-0.2 - Factor model, K =1 — . . . .
—— Original covariance achieve the highest cumulative PnL. and Sharpe ratio and the
50 100 150 200 250 300 350 400 250 500 second highest ROT, with slightly larger drawdown. It appears
Trading Days that choosing a = 1 is better than choosing a = 2 and +oo. Let
) . . . us verify this claim in the next experiment.
Fig.6. Performance evaluation (cumulative PnL and drawdown versus trading Y P

days) of applying a factor model.

subset {Ax i1, Ak 42, -} and we set each )\; in the subset
with the subset mean. Thus we obtain . The factor-model-
based modified covariance is given as M = UDiag(\)U”. We
present in the following the simulation results of adopting M
and M with different choices of K. In the simulation, we set
K to be 50%, 30%, and 10% of the matrix dimension, and 1.
In Fig. 6, we can see that the curve of cumulative PnL seems to
slightly improve as K decreases, indicating that it is worthwhile
to adopt a factor-model to modify the covariance.

4) Full Potential of Robustness: To start with, we fix ¢ =
10~* as the worst-case robustness parameter, which is the same

We choose the Sharpe ratio as the performance measure. In
Fig. 8, we plot the achieved Sharpe ratio versus the choice of
e. If £ is no larger than 3 x 10~*, we can safely conclude that
a = 1 is superior to the other two options. When e > 3 x 1074,
the Sharpe ratio begins to drop and a = 1 is not necessarily the
best parameter. Thus, for the sake of performance, we should
not set ¢ too large. If ¢ is less than 3 x 1074, we can safely set
a=1.

Finally, let us realize the full potential of robustness. We
regard € as an additional tuning parameter and thus we ob-
tain (A, e,£) via cross validation. We also confine ¢ within
[0, 3 x 107*] so that we can safely set a = 1 and save a tun-
ing parameter. In Fig. 9 and Table VI, we present the perfor-
mance after realizing the full potential of robustness. For com-
parison, we include four additional methods: equally weighted
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Fig.9. Performance evaluation (cumulative PnL and drawdown versus trading

days) of the proposed portfolio, equally weighted portfolio, and Black-Litterman
portfolio.

TABLE VI
PERFORMANCE EVALUATION (SHARPE RATIO, ROT, VAR, ES, AND CE (END OF
TRADE)) OF THE PROPOSED PORTFOLIO, EQUALLY WEIGHTED PORTFOLIO,
AND BLACK-LITTERMAN PORTFOLIO

Types of portfolio Sharpe ratio ROT
Proposed portfolio 1.9388 97.9964
Equally weighted stock-only portfolio 0.4569 1485.7
Equally weighted stock-and-option portfolio -0.0753 26.9503
Black-Litterman stock-only portfolio 0.6588 26.5550
Black-Litterman stock-and-option portfolio 3.6016 42.6103
Types of portfolio VaR ES CE
Proposed portfolio -0.0546 | -0.0668 0.0038
Equally weighted stock-only portfolio -0.0301 | -0.0366 | 0.00027
Equally weighted stock-and-option portfolio | -0.0440 | -0.0512 | -0.00008
Black-Litterman stock-only portfolio -0.0320 | -0.0387 | 0.00040
Black-Litterman stock-and-option portfolio -0.0247 | -0.0308 0.0025
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stock-only portfolio, equally weighted stock-and-option port-
folio [31], Black-Litterman stock-only portfolio, and Black-
Litterman stock-and-option portfolio with our proposed views
as in eq. (43) (the parameter settings follow [20]). The proposed
portfolio performs better than the four benchmark portfolios
with the highest cumulative PnLL and largest CE, although it
suffers from a slightly larger potential loss (a slightly lower
VaR and ES). The Black-Litterman stock-only portfolio has a
slightly larger Sharpe Ratio than the equally weighted stock-
only portfolio. The Black-Litterman stock-and-option portfolio
achieves the second highest cumulative PnL. and the largest
Sharpe ratio with the smallest drawdown. This is because the
Black-Litterman portfolio takes advantage of financial views to
improve performance.

VI. CONCLUSION

In this paper, we have studied the problem of option port-
folio design under the Markowitz mean-variance framework.
The option returns have been modeled statistically with first-
and second-order moments, enriching the conventional delta-
gamma approximation. The naive mean-variance formulation
allows for the zero-risk fallacy, which has been circumvented
with a more realistic robust formulation. Transaction cost has
also been considered in the robust formulation. We have pro-
posed an efficient BSUM-M-based algorithm to solve the port-
folio design problem. It serves as an efficient alternative to such
off-the-shelf solvers as MOSEK. The proposed algorithm can
perform as well as the off-the-shelf solvers but with a faster con-
vergence speed, about one half or one order of magnitude faster
according to the simulation results. Numerical results based
on real data have demonstrated the superior performance of
our proposed stock-option portfolio compared to the pure-stock
portfolio design.

ACKNOWLEDGMENT

The authors would like to thank the Associate Editor, Prof.
M. Bengtsson, and the anonymous reviewers for their helpful
comments on the paper.

REFERENCES

[1] H. Markowitz, “Portfolio selection,” J. Finance, vol. 7, no. 1, pp. 77-91,
1952.

[2] J. C. Hull, Options, Futures, and Other Derivatives, 9th ed. New York,
NY, USA: Pearson, 2015.

[3] N. Sheldon, Option Volatility & Pricing—Advanced Trading Strategies and
Techniques. New York, NY, USA: McGraw-Hill, 1994.

[4] J. Gatheral, The Volatility Surface: A Practitioner’s Guide, vol. 357.
Hoboken, NJ, USA: Wiley, 2011.

[5] F.Black and M. Scholes, “The pricing of options and corporate liabilities,”
J. Political Econ., vol. 81, no. 3, pp. 637-654, 1973.

[6] J. C. Cox, S. A. Ross, and M. Rubinstein, “Option pricing: A simplified
approach,” J. Financial Econ., vol. 7, no. 3, pp. 229-263, 1979.

[71 X. Yu, “Robust portfolio optimization with options under VE constraint
using Monte Carlo,” J. Comput., vol. 8, no. 6, pp. 1580-1586, 2013.

[8] S. Zymler, B. Rustem, and D. Kuhn, “Robust portfolio optimization
with derivative insurance guarantees,” Eur. J. Oper. Res., vol. 210, no. 2,
pp- 410-424,2011.

[9] S.Zymler, D. Kuhn, and B. Rustem, “Worst-case value at risk of nonlinear
portfolios,” Manage. Sci., vol. 59, no. 1, pp. 172-188, 2013.

[10] S. Alexander, T. F. Coleman, and Y. Li, “Minimizing CVaR and VaR for a
portfolio of derivatives,” J. Banking Finance, vol. 30, no. 2, pp. 583-605,
2006.

[11] S. R. Jaschke, “The Cornish—Fisher expansion in the context of delta-
gamma-normal approximations,” J. Risk, vol. 4, pp. 33-52, 2002.



4238

[12] D. Eddelbuettel and K. Nguyen, “Rquantlib: R interface to the quantlib
library,” R Package Version 0.3, vol. 8, 2011.

Y. Feng et al., “*A signal processing perspective of financial engineering,”
Found. Trends Signal Process., vol. 9, no. 1-2, pp. 1-231, 2016.

G. P. Szego, Portfolio Theory: With Application to Bank Asset Manage-
ment. New York, NY, USA: Academic, 2014.

C. Jiang, “Efficient subset selection in large-scale portfolio with singular
covariance matrix,” in Proc. 7th Int. Conf. Manage. Sci. Eng. Manage..,
2014, pp. 1443-1453.

R. Tibshirani, “Regression shrinkage and selection via the Lasso,” J. Roy.
Stat. Soc.. Ser. B (Methodol.), vol. 58, pp. 267-288, 1996.

P. Bithlmann and S. Van De Geer, Statistics for High-Dimensional Data:
Methods, Theory and Applications. New York, NY, USA: Springer, 2011.
X. Zhang, D. P. Palomar, and B. Ottersten, “Statistically robust design of
linear MIMO transceivers,” IEEE Trans. Signal Process., vol. 56, no. 8,
pp- 3678-3689, Aug. 2008.

F. Black and R. B. Litterman, “Asset allocation: Combining investor views
with market equilibrium,” J. Fixed Income, vol. 1, no. 2, pp. 7-18, 1991.

A. Meucci, Risk and Asset Allocation. New York, NY, USA: Springer,
2009.

“The MOSEK optimization toolbox for Matlab manual, version 7.1 (re-
vision 28),” MOSEK, Copenhagen, Denmark, 2015. [Online]. Available:
http://www.mosek.com

J. E. Sturm, “Using SeDuMi 1.02, a Matlab toolbox for optimization over
symmetric cones,” Optim. Methods Softw., vol. 11, no. 1-4, pp. 625-653,
1999.

K.-C. Toh, M. J. Todd, and R. H. Tiitiincti, “On the implementation and
usage of SDPT3—-a Matlab software package for semidefinite-quadratic-
linear programming, version 4.0,” in Handbook on Semidefinite, Conic
and Polynomial Optimization. New York, NY, USA: Springer, 2012,
pp. 715-754.

M. Grant and S. Boyd, “CVX: Matlab software for disciplined
convex programming, version 2.1,” Mar. 2014. [Online]. Available:
http://cvxr.com/cvx

S. Boyd, N. Parikh, E. Chu, B. Peleato, and J. Eckstein, “Distributed
optimization and statistical learning via the alternating direction method
of multipliers,” Found. Trends Mach. Learn., vol. 3, no. 1, pp. 1-122,
2011.

M. Hong, T.-H. Chang, X. Wang, M. Razaviyayn, S. Ma, and Z.-Q. Luo,
“A block successive upper bound minimization method of multipliers
for linearly constrained convex optimization,” arXiv:1401.7079, to be
published.

J. Song, P. Babu, and D. P. Palomar, “Optimization methods for design-
ing sequences with low autocorrelation sidelobes,” IEEE Trans. Signal
Process., vol. 63, no. 15, pp. 3998-4009, Aug. 2015.

Y. Sun, P. Babu, and D. P. Palomar, “Regularized Tyler’s scatter estima-
tor: Existence, uniqueness, and algorithms,” IEEE Trans. Signal Process.,
vol. 62, no. 19, pp. 5143-5156, Oct. 2014.

J. Bun, J.-P. Bouchaud, and M. Potters, “Cleaning large correlation matri-
ces: Tools from random matrix theory,” Phys. Rep., vol. 666, pp. 1-109,
2017.

B. L. Jacobs, K. N. Levy, and H. M. Markowitz, “Portfolio optimization
with factors, scenarios, and realistic short positions,” Oper. Res., vol. 53,
no. 4, pp. 586-599, 2005.

V. DeMiguel, L. Garlappi, and R. Uppal, “Optimal versus naive diver-
sification: How inefficient is the 1/N portfolio strategy?” Rev. Financial
Stud., vol. 22, no. 5, pp. 1915-1953, 2007.

[13]
[14]

[15]

[16]
[17]

[18]

[19]
[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 66, NO. 16, AUGUST 15, 2018

Licheng Zhao received the B.S. degree in informa-
tion engineering from Southeast University, Nanjing,
China, in 2014. He is currently working toward the
Ph.D. degree with the Department of Electronic and
Computer Engineering, Hong Kong University of
Science and Technology. His research interests in-
clude optimization theory and fast algorithms, with
applications in signal processing, machine learning,
and financial engineering.

Daniel P. Palomar (S’99-M’03-SM’08-F’12) re-
ceived the Electrical Engineering and Ph.D. degrees
from the Technical University of Catalonia (UPC),
Barcelona, Spain, in 1998 and 2003, respectively. He
is currently a Professor with the Department of Elec-
tronic and Computer Engineering, Hong Kong Uni-
versity of Science and Technology (HKUST), Hong
Kong, which he joined in 2006. Since 2013, he has
been a Fellow with the Institute for Advance Study,
HKUST. He had previously held several research
appointments, namely, at King’s College London,
London, U.K.; Stanford University, Stanford, CA, USA; Telecommunications
Technological Center of Catalonia, Barcelona, Spain; Royal Institute of Tech-
nology, Stockholm, Sweden; University of Rome “La Sapienza,” Rome, Italy;
and Princeton University, Princeton, NJ, USA. His current research interests in-
clude applications of convex optimization theory, game theory, and variational
inequality theory to financial systems, big data systems, and communication
systems. He is a recipient of a 2004/06 Fulbright Research Fellowship, the 2004
and 2015 (coauthor) Young Author Best Paper Awards by the IEEE Signal
Processing Society, the 2015-2016 HKUST Excellence Research Award, the
2002/2003 best Ph.D. prize in Information Technologies and Communications
by UPC, the 2002/2003 Rosina Ribalta first prize for the Best Doctoral Thesis in
Information Technologies and Communications by the Epson Foundation, and
the 2004 prize for the best Doctoral Thesis in Advanced Mobile Communica-
tions by the Vodafone Foundation and COIT. He is a Guest Editor for the IEEE
JOURNAL OF SELECTED TOPICS IN SIGNAL PROCESSING 2016 Special Issue on
“Financial Signal Processing and Machine Learning for Electronic Trading”
and has been an Associate Editor for the IEEE TRANSACTIONS ON INFORMA-
TION THEORY and IEEE TRANSACTIONS ON SIGNAL PROCESSING, a Guest Editor
for the IEEE SIGNAL PROCESSING MAGAZINE 2010 Special Issue on ”Convex
Optimization for Signal Processing,” the IEEE JOURNAL ON SELECTED AREAS
IN COMMUNICATIONS 2008 Special Issue on "Game Theory in Communication
Systems,” and the IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS
2007 Special Issue on "Optimization of MIMO Transceivers for Realistic Com-
munication Networks.”




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


