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h i g h l i g h t s

• The dynamic behavior of financial data is modeled through a set of scenarios.
• Statistical properties and marginal distributions of historical data are preserved.
• A scenario based stochastic optimization model is implemented with the scenario set.
• High value of stochastic model and in-sample stability of the objective is confirmed.
• Out-of-sample simulations show the outstanding performance of the proposed method.
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a b s t r a c t

This paper develops a method to characterize the dynamic behavior of statistically depen-
dent returns of assets via a scenario set. The proposed method uses heteroskedastic time
series to model serial correlations of returns, as well as Cholesky decomposition to gen-
erate the set of scenarios such that the statistical dependence of different asset returns is
preserved. In addition, this scenario generationmethod preservesmarginal distributions of
returns. To demonstrate the performance of the proposed method, a multi-period portfo-
lio optimization model is presented. Then, the method is implemented through a number
of stocks selected from New York Stock Exchange (NYSE). Computational results show a
high performance of the proposed method from the statistical point of view. Also, results
confirm sufficiency and in-sample stability of the generated scenario set. Besides, out-of-
sample simulations, for both risk and return, illustrate a good performance of the proposed
method.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The evolution of financial markets enforces individual and organizational investors to face with high degrees of uncer-
tainty. Consequently, taking timely and well informed decisions is a matter of particular importance. Hence, the involved
uncertainties should be modeled properly. In this paper, a scenario generation approach is proposed to deal with this im-
portant issue. The generated scenario set should preserve statistical features of the reference data set. Moreover, it should
perform well in practical cases.

Høyland andWallace [1] presented a nonlinear programmingmodel for scenario generation. They generated a number of
scenarios, such that somedistancemeasures between the specified statistical properties and those of generated scenarios are
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minimized. This method is referred to as ‘‘moment matching’’. A remarkable number of studies used the moment matching
method individually or in combination with other methods in their work, Refs. [2–7].

Experiences show that distributions of asset return are not necessarily uni-modal. Therefore, matching a small number
of moments, especially in case of multi-modal return distributions, does not seem to well preservemarginal distributions of
asset returns. In addition, to the best of our knowledge, all studies that usemomentmatching, utilize covariancematrices to
measure the dependence of return series. Since covariancematrices onlymeasure the linear dependency of randomvariables
for normal return distributions, they donot seem tobe a confident tool,when return distributions are non-normal. Therefore,
they may give misleading results.

A few research works focused on serial dependence of return series, which in turn is an important issue in asset returns.
Ji et al. [5] and Grebeck & Rachev [8] used Vector Auto-Regression (VAR) method to model random variables as time series
for financial scenario generation. Also, they used an exponentially weighted moving average (EWMA) process to remove
the major trends of the individual time series. Erlwein et al. [9] utilized the hidden Markov model to deal with scenario
generation of financial parameters. Although these studies consider serial correlations of return series, they do not consider
heteroskedastic and leptokurtic behavior of asset returns. The formermeans that their variance is not constant and the latter
means that distributions of returns have fatter tails than normal distributions. These characteristics distinguish financial
time series data fromother types of data series. Therefore, utilizing appropriate time seriesmodels is necessary to account for
the intrinsic characteristics of financial data series in scenario generations. The autoregressive conditional heteroskedastic
(ARCH) model of volatility was presented by Engle [10] and further developed to the generalized ARCH (GARCH) model by
Bollerslev [11]. For an elaborate discussion about conditional heteroskedastic models, one can refer to Tsay [12]. There are
a limited number of works that considered the above-mentioned behavior of financial data, and utilized heteroskedastic
models to generate financial scenarios. Chen and Yuen [13], Chen et al. [14] and Chen [15] presented a scenario generation
approach to deal with the uncertain behavior of asset returns. Their method consists of two steps. First, they used a GARCH-
type process to model returns of risky assets. Second, they used the conditional sampling to get the return value at each
node of the scenario tree and the conditional probability for a scenario to pass through a branch at a node.

In this paper, we use different GARCH type models in combination with ARMA models to model the serial dependence
of financial data series. Moreover, it should be considered that marginal distributions of financial data series are often non-
normal. Asmentioned before,most of studies assumed thatmarginal distributions of data series followanormal distribution.
We suggest using Johnson transformation [16] for converting non-normal distributions of asset return to normal ones. By
using Johnson transformation, we can transform distributions of return series, which in some cases are unknown, to the
standard normal distribution. This has three advantages. First, we can use special characteristics of normal distribution,
such as its special linear dependence structure. Second, it dispels our concerns about fat tails of return distributions. Finally,
it helps decision maker(s) fit time series models on return series with Gaussian innovations. Of course, after forming the set
of scenarios, all of simulated returns should be back transformed to original distributions of returns.

In addition, we try to exclude arbitrage opportunities from the set of generated scenarios as much as possible to make it
consistent with conditions of real markets and asset pricing theory.

The discussion about diversity of scenario generation methods is not limited to above-mentioned studies, and we have
mentioned some key points of this area. See for example [17,18]. For a more detailed discussion about scenario generation
techniques, one can refer to Ref. [19].

In summary, this paper develops a scenario generation method that not only takes the dependence structure of financial
data into account, but also it considers serial correlations of data series. Since financial data series, e.g. asset returns, often
exhibit heteroskedasticity, ARMA/GARCH type models are used to model the time dependence of financial data series. To
overcome the non-normality and fat-tailed distribution of return series, Johnson transformation is utilized. This transfor-
mation has also the main advantage that it enables us to generate scenarios without identification of marginal distributions
of data series. Thismakes the proposedmethodmore accurate, since it eliminates the errors associatedwith fittingmarginal
distributions on the univariate data series. Also, Cholesky decomposition is used tomodel the dependence structure of return
series. Finally, the preclusion of arbitrage opportunities is investigated.

The remainder of this paper is organized as follows. Section 2 presents the theoretical background of the proposed
scenario generation method. The proposed scenario generation method and a multi-period portfolio selection model are
presented in Section 3. Numerical and graphical results are presented and discussed in Section 4. Finally, Section 5 concludes
the paper.

2. Theoretical background

In this section, we discuss some important theoretical aspects of the proposed scenario generation method.

2.1. Transformation of non-normal returns to normal distribution

To exploit the properties of normal distribution in modeling the dependence structure of returns, Johnson transforma-
tion [16] is utilized. This helps us exploit the covariancematrix formodeling the dependence structure of returns, and dispels
our concerns about fat tails of distributions. Johnson transformation is of three types referred to as bounded system (SB), log-
normal system (SL) and unbounded system (SU ). Eqs. (1)–(3) show these three types of transformations respectively, where
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