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Abstract: Portfolio selection problems are considered in the paper. The securities in the proposed
problems are suggested to follow uncertain fractional differential equations which have memory
characteristics. By introducing the left semi-deviation of the wealth, two problems are proposed. One
is to maximize the expected value and minimize the left semi-variance of the wealth. The other is to
maximize the expected value of the wealth with a chance constraint that the left semi-deviation of the
wealth is not less than a given number at a confidence level. The problems are equivalent to determinant
ones which will be solved by genetic algorithm. Examples are provided to show the effectiveness of
the proposed methods.
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1. Introduction

Portfolio selection problem is a financial problem which optimizes the wealth of an investor
by allocating the asset to different securities. Markowitz pioneered portfolio selection problem
in 1952. Since then, many relative literatures about portfolio selection problem appeared, for example,
[1, 3–7, 20, 25]. In those study, the rewards of investment to risk securities were assumed to be
random variables or stochastic processes which follow Ito’s stochastic differential equations. Most of
introduced portfolio selection models are mean-variance based ones. Recently, entropy based portfolio
problems were studied [2, 21].

Due to the complexity of financial market. A real stock price may be impossible to follow an Ito’s
stochastic differential equation according to Liu [16]. Then an uncertain differential equation driven
by Liu process [15] was introduced to model a stock price.

In a period of time, a stock price may have memory characteristic. For such a case, it is better to
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model a stock price by uncertain fractional order differential equation introduced in [27] instead of an
uncertain differential equation. There are some results of investigation on uncertain fractional order
differential equation, such as [10–13, 17–19, 23, 24].

Based on uncertainty theory, some portfolio selection problems were studied, such as Huang
[8, 9] investigated mean-risk model for uncertain portfolio selection. In 2010, Zhu [26] considered
an uncertain portfolio selection problem by uncertain optimal control approach where a security was
suggested to earn an uncertain return following an uncertain differential equation. The expected value
and optimistic value of the return are maximized for uncertain portfolio selection problems in Zhu [26]
and Sheng and Zhu [22], respectively.

In the paper, we will present two uncertain portfolio selection problems based on uncertain
fractional order differential equations. One is to maximize the expected value and minimized the
left semi-variance of the wealth at a final time T . The other is to maximize the expected value of the
wealth at a final time T with a chance constraint that the left semi-deviation of the wealth is not less
than ~ at a confidence level β. The problems will be transformed their equivalent forms by α-path of
uncertain fractional order differential equation introduced in [18]. The equivalent problems would be
solved by appropriate optimization methods.

In the following section, some concepts and results on uncertainty theory and uncertain fractional
order differential equation will be recalled. Then two uncertain portfolio selection problems will be
introduced. Next, the problems will be transformed to their equivalent forms. Finally, a numerical
example will be given to validate the effectiveness of the proposed approaches.

2. Preliminary

In the section, we first review some concepts and results in uncertainty theory [14]. Let Γ be a
nonempty set andL be aσ-algebra over Γ. Each element Λ ∈ L is called an event. Set functionM from
L to [0, 1] is called an uncertain measure if it satisfies the following three axioms: M{Γ} = 1,M{Λ} +
M{Λc} = 1 for any event Λ, and M

{⋃∞
i=1 Λi

}
≤

∑∞
i=1M{Λi} for every countable sequence of events

Λ1,Λ2, · · · . The triplet (Γ,L,M) is called an uncertainty space. A product uncertain measure was
introduced to obtain an uncertain measure of a compound event. Let (Γk,Lk,Mk) be uncertainty spaces
for k = 1, 2, · · · . The product uncertain measureM is an uncertain measure satisfyingM

{∏∞
i=1 Λk

}
=

∞

∧
i=1
Mk{Λk}, where Λk are arbitrarily chosen events from Lk for k = 1, 2, · · · , respectively.

An uncertain variable ξ is defined as a function from an uncertainty space (Γ,L,M) to the set R of
real numbers such that the set {ξ ∈ B} is an event in L for any Borel set B. The uncertainty distribution
Φ : R → [0, 1] of ξ is defined by Φ(x) = M{ξ ≤ x} for x ∈ R. A normal uncertain variable with
expected value e and variance σ2 has the uncertainty distribution

Φ(x) =

(
1 + exp

(
π(e − x)
√

3σ

))−1

, x ∈ R,

which is denoted by ξ ∼ N(e, σ). The expected value of an uncertain variable ξ is defined by

E[ξ] =

∫ +∞

0
M{ξ ≥ r}dr −

∫ 0

−∞

M{ξ ≤ r}dr,
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provided that at least one of the two integrals is finite. The variance of ξ is defined by V[ξ] = E[(ξ −
E[ξ])2]. If ξ has (regular) inverse distribution function Φ−1(α), α ∈ (0, 1), then

E[ f (ξ)] =

∫ 1

0
f (Φ−1(α))dα (2.1)

for monotone (increasing or decreasing) function f (x).
The uncertain variables ξ1, ξ2, · · · ξm are said to be independent [15] if

M

 m⋂
i=1

(ξi ∈ Bi)

 = min
1≤i≤m

M{ξi ∈ Bi}

for any Borel sets B1, B2, · · · Bm of real numbers. For numbers a and b, E[aξ + bη] = aE[ξ] + bE[η] if
ξ and η are independent uncertain variables.

For a totally ordered set S and uncertainty space (Γ,L,M), Liu defined an uncertain process as a
measurable function from S × (Γ,L,M) to the set of real numbers.

A Liu process is an uncertain process Ct which satisfies: (i) C0 = 0 and almost all sample paths are
Lipschitz continuous; (ii) Ct has stationary and independent increments; (iii) Every increment Cs+t−Cs

is a normal uncertain variable with expected value 0 and variance t2, denoted by Cs+t −Cs ∼ N(0, t).

Remark 2.1. Liu process is a counterpart of Wiener process which is used to model a stochastic
differential equation. The main difference between the Wiener process and Liu process is that almost
all sample paths of Wiener process are continuous (but non Lipschitz) and almost all sample paths of
Liu process are Lipschitz continuous. In addition, variance of every increment Ws+t − Ws of Wiener
process Ws is t, and variance of every increment Cs+t −Cs of Liu process Cs is t2.

For any partition of closed interval [a, b] with a = t1 < t2 < · · · < tk+1 = b, the mesh is written
as ∆ = max1≤i≤k |ti+1 − ti|. Then the uncertain integral of an uncertain process Xt with respect to Ct is
defined by Liu [15] as ∫ b

a
XtdCt = lim

∆→0

k∑
i=1

Xti · (Cti+1 −Cti),

provided that the limit exists almost surely and is finite.
Next we will recall some concepts and results about an uncertain fractional differential equation.

For 0 < p ≤ 1, a Caputo type of uncertain fractional differential equation driven by Liu process Ct is
defined in [27] as

cDpXt = f (t, Xt) + g(t, Xt)
dCt

dt
, t > 0 (2.2)

for two given functions f and g. A solution Xt of the uncertain fractional differential equation (2.2)
satisfies the following uncertain integral equation:

Xt = X0 +
1

Γ(p)

∫ t

0
(t − s)p−1 f (s, Xs)ds +

1
Γ(p)

∫ t

0
(t − s)p−1g(s, Xs)dCs, t > 0,

where Γ(p) is the Gamma function.
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Definition 2.1. [18] Let 0 < α < 1. The Caputo type of uncertain fractional differential equation (2.2)
is said to be have an α-path Xα

t if it solves the corresponding fractional differential equation

cDpXα
t = f (t, Xα

t ) + |g(t, Xα
t )|Φ−1(α), (2.3)

where Φ−1(α) is the inverse standard normal uncertainty distribution, i.e.,

Φ−1(α) =

√
3
π

ln
α

1 − α
.

Theorem 2.1. [18] The solution Xt of (2.2) has an inverse distribution

Ψ−1
t (α) = Xα

t , α ∈ (0, 1),

where Xα
t is the corresponding α-path which solves (2.3).

Remark 2.2. When we are provided empirical data by experts, we may fit the data by an uncertain
(fractional) differential equation which is driven by Liu process.

Remark 2.3. In practice, we may have some historical or experts’ empirical data. If we use an
uncertain fractional differential equation to fit those data, the value of the order p and other parameters
in the equation may be estimated by some methods such as moment approach or least square method.

3. Portfolio selection problems

To begin with, we introduce an index to measure the risk of a security.

Definition 3.1. The left semi-deviation of an uncertain variable ξ is defined by

(ξ − E[ξ])− = (ξ − E[ξ]) ∧ 0 =

 ξ − E[ξ] if ξ ≤ E[ξ];

0 otherwise.

The left semi-variance of ξ is defined by

LS V[ξ] = E[{(ξ − E[ξ])−}2].

The left semi-variance may be regarded as a negative deviation from expected value for an
uncertain variable.

Lemma 3.1. Let the distribution of uncertain variable ξ be a regular function Φ(x) which is strictly
increasing at point x with Φ(x) > 0. We have

LS V[ξ] =

∫ 1

0


(
Φ−1(α) −

∫ 1

0
Φ−1(θ)dθ

)−
2

dα. (3.1)

Proof. It follows from (2.1) that

E[ξ] =

∫ 1

0
Φ−1(θ)dθ.
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Since left semi-deviation (ξ − E[ξ])− of ξ is negative and increasing in ξ, we know that {(ξ − E[ξ])−}2

is decreasing in ξ. Thus, we have

LS V[ξ] = E[{(ξ − E[ξ])−}2]

=

∫ 1

0
{(Φ−1(α) − E[ξ])−}2dα

=

∫ 1

0


(
Φ−1(α) −

∫ 1

0
Φ−1(θ)dθ

)−
2

dα

by (2.1). The lemma is proven.
As we know, a portfolio selection problem is to allocate personal wealth between investment

in a risk security and investment in a risk-free asset. The risk investment is assumed to do under
uncertain environment.

For the sake of convenience, we list main symbols in Table 1 used in the sequel.

Table 1. Symbols used in the paper.

Symbol Description
p order of fractional differential equation
Xt wealth of an investor at time t
w fraction of the wealth in a risk-free asset
b rate of return in a risk-free asset
µ draft coefficient in an uncertain fractional differential equation
σ diffusion coefficient in an uncertain fractional differential equation
T final time
~ endurance level

Let Xt be the wealth of an investor at time t. The investor allocates a fraction w of the wealth in a
risk-free asset and remainder in a risk asset at initial time. In the time interval [0,T ], the risk-free asset
earns a rate of return b. The risk asset (stock) is assumed to earns an uncertain return. Since future
price of a stock is dependent not only on the current price but also the previous prices, it is reasonable
that an uncertain return is regarded to follow an uncertain fractional differential equation.

The wealth Xt is suggested to follow the following uncertain fractional differential equation:

cDpXt = bwXt + µ(1 − w)Xt + σ(1 − w)Xt
dCt

dt
, t ∈ [0,T ], (3.2)

where 0 < p ≤ 1, σ > 0 and µ ∈ R.
By Theorem 2.1, the solution Xt of Eq (3.2) has an inverse uncertainty distribution

Ψ−1
t (α) = Xα

t , α ∈ (0, 1),

where Xα
t is the corresponding α-path of Eq (3.2), which is the solution of the following fractional

differential equation:

cDpXα
t = bwXα

t + µ(1 − w)Xα
t + σ(1 − w)Xα

t Φ−1(α), t ∈ [0,T ]. (3.3)
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Thus,
Xα

t = X0Ep,1([bw + µ(1 − w) + σ(1 − w)Φ−1(α)]tp), t ∈ [0,T ], α ∈ (0, 1), (3.4)

where Ep,q(z) =
∑∞

k=1
zk

Γ(kp+q) is the Mittag-Leffler function, which is a convergent series for any p, q > 0
and complex number z. In approximate calculation, the value of Mittag-Leffler function at z may be
given by a finite sum Ep,q(z) ≈

∑N
k=1

zk

Γ(kp+q) for an appropriate positive integer number N.
Now we will propose two problems for portfolio selection models based on the expected value and

semi-variance subject to uncertain fractional differential equations.
Problem 1: We want to maximize the expected value and minimize the left semi-variance of the

wealth at the final time T . That is

max
w∈[0,1]

E[XT ] − λ · LS V[XT ]

subject to

cDpXt = bwXt + µ(1 − w)Xt + σ(1 − w)Xt
dCt

dt
, t ∈ [0,T ],

X0 = x0,

(3.5)

where λ is a multiplier.
Problem 2: We want to maximize the expected value of the wealth at the final time T with a chance

constraint that the left semi-deviation of the wealth is not less than an endurance level ~ at a confidence
level β. That is 

max
w∈[0,1]

E[XT ]

subject to

M{(XT − E[XT ])− ≥ ~} ≥ β

cDpXt = bwXt + µ(1 − w)Xt + σ(1 − w)Xt
dCt

dt
, t ∈ [0,T ],

X0 = x0.

(3.6)

Next we will discuss the equivalent forms of problems (3.5) and (3.6).

Theorem 3.1. The problem (3.5) and the following optimization problem are equivalent.

max
w∈[0,1]

x0

∫ 1

0
Ep,1([bw + µ(1 − w) + σ(1 − w)Φ−1(α)]T p)dα

−λx2
0

∫ 1

0

{(
Ep,1([bw + µ(1 − w) + σ(1 − w)Φ−1(α)]T p)

−

∫ 1

0
Ep,1([bw + µ(1 − w) + σ(1 − w)Φ−1(α)]T p)dα

)−
2

dα, (3.7)

where Φ−1(α) =
√

3
π

ln α
1−α .

Proof. It follows from (2.1) and (3.4) that

E [XT ] =

∫ 1

0
Xα

T dα = x0

∫ 1

0
Ep,1([bw + µ(1 − w) + σ(1 − w)Φ−1(α)]T p)dα. (3.8)
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It follows from Lemma 3.1 that

LS V[XT ] =

∫ 1

0

{(
Xα

T − E[XT ]
)−}2

dα

= x2
0

∫ 1

0

{(
Ep,1([bw + µ(1 − w) + σ(1 − w)Φ−1(α)]T p)

−

∫ 1

0
Ep,1([bw + µ(1 − w) + σ(1 − w)Φ−1(α)]T p)dα

)−
2

dα. (3.9)

Combining (3.8) and (3.9) deduces the conclusion. The theorem is proved.

For problem (3.6), we get its equivalent form as follows.

Theorem 3.2. For ~ < 0, the problem (3.6) and the following optimization problem are equivalent.

max
w∈[0,1]

x0

∫ 1

0
Ep,1([bw + µ(1 − w) + σ(1 − w)Φ−1(α)]T p)dα

subject to(
x0Ep,1([bw + µ(1 − w) + σ(1 − w)Φ−1(1 − β)]T p)

−x0

∫ 1

0
Ep,1([bw + µ(1 − w) + σ(1 − w)Φ−1(α)]T p)dα

)−
≥ ~,

(3.10)

where Φ−1(α) =
√

3
π

ln α
1−α .

Proof. It follows from (3.8) that

E [XT ] = x0

∫ 1

0
Ep,1([bw + µ(1 − w) + σ(1 − w)Φ−1(α)]T p)dα. (3.11)

Since the inverse distribution of XT is Xα
T , we know that (XT − E[XT ])− has the inverse distribution

(Xα
T − E[XT ])−. Thus, the constraintM{(XT − E[XT ])− ≥ ~} ≥ β is equivalent to

(X1−β
T − E[XT ])− ≥ ~.

That is (
x0Ep,1([bw + µ(1 − w) + σ(1 − w)Φ−1(1 − β)]T p)

−x0

∫ 1

0
Ep,1([bw + µ(1 − w) + σ(1 − w)Φ−1(α)]T p)dα

)−
≥ ~. (3.12)

The theorem is proved.
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4. Solution methods

Based on the analysis of the previous section, problems (3.5) and (3.6) are, respectively, equivalent
to the optimization problems (3.7) and (3.10), which may be solved by genetic algorithm (GA). To
solve problems (3.7) and (3.10), we have to calculate an integral of a function in α ∈ (0, 1) at first. Let
ε > 0 be small enough and h = (1 − 2ε)/n. Divide the interval [ε, 1 − ε] by ε = α0 < α1 < · · · <

αn−1 < αn = 1− ε, where αi = ε + ih for i = 1, 2, · · · , n− 1. For a function f (α), α ∈ (0, 1), the integral∫ 1

0
f (α)dα is approximately calculated based on the Simpson’s rule by

∫ 1

0
f (α)dα ≈

h
6

n−1∑
i=0

{ f (αi) + 4 f (αi + h/2) + f (αi+1)} . (4.1)

5. Numerical examples

Example 5.1. For the problem (3.5), its equivalent form is the problem (3.7). Let x0 = 2, p = 0.7,
b = 0.03, µ = 0.08, σ = 0.03, T = 2. We employ genetic algorithm (GA) to solve problem (3.7) and
then get the optimal solution.

Table 2 shows the optimal allocations for different multipliers. The optimal allocations increase as
the multipliers increase. That means that more allocation in a sure asset will be allowed if we wish to
have less left semi-variance of the wealth.

Table 2. The optimal allocations relative to the multipliers.

Multiplier (λ) Optimal allocation (w) Multiplier (λ) Optimal allocation (w)
10 0.00000029 60 0.7761
13 0.0030 80 0.8317
14 0.0710 100 0.8651
15 0.1303 120 0.8875
20 0.3410 140 0.9035
30 0.5564 160 0.9155
40 0.6657 200 0.9323

Example 5.2. For the problem (3.6), its equivalent form is the problem (3.10). Let x0 = 1, p = 0.7,
b = 0.04, µ = 0.008, σ = 0.03, T = 2, ~ = −0.07. We employ genetic algorithm (GA) to solve
problem (3.10) and then get the optimal solution.

Table 3 shows the optimal allocations for different confidence levels. The optimal allocations
increase as the confidence levels increase. That means that more allocation in a sure asset will be
allowed if we wish to have more confidence level at which the left semi-deviation of the wealth is not
less than ~.
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Table 3. The optimal allocations relative to the confidence level.

Confidence level Optimal allocation Confidence level Optimal allocation
(β) (w) (β) (w)
0.7 2.9 × 10−7 0.95 0.2933
0.8 2.9 × 10−7 0.96 0.3412

0.88 2.9 × 10−7 0.97 0.3936
0.89 0.0392 0.98 0.4543
0.90 0.0803 0.99 0.5334
0.91 0.1214 0.999 0.6841
0.92 0.1629 0.9999 0.7611
0.93 0.2050 0.99999 0.8080
0.94 0.2483 0.999999 0.8394

6. Conclusions

Two uncertain portfolio selection problems were established based on expected value criterion,
where the risk security is suggested to follow an uncertain fractional differential equation. The
problems are transformed to equivalent forms by the integrals of α-paths while the relative integrals are
approximated by the compound Simpson formula. Genetic algorithm was employed to find the optimal
solutions of the equivalent optimization problems. Numerical examples showed the effectiveness of the
proposed methods. Also, in the examples, the relations of the solutions of the proposed problems and
relative parameters were discussed. The main advantage of the proposed method is that it is suitable
to deal with a portfolio selection problem in uncertain fractional cases. Of course, there may be a
disadvantage that in practice, it would be not easy to fit empirical data by using an uncertain fractional
differential equation. It is an interesting work in the future.

Conflict of interest

All authors declare no conflicts of interest in this paper.

References

1. F. B. Abdelaziz, B. Aouni, R. E. Fayedh, Multi-objective stochastic programming for portfolio
selection, Eur. J. Oper. Res., 177 (2007), 1811–1823. https://doi.org/10.1016/j.ejor.2005.10.021

2. A. K. Bera, S. Y. Park, Optimal portfolio diversification using the maximum entropy principle,
Econometric Rev., 27 (2008), 484–512. https://doi.org/10.1080/07474930801960394

3. M. Corazza, D. Favaretto, On the existence of solutions to the quadratic mixed-integer
meanvariance portfolio selection problem, Eur. J. Oper. Res., 176 (2007), 1947–1960.
https://doi.org/10.1016/j.ejor.2005.10.053

4. B. Dumas, E. Liucinao, An exact solution to a dynamic portfolio choice problem under transaction
costs, J. Finance, 46 (1991), 577–595. https://doi.org/10.1111/j.1540-6261.1991.tb02675.x

AIMS Mathematics Volume 7, Issue 3, 4304–4314.

http://dx.doi.org/https://doi.org/10.1016/j.ejor.2005.10.021
http://dx.doi.org/https://doi.org/10.1080/07474930801960394
http://dx.doi.org/https://doi.org/10.1016/j.ejor.2005.10.053
http://dx.doi.org/https://doi.org/10.1111/j.1540-6261.1991.tb02675.x


4313

5. R. R. Grauer, N. H. Hakansson, On the use of mean-variance and quadratic approximations in
implementing dynamic investment strategies: A comparison of returns and investment policies,
Manag. Sci., 39 (1993), 856–871. https://doi.org/10.1287/mnsc.39.7.856

6. N. H. Hakansson, Multi-period mean-variance analysis: Toward a general theory of portfolio
choice, J. Finance, 26 (1971), 857–884. https://doi.org/10.2307/2325237

7. M. Hirschberger, Y. Qi, R. E. Steuer, Randomly generatting portfolio-selection covariance
matrices with specified distributional characteristics, Eur. J. Oper. Res., 177 (2007), 1610–1625.
https://doi.org/10.1016/j.ejor.2005.10.014

8. X. X. Huang, Mean-risk model for uncertain portfolio selection, Fuzzy Optim. Decis. Making, 10
(2011), 71–89. https://doi.org/10.1007/s10700-010-9094-x

9. X. X. Huang, A risk index model for portfolio selection with returns subject to experts’ estimations,
Fuzzy Optim. Decis. Making, 11 (2012), 451–463. https://doi.org/10.1007/s10700-012-9125-x

10. Z. F. Jia, X. S. Liu, C. L. Li, Fixed point theorems applied in uncertain fractional differential
equation with jump, Symmetry, 12 (2020), 1–20. https://doi.org/10.3390/sym12050765

11. T. Jin, Y. Sun, Y. G. Zhu, Extreme values for solution to uncertain fractional differential
equation and application to American option pricing model, Physica A, 534 (2019), 122357.
https://doi.org/10.1016/j.physa.2019.122357

12. T. Jin, Y. Sun, Y. G. Zhu, Time integral about solution of an uncertain fractional order differential
equation and application to zero-coupon bond model, Appl. Math. Comput., 372 (2020), 124991.
https://doi.org/10.1016/j.amc.2019.124991

13. T. Jin, Y. G. Zhu, First hitting time about solution for an uncertain fractional differential equation
and application to an uncertain risk index model, Chaos Soliton. Fract., 137 (2020), 109836.
https://doi.org/10.1016/j.chaos.2020.109836

14. B. D. Liu, Uncertainty theory, 2 Eds., Berlin, Heidelberg: Springer, 2007.
https://doi.org/10.1007/978-3-540-73165-8

15. B. D. Liu, Some research problems in uncertainty theory, J. Uncertain Syst., 3 (2009), 3–10.

16. B. D. Liu, Toward uncertain finance theory, J. Uncertain. Anal. Appl., 1 (2013), 1–15.
https://doi.org/10.1186/2195-5468-1-1

17. Z. Q. Lu, H. Y. Yan, Y. G. Zhu, European option pricing model based on uncertain
fractional differential equation, Fuzzy Optim. Decis. Making, 18 (2019), 199–217.
https://doi.org/10.1007/s10700-018-9293-4

18. Z. Q. Lu, Y. G. Zhu, Numerical approach for solution to an uncertain fractional differential
equation, Appl. Math. Comput., 343 (2019), 137–148. https://doi.org/10.1016/j.amc.2018.09.044

19. Z. Q. Lu, Y. G. Zhu, Q. Y. Lu, Stability analysis of nonlinear uncertain fractional
differential equations with Caputo derivative, Fractals, 29 (2021), 2150057.
https://doi.org/10.1142/S0218348X21500572

20. R. C. Merton, Optimum consumption and portfolio rules in a continuous-time model, J. Econ.
Theory, 3 (1971), 373–413. https://doi.org/10.1016/0022-0531(71)90038-X

AIMS Mathematics Volume 7, Issue 3, 4304–4314.

http://dx.doi.org/https://doi.org/10.1287/mnsc.39.7.856
http://dx.doi.org/https://doi.org/10.2307/2325237
http://dx.doi.org/https://doi.org/10.1016/j.ejor.2005.10.014
http://dx.doi.org/https://doi.org/10.1007/s10700-010-9094-x
http://dx.doi.org/https://doi.org/10.1007/s10700-012-9125-x
http://dx.doi.org/https://doi.org/10.3390/sym12050765
http://dx.doi.org/https://doi.org/10.1016/j.physa.2019.122357
http://dx.doi.org/https://doi.org/10.1016/j.amc.2019.124991
http://dx.doi.org/https://doi.org/10.1016/j.chaos.2020.109836
http://dx.doi.org/https://doi.org/10.1007/978-3-540-73165-8
http://dx.doi.org/https://doi.org/10.1186/2195-5468-1-1
http://dx.doi.org/https://doi.org/10.1007/s10700-018-9293-4
http://dx.doi.org/https://doi.org/10.1016/j.amc.2018.09.044
http://dx.doi.org/https://doi.org/10.1142/S0218348X21500572
http://dx.doi.org/https://doi.org/10.1016/0022-0531(71)90038-X


4314

21. P. Murialdo, L. Ponta, A. Carbone, Inferring multi-period optimal portfolios via detrending
moving average cluster entropy, Europhys. Lett., 133 (2021), 60004. https://doi.org/10.1209/0295-
5075/133/60004

22. L. X. Sheng, Y. G. Zhu, Optimistic value model of uncertain optimal control, Int. J. Uncertain.
Fuzz., 21 (2013), 75–83. https://doi.org/10.1142/S0218488513400060

23. W. W. Wang, D. A. Ralescu, Option pricing formulas based on uncertain fractional differential
equation, Fuzzy Optim. Decis. Making, 20 (2021), 471–495. https://doi.org/10.1007/s10700-021-
09354-z

24. J. Wang, Y. G. Zhu, Solution of linear uncertain fractional order delay differential equations, Soft
Comput., 24 (2020), 17875–17885. https://doi.org/10.1007/s00500-020-05037-w

25. X. Y. Zhou, D. Li, Continuous-time mean-variance portfolio selection: A stochastic LQ framework,
Appl. Math. Optim., 42 (2000), 19–33. https://doi.org/10.1007/s002450010003

26. Y. G. Zhu, Uncertain optimal control with application to a portfolio selection model, Cybernet.
Syst., 41 (2010), 535–547. https://doi.org/10.1080/01969722.2010.511552

27. Y. G. Zhu, Uncertain fractional differential equations and an interest rate model, Math. Method.
Appl. Sci., 38 (2015), 3359–3368. https://doi.org/10.1002/mma.3335

© 2022 the Author(s), licensee AIMS Press. This
is an open access article distributed under the
terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0)

AIMS Mathematics Volume 7, Issue 3, 4304–4314.

http://dx.doi.org/https://doi.org/10.1209/0295-5075/133/60004
http://dx.doi.org/https://doi.org/10.1209/0295-5075/133/60004
http://dx.doi.org/https://doi.org/10.1142/S0218488513400060
http://dx.doi.org/https://doi.org/10.1007/s10700-021-09354-z
http://dx.doi.org/https://doi.org/10.1007/s10700-021-09354-z
http://dx.doi.org/https://doi.org/10.1007/s00500-020-05037-w
http://dx.doi.org/https://doi.org/10.1007/s002450010003
http://dx.doi.org/https://doi.org/10.1080/01969722.2010.511552
http://dx.doi.org/https://doi.org/10.1002/mma.3335
http://creativecommons.org/licenses/by/4.0

	Introduction
	Preliminary
	Portfolio selection problems
	Solution methods
	Numerical examples
	Conclusions

