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Abstract: Minimum-cost portfolio insurance (MCPI) is a well-known investment strategy that tries
to limit the losses a portfolio may incur as stocks decrease in price without requiring the portfolio
manager to sell those stocks. In this research, we define and study the time-varying MCPI problem
as a time-varying linear programming problem. More precisely, using real-world datasets, three
different error-correction neural networks are employed to address this financial time-varying linear
programming problem in continuous-time. These neural network solvers are the zeroing neural
network (ZNN), the linear-variational-inequality primal-dual neural network (LVI-PDNN), and the
simplified LVI-PDNN (S-LVI-PDNN). The neural network solvers are tested using real-world data on
portfolios of up to 20 stocks, and the results show that they are capable of solving the financial problem
efficiently, in some cases more than five times faster than traditional methods, though their accuracy
declines as the size of the portfolio increases. This demonstrates the speed and accuracy of neural
network solvers, showing their superiority over traditional methods in moderate-size portfolios. To
promote and contend the outcomes of this research, we created two MATLAB repositories, for the
interested user, that are publicly accessible on GitHub.

Keywords: portfolio insurance; neural networks; portfolio selection; time-varying linear programming

MSC: 68T05; 90C05; 91B28

1. Introduction and Motivation

The effects of the severe financial crisis that occurred in 2008 have characterized
financial markets in recent years, followed by the associated rise in equity markets and
associated decline in interest rate levels globally, up until a significant market decline in
2018 and the extremely volatile market conditions brought on by the COVID-19 crisis in the
first quarter of 2020. Such a scenario suggests that it will always be difficult to predict how
asset prices will behave and to make the appropriate countermoves in order to later create
appropriate portfolio strategies in accordance with certain risk profiles. In these types of
scenarios, portfolio insurance strategies such as guarantee funds and variable annuities are
frequently used to provide investors with the promised assurances. Portfolio insurance’s
primary goal is to limit a portfolio’s downside risk while maintaining its maximum return
potential. A number of portfolio insurance optimization strategies have been proposed
in recent years, using a variety of computational techniques, such as Riesz space-based
techniques [1,2] and metaheuristics [3–5]. More specifically, the authors considered a
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linear programming portfolio insurance problem in [1,2], an integer programming portfolio
insurance problem in [3], and a nonlinear programming multiperiod portfolio insurance
problem under transaction costs in [4,5].

Recently, neural network (NN) techniques, such as weights- and structure-determination-
based NNs [6,7], collaborative neurodynamic optimization [8], nonlinear NNs [9], and
reinforcement learning [10], have been utilized to address portfolio optimization. A number
of portfolio optimization strategies through NNs have been proposed in the past, such
as predicting the distribution of a financial quantity [11], predicting the portfolio Sharpe
ratio [12], and integrating the return prediction of traditional time series models in portfolio
formation [13]. In general, there are two ways to apply NNs to portfolio construction:
limiting loss [1,4,5] and seeking profit [11–13]. This work focuses on limiting portfolio loss.
It defines and explores a time-varying variation of the minimum-cost portfolio insurance
(MCPI) problem as a time-varying linear programming (TLP) problem. More precisely,
using real-world datasets, three different error-correction NNs (ENNs) are employed to
address the financial TLP problem in continuous-time (CT). These NN solvers are the
zeroing NN (ZNN), the linear-variational-inequality primal-dual NN (LVI-PDNN), and the
simplified LVI-PDNN (S-LVI-PDNN). When it comes to solving TLP problems, such as the
time-varying MCPI (TMCPI) problem, the ZNN approach is comparable to the LVI-PDNN
and S-LVI-PDNN methods because they are all based on the error-correction principle.

The ZNN framework was created by Zhang et al. in [14] for generating online solutions
to time-varying (TV) problems and it is based on the Hopfield neural network. Notice that
the vast majority of ZNN-based dynamical systems, as well as the LVI-PDNN and S-LVI-
PDNN, are classified as recurrent NNs (RNNs), which are utilized to locate equations’ zeros.
On the one hand, the ZNN approach has been extensively used in a variety of time-varying
topics, with the most common being problems of generalized inversion [15,16], matrix
equations systems [17,18], quadratic optimization [19,20], linear equations systems [17], and
various matrix functions approximation [21,22]. On the other hand, the LVI-PDNN is widely
employed in robotic applications, such as the construction of mobile robots’ vision-related
control systems [23] or resolution of kinematic redundancy in robot manipulators [24], and
it has recently been successfully used in solving financial problems such as asset portfolio
selection [20]. As a result, this article’s primary goal is to efficiently solve the TMCPI
problem through ENN methods (i.e., ZNN, LVI-PDNN, and S-LVI-PDNN).

The primary advantages of employing an artificial NN include generalization, fault
and noise tolerance, and the capacity to predict data that have not yet been seen while
saving costs and time [21]. Based on our previous experience with portfolio selection
problems, we apply the advantages of ENN solvers (i.e., ZNN, LVI-PDNN, and S-LVI-
PDNN) to solve the TMCPI problem within a realistic framework of financial portfolio
management. Furthermore, as is well known, ENN solvers can be viewed as predictive
dynamics. By employing these ENN methods, the proposed models in [15,19] achieve excel-
lent convergence performance, while the convergence speed can be changed by altering the
design parameter [21]. As a consequence, by using the ZNN, LVI-PDNN, and S-LVI-PDNN
methods, the TMCPI problem can be addressed with exponential convergence performance.
To be able to track the evolution of the static MCPI problem over time and to offer a form
of prediction, we investigate the TMCPI problem as a continuous TLP problem.

The main contributions of this work can be summed up as follows:

• The TMCPI problem is defined and explored;
• Three novel ENN models for addressing the TMCPI problem are defined;
• We use ENN solvers on real-world datasets;
• The performance of the ENN solvers versus the conventional MATLAB solver is

demonstrated and contrasted in trials using four different portfolio configurations.

The following hierarchy governs the overall organization of the document’s sections.
The TV variation of the MCPI problem is introduced in Section 2. Section 3 presents the
ENN solvers. Experiments in Section 4 highlight the performance and efficacy of the ENN
solvers for solving the TMCPI problem in four different portfolio setup cases using daily
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real-world data. Additionally, information about a publicly accessible MATLAB repository
on GitHub is provided in Section 4. This repository implements all of the techniques and
procedures outlined in Sections 3 and 4 to promote the readability and computational value
of this research. The conclusions section is Section 5.

2. Minimum-Cost Portfolio Insurance

In many situations, portfolio insurance solutions are employed to give investors
promised guarantees [1,25,26]. The past literature has proposed a wide range of portfolio
insurance strategies, some of which have been expanded to the dynamic setting. This sec-
tion introduces a continuous-time portfolio insurance approach as an innovative technique
that integrates robust processes from ENNs to provide online, thus more realistic, solutions.

TV Variation of the MCPI Problem

Reducing portfolio costs is always a priority for financial engineers. The obvious way
to reduce portfolio costs is to reduce insurance costs (see [3,4]). Here, we present a TV
analog of the corresponding portfolio insurance static problem, which has been described
and investigated in a number of papers, including [2,27].

Note that, when we say a vector d(t) ∈ Rn or a matrix D(t) ∈ Rm×n, we mean a vector
or a matrix that change over time t, and also, (·)T denotes matrix transposition. Assume
the market X(t) = [x1(t), x2(t), . . . , xn(t)]T ∈ Rn at time t = 1, 2, . . . , µ, where xi(t) ∈ R is
the asset’s i, i = 1, 2, . . . , n, return, and the initial portfolio θ = [θ1, θ2, . . . , θn]T ∈ Rn, where
θi, i = 1, 2, . . . , n, is the ith asset. Then, the payoff of a portfolio θ is given by the formula

XT(t) · θ (1)

Additionally, assume the insurance prices p(t) = [p1(t), p2(t), . . . , pn(t)]T ∈ Rn where
pi(t) ∈ R is the asset’s i, i = 1, 2, . . . , n, insurance price. In our case, we assume that the
portfolio’s insurance costs include a standard price plus an asset risk rate. The function of
the fixed and linear insurance prices is made up as follows if the price rates connected to
asset risk are denoted by δ and the fixed price by β:

pi(t) = β + δ ·Var
[

Yi(t)
max(Yi(t))

]
, i = 1, 2, . . . , n, (2)

where Yi(t) = [xi(t), xi(t− 1), . . . , xi(t− τ + 1)]T and Var
[
Yi(t)

]
denotes the variance of

Yi(t). The number τ ≤ t − 1, τ ∈ N, is constant and implies the time delays. Since
Yi(t) ∈ Rτ , the risk of the i asset is determined by the variance of τ normalized prices. In
this way, any asset’s insurance cost is based on the amount of risk it carries, where there is
a chance that the predicted return will differ from the actual return. As a result, insurance
prices are rising in line with inflation.

It is important to mention that the insured payoff of the portfolio θ, under the floor
price k ∈ R and the price p(t), is the maximum between the payoff of θ and k, i.e.,
max{XT(t) · θ, k}. Consequently, given an initial portfolio θ and a floor price k, the TLP
formulation of the TMCPI problem is as below:

min
φ(t)

pT(t) · φ(t) (3)

s.t. −XT(t) · φ(t) ≤ min{−XT(t) · θ,−k} (4)

0 ≤ φ(t) ≤ ζ(t), (5)

where φ(t) = [φ1(t), φ2(t), . . . , φn(t)]T ∈ Rn is the optimal insured portfolio, ζ(t) = XT(t) ·
θ ·
[

1
x1(t)

, . . . , 1
xn(t)

]T
∈ Rn, and the right part of (5), i.e., ζ(t), is the maximum merit of each

stock that an investor is allowed to keep at time t, by investing in each of them all the
portfolio’s θ payoff.
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Moreover, by interpolating X(t) and p(t) into continuous functions, we transform
the TMCPI problem from discrete-time (DT) to CT. As a result, considering the space
of all continuous real functions C[0, µ − τ − 1] on the closed interval [0, µ − τ − 1], we
have that X(t), p(t) ∈ C[0, µ− τ − 1], and φ(t) becomes the online solution of the TMCPI
problem (3)–(5).

3. The Error-Correction Neural Network Approach

Bearing in mind its basic role in mathematical optimization, most aspects of linear
programming (LP) have been thoroughly studied over the last decades. Solutions to LP
problems have been commonly used in a wide range of research and industrial applications;
see for example [28,29]. In the past, typically fewer than two different types of constraints
have been subject to LP problems; see for example [30]. Most studies were dedicated to the
so-called static LP problems, see [31], which means that methods and algorithms designed
to address such a group of LP problems are inoperative when employed to TV situations.
The ZNN, LVI-PDNN, and S-LVI-PDNN are three types of ENNs that are specifically
designed to zeroing time-varying equations, which have been critical in solving a variety
of difficult TV problems in various scientific domains [20,21]. This section describes the
ENN solvers for approaching the TMCPI problem of (3)–(5).

In what follows, we denote by 1 and 0, respectively, those vectors of Rn containing
ones and zeros; In for the identity n× n matrix; and 0m×k for the zero m× k matrix; �
signifies the element-wise (or Hadamard) product and ()� the element-wise exponential;
and a square diagonal matrix with the components of the vector x on the main diagonal is
denoted by x̄.

3.1. TMCPI Problem via ZNN

Since its introduction by Zhang et al. in 2001 [32], the ZNN evolution has been studied
and developed as a significant class of recurrent NNs. The theoretical investigation of
ZNNs has shown that they are a powerful tool for solving TV problems. According to the
ZNN’s design, under the linear activation function, we define an error matrix K(t) which
can be dynamically controlled using the formula [18]:

K̇(t) = −γK(t), (6)

where γ > 0 is the design parameter and ˙( ) signifies the time derivative. K(t) is forced to
exponentially converge to the zero matrix by (6), and also, as the value of γ increases the
convergence rate increases, too. The three steps listed below can be used to achieve our goal
of developing a ZNN model in line with the Karush–Kuhn–Tucker (KKT) conditions [33,34]
to solve the TMCPI problem.

Step 1: (TMCPI problem reformulation) The TMCPI problem of (3)–(5) can be reformu-
lated as follows:

min
φ(t)

pT(t) · φ(t) (7)

s. t. −XT(t) · φ(t) ≤ min{−XT(t) · θ,−k} (8)

φ(t) ≤ ζ(t) (9)

−φ(t) ≤ 0, (10)

or equivalently

min
φ(t)

pT(t) · φ(t) (11)

s. t. A(t)φ(t) ≤ b(t), (12)
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where A(t) =

−XT(t)
In
−In

 ∈ R(2n+1)×n and b(t) =

min{−XT(t) · θ,−k}
ζ(t)

0

 ∈ R2n+1.

Step 2: (Minimization conditions) To address the TLP problem of (11)–(12), the following
Lagrange function is defined:

L(φ(t), λ(t), R(t), t) = pT(t)φ(t) + λT(t)(A(t)φ(t) + R�2(t)− b(t)), (13)

where λ(t) ∈ R2n+1 and R�2(t) ∈ R2n+1 is a non-negative time-varying term that converts
the inequality constraint to an equality constraint. Then, using the KKT conditions [35],
we have 

∂L(φ(t),λ(t),R(t),t)
∂φ(t) = p(t) + AT(t)λ(t) = 0

∂L(φ(t),λ(t),R(t),t)
∂λ(t) = A(t)φ(t) + R�2(t)− b(t) = 0

∂L(φ(t),λ(t),R(t),t)
∂R(t) = λ(t)� R(t) = 0

(14)

Step 3: (ZNN method) Considering the next equation group of error matrices
K1(t) = p(t) + AT(t)λ(t)

K2(t) = A(t)φ(t) + R�2(t)− b(t)

K3(t) = λ(t)� R(t)

(15)

and then substituting Ki(t), i = 1, 2, 3, defined in (15) in place of E(t) into (6), one obtains
ṗ(t) + AT(t)λ̇(t) + ȦT(t)λ(t) = −γK1(t)

Ȧ(t)φ(t) + A(t)φ̇(t) + 2R(t)Ṙ(t)− ḃ(t) = −γK2(t)

λ̇(t)R(t) + λ(t)Ṙ(t) = −γK3(t)

(16)

where,

Ȧ(t) =

−ẊT(t)
0
0

 ∈ R(2n+1)×n, ḃ(t) =

min{−ẊT(t) · θ, 0}
ζ̇(t)

0

 ∈ R2n+1 (17)

Then setting

S(t) =

 0n×n AT(t) 0n×(2n+1)
A(t) 0(2n+1)×(2n+1) 2R̄(t)

0(2n+1)×n R̄(t) λ̄(t)

,

u(t) =

−γK1(t)− ṗ(t)− ȦT(t)λ(t)
−γK2(t)− Ȧ(t)x(t) + ḃ(t)

−γK3(t)

,

(18)

where S(t) ∈ R(5n+2)×(5n+2) and u(t) ∈ R5n+2, (16) can be reformulated as follows:

S(t)ẏ(t) = u(t), (19)

where ẏ(t) =

φ̇(t)
λ̇(t)
Ṙ(t)

 ∈ R5n+2 and S(t) acts as the corresponding mass matrix. The

model of (19) is adequate for addressing the TLP problem of (3)–(5). The solution to (19) is
given by:
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ẏ(t) = (ST(t)S(t))†ST(t)u(t), (20)

where (·)† denotes the Moore–Penrose inverse. To establish that the ZNN solver converges
to the theoretical solution, we give the following theorem.

Theorem 1. The state vector y(t) = [φ(t), λ(t), R(t)]T of a ZNN (20) converges universally
to the theoretical solution y∗(t) = [φ∗(t), λ∗(t), R∗(t)]T starting from any initial condition
y(0) ∈ R5n+2. To put it another way, lim

t→∞
(y(t)− y∗(t)) = 0, while the first n components of

y∗(t) are the theoretical solution φ∗(t) of the optimization problem in (3)–(5).

Proof. The error matrix equation group is determined as in (15), in line with the ZNN
architecture, to achieve the solution φ(t) of TLP (3)–(5). The model (16) is then obtained
by using the linear design formula for zeroing (15). When t → ∞, each error matrix
equation in the group (16) converges to the zero matrix, according to [14] (Theorem 1). As
a consequence, when t→ ∞, the solution y(t) of (16) converges to the theoretical solution
y∗(t) of TLP (3)–(5). Additionally, we can infer from the (20) derivation procedure that it is
merely a variant of the (16) error. Thus, the proof is finished.

3.2. TMCPI Problem via LVI-PDNN and S-LVI-PDNN

In this section, we discuss two ENN solvers, the LVI-PDNN and the S-LVI-PDNN,
both developed by Zhang et al. [36]. The LVI-PDNN may solve online (3)–(5), by setting

S(t) =
[

0n×n −X(t)
XT(t) 0

]
∈ R(n+1)×(n+1), v(t) =

[
p(t)

min{A(t) · θ,−k}

]
∈ Rn+1, (21)

where w(t) is the primal dual-decision vector and the lower and higher boundaries in (5)
are as below:

w(t)=
[

φ(t)
c(t)

]
∈Rn+1, ρ−(t)=

[
0
0

]
∈Rn+1, ρ+(t)=

[
ζ(t)

1e+100

]
∈Rn+1, (22)

The c(t) ∈ R denotes the dual-decision vector of inequality constraint (4), while φ(t)
is the decision parameter of (5).

The following dynamical model, known as the LVI-PDNN, can be used to solve the
TMCPI problem of (3)–(5):

ẇ(t) = γ(In+1 + ST(t))(Ψ(w(t)− (S(t)w(t) + v(t)))− w(t)), (23)

where γ > 0 signifies the design parameter and the projection operator is the following
element-wise function:

Ψi(wi(t)) =


ρ−i (t), wi(t) < ρ−i (t)
wi(t), ρ−i (t) ≤ wi(t) ≤ ρ+i (t),
ρ+i (t), wi(t) > ρ+i (t)

for i = 1, 2, ..., 2 + n. (24)

The price of γ must be set to the greatest possible value or selected appropriately
within hardware constraints for experimental or simulation purposes. It should be noted
that a MATLAB ode solver can be used to effectively produce the solution w(t) of (23).

The simplified version of the LVI-PDNN, called the S-LVI-PDNN, is the following
dynamical model:

ẇ(t) = γ(Ψ(w(t)− (S(t)w(t) + v(t)))− w(t)), (25)

which can also be used to solve the TMCPI problem of (3)–(5).
To better understand the real-time convergence of the LVI-PDNN and S-LVI-PDNN,

the residual error is calculated as bellow:

K(t) = w(t)−Ψ(w(t)− (S(t)w(t) + v(t))). (26)
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According to [36] (Theorems 1 and 2) and [37] (Theorem 3), if ‖K(t)‖2
2 → 0, the

convergence of the state vector w(t) to the optimal solution w∗(t) can be accomplished,
and thus the LVI-PDNN and S-LVI-PDNN converge to the theoretical solution.

4. Real-World Experiments

We use the time series of portfolio returns and insurance prices as input, so the data
are in DT. To solve a CT problem and provide an online solution, we must first convert
the input data from DT to CT. We accomplish this by employing interpolation functions
on X(t), Ẋ(t), p(t), and ṗ(t). It is worth mentioning that the time derivatives of ζ(t), X(t),
and p(t) can be created by setting ζ̇(t) = ζ(t + 1) − ζ(t), Ẋ(t) = X(t + 1) − X(t) and
ṗ(t) = p(t + 1)− p(t), respectively. Here, we apply linear interpolation to the DT data
we have. To accomplish this, we use the MATLAB custom function linots, which is
retrieved from [38]. That is, the DT arrays X(t), Ẋ(t), p(t), and ṗ(t) are converted into
interpolated CT functions using linots. A number of alternative interpolation techniques
can be found in [38]. Their major benefit, over commercial MathWorks functions, is that
they are designed to reduce the computational costs of the MATLAB ode solvers we used.
Therefore, when time series constitute the input data, the ENNs produce quicker results.

Moreover, the ode15s MATLAB solver is employed in (20), (23), and (25) to generate
the online solution of the TMCPI problem with the parameters set to γ = 1e3, β = 2, and
δ = 1e3. The financial time series are obtained from https://finance.yahoo.com, accessed
on 10 August 2022. The following GitHub link leads to the entire implementation and
development of the TMCPI problem discussed in Sections 3 and 4: https://github.com/
SDMourtas/TMCPI, accessed on 10 August 2022. Lastly, the solutions provided by the
ZNN, LVI-PDNN, and S-LVI-PDNN are contrasted to the presumptive theoretical solutions
produced by the MATLAB function linprog. It is worth mentioning that all numerical
experiments are performed using the MATLAB R2021a environment on an Intel® CoreTM

i5-6600K CPU 3.50 GHz, 16 GB RAM, running on a Windows 10 64-bit Operating System.

Portfolio Cases

Four alternative portfolio setup cases are covered by the trials. In Figure 1, the portfolio
cases are shown, with the portfolios’ market including stocks that are among the most active
on the US market. In the i-th case, i = 1, 2, 3, 4, we consider the market X = [x1, x2, . . . , xs],
where X includes the daily close prices of the s stocks shown in Figure 1, for the time
period 2 April 2019 to 1 October 2019. It is worth noting that s includes all stocks from
the beginning until the case of interest, so case two, for example, includes BAC, MS, F,
INTC, and JPM. Setting the time delay parameter τ = 21 for calculating the insurance
prices, we try to find through ENNs the optimal portfolio φ(t) for the time period 1 May
2019 to 1 October 2019. It is important to note that for solving the omitted recorded prices
problem between periods of the same division, we utilize the parameter ω from [38], which
splits the recorded prices to the time periods for each t inside the ZNN, LVI-PDNN, and
S-LVI-PDNN. More precisely, we set

ω =


22 , t ∈ [0, 1)
(22 + 20 · (t− 1))/t , t ∈ [1, 2)
(42 + 22 · (t− 2))/t , t ∈ [2, 4)
(86 + 21 · (t− 4))/t , t ∈ [4, 5]

which separates the time series from 1 May 2019 to 1 October 2019 into five monthly
intervals. Then, we employ X(ωt) and p(ωt) instead of X(t) and p(t) and Ẋ(ωt) and ṗ(ωt)
instead of Ẋ(t) and ṗ(t). As a result, we set tspan = [0, 5] in the MATLAB ode15s solver to
find the optimal portfolio φ(t) for the time period 1 May 2019 to 1 October 2019. Given an
initial portfolio θ = 2ones(s, 1) and a floor k, and starting from y(0) = [θ; 2ones(4s + 2, 1)]
in (20) and w(0) = [θ; 2] in (23) and (25), the results are presented in Figures 2 and 3.

https://finance.yahoo.com
https://github.com/SDMourtas/TMCPI
https://github.com/SDMourtas/TMCPI
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Case 1

s=3, k=158
BAC MS F

INTC JPM
Case 2

s=5, k=465

HPQ NOK PCG S ALV-DE

GM KO NVO RHHBY AIG 

WFC AMD CTL KGC TEVA

Case 3

s=10, k=960

Case 4

s=20, k=1600

Figure 1. The portfolio cases’ stocks that have been utilized in the TMCPI problem experiments.

For the portfolio cases 1 and 2, which deal with three- and five-stock portfolios,
respectively, Figure 2a,e show the weights of the optimal insured portfolio φ(t) generated
by the ZNN, LVI-PDNN, S-LVI-PDNN, and linprog. In Figure 2a, we can see that all of
the portfolios in case 1 are identical with the exception of the portfolio generated by the
ZNN, which is slightly different, whereas in Figure 2e, we can see that only the portfolios
of the LVI-PDNN and linprog in case 2 are identical with the remainder being marginally
different. Figure 2b,f show the insurance costs incurred by each portfolio, i.e., the initial
portfolio θ and the portfolios φ(t) generated by the ZNN, LVI-PDNN, S-LVI-PDNN, and
linprog. We can see that the portfolios in cases 1 and 2 are almost identical. Figure 2c,g
show the payoff of each portfolio φ(t) along with the floor price k. Then, the portfolios in
cases 1 and 2 are identical with the exception of the portfolio generated by the S-LVI-PDNN,
which is marginally different and begins to become excessively noisy in Figure 2g of case
2. The errors between the solutions of linprog and the ENNs, which are presented in
Figure 2d,h for cases 1 and 2, respectively, can support the aforementioned. That is, while
the S-LVI-PDNN accuracy declines significantly as the problem’s dimensions rise, the
LVI-PDNN has the same convergence rate and marginally higher accuracy than the ZNN.
As a result, the S-LVI-PDNN method has been left out for portfolio cases 3 and 4, which
deal with larger portfolios.

In portfolio cases 3 and 4, we deal with 10- and 20-stock portfolios, respectively. The
results generated by the ZNN, the LVI-PDNN, and the linprog are shown in Figure 3.
Figure 3a,d, which correspond to cases 3 and 4, respectively, show the insurance costs
incurred by each portfolio. Figure 3b,e, which correspond to cases 3 and 4, respectively,
show the payoff of each portfolio along with the floor price k. There, we can see that all
portfolios are identical. The errors between the solutions of linprog and the ZNN and
LVI-PDNN, which are presented in Figure 3c,f for cases 3 and 4, respectively, show that the
LVI-PDNN has the same convergence rate and marginally higher accuracy than the ZNN.
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Figure 2. Portfolios’ weights, insurance costs, payoff, and the error between NNs and MATLAB’s
linprog in cases 1 and 2. (a) Portfolios’ weights (case 1); (b) insurance costs (case 1); (c) portfolios’
payoff (case 1).; (d) error: NNs vs. linprog (case 1); (e) portfolios’ weights (case 2); (f) insurance costs
(case 2); (g) portfolios’ payoff (case 2); (h) error: NNs vs. linprog (case 2).
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Figure 3. Portfolios’ weights, insurance costs, payoff, and the error between NNs and MATLAB’s
linprog in cases 3 and 4. (a) Insurance costs (case 3); (b) portfolios’ payoff (case 3); (c) error: NNs vs.
linprog (case 3); (d) insurance costs (case 4); (e) portfolios’ payoff (case 4); (f) error: NNs vs. linprog
(case 4).

In general, by comparing the insurance costs of Figures 2b,f and 3a,d to the portfolios’
payoff in Figures 2c,g and 3b, we can observe that the insurance costs of φ(t) are increasing
only when the payoff must remain at the floor. Additionally, from Figures 2c,g and 3b, it
is evident that the payoff of portfolio φ(t) is greater than the payoff of portfolio θ. Our
method also becomes more practical when the ω parameter is considered, which comes
in handy when combining time periods that each have a distinct amount of recorded
prices. Another major finding is that, in all of the cases, the portfolio insurance costs are
significantly lower when we ask for a TV portfolio φ(t) instead of a constant portfolio
θ. It is important to mention that the noise in Figures 2d,h and 3c,f is expected because
we are dealing with time-series. Now, by taking into account the design parameter’s γ
low value, the error value is excellent. Note that the overall error value of the ZNN, the
LVI-PDNN, and the S-LVI-PDNN decreases even more when the price of parameter γ
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increases. However, we can presume that the LVI-DPNN solver outperforms the ZNN
because the error among linprog and LVI-DPNN is lower than the error among linprog
and the ZNN. In addition, since the error among linprog and S-LVI-DPNN is more noisy
than the error among linprog and the ZNN, we can presume that the ZNN performs better
than the S-LVI-DPNN. Overall, the portfolio cases presented in the numerical experiments
of this section demonstrate that the ZNN, LVI-PDNN, and S-LVI-PDNN work effectively
in addressing the TMCPI problem.

Moreover, we provide Table 1 for comparing the performance of various MATLAB
custom interpolation functions, which are taken from [38]. Specifically, the functions
employed are the linots, the pchinots, and the splinots for linear, P.C. Hermite, and
C. Spline interpolation, respectively. This table presents the average consumption time
of the ZNN, LVI-PDNN, S-LVI-PDNN, and linprog on each portfolio case, by using all
the aforementioned MATLAB functions. According to Table 1, P.C. Hermite is the least
effective technique, while linear interpolation is the most effective. The fastest ENN for
addressing the TMCPI problem is the LVI-PDNN and the slowest is the S-LVI-PDNN.
With the exception of case 4, the ZNN and LVI-PDNN outperform linprog in all cases
when using the linear interpolation method. With the exception of case 3, the LVI-PDNN
outperforms the ZNN in all cases when using the linear interpolation method, whereas
with the exception of case 1, the ZNN outperforms the LVI-PDNN in all cases when using
the C. Spline interpolation method. For all three interpolation methods, only case 1 shows
the S-LVI-PDNN to be superior to linprog. The performance of ENNs generally declines as
the problem’s dimension rises, and it is also sensitive to the interpolation method selected.
It is important to mention that these MATLAB custom functions, which handle time series,
are the best choices in terms of computing time responses, even in the case where they
yield identical results as the corresponding conventional MATLAB functions [20]. Based
on Table 1 and the analysis presented in this section, it is demonstrated that the ZNN,
LVI-PDNN, and S-LVI-PDNN are effective and computationally efficient.

Table 1. The NNs’ and MATLAB’s solver time consumption for solving the MCPI problem.

Case 1 Case 3
3 Stocks Portfolio 10 Stocks PortfolioInterpolation Method

ZNN LVI-PDNN S-LVI-PDNN Linprog ZNN LVI-PDNN Linprog
Linear 0.6 s 0.45 s 2.1 s 3.6 s 1.3 s 1.6 s 3.6 s

P.C. Hermite 5.3 s 0.5 s 2.5 s 3.8 s 2.4 s 5.1 s 3.6 s
C. Spline 0.55 s 0.45 s 0.53 s 3.5 s 3.9 s 5.5 s 3.7 s

Case 2 Case 4
5 Stocks Portfolio 20 Stocks PortfolioInterpolation Method

ZNN LVI-PDNN S-LVI-PDNN Linprog ZNN LVI-PDNN Linprog
Linear 5.8 s 0.6 s 3.6 s 3.8 s 6.3 s 5.1 s 3.7 s

P.C. Hermite 11.1 s 1.3 s 4.6 s 3.6 s 58 s 12.2 s 4.3 s
C. Spline 1.1 s 1.8 s 5.1 s 3.8 s 6.1 s 10.7 s 3.5 s

5. Conclusions

The TMCPI problem is introduced in this paper, as well as three ENN models, namely
the ZNN, LVI-PDNN, and S-LVI-PDNN, for addressing it. The focus of this research is on
the use of ENN computational techniques to address the TMCPI problem accurately in a
short amount of time. Simulations on portfolios of up to 20 stocks with real-world data
have proved that the ENNs are capable of efficiently solving the financial TLP problem,
in some cases more than five times faster than traditional approaches. However, their
accuracy declines as the size of the portfolio increases. According to the results of the
simulations, which included four portfolio configuration cases, the LVI-PDNN was found
to be the most efficient solver in addressing the TMCPI problem, whereas the S-LVI-PDNN
was found to be the least efficient. A study limitation is the maximum portfolio dimension
because the ENNs approach is unable to handle problems with very big dimensions.

Several potential study areas can be investigated:

1. The application of ENNs to higher-dimensional portfolios.
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2. The application of ENNs to a variety of financial portfolio optimization problems.
3. The improvement of ENNs’ performance in real-world problems by making use of

various activation functions.
4. The application of ENNs to portfolios derived from noisy data.
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16. Simos, T.E.; Katsikis, V.N.; Mourtas, S.D.; Stanimirović, P.S.; Gerontitis, D. A higher-order zeroing neural network for pseu-
doinversion of an arbitrary time-varying matrix with applications to mobile object localization. Inf. Sci. 2022, 600, 226–238.
[CrossRef]
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