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Abstract: The Chinese government’s substantial investment in water restoration has created numer-
ous lucrative opportunities for commercial environmental restoration enterprises. Accordingly, this
research study seeks to address the primary challenge faced by enterprise managers: selecting projects
that fulfill both strategic imperatives and maximize economic returns. To tackle this issue, we seg-
mented the overarching strategic period into multiple phases and studied the project portfolio from a
holistic strategic period perspective. We introduced a decision model for the dynamic, sequential
updating of the portfolio throughout the strategic period, emphasizing the combined benefits at each
phase. This model guides the strategic selection of projects at any decision-making stage to optimize
the benefits across the entire strategic duration. The multi-agent Nash Q-learning algorithm was
employed for portfolio construction and updating strategies. This approach yields an optimal project
portfolio for each phase of the strategy. Unlike traditional methods that predominantly focus on
cumulative returns and find it challenging to accommodate strategic shifts, our proposed technique
prioritizes intertwined strategic returns. It promotes project choices in tune with strategic contexts
and supports ongoing adjustments to project strategies, providing invaluable guidance for decision
makers. A comparison of our proposed method with other optimization strategies validated its
superior performance. Furthermore, the case study described in this study confirms that our method
promotes project choices in tune with strategic contexts and supports ongoing adjustments to project
strategies, providing invaluable guidance for decision makers.

Keywords: strategic matching; strategic period coupling benefits; timing sequence strategy update;
Nash Q-learning algorithm; multi-stage

1. Introduction

In recent years, due to the severe degradation of the Yangtze River’s ecological envi-
ronment, China has prioritized the restoration of this ecosystem. To this end, the Chinese
government has supported a cohort of commercial enterprises dedicated to the conserva-
tion of the Yangtze River. These firms are chiefly responsible for ecological conservation and
the establishment of a range of comprehensive water environment management projects.
Consequently, the decision-making processes within these companies must adhere to both
commercial logic and the national strategic imperatives for water environment manage-
ment. In this context, determining how these companies should construct a project portfolio
from a myriad of potential projects so that the resulting portfolio not only aligns with en-
vironmental conservation objectives but also maximizes commercial profits within the
strategic period has emerged as a novel and valuable research topic.

With the acceleration of economic globalization and integration processes and the
consequent intensification of international competition, strategy plays an increasingly
important role in competition. Although there are many kinds of organizational strategies,
their basic attributes are the same. The organization forms a holistic and long-term plan
through regular strategic planning. Many scholars have focused on how to develop a
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scientific and effective competitive strategy in the competitive market and put forward
a relatively systematic theoretical framework and a large number of technical methods.
These strategic theories form the theoretical jungle of organizational competitive strategy,
which greatly promote people’s understanding of organizational strategic positioning and
formation methods. However, there are not many publications in the literature on how
to implement organizational strategies directly, and the existing literature mostly focuses
on the specific implementation of functional strategies. There are few studies on how
to effectively implement and control the strategies outlined by organizations and even
fewer on scientific and effective systematic analysis methods. With the introduction and
application of project management by many enterprises and organizations at home and
abroad, they have realized that the concept and way of project management can bring about
beneficial changes. Project management has been used by enterprises or organizations
as a powerful weapon to cope with the complex and changeable market environment,
maintain continuous innovation, and obtain competitive advantages in the market. The
two important aspects of strategic management are strategy formulation and strategy
implementation [1]. The research hotspots in the existing literature mostly concern strategy
formation, and although the related research on strategy implementation has received
attention and emphasis, compared with the research on strategy formation, it is still much
scarcer. Relevant studies point out that strategy formation and strategy implementation are
two closely related processes [2]. Strategy formation focuses on “doing the right thing”,
which reflects the thinking process of organizational decision making based on certain
scientific procedures and methods and emphasizes comprehensive analysis skills. Strategy
implementation focuses on “doing things right”, embodies the course of action to achieve
results, emphasizes a contingency approach, and requires motivation and leadership.

However, from the perspective of enterprises, based on the aim of meeting strategies,
we also need to consider the profitability of each project. In practice, to better achieve
strategic objectives and improve the effectiveness of investment, it is usually necessary to
carry out portfolio management for multiple projects. The traditional project management
of a “single project” focuses on the final selection of “one project” [3]. This mainly relies
on the subjective judgment of policy makers, who are not within the scope of the entire
organization, to allocate resources for unified management, obtaining key resources from
multiple projects while reducing conflict and disputes. Project portfolio management
research and applications have been well established, but in practice, the effect of project
portfolios on the implementation of organizational strategies is not optimistic. Kaplan
and Norton pointed out in their survey that about 60–80% of organizations fail to achieve
the expected benefits of their project, leading to strategic failure [4]. The UK Office of
Government Commerce (OGC) has suggested that 30–40% of project systems fail to deliver
any value [5]. Mohagheghi proposed that about 65% of industrial large-scale project clusters
fail to achieve their strategic objectives [6].

As stated above, there are few studies on how to effectively implement and control the
strategies outlined by organizations and even fewer on scientific and effective systematic
analysis methods. There is a lack of research on the implementation process of project
portfolios, and the chain from goal to achievement is broken and separated. Moreover, most
scholars conduct research from a qualitative perspective, but many have not conducted
in-depth research on the decision-making process of project portfolio implementation from
a quantitative perspective. In addition, in terms of portfolio research methods, traditional
operation research optimization and heuristic algorithms are the main methods to solve
portfolio selection problems, according to the relevant literature.

The contributions of this paper are as follows:

(1) In this study, we advocate for the adoption of strategic period coupling benefits as
the foundational criterion for project portfolio selection. Contrary to solely focusing
on enterprise benefits, coupling benefits encompass both the alignment of a project
with enterprise strategies and the economic advantages of each project. This approach
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more effectively realizes enterprise strategic objectives and offers a novel perspective
on project portfolio selection.

(2) In recognition of the extended duration over which the selected portfolio will be
implemented, we introduce a decision model for the sequential strategic updating of
portfolios that is rooted in the concept of coupling benefits over the strategic period.
Viewing the entirety of the strategic period, it is segmented into distinct phases. This
approach facilitates the strategic selection of projects at any decision-making juncture
within the overarching strategic period.

(3) Regarding research methodologies, traditional operation research optimization algo-
rithms encounter challenges in addressing the dynamic project combination problems
presented in this study. While multi-agent reinforcement learning (MSA) is an algo-
rithm that was only recently introduced, it remains underexplored in the realm of
project portfolio optimization. In this study, we employ the multi-agent reinforce-
ment learning algorithm to investigate project portfolio selection and monitor the
implementation of decision-making processes.

The remainder of this paper is organized as follows: Section 2 offers a comprehensive
literature review on relevant topics. In Section 3, we establish the model for coupling
benefits in project portfolio selection during a strategic period. Section 4 introduces the
timing sequence strategy for portfolio updates, aiming to maximize coupling benefits
over the strategic period. Section 5 employs the Nash Q-learning algorithm to address
the project portfolio update strategy. Lastly, Section 6 presents a case study, providing a
detailed examination of a specific instance.

2. Literature Review

The concept of portfolio selection originated in the investment sector. However, as
times have evolved and both internal and external environments have shifted, there has
been a growing consensus among scholars regarding the importance of aligning portfolio
selection with the strategic imperatives of enterprises. Petit et al. [7] integrated dynamic
capability theory into portfolio selection, taking into account the uncertainties in the strate-
gic implementation environment. Wang et al. [8] argued that shifts in organizational-level
strategies would lead to corresponding changes in strategic demand indicators, influ-
encing the outcomes of the project portfolio. Drawing on the “strategic bucket” model,
Song et al. [9] assigned projects to strategic buckets hierarchically based on project priorities.
Beyond qualitative analyses, several researchers have delved into quantitative examina-
tions of the alignment between projects and strategies. For instance, Jafarzadeh et al. [10]
introduced the concept of the “strategic closeness degree”, merged QFD theory with project
portfolio challenges, and employed the strategic closeness degree as a metric to gauge the
alignment between portfolio plans and overarching strategies. Exploiting the disturbed
membership interval, Bai et al. [11] devised a methodology to calculate the similarity of
strategic contributions and filtered projects accordingly. Nonetheless, the majority of these
studies revolve around one-time portfolios driven by strategic necessities, primarily focus-
ing on the initial stages of portfolio choices. When choosing portfolios, an undue emphasis
on either strategic requirements or revenue often results in the selected projects fulfilling
only a singular objective.

The conventional academic thought in portfolio research posits that once a project is
chosen, it should proceed to completion. However, in real-world applications, there is a
necessity not only to select projects at the portfolio’s inception but also to actively monitor
the chosen project portfolio throughout its execution, making adjustments as needed.
Recognizing this, several scholars have explored the topic. Ansari et al. [12] noted that an
absence of dynamic management can result in issues like non-value-added projects and
deviations from intended strategic goals during the portfolio’s execution. Kester et al. [13]
argued that the portfolio management system is intricate; when strategy is used as an input,
it can be iteratively transformed into portfolio outputs, encompassing both initial project
selection and subsequent decisions on project continuation or suspension.
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Anderson et al. [14] posited that project failures arise not just from shortcomings in
the initial preparation stage of the project portfolio but predominantly from inadequacies
during post-selection portfolio control. Su et al. [15] explored the selection of transnational
project portfolios, taking into account the modification of ongoing projects under stochastic
parameters. They concluded that a dual consideration of both new and ongoing projects
optimizes budget utilization, yielding higher investment returns. Bai et al. [16] pioneered
the integration of catastrophe theory into project portfolio issues, thereby devising a model
aimed at optimizing system efficiency. Mohagheghi et al. [17] observed that projects
exhibit diverse life cycles. In instances where projects initiated in a given period are not
concluded, they spill over into subsequent periods. They analyzed this ‘multi-phase rolling’
characteristic of projects and established a corresponding project portfolio selection model.
Nevertheless, a review of the literature reveals a research gap concerning the execution
process of project portfolios, with a noticeable disconnect between set objectives and their
realization. Notably, while the majority of investigations adopt a qualitative approach, there
exists a discernible dearth of comprehensive quantitative studies on the decision-making
intricacies of project portfolio implementation.

In addition, in terms of portfolio research methods, traditional operation research
optimization and heuristic algorithms are the main methods to solve portfolio selection
problems, according to the relevant literature. Wang et al. [18] established an optimal selec-
tion model based on mixed integer nonlinearity to solve the problem of project portfolio
selection in uncertain scenarios. Tavana et al. [19] proposed the artificial colony combi-
nation optimization algorithm to optimize a dual-objective project portfolio that met the
maximum benefit and minimum risk. Ning et al. [20] used the Pareto genetic algorithm
to make multi-objective decisions for project portfolios. Ghannad et al. [21] proposed a
two-layer decision model in which the improved ant colony algorithm was adopted at the
top level to realize portfolio selection and the heuristic algorithm was adopted at the bottom
level to realize project scheduling to provide references for decision making. Based on this
structure, Xu et al. [22] proposed a cuckoo algorithm for multi-project portfolio investment
from the perspective of enterprise application, starting from the idea of improving the
solution algorithm. Wang et al. [23] solved the problem of a project portfolio with a large
number of candidate projects and interaction between projects and proposed an improved
particle swarm optimization algorithm to prevent the algorithm from falling into local
optimization. Yan et al. [24] improved the multi-objective coevolution algorithm to solve
the combination problem of budget constraints. Guo et al. [25] combined the Longhorn
must search algorithm with particle swarm optimization (BAS-PSO) and verified the effec-
tiveness of solving portfolio problems. As can be seen from the above-mentioned studies
in the relevant literature, when solving portfolio problems, most scholars use traditional
operations research methods or meta-heuristic methods, meaning that their application
scenarios still have certain limitations. The application of popular intelligent algorithms in
recent years is fairly nascent; based on the use of the multi-agent reinforcement learning
algorithm of machine learning, we aimed to explore newer problems in project portfolios.

This study introduces a novel approach for project portfolio selection and implemen-
tation that is rooted in the concept of strategic period coupling benefits. The scope of this
approach extends beyond the initial selection of the project portfolio to encompass the
entirety of the portfolio’s implementation process. Recognizing that the chosen portfolio
spans an extended strategic period, we put forward a decision model designed for timely
sequential updates to the portfolio that is rooted in the benefits derived during the strategic
period. This strategic period is segmented into distinct phases, facilitating decisions on
project selection at each phase to optimize the cumulative returns. To address the chal-
lenges of project portfolio selection and supervise its implementation, we employed the
multi-agent reinforcement learning algorithm.
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3. Construction of Coupling Benefits Model for Project Portfolio Selection
in Strategic Period
3.1. Strategic Matching Degree of Project Portfolio Based on Compound Fuzzy
Matter–Element Theory

To better achieve the requirements of the strategy, the project’s alignment with the
strategic objectives of the enterprise needs to be measured, but this problem has a cer-
tain ambiguity [26]. Fuzzy matter–element theory was developed based on rough set
theory and matter–element analysis theory. It is used to deal with fuzzy incompatible
problems [27]. This method is introduced to measure the matching degree between the
project and strategic objectives outlined in this paper. The larger the strategic matching
degree is, the more the project meets the strategic requirements [28]. Suppose there are n
proposed alternative projects, numbered as Nj(j = 1, 2, · · ·, n), and the strategic dimension
of the alternative projects is expressed as Pi(i = 1, 2, · · ·, m). The fuzzy value corresponding
to each strategic dimension and project is denoted as e.The ordered fuzzy matter–element
composed of alternative projects, strategic attributes, and quantitative values is expressed
as E = (N, P, e); then, the strategic attribute matrix of the alternative project is expressed as
the following matrix (1):

N1 N2 · · · Nn

E =

P1
P2
· · ·
Pm


e11 e12 · · · e1n
e21 e22 · · · e2n
· · · · · · · · · · · ·
em1 em2 · · · emn

 (1)

In the above matrix, eij represents the fuzzy value corresponding to the Pi strategic
dimension of the Nj project. Based on the principle of optimality, the standard strategy
attribute matrix is composed of the maximum value of each quantity. The difference square
fuzzy matrix U is composed of the difference square between the strategic attribute matrix
and the standard strategic attribute matrix [29], as shown in matrix (2). It can be calculated
according to the formula: uij = (1− eij)

2.

N1 N2 · · · Nn

U =

P1
P2
· · ·
Pm


u11 u12 · · · u1n
u21 u22 · · · u2n
· · · · · · · · · · · ·
um1 um2 · · · umn

 (2)

According to rough set theory, the importance degree ηN−Nj(Nj) of the alterna-
tive project Nj in the evaluation process of strategic matching degree can be expressed
as follows:

ηN−Nj(Nj) = 1−
Card[PosN−Nj(D)]

Card[PosN(D)]
(3)

Equation (3) (above) represents the strategic matching degree of the project Nj, where
N =

{
N1, · · ·, Nj

}
(j = 1, 2, 3, · · ·, n). Item set D is a subset from item set N under some

rule. PosN(D) is the region value occupied by subset D, and Card[•] is the number of items
in the subset D. After normalization, the calculation formula of the strategic matching
degree value of project Nj can be expressed as follows:

λNj =
ηN−Nj(Nj)

n
∑

j=1
ηN(Nj)

(4)
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According to rough set theory, Equations (3) and (4) are extended, and the strategic
matching degree of project portfolio

(
Nk, · · ·, Nj

)
is as follows:

λNk,···, Nj =
ηN−(Nk ,···,Nj)

(Nk, · · ·, Nj)

n
∑

k=1

n
∑

j=1
ηN−(Nk ,···,Nj)

(Nk, · · ·, Nj)
(k 6= j) (5)

In the above formula, ηN−(Nk ,···,Nj)
(Nk, · · ·, Nj) = 1−

Card[PosN−(Nk ,···,Nj)
(D)]

PosN(D)
. k is the

project number randomly selected from the alternative projects, and its value is not equal to
j. The numerator of the above formula represents the strategic matching degree of project
portfolio

(
Nk, · · ·, Nj

)
, the denominator represents the total strategic matching degree value

of all possible project portfolios, and PosN−(Nk ,···,Nj)
(D) represents the positive region value

occupied by subset D.

3.2. Project Portfolio Selection Model Based on Coupling Benefits Maximization in Strategic Period

Considering that ecological environmental protection projects should not only meet
strategy requirements but also meet enterprise profit requirements, this paper combines
the two to facilitate a quantitative analysis of the coupling benefits of each project in the
strategic period, which can alleviate the problem of the selection projects according to
one aspect (as described in previous studies) and improve the scientific aspects of the
project portfolio [30]. Assuming that the strategic period is T years, the optional action
space of project Nj(j = 1, 2, · · ·, n) in the strategic period at the beginning of each year is
denoted as Aj = {E, M, R} = {expansion, maintenance, termination}. Different projects
have different benefits when choosing different actions. Assume that the total project
budget is I and the project portfolio coupling benefit is V by the end of the strategic period.
The selection rule is to select the project portfolio that maximizes the overall coupling
benefit under financial constraints. The mathematical model is constructed as follows:

maxV =
T

∑
t=1

n

∑
j=1

λ(Nk ,...,Nj)
Rt(Nk ,...,Nj)

Yjt (6)

s.t.
n

∑
j=1

C(Nk ,...,Nj)
Yj ≤ I (7)

Yj ∈ {0, 1}, j = 1, 2, · · ·, n, t = 1, 2, · · ·, T (8)

k 6= j (9)

w(Nk, . . . , Nj) = w (10)

In the above formula, the objective function is the maximum coupling benefit of the
project portfolio in the strategic period. λ(Nk ,...,Nj)

is the strategic matching degree value of
project portfolio (Nk, . . . , Nj); Rt(Nk ,...,Nj)

is the joint return income of portfolio (Nk, . . . , Nj)

at stage t. w(Nk, . . . , Nj) is the number of projects in the portfolio, and w is the maximum
number of projects that the enterprise can execute simultaneously for human resources and
other considerations. Yjt is the decision variable, and the values are as follows:

Yjt =

{
1, When alternative project j is selected at stage t

0, When alternative project j is not selected at stage t

}
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4. Portfolio Timing Sequence Strategy Update Decision under Coupling Benefits
Maximization in Strategic Period
4.1. Multi-Stage Decision Analysis of Project Portfolio Timing Sequence Strategy Update

By segmenting the strategic period into distinct phases, this section elucidates the
methodology for updating project strategies in each phase of the strategic period to optimize
the coupling benefits throughout the strategic period. When numerous planning phases
exist, achieving optimality in each phase may not ensure overall optimality throughout the
entire strategic period [31]. Consequently, individual phase projects should not be viewed
in isolation; it is imperative to harmonize selection strategies across all phases for holistic
optimization. Enterprise project portfolio analyses should encompass not only the pre-
operational status of a project but also its ongoing monitoring [32]. Most project portfolio
research focuses on singular decisions made at specific decision points, overlooking the
need for strategic adjustments to projects that substantially deviate from enterprise strategy
or yield unsatisfactory benefits over an extended strategic duration. For this section, we
segmented the strategic period into distinct phases, undertaking a comprehensive coupling
benefit analysis and strategizing appropriately. Projects at different phases can be perceived
as unique states, with each warranting specific actions. Thus, determining the optimal
action strategy for each project during every planning phase to amplify the coupling benefit
was the primary focus of our work.

4.2. Portfolio Timing Sequence Strategy Update Problem Description

According to the above assumption, the company has a total of Nj alternative projects
to choose from, and the strategic period is T. The strategic goal is decomposed into m
specific strategic demand indicators, which are Pi(i = 1, 2, · · ·, m). The total coupling
benefit of each project to the end of the strategic period is V. By dividing the strategy
period into t phases, decision makers can decide at the beginning of each phase whether to
hold, stop, or expand the projects. The optional actions of each project at each stage are
expressed as follows: Aj = {E, M, R} = {expansion, maintenance, termination}.

When the “termination” action is chosen in a particular phase, it signifies the cessation
of the project for the remainder of the strategic period, preventing its selection in subsequent
phases. The goal of the timing sequence strategy update for multi-stage project portfolios
is to delineate the evolving strategy across different phases, optimizing the cumulative
benefits by the strategic period’s conclusion. Timing sequential strategy updates entail
the concurrent strategic decision-making processes for each project, beginning from the
initial phase of the strategic period, with potential actions such as expansion, maintenance,
or termination. This strategic decision making persists through each phase and extends
until the strategic period’s culmination. Consequently, project strategies throughout the
strategic period are dynamic, evolving based on the specificities of each phase. A visual
representation of this strategy update process can be found in Figure 1.

4.3. Construction of Project Portfolio Sequential Strategy Updating Model under Coupling Benefit
Maximization in Strategic Period

The strategic period is T; the decision makers need to make decisions on each stage of
the strategic period, and the project portfolio timing strategy update problem is described
as a 5-tuple: E = 〈S, A, P, R, γ〉.

In the above formula, S = {S1, S2, S3, . . . , ST} can be expressed as the state space of
different stages, Aj = {E, M, R} = {expansion, maintenance, termination} refers to the
action space of each project in each stage of the strategic period, P = {P1, P2, . . . , PT−1}, Pt
is the state transition matrix of the t stage. R is the return value that can be obtained when
the action is taken from a state in this stage to a state in the next stage. γ is the discount
factor. According to the portfolio selection model established above, the sequential strategy
update of the portfolio is the corresponding strategy of each project in each stage of the
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strategic period when the portfolio coupling benefit value is the maximum. Therefore,
portfolio timing strategy updates can be expressed as follows:

π(Sj−1) = argmaxAjV(Sj−1, Aj) (11)
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5. Timing Sequence Strategy Update of Project Portfolio Based on Nash
Q-Learning Algorithm
5.1. Update Decision Analysis of Project Portfolio Timing Sequence Strategy Based on Multi-Agent
Nash Q-Learning Algorithm

The refinement of the project portfolio timing strategy encompasses a sequential
challenge in decision making. Traditional numerical iterative solution methods might
not adequately reflect reality due to dimensional constraints. Reinforcement learning,
which mimics human learning behavior, seeks the optimal action sequence derived from
past experiences. This approach exhibits robust sustainability in multi-stage scenarios.
In our proposed method, decision makers prioritize cumulative benefits. We modeled
the multi-stage project portfolio timing strategy update decision as a Markov decision
process. Here, we represent each project as an agent and introduce a sequential strategy
update methodology based on the Nash Q-learning algorithm. The primary objective of
our method is to ascertain a globally optimal strategy.

5.2. The Principle of Portfolio Sequential Strategy Updating Based on the Nash
Q-Learning Algorithm

Reinforcement learning is based on the concept that a decision maker interacts with
the environment and, through a trial-and-error approach, estimates the reward value for
various actions within a given environmental state. The decision maker then chooses
actions that yield the maximum reward value to progressively refine the strategy [33]. The
Q− learning algorithm is a method suitable for single agents in reinforcement learning,
and the updating of Q value is based on the agent’s maximum benefit. In this paper, the
state action value function Q(s, a) is selected as the evaluation function. Q(s, a) represents
the profit value that can be obtained when action a is taken in state s. The environment will
feedback the corresponding return value according to the actions selected by the agent, so
the core idea of the algorithm is to build a Q table using the state-action value function, as
shown in Table 1. During each iteration, every action should be considered in the action
space; then, the action sequence that can obtain the maximum return according to the value
in the Q table should be selected, and the final Q value of the learning process should be
ensured to allow for convergence.
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Table 1. Standard form of Q table.

Q−Table a1 a2 ··· an

s1 Q(s1, a1) Q(s1, a2) · · · Q(s1, an)
s2 Q(s2, a1) Q(s2, a2) · · · Q(s2, an)
· · · · · · · · · · · · · · ·
sn Q(sn, a1) Q(sn, a2) · · · Q(sn, an)

The basic iterative formula of the Q learning algorithm is as follows:

Q(s′, a) = r + γmax
a

Q(s, a) (12)

In this study, we adopt the state-action value function Q(s, a) as the valuation function.
Q(s, a) represents the expected return when action a is taken in state s. In the given equation,
r denotes the reward obtained after transitioning from state s to state s′, while γ is the
discount factor. The optimal policy π can be defined as the action a that maximizes the Q
value in state s.

When multiple projects are involved, the system environment is more complex, so
multi-agent reinforcement learning should be used for research. The Nash Q-learning
algorithm is suitable for multi-agent algorithms, and its Q value update is based on
the Nash equilibrium income of each agent. In this case, an agent needs to observe
its own reward and that of other agents. The state transition and reward of the multi-
agent are established under the condition of joint action. If the reinforcement learning
process of the multi-agent is described by a random game, it can be expressed as a tuple
(n, S, A1, · · ·, An, L, γ, R1, · · ·, Rn). The letter n refers to the number of participating agents,
and S refers to the joint system state achieved by multiple agents. The state transition
function L refers to the probability of transferring to the next state when given the current
state and its joint behavior. The return function R is denoted as Rj(s, a1, . . . , an, s′), and its
specific connotation is the return value obtained when the state of agent j changes from s to
s′ after taking the joint action (a1, . . . , an). In this paper, Q(s, a1, . . . , an) is used to represent
the Q function of any agent, where aj refers to the action of agent j when the state is s. Qj

∗
is defined as the Nash Q function of agent j. When all agents adopt the Nash equilibrium
strategy, the Nash Q function is the sum of the current return of agent j and its future return,
which can be obtained as follows:

Qj
∗(s, a1, · · ·, an) = rj(s, a1, · · ·, an) + γ∑s′∈S p(s′|s)vj(s, π∗1 , · · ·, π∗n) (13)

In Equation (13), p(s′|s) refers to the transition probability when the state s is trans-
ferred to s′; rj(s, a1, . . . , an) refers to the stage return value of agent j under joint action
(a1, . . . , an). In this paper, the set of joint Nash equilibrium strategies of all agents is de-
noted as (π∗1 , · · ·, π∗n). At this point, under the joint Nash equilibrium strategy, the sum
of discount returns of agent j after the infinite stage game is denoted as vj(s, π∗1 , · · ·, π∗n).
Combined with the concept of Nash equilibrium, the strategy adopted by each agent under
Nash equilibrium is the best choice for other agents. Nash equilibrium is composed of n
strategies (π∗1 , · · ·, π∗n). The update strategy of the Nash Q-learning algorithm is mainly
based on the selection of the Nash equilibrium strategy. For all s ∈ S and j = 1, 2, · · ·, n, the
following formula exists:

vj(s, π∗1 , · · ·, π∗n) ≥ vj(s, π1, · · ·, πn) (14)

From a dynamic perspective, if the stage game in which an agent participates is
(T1, . . . , Tt), then the joint strategy (π∗1 , · · ·, π∗n) of the above equation constitutes the Nash
equilibrium of stage game (T1, . . . , Tt). Initialize Q to 0 at t = 0. There exists any stage
t, at which agent j can select actions according to its own state and then enter the next
state s′ by observing its own available returns and the actions of other agents and their
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returns. Based on the above description, agent j can calculate Nash equilibrium (denoted as
(π1(s′), . . . , πn(s′))) through a multi-stage game (Q1

t (s
′), . . . , Qj

t(s
′)) and update Q values

according to Equation (11):

Qj
t+1(s, a1, · · ·, an) = rj

t + γ
[
π1(s′) · · · πn(s′) ·Qj

t(s
′)
]

(15)

5.3. Calculation Steps of Project Portfolio Timing Strategy Update Solution Based on Nash
Q-Learning Algorithm

According to the above analysis, when solving the portfolio strategy, the alternative projects are
represented by Nj(j = 1, 2, . . . , n). Aj = {E, M, R} = {expansion, maintenance, termination}
represents the actions of each alternative project at each stage t(t = 1, 2, . . . , T) in the
strategic period. At each stage of the strategy period, project Nj determines the actions of
the current phase based on its own actions and those of other projects in t− 1. The algorithm
takes the reward discount, phase number, and action space of each item Nj(j = 1, 2, . . . , n)
as inputs and takes the portfolio sequential update balancing strategy (π1(s), . . . , πn(s))
as an output. Firstly, the corresponding state s0 at stage t = 0 is set as the initial state of
the system; in the subsequent stage t, item Nj selects its actions from Aj with a probability
of p. Then, according to the joint action randomly selected by each project, the state s′

of the next stage can be obtained. Then, according to the return function Qi
t(s
′) of state

s′, the Nash equilibrium existing in the current stage can be obtained. When the sum of
coupling benefits of all projects reaches the maximum, the Nash equilibrium strategy of
the project portfolio at this time is (π1(s′), . . . , πn(s′)), and the corresponding benefits are
Qi

t(s
′). Finally, the Q values and strategy can be updated according to Equation (15). By

iterating the aforementioned learning process, the final portfolio timing update strategy
can be obtained once the coupling revenue stabilizes; the update process of the project
portfolio timing strategy is illustrated in Figure 2.
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6. Case Study
6.1. Case Background

Following the introduction of China’s “Yangtze River protection” strategy, the China
Three Gorges Corporation established the Yangtze Ecology and Environment Co., Ltd.,
Beijing, China (YEEC). This enterprise focuses on the provinces and cities along the river,
formulating and executing comprehensive ecological solutions. The corporation aims
to maximize its strategic objectives by embracing a multi-project portfolio management
approach. With a projected total investment of CNY 455 million and limited funds, not
all projects can be pursued simultaneously, necessitating astute project portfolio selection.
The strategic period for the group spans five years, with the company’s decision makers
assessing ongoing projects at the start of each year. Each project can employ various
strategies: expansion, maintenance, or termination. The YEEC’s primary goal is to opti-
mize the return on its investment portfolio while meeting its strategic objectives over this
five-year strategy period.

6.2. Alternative Project Description

The YEEC (Yangtze Ecology and Environment Co., Ltd., Beijing, China) has put
forward an alternative project set composed of 10 projects, and the project number is
N =

{
Nj
∣∣j = 1, 2, . . . , 10

}
. The maximum number of projects that the company can execute

at the same time is four. The strategic period of the company is 5 years, which is divided
into five periods. The total investment budget of the project is CNY 455 million. The
required investment budget of each project and annual income after investment are shown
in the following table. If the project is reformed in the strategic period, it needs to follow
up the investment cost, and the net cash flow can be increased after the corresponding
transformation is completed, as shown in Table 2 below.

Table 2. Investment required for each project and annual project revenue. Unit: Ten thousand CNY.

Project Nj
The Initial Investment

Cj

Annual Revenue
Rj

The Cost of
Expanding the Project

Net Cash Flow to Be
Increased after Expansion

of the Project

Project N1 27,000 2396 1350 +405
Project N2 21,780 1912 1089 +326.7
Project N3 16,545 1428 827.25 +248.18
Project N4 14,783 1551 739.15 +221.75
Project N5 20,619 1896 1030.95 +309.29
Project N6 13,520 1049 676 +202.8
Project N7 9875 832 493.75 +148.13
Project N8 12,910 1143 645.5 +193.65
Project N9 10,200 985 510 +153
Project N10 8090 797 404.5 +121.35

The strategic objectives of ecological and environmental protection projects are dif-
ferent from those of projects aimed at profit making. Ecological projects have certain
responsibilities relating to public welfare [34]. In addition to pursuing economic bene-
fits, creating ecological benefits and providing public services are the core objectives of
ecological and environmental protection project construction. According to the current
strategic positioning of Yangtze Ecology and Environment Co., Ltd., Beijing, China and the
characteristics of eco-environmental protection projects, this paper summarizes the levels
and indicators contained in the income index system of scholars and sets up the strategic
evaluation indicators of eco-environmental protection projects. With strategic objectives at
its center [35], the assessment index system is constructed by decomposing the objectives
into five dimensions: economic benefit, ecological benefit, public service, organizational
growth, and internal process. The evaluation indicators of strategic needs are determined
as shown in Table 3. The specific evaluation indicators are as follows:
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Table 3. Index and description of strategic demand rating of ecological environmental protection
project portfolios.

Strategic Dimensions Objective Evaluation Index p

Economic benefit dimension The benefits are optimal in the
strategic period Rate of return on investment p1

Ecological benefit dimension Ecological restoration benefit Ecological service value completion rate p2
Public service dimensions Improved public satisfaction Public satisfaction index p3

Organizational growth dimension Degree of perfection of
enterprise informatization Level of informatization application p4

Internal process dimension Project fund management The effective utilization rate of water
conservancy investment p5

6.3. Evaluation of Project Portfolio Strategy Matching

This paper invited 25 senior decision makers and project managers to evaluate the
strategic matching degree of each alternative project based on the characteristics of the
alternative project, the actual situation of the enterprise, and their experiences with similar
projects. Since the indexes in the system are difficult to measure, the corresponding
evaluation comment set was set to measure each index. Assuming that the weights of
all indicators in all dimensions are equal, the expert evaluation method is adopted to
determine the fuzzy value [26], and the value is set in the interval [0, 5]. After averaging all
expert evaluation values, the matrix E can be obtained.

E =



N1 N2 N3 N4 N5 N6 N7 N8 N9 N10
P1 4.5 3.0 2.0 3.5 1.5 2.0 2.5 3.5 3.0 3.5
P2 3.0 3.5 3.0 4.0 2.5 4.5 3.5 3.0 4.0 2.5
P3 4.5 4.0 2.0 3.5 1.5 2.0 2.5 3.5 3.0 3.5
P4 3.0 3.5 3.0 4.0 2.5 4.5 3.5 3.0 4.0 2.5
P5 4.5 4.0 2.0 3.5 1.5 2.0 2.5 3.5 2.0 3.5


The difference square compound fuzzy matter–element U is calculated as follows:

U =



N1 N2 N3 N4 N5 N6 N7 N8 N9 N10
P1 0.01 0.16 0.36 0.09 0.49 0.36 0.25 0.09 0.16 0.09
P2 0.16 0.09 0.16 0.04 0.25 0.01 0.09 0.16 0.04 0.25
P3 0.01 0.04 0.36 0.09 0.49 0.36 0.25 0.09 0.16 0.09
P4 0.16 0.09 0.16 0.04 0.25 0.01 0.09 0.16 0.04 0.25
P5 0.01 0.04 0.36 0.09 0.49 0.36 0.25 0.09 0.36 0.09


According to Equations (3)–(5) and rough set theory, the normalized strategic matching

degree of each project portfolio can be obtained. Due to the large number of project
portfolios and the constraints regarding funds and the number of projects that can be
carried out at the same time, Python programming was used to solve the qualified project
portfolios. The results are described below.

6.4. Project Portfolio Selection and Sequential Strategy Updating Solution under Coupling
Benefit Maximization

This section mainly solves the project portfolio with the maximum coupling benefit in
the strategic period under the condition of compliance with constraints and gives the timing
strategy update of each project in each stage of the strategic period. The letter T represents
the strategic period, B represents the expand action, H represents the hold action, and P
represents the stop action. When the project is subjected to the “hold” action, the annual
revenue value is unchanged, as shown in Table 4. When it is decided that the project should
“expand”, the corresponding costs will be invested and annual revenue will be increased in
the next stage of the strategic period after the completion of the corresponding expansion.
When a project stops at a certain stage of the strategic period, the residual income of the
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project is discounted in the last year of the project life cycle, which is all 30 years. Project
N10 is randomly selected, and the return value matrix of project N10 is constructed and
analyzed. Since there are three actions when making decisions at each stage of the strategic
period, the return value matrix can be formed, as shown in the following table. According
to our previous analysis, the horizontal axis of the matrix can be viewed as states and
the vertical axis can be viewed as selected actions. The letters represent actions, and the
numbers represent the strategic stage. For example, TB

1 indicates that action B is selected in
the first stage, and other analogs are used. −L Indicates that a connection does not exist. It
can be assumed that the hold action is selected at the beginning; in that case, the project
N10 return value matrix is shown as follows:

Table 4. Project N10 return value matrix. Unit: Ten thousand CNY.

TB
1 TH

1 TP
1 TB

2 TH
2 TP

2 TB
3 TH

3 TP
3 TB

4 TH
4 TP

4 TB
5 TH

5 TP
5

TB
1 -L -L -L -L -L -L -L -L -L -L -L -L -L -L -L

TH
1 -L -L -L −404.5 797 1078.66 -L -L -L -L -L -L -L -L -L

TP
1 -L -L -L -L -L -L -L -L -L -L -L -L -L -L -L

TB
2 -L -L -L -L -L -L −404.5 918.35 849.45 -L -L -L -L -L -L

TH
2 -L -L -L -L -L -L −404.5 797 809 -L -L -L -L -L -L

TP
2 -L -L -L -L -L -L -L -L -L -L -L -L -L -L -L

TB
3 -L -L -L -L -L -L -L -L -L −404.5 1039.65 566.3 -L -L -L

TH
3 -L -L -L -L -L -L -L -L -L −404.5 797 539.33 -L -L -L

TP
3 -L -L -L -L -L -L -L -L -L -L -L -L -L -L -L

TB
4 -L -L -L -L -L -L -L -L -L -L -L -L −404.5 1161.15 283.14

TH
4 -L -L -L -L -L -L -L -L -L -L -L -L −404.5 797 269.66

TP
4 -L -L -L -L -L -L -L -L -L -L -L -L -L -L -L

TB
5 -L -L -L -L -L -L -L -L -L -L -L -L -L -L -L

TH
5 -L -L -L -L -L -L -L -L -L -L -L -L -L -L -L

TP
5 -L -L -L -L -L -L -L -L -L -L -L -L -L -L -L

According to the above calculation rules, each project can construct a return value
matrix, and a total of 10 alternative projects can be obtained. Then, the project joint return
value matrix is constructed according to the return value matrix of the 10 alternative
projects. The following uses the joint return matrix of the N3, N7, N9, and N10 projects as
examples. Due to space limitations, only part of the joint return matrix of four projects
from the first stage to the second stage is listed, and the remaining stages are similar. The
joint return matrix is shown in Table 5 below:

Table 5. Partial joint return matrix for each project in phases 1 to 2.

Stage 1–2 B3B7B9B10 B3B7B9H10 B3B7H9B10 B3B7H9H10 B3H7B9B10 . . .. . .

B3B7B9B10 −406.46 −165.93 −178.46 133.7 121.17 . . .. . .
B3B7B9H10 −406.46 −188 −185.81 111.63 113.82 . . .. . .
B3B7H9B10 −406.46 −165.94 −178.46 105.88 93.35 . . .. . .
B3B7H9H10 −406.46 −188 −185.82 83.82 86 . . .. . .
B3H7B9B10 −406.46 −165.94 −178.46 105.88 93.35 . . .. . .

. . .. . . . . .. . . . . .. . . . . .. . . . . .. . . . . .. . . . . .. . .

6.5. Results Analysis

We used Python 3.8.2 programming to achieve the intelligent calculation of all possible
combinations of the situation. Firstly, the Q table of the joint returns of the four projects in all
phases is initialized into an all-zero matrix. In the initial state, the hold action is selected by
default. Starting from stage 1, the calculation is carried out by the analysis step in 4.3 until
the Q table converges. Running the program in the Python 3.8.2 programming environment,
the discount factor value is 0.8. When the sum of all Q values in a Q table tends to be
constant, the Q table is considered to converge. According to the running results, the project
portfolios that meet the constraints are as follows: {N3, N7, N9, N10}, {N4, N7, N9, N10},
{N6, N7, N8, N10}, {N6, N7, N9, N10}, {N6, N8, N9, N10}, {N7, N8, N9, N10}. The normalized
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weight coefficient, strategic matching degree, and total benefits of each project portfolio
were calculated, and the results are shown in Table 6 below.

Table 6. Strategic matching degree and total benefits of each project portfolio.

Project Portfolio Normalized Strategic
Matching Degree

Strategic Period
Total Benefits

N3N7N9N10 0.09 263,360
N4N7N9N10 0.18 253,263.4
N6N7N8N10 0.18 261,312
N6N7N9N10 0.09 245,436
N6N8N9N10 0.18 263,350
N7N8N9N10 0.18 241,992

According to the previous method, after the total benefits are obtained, the project
portfolio is selected according to the maximum total benefits value. If this method is used,
the selected project portfolio is {N3, N7, N9, N10}. However, based on the above analysis
and the method of this paper, the strategic matching degree of each project portfolio and
the coupled benefits in the strategic period can be obtained, as shown in Table 7 below.

Table 7. Strategic matching degree and coupling benefits of each project portfolio.

Project Portfolio Normalized Strategic
Matching Degree

Strategic Period
Coupling Benefits

N3N7N9N10 0.09 6503.273
N4N7N9N10 0.18 6246.982
N6N7N8N10 0.18 3228.727
N6N7N9N10 0.09 6063.273
N6N8N9N10 0.09 6504.727
N7N8N9N10 0.18 5974.545

Through comparative analysis, we can see that the coupling benefit is not the max-
imum value when the total benefit of the project portfolio is the maximum value. The
matching degree value of the project portfolio strategy selected according to the maximum
total benefit in the strategic period is smaller than that selected according to the maximum
coupling benefit in the strategic period, which does not conform to the scenario adapted by
the model in this paper. The deep-seated reason is that the project is not immutable after
the selection but dynamically adjusted with each stage of the strategic period. Therefore,
according to the principle of maximum coupling benefits in the strategic period, the selected
project portfolio is {N6, N8, N9, N10}. Meanwhile, the timing strategies of the four selected
projects in each stage of the strategic period can be updated as shown in Table 8 below.

Table 8. Update strategies of selected projects at each stage of the strategy period.

Stage
Project T1 T2 T3 T4 T5

N6 M E M M M
N8 M M M R -
N9 M M E M M
N10 M M M M M

In the Q table iteration shown in Figure 3, the aim is to maximize the coupled returns of
the strategic period rather than focusing on the total returns. The coupled returns account
for strategic alignment, thus facilitating a more rigorous and logically reasoned selection
that aligns with strategic imperatives. As illustrated in Figure 3, the Q value stabilizes
within a certain range, with convergence observed after 483 iterations. At this point, it
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can obtain the strategic coupled returns for the entire strategic span. Using the Q table,
the optimal sequence update strategy for the project portfolio across each strategic period
stage can be achieved. The practicality of this method was validated via a case study on
the YEEC. The insights in this study provide novel methods to enterprise leaders when
making portfolio decisions throughout the strategic period.
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To further validate our method’s performance, we contrasted it with three leading
algorithms: the Improved Grey Wolf Optimizer (IGWO), the Crow Search Algorithm (CSA),
and the Flow Direction Algorithm (FDA). While these algorithms aim to achieve the same
objective as our method, they cannot set a detailed strategy for each project during the
optimization process. The results of the performance comparison are shown in Figure 3. By
integrating the Nash Q-Learning algorithm, our method achieved a superior return value
of 6504.727, outperforming the IGWO, CSA, and FDA by 38.141%, 20.319%, and 20.827%,
respectively.

7. Conclusions

The Yangtze River Comprehensive Protection strategy and its associated organiza-
tional execution unit strategy pose new challenges to project portfolio management theories
and methods. A single project investment no longer meets the needs for strategy fulfillment;
rather, a project portfolio has become an effective means to achieve strategic objectives.
Consequently, how to scientifically allocate investments across multiple projects under con-
strained funds, ensuring both the alignment with strategic objectives and the maximization
of cumulative returns throughout the strategic period, is a pivotal concern for enterprise
managers. To address this, our study leverages the principle of maximizing coupled re-
turns during the strategic period for portfolio formulation. By segmenting the strategic
period, we address the portfolio decision-making process at any given planning phase. The
Nash Q-learning algorithm was employed, yielding project portfolio recommendations and
providing sequential strategy updates for each phase of the strategic period, thus offering
insights for decision makers. The key conclusions that can be derived from this study are
as follows:

(1) This study proposes that project selection and implementation should be grounded
in coupled returns during the strategic period, taking into account both strategic alignment
and economic benefits. A selected project portfolio consists of {N6, N8, N9, N10}. Compar-
ative analyses suggest that this approach ensures that selected projects are strategically
aligned. Compared to solely considering economic returns, coupled benefits better address
the strategic needs of enterprises.

(2) We have deduced a decision-making schema for updating sequential strategies
under the principle of maximizing coupled returns. Specifically, the updating
strategy for project N6 throughout the strategic period is
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{M, E, M, M, M}. For N8, it is {M, M, M, R, -}; for N9, it is {M, M, E, M, M}, and for
N10, it is {M, M, M, M, M}. The portfolio decisions made during one phase shape the project
set available for the subsequent phase. Optimizing each phase independently may not guar-
antee overall optimality for the entire strategic period. Hence, after determining the project
portfolio, we leveraged a model for sequential strategy updates, deriving dynamically
updatable strategies for each phase, ensuring optimal benefits over the strategic period.

(3) Through introducing the multi-agent Nash Q-learning algorithm to the field of
project portfolio selection, we were able to treat each project as an individual agent, ab-
stracting the problem into a Markov Decision Process. This algorithm effectively tackles
portfolio decision-making at any planning phase within the strategic period, expanding the
method’s applicability in the management domain. Future research studies should delve
deeper into the project portfolio selection issue and focus on constraint setting in particular.

Our proposed method possesses inherent limitations. Specifically, the impact of vari-
ous sub-projects within the overarching project on the optimal solution requires additional
examination. Furthermore, the prospect of integrating these issues with other multi-agent
reinforcement algorithms or game-theoretic strategies merits further investigation.
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