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ABSTRACT

In semi-cooperative settings, cooperation is induced by appropri-
ate incentives that align individual agents’ goals with a common
objective. The primary challenge is balancing personal and col-
lective goals, which introduces new complications. A key issue is
that cooperating with all agents equally can result in poor deci-
sions, suboptimal cooperation, and inefficiencies in task execution.
Furthermore, agents must manage the trade-off between staying
connected to share cooperation-related information and pursuing
their own objectives. To tackle these issues, we propose a novel
framework incorporating a filtered reward-reshaping mechanism
with two main components: (1) a reputation system that evaluates
trust and competency, allowing agents to assess and filter peers’
contributions, collaborate with reliable partners, and improve learn-
ing efficiency, and (2) a density-focused Potential-Based Reward
Shaping (PBRS) mechanism that promotes connectivity and en-
courages exploration by adjusting rewards based on the density of
agents in the observable space. Our approach was tested against
PED-DOQN and Independent Q-Learners, demonstrating enhanced
performance in high-dimensional semi-cooperative environments.
Additionally, theoretical stability analysis confirmed the system’s
convergence to a desirable equilibrium, ensuring long-term stabil-

ity.
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1 INTRODUCTION

One of the main challenges in semi-cooperative multi-agent systems
arises when agents, despite exhibiting diverse levels of competence
and trustworthiness, are treated as equals. This lack of differen-
tiation can lead to suboptimal outcomes, as agents may blindly
follow peers who are less competent or even deceptive, resulting
in ineffective learning and coordination. Agents often predict their
peers’ policies to anticipate or influence their behavior [2, 7, 18, 23].
However, when agents base their decisions on inaccurate predic-
tions from peers, they risk adopting suboptimal policies, leading to
inefficiencies in task execution. This is especially prominent in high-
dimensional environments where agents have to rely on partial
observability. Another challenge arises from the conflict between
staying connected to other agents and pursuing individual task
objectives [10, 11]. In many semi-cooperative MAS environments,
agents need to collaborate by sharing information or coordinating
actions, yet they also have individual goals that require indepen-
dent actions [1, 12, 25]. To overcome these challenges, we propose
a Filtered Reward Reshaping approach (FRR) based on two key
mechanisms.

First, a novel reputation mechanism that bootstraps cooperation
based on trust and competency. This mechanism allows agents to
assess and filter their peers’ contributions by measuring both their
trustworthiness and their ability to enhance the overall system’s
performance. By filtering agents based on trust and competency,
the reputation mechanism addresses the issue of suboptimal coop-
eration by ensuring that agents collaborate with reliable, competent
partners, leading to more efficient and productive learning.

Second, to handle the challenge of performing tasks while main-
taining the connectivity of the agents, we introduce a density-
focused Potential-Based Reward Shaping (PBRS) mechanism. This
mechanism encourages agents to remain connected by shaping
their rewards based on the density of other agents within their
observable area, promoting proximity and preventing isolation.
This enhances cooperation and maintains communication chan-
nels, which are essential for information exchange and coordinated
action. At the same time, the proposed PBRS incentivizes agents
to explore new areas of the environment during the early phases
of learning, even if it involves some risk. By balancing these incen-
tives, agents are guided to make strategic decisions that promote
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exploration without sacrificing the benefits of staying connected
to peers.

Together, the reputation mechanism and the density-focused
PBRS contribute to addressing the core challenges not only in de-
veloping effective cooperation but also in maintaining connectivity
within a semi-cooperative MAS. The stability of the learning process
is enhanced through the boundedness of the reshaping functions
and Lyapunov stability. This stability is essential for preventing the
learning dynamics from becoming chaotic or unpredictable, with
Lyapunov stability ensuring that once agents’ strategies converge,
their behavior remains consistent over time [4, 26].

2 RELATED WORK

Semi-cooperative settings in Multi-agent Reinforcement Learning
(MARL) frameworks serve as a middle ground between fully co-
operative and non-cooperative frameworks [3, 16]. Previous work
has examined mechanisms to promote cooperation in the latter. [7]
induces cooperation in a non-cooperative setting by incorporating
the anticipated learning of neighboring agents into each agent’s
policy update. [18] proposes a peer-rewarding mechanism, called
gifting, which allows agents to guide each other toward prosocial
equilibria. While effective, gifting can inadvertently incentivize self-
ish behavior, as agents act based on separate reward functions. 8]
addresses this limitation through distributed reward reshaping (RS),
such that the agent’s perception of the equilibrium gears towards
optimizing social welfare. Given that prior approaches may not
fully account for the possibility that some neighbors’ assessments
may be unreliable or compromised, we propose filtered reward
reshaping (FRR), a novel approach that incorporates intelligent
filtering mechanisms to induce cooperation in semi-cooperative
multi-agent systems (MAS). In what follows, we outline the state
of the art relevant to the proposed work.

Reward reshaping is an effective technique for addressing the
sample efficiency issue of Reinforcement Learning by incorporating
domain knowledge into additional rewards. [13] aims to improve
the convergence speed by adjusting rewards based on a potential
function through Look-Back Advice and Look-Ahead Advice. The
latter is the first approach that guarantees the policy invariance
property. Another relevant approach is Difference Rewards [20],
designed for fully cooperative multi-agent systems.

Reputation & trust Reputation mechanisms are a bridge be-
tween Evolutionary Game Theory and Reinforcement Learning.
From the perspective of EGT, reputation can be seen as a form of
indirect reciprocity, where an agent’s fitness (success of strategy)
is affected by how they are perceived by others, leading to strate-
gies that promote good reputations. While there are no universal
definitions for trust and reputation, [15] defines the latter as "the
opinion or view of one about something," formed and updated over
time through direct interactions or shared information. Alterna-
tively, [19] describes reputation as "a peer’s belief in another peer’s
capabilities, honesty, and reliability”. [9] defines trust as being multi-
faceted and integrates four distinct sources of trust information to
evaluate an agent’s performance and trustworthiness.

Lyapunov stability ensures that the reshaping of rewards in a
Markov game does not disrupt the system’s equilibrium, prevent-
ing instability in learned policies and preserving the theoretical
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convergence of agents. [24] introduced a Lyapunov stability con-
straint into the MARL framework to guide policy improvement
and ensure stability. [21] used candidate Lyapunov functions to
perform a detailed stability analysis. [6] focused on accelerating the
MARL training process by shaping rewards based on a Lyapunov
function, while [5] worked on constructing a Lyapunov function
to guarantee policy stability during learning.

3 MATHEMATICAL FRAMEWORK

Notations: We use the following mathematical notations through-
out the paper: i refers to an agent, u to the actions taken by agents,
r? is the base reward of agents, and 7 the reshaped reward. The total
number of agents in the system is denoted by v, the set of agents
is denoted by ¢ and (x, y) represents the coordinates of an agent’s
location in the environment. ¢ denotes inter-agent assessments, §
is the temporal difference error, ¢ represents agent competency, and
tjj is the trust score shared between agents. Let Ne;(t) be the set
of neighbors of agent i at time-step ¢ and Ne;(t) the filtered subset
of neighbors. ne; = Card(Ne;) and ne; = Card(Ne;) represent the
cardinality of the set of neighbors of agent i and the filtered subset,
respectively. d;(¢) represents the agent density in a part of the en-
vironment, specifically the density of neighbors Ne;(t) observable
by agent i.

Dec-POMDP We consider a Decentralised Partially Observable
Markov Decision Process, where each agent acts based on its lo-
cal observations and the information shared by its neighbors. We
focus on decentralized training and execution, where the training
of agent policies and the policies themselves are fully decentral-
ized between the agents. The Dec-POMDP is defined by the tuple
(S AUYL, T AR, {0}, O, 7). The set of states S contains
the agents’ positions in the environment, as well as local informa-
tion on nearby obstacles and peers. Each agent i has a set of actions
U; = {up, down, left, right, stay} and receives observations o; € O;
from a dynamic partially observable space centered around its posi-
tion. The transition function T : SX (Uy XUz X- - - XUp) XS — [0, 1],
defining the probability P(s’ | s,u1,ug, .. .,u,) of moving to a new
state s’ given the current state s and actions us, ug, ..., u, of all
agents. Each agent receives a reward R; : SxXU; — R based on their
contribution to the system, with R; (s, u;) = r;, balancing individual
goals with the collective objective of all agents. The observation
function O : SX Uy XUz X -+ X Up X 01 X Oz X -+ - X Oy — [0,1]
provides the likelihood P(01,0,...,0n | S, u1,ug, ..., up) of each
agent’s observations given the state and actions taken. Finally, the
discount factor y € [0, 1] ensures future rewards are considered,
promoting strategic planning.

4 FRR METHOD OVERVIEW

The proposed reward reshaping method is based on two reshaping
functions with two filtering mechanisms. The first reshaping func-
tion is based on inter-agent assessments, where agents evaluate the
contributions of their peers in order to encourage cooperation. The
assessment score is computed using the Temporal Difference (TD)
error, which reflects how much each agent’s action contributes
to the system’s performance. Agents’ reshaped rewards include
their base rewards plus the average assessments from their neigh-
bors, promoting teamwork. These assessments are filtered using
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trust and competency: trust reflects consistent cooperative behav-
ior, while competency measures the ability to maximize rewards. A
competent agent may not always be trustworthy if it acts selfishly,
while a less competent agent can still be trustworthy if it consis-
tently demonstrates willingness to cooperate. This ensures that only
agents balancing cooperation and performance influence rewards.
The second reward-reshaping function introduces a density-focused
PBRS method, designed to further promote cooperation by encour-
aging agents to stay close to one another. Additionally, during the
exploration phase, this reshaping function is filtered to encourage
agents to explore under-explored states, aligning exploration with
cooperative goals.

4.1 Reward Reshaping through Inter-agent
Assessments

We propose an inter-agent assessment score that enables agents
to evaluate their peers’ contributions to the overall system. This
approach creates a collaborative environment, where agents work
together to improve performance and address the non-stationarity
of the environment by sharing these assessments. The goal is to
induce cooperation amongst agents in order to achieve faster learn-
ing and convergence. We define this assessment as the TD error of
each peer i:

i(t) = rP () + y maxy Qi (0; (t + 1), ul6i (1))

= Qi(0i (1), ui (1)[0:(1))

with rg’ being the base reward returned by the environment to
agent i, Q;(0;, u;|0;) being the Q-value quantifying the quality of
the state-action pair (0;(¢), u;(t)) at time-step ¢, 0;(t), and u;(¢)
the observation of agent i and the action it took at time-step t,
and 0;(t) are the weights of the neural networks. TD errors can
be used as an estimation of the Bellman error, which measures the
discrepancy between the predicted and actual rewards. By incorpo-
rating the TD error as an inter-agent assessment score, agents can
better evaluate the impact of their peers’ actions on the system’s
overall performance, allowing for a more collaborative learning
environment.

For each agent, we average the assessments received by neigh-
bors, as shown in 1. The reshaped reward becomes:

1
ner (D) Z @j(1)

JENe;(t)

1
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Figure 1: Inter-agent assessments to contribute in peer’s re-
ward reshaping
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Averaging inter-agent assessments to reshape peers’ rewards
does not adequately account for the varying reliability of different
agents. Even in homogeneous groups, giving equal weight to all as-
sessments—regardless of their quality—can dilute the effectiveness
of aggregated feedback, leading to inefficiencies and slowing the
learning process. To address this issue, we propose a filtering mech-
anism for the reshaping function that utilizes agents’ reputation
scores.

4.2 Introducing a Reputation Mechanism

We propose a reputation mechanism that operates on two key di-
mensions: trust among agents and competency of each individual
agent. We introduce a novel 2-dimensional trust mechanism that
considers not only the level of trust each agent has in its peers but
also the potential loss of trust if a peer becomes a Byzantine agent
or is subjected to a cyber-attack [22]. We define:

(1) trust based on mutual winnings: based on the fact that agents
can benefit from cooperation to maximize their own individ-
ual rewards.

trust based on selfishness: If an agent chooses to conserve its
energy and refrain from contributing to the overall system,
it is considered untrustworthy by its peers. This decision
negatively impacts the trust score that agent i € Ne; assigns
to agent j.

—
N
~

We represent trust evaluation using individual trust vectors. At
each time step t, an agent i monitors and updates the trust scores
of up to four neighbors with the highest reputation. To illustrate
this concept, we define a square, non-symmetric trust matrix:

11 ti2 ln
t21 122 tan

T, = ®3)
In1 In2 thn

where T;
and Ty, = [T}, o, - - - ,Tn]T serves as a conceptual representation of
the system. The trust scores are dichotomous variables: if agents i
and j cooperate at time ¢, t;j(t) is set to 1; otherwise, it is 0. Initially,
all trust values are set to 0. The trust scores are updated using
Exponential Smoothing:

[#ij] jeNe;u(i) Tepresents the trust vector for agent i

©)

with A, the smoothing factor, ensuring that trust values remain
within the range [0,1]. This formulation ensures that trust scores re-
tain information from past evaluations while avoiding the need for
agents to track the trust values of all peers, making the mechanism
scalable to larger systems.

We define competency as the ability of an agent i € J to take
actions that maximize its individual rewards and help other agents
gear towards social success. Quantifying the competency score is
based on current Temporal Difference errors: we use the inter-agent
assessments of agents from the reputation mechanism.

The competency score is then expressed as:

tij(t) (1=Dtij(t = 1) + Atij(2)

1
ci(t) = oD ()
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When the temporal difference error increases, it indicates that
the agent is not performing competently. This rising error suggests a
misalignment between the agent’s actions and the optimal strategy.
In contrast, as the agent progresses toward convergence, the TD
error is expected to approach zero. This reduction in error implies
that the agent is effectively learning and optimizing its actions,
potentially leading to convergence.

Reputation scores are then calculated using the expression:

ML@ 3t (6) + w2 x (1)

with wy, wy being the weights assigned to trust and competency
scores. These task-dependent weights can be adjusted to emphasize
specific behaviors, such as collaboration or individual efficiency.

(©)

Rep;(t) wi X

Trust
Mechanism Assessments of agents
with Highest
Reputation Scores

Reputation
Based Cagent i )
Filter
—

Competency
Scoring

Figure 2: Inter-agent assessments to Contribute in Peer’s
Reward Reshaping through a Reputation-based Filter.

Reputation scores will serve to filter out agents whose evalua-
tions will not contribute to agent i’s learning process, as shown
in 2. Let R be the matrix filter such that, if an agent j’s reputa-
tion ranks among the top four within the neighborhood Ne;, its
assessment ¢;(t) will contribute to the calculation of #;(t), and
f= W%(t) 2. @;j(t). The reward 7;(t) is then computed as:

Fi(t) = rP(t)+Rxf @)

4.3 Reward Reshaping with Densities-focused
PBRS

To promote agents’ execution of individual tasks while maintaining
connectivity and enhancing communication, we propose a density-
focused Potential-Based Reward Shaping (PBRS) mechanism. This
method incentivizes agents to remain connected by adjusting their
rewards based on the density of other agents in their observable
area. The density of agents j € Ne;(t) within the observable space
of another agent i serves as a metric to both motivate individual
performance and foster cooperation. The PBRS function will be
defined as:

g = y$(s') = p(s) = yd(s') —d(s) ®)
The density is calculated using:
ne; (1)
d(si) < dy ©)

with dj and df : the dimensions of the observable space of agent i
(i.e., supposing we are working on a 2-dimensional space). Agent
i receives a penalty for moving away from other agents and is
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Algorithm 1 Decentralized Semi-Cooperative MARL with Filtered
Reward Reshaping Functions

1: Inputs: Number of agents v, environment Env, number of
episodes Nep, maximum steps per episode T

2: Initialize replay buffers D; for each agenti € {1,...,v}

3: Initialize primary Q-networks Q; and target Q-networks 0
with random weights for each agent i € {1,...,v}

4 for episode = 1 to Nep do
5: Reset the environment and obtain initial state s
6: fort=0toT —1do
7: for each agenti € {1,...,v} do
8: Select action u;(t) using e-greedy policy based on
9 Qi(st,")
10: Observe next state s(t + 1) and reward rf’ (1)
11: Store transition (s(t), u;(t), ri(t),s(¢ + 1)) in replay
12: buffer D;
13: Store encounters op;; with neighbors j € Ne;
14: Calculate inter-agent assessment ¢; ()
15: Calculate competency c;(t) and trust scores t;;(t)
16: Calculate reputation score Rep; ()
17: Filter out the assessment reshaping function R X f
18: Calculate densities of neighbors in observable space
19: if Exploration Phase then
20: Filter out the Densities-based PBRS function
21: using Optimism
22: end if
23: Use Densities-based PBRS with no filter to reshape
24: the reward
25: Reshape reward 7;(t) = rib(t) +RX f+EXgand
26: store it
27: end for
28: s(t) « s(t+1)
29: if terminal state reached then
30: break
31: end if
32: for each agenti € {1,...,v} do
33 Sample random minibatch of B transitions
34: (s,u,r,s") from D;
35 Set target y; = #; + y maxy O;(s’,u’)
36 Periodically update target network Q; — Q;
37: end for
38: end for
39: end for

rewarded positively for staying near its neighbors. The reshaped
reward becomes:

Fi(t) = rp,(H) +RXf+g (10)

4.4 Filtering during Exploration Phase

In MARL, the exploration phase is important for agents to learn
effective policies in an environment where multiple agents interact.
Exploration allows agents to discover new strategies, states, and
rewards that they may not encounter if they only exploit known
information.

We add a filter to the second reshaping function g to encourage
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Figure 3: FRR Architecture. At Each time step ¢, agents interact with the environment by receiving observations 0;x;(t) and
giving back actions u;(t). Neighbors of agent i share their assessment scores ¢; and their trust scores ¢;; as inputs to the
reputation mechanism. Densities of neighbors in the partially observable space of agent i are calculated in time steps t and t + 1
to calculate the PBRS function. Reshaped rewards of all agents are then fed to the buffer, along with the current transition

(s(t), u(t),s(t +1),7(t)).

agents to take advantage of the exploration phase:
Fi(t) (11)
Assuming that the reshaping function f that induces cooperation
is filtered using the filter matrix R, E is a filter that focuses on

bringing positive incentivization to agents during the exploration
phase:

rp; (1) +RX f+EXxg

E (12)

with the function 1¢yp1orarion indicating that the reshaping func-
tion g will only be incorporated into the reshaped reward when
agents are engaged in the exploration phase. This exploration-
guided reshaping mechanism utilizes a function that encourages
agents to work towards individual and collective objectives. Ini-
tially, agents can explore the state space, and once the exploration
phase (i.e., determined by the number of exploration episodes dur-
ing training) concludes, they are rewarded or penalized based on
the PBRS value. If the PBRS value g is negative during the exploita-
tion phase, the agent is guided to reconsider its decisions regarding
the exploitation of states that may not yield positive rewards.
Adding optimism to the intrinsic filter: By integrating an
optimism factor into the proposed exploration filter, we seek to
motivate agents to engage with those they have not sufficiently
collaborated with in the past. This approach provides a ARLore
robust exploration strategy that balances discovering new opportu-
nities and achieving individual objectives. Optimism is inspired by
the Upper Confidence Bound (UCB) approach, which encourages
exploration by favoring less-visited state-action pairs. The constant
(0.9) in our optimism factor promotes collaboration while avoiding
excessive exploration. The exploration-based filter becomes:

1exploration . 1920 + 1exploiz‘ation . 1g¢0

E = lexpioration - 1g=0 - optimism
P 9 (13)

+ 1exploiz‘ation . 1g¢0

1740

An interaction occurs when agent j is within the observable space
of agent i (i.e., the distance between them is below a specified
threshold) and results in an encounter if the agents collaborate
and achieve mutual winnings. Encounters are incrementally up-
dated based on the number of successful collaborative interactions
between agents i and j. We define optimism as follows:

0.9
V1i+2 opij
with op; j: the number of all encounters between agent i and agent
Jj € Nej(t). Increased cooperation with new neighbors results
in higher rewards for agent i during the exploration phase (see
Algorithm 1). Both optimism and the reputation filtering param-
eters are environment-dependent and task-specific. For instance,
higher optimism values are suited to cooperative scenarios to en-
courage collaboration, while stricter filtering enhances reliability
in adversarial settings.

optimism (14)

5 CONVERGENCE AND STABILITY ANALYSIS

We employ Lyapunov stability to ensure that the system’s overall
state, including all agents’ states, converges to a desirable equi-
librium and remains stable. In this work, instead of considering
a stability-constrained MARL, we allow agents to explore/exploit
the environment and update their policies in a Dec-POMDP with
no pre-defined constraints. We start with a Boundedness analy-
sis, which ensures that the system doesn’t experience unbounded
growth in Q-values or TD errors, which could lead to instability
in learning. Additionally, Bounded TD errors allow the updates to
converge gradually to an equilibrium rather than diverging.

We prove that the proposed reshaped reward is bounded:

F = r+RXf+ExXg<c (15)
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with c; being a constant. Let’s note: r’j.’ the maximum base reward
an agent j can get back from the environment (since agents are
homogeneous: f? =
and minimum densities of agents {j € & — {i}} in the observable
space of an agent i respectively, (s’,u’, s, u) being, respectively, the
next and actual pair of state-action of agent j, and A4, A2, A3 positive
constants.

Let’s note that the filter R does not affect the boundedness proof for
the first filtered reshaping function, as the reputation mechanism
allows agent i to consider only the four best assessments from its

neighbors:

fl.b,V(i, J) € 9), dmax and dp,in the maximum

4
F1=1 80
j=1

4
=1 ) () + ymaxy Q;(s",u') = Q;(s,u;)|
j=1

(16)
4
<1 D (7 + maxy (yQ (s'sw) = Qj(s.u))]
j=1

4
<[ax i+ 3 (maxy (YQ; (s w') = Qj(s,up)|
j=1

Since the Q-values are bounded (as will be proven in the theoretical
convergence analysis), we get:

V(s,u) € SXU, Q(s,u) < 13
— maxy (yQj(s’,u') — Qj(s,uj)) < 2A3
This implies the first reshaping function is bounded such that:

If1 (18)

The second reshaping function is a densities-based PBRS. For an
agent i:

17)

< 47 +223)

lgl = lyd(s]) — d(s;)|
< |Ydmin(5;) - dmax(si)l
<l

(19)

Since E filters g during the exploration phase and we induced a
constrained optimism such that ——%2 < 1, consequently:

[Exgl < g9l <2 (20)
We get an upper bound of the reshaped reward:
A b
F<|r!+RxXf+EXxg|
y (21)

< [P0+ 21 + 2ol

5.1 Theoretical Convergence

For the system to converge, we assume the following conditions
hold as t — oo with 7} being the optimal policy for agent i:

tlim mi(t) = 7 (22)
Under the optimal policy 7, as t — oco:
Qi(s,u) — Q*(s,u)

6 — 0"

6(F) — 0

(23)
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The Q-values Q; (s, u) are expected to converge to their optimal val-
ues Q* (s, u), and the TD error §(7) should asymptotically approach
zero. This implies that the agent’s policy 7;(¢) converges to the
optimal policy 7} over time.

The convergence of the Q-values is guaranteed under certain con-
ditions on the learning rate a. The Q-values will converge to their
optimal values if « satisfies the Robbins-Monro conditions [14]:

(o) (o)
Z a; oo and Z a? < oo
=0

=0
These conditions ensure that the learning rate decreases sufficiently
over-time to stabilize the learning process while still allowing
enough updates for convergence.
As established in the boundedness analysis, the reshaped reward
7 is bounded by a constant c¢;, ensuring that the TD error §(7)
remains bounded as well. Specifically:

(24)

B < 4 h+ A+ 208 (25)

Since the TD error §(#) is bounded, the Q-value updates remain sta-
ble, preventing divergence and ensuring that the Q-values Q; (s, u)
gradually converge to their optimal values Q* (s, u). Introducing
the reshaped reward accelerates learning by providing additional
guidance to the agents through reward shaping, leading to faster
learning of agents. However, the bounded nature of the reshaped re-
ward ensures that this acceleration does not destabilize the learning
process.

5.2 Lyapunov Stability Analysis

We propose a Lyapunov function L(s,u) = V(Q(t)), which takes
strictly positive values and is formulated as the sum of squared
errors in Q-values. We define ®; = Q; (s, u) — Q* (s, u) such that:

I,
2 2.
i=1

=D (05w - 0" (s,
i=1

V(Q(1) =
(26)

This function represents a cost function that must decrease over
time for the multi-agent system to achieve Lyapunov stability. This
condition is equivalent to the time derivative V(Q(t)) having neg-
ative values:

14
VW) = Dl@)-d (27)
i=1
With respect to the Q-value updates, we have:
d=a([r+Rxf+Exg]
+ymax Q;(s’,u’) — Qi(s, u)) (28)
u/
The Lyapunov function’s time derivative becomes:
4
V(1) = ) [ (Qils,u) = Q*(s,u))
i=1
(29)

xXa([r+Rx f+EXxg]
+y max Qi(s",u") — Qi(s,u)) ]
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The TD error with the reshaped reward 7 is proven to be bounded:
16:(F)] < [Ir? +Rx f+Ex g
+maxy [yQ; (s’ u") — Qj(s,uj)| |

sfj?+al+az+z/13

(30)

We introduce a new positive constant A that reflects the discrepancy
between the optimal Q-value and the agent’s current Q-value at
each time step:

A=

o —-A=

Q7 (s(), u(t)) = Qi(s(t), u(t)) > 0
Qi(s(t),u(t)) = Q*(s(t),u(t)) <0
with « the learning rate, A and |5;(7)| being all positive, we prove

that V(Q(t)) does decrease in time, leading to the convergence of
the agents:

(1)

V(QM) < - ) adldi(P)

32
<—Za/1|5,~(f)|2 <0 62

6 EXPERIMENT

6.1 Environment

The environment is defined as a dynamic grid world, characterized
by a variety of elements including empty cells, walls, and entities
such as hunters and prey. The focus is centered on training the
hunters within this grid. Each hunter is equipped to navigate and
interact within the grid, using local information and observations
limited to a partially observable space centered around its position.
Prey move freely, avoiding predators when possible. For a prey to
be captured, it must be fully surrounded by hunters. The grid’s
dimensions, as well as the number of prey and hunters, are varied
to test the adaptability of our algorithm to high-dimensional and
semi-cooperative settings. The hunters must balance the objectives
of surrounding and capturing prey while conserving their battery
levels.

6.2 Numerical Results

We use two baselines to evaluate the performance of agents us-
ing our approach, both are adjusted to encourage cooperation in
partially observable semi-cooperative environments. The first base-
line is the PED-DQN framework [8], which is a value-based MARL
method designed to enhance cooperation by reshaping rewards
through peer evaluation. This peer evaluation metric incorporates
feedback from other agents to encourage socially optimal actions.
The second baseline is Independant Q-learners (IQL) [17]. IQL em-
ploys the classic Q-learning algorithm, where agents update their
Q-values based solely on their experiences, which consist of their
own state-action pairs and the rewards received.

We define the filtering parameter as a reputation-related user-
defined value that specifies the number of peers whose assessments
will be included in the reward reshaping process. Figures 5a and 5b
show that different filtering parameters of the reputation mecha-
nism lead to varying rates of improvement of the learning of agents.
Setting the filtering parameter to 4 demonstrates a better perfor-
mance of hunters compared to the others, showcasing that choosing
a high filtering parameter is not necessarily the best option. In what
follows, we set the filtering parameter to 4 by default.
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Figure 5: Smoothed results of the FRR mechanism in a 12 by
12 grid with 20 hunters and 19 preys.

We evaluate the performance of agents using the different build-
ing blocks of our mechanism in the same setting (as shown in 4d) to
demonstrate that agents are more encouraged to cooperate when
their rewards are reshaped using both filtered reward reshaping
functions:

e Mechanism MO: We average the inter-agent assessments
¢j(t) received by neighbors in the partially observable space of
each agent 7;(t) = rf’(t) + %m ZjeTe,-(t) @j(t), such that Ne;
does not account for all neighbors but only the neighbors with the
least assessments (i.e., as an indicator of good learning).

e Mechanism M1: We filter the proposed first reshaping func-
tion using the reputation mechanism. The reshaped reward be-
comes: ri(t) = rf’(t) +RX f.

e Mechanism M2: We add the second reshaping function with
only the exploration-based filter to reshape the reward: #;(t) =

b
r; (t)+Rx f+ (1explorati0n “lgzo + lexploitation : 19-7’:0) Xg.

6.3 Interpretations

6.3.1 Cooperation and scalability. Figures 4a, 4b, and 4c illus-
trate the moving average of rewards across different settings. IQL
experiences slow learning and adopts suboptimal policies due to
interference among independent learners. While IQL agents im-
prove gradually in 4a and 4c, their performance in 4b stagnates
because the high environment density impedes effective learning
and convergence. PED-DQN uses peer evaluations to encourage
cooperation among agents, resulting in better performance com-
pared to IQL. FRR outperforms both IQL and PED-DQN by filtering
assessments, allowing agents to rely on the most competent collab-
orators. In the scenario shown in 4c, FRR achieves a 78% increase
in rewards over IQL and a 16% increase over PED-DQN. FRR ef-
fectively transforms the scalability challenges often encountered
in multi-agent systems into a significant advantage, enabling the
system to achieve higher rewards. This benefit of cooperation is
especially evident in Figure 4b, where FRR’s density-focused PBRS
mechanism encourages agents to remain close to their collabora-
tors. 4e shows that FRR indeed enhances prey capture rates while
efficiently conserving energy. Conversely, IQL initially focuses on
conserving energy but eventually shifts its strategy towards prey
capture as it yields to higher rewards.
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Figure 4: Performance evaluation of the proposed FRR approach compared to baseline methods (PED-DQN and IQL) across
different grid settings and exploration phases. (a), (b), and (c) show the moving average of rewards over training episodes for
environments with varying grid sizes and numbers of agents. (d) illustrates the performance of FRR building block mechanisms
(MO0, M1, and M2 explained in 6.2). (¢) presents a comparison of preys captured versus agents’ battery consumption in a setting
with 23 hunters and 22 preys in a 12 by 12 grid. (f) demonstrates the robustness of the proposed FRR approach and baselines

across different exploration phases.

6.3.2 Comparison between mechanisms. Figure 4d shows
that mechanism M0, which averages inter-agent assessments with-
out filtering, leads to the slowest learning progress. Mechanism M1,
with Reputation-based filtering, improves performance by allowing
agents to rely on more competent collaborators. Mechanism M2,
by adding an exploration-based filter, improves learning by dynam-
ically adjusting agent behavior in the exploration and exploitation
phases. FRR, which combines both filters, outperforms all mecha-
nisms by encouraging cooperation using the reputation mechanism
and the densities-focused PBRS, demonstrating the most effective
learning and achieving the highest rewards. This combination accel-
erates learning and ensures more consistent cooperation between
agents in high-dimensional settings.

6.3.3 Exploration phase. Figure 4f illustrates the robustness
of FRR and the baseline methods in a 12x12 grid with 23 hunters
and 22 preys over 2 million steps. FRR’s optimistic exploration
filter accelerates improvement beyond the exploration phase and
achieves a maximum of 96 preys captured during a 500,000-step
exploration phase. Similarly, PED-DQN also shows improvement
with sufficient exploration, capturing 90 preys at its peak with the
same exploration length. IQL reaches a maximum prey capture of
64 more quickly with sufficient exploration but still falls short of
the performance achieved by PED-DQN and FRR due to its lack of
coordination and independent learning approach.

7 CONCLUSION AND FUTURE WORK

In this work, we introduced a novel framework for promoting co-
operation and optimizing task performance in high-dimensional
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semi-cooperative multi-agent systems. By integrating a reputation-
based reward reshaping mechanism that filters agent contributions
based on trust and competency, we ensure that only the most re-
liable agents influence their peers’ learning process. Additionally,
our density-focused PBRS mechanism encourages agents to main-
tain connectivity by adjusting rewards according to the density of
their neighbors, allowing both individual and collective success.
The combination of these mechanisms allows for more effective
coordination in multi-agent settings, addressing challenges such
as communication, connectivity, and the conflict between individ-
ual objectives and group connectivity. By reshaping rewards using
competency assessments, reputation filtering, and neighborhood
densities, we create an environment where agents can better bal-
ance exploration with task achievement and collaboration. In future
work, we aim to improve the estimation of the reputation filtering
parameter by enabling agents to learn and adaptively choose the
filtering parameter best suited to each scenario, ensuring optimal
learning dynamics across different settings. Furthermore, we plan to
extend this framework to environments with heterogeneous agents
that may have different capabilities, objectives, or action spaces,
allowing us to explore the challenges of maintaining cooperation
and stability in multi-agent systems with more complex tasks.
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