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Many real-world applications can be described as large-scale games of imperfect information, which require
extensive prior domain knowledge, especially in competitive or human—Al cooperation settings. Population-based
training methods have become a popular solution to learn robust policies without any prior knowledge, which can

generalize to policies of other players or humans.

reinforcement learning multi-agent reinforcement learning self play

| 1. Introduction

In recent years, PB-DRL has emerged as a promising research direction in the field of DRL. The key idea behind
PB-DRL is to employ multiple agents or learners that interact with their environment in parallel and exchange
information to improve their performance. This approach has shown great potential in achieving superior results

compared to traditional single-agent methods.

| 2. Naive Self-Play

Self-play (SP) is an open-ended learning training scheme that trains by playing against a mirrored copy of itself
without any supervision in various stochastic environments. Compared with expert opponents, SP has shown more
amazing performance in many complex problems. The simplest and most effective SP method is naive self-play,
first proposed in [H. As shown in Figure 1, the opponent (mirrored agent) uses the same policy network, i.e., the

opponent downloads the latest policy network while the agent updates its policy network. Denote Tt

as a policy being trained, 1tzoo as a policy zoo, ' as the policy set of the opponents, Q as the policy sampling

distribution, and G as the gating function for Ttizool2. The policy sampling distribution Q is
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Since the policy zoo 1zoo only keeps the latest version of policy T, it always clears the old policies 1zoo and

inserts 11, TIZOO=TT.
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Figure 1. Overview of naive self-play.

A variety of works have followed this method since naive self-play is simple and effective. TD-Gammon B! features
naive SP to learn a policy by using TD(A) algorithm. At that time, this outperforms supervised learning with expert
experience. AlphaGo ! defeated the world champion of Go in 2017; it uses a combination of supervised learning
on expert datasets and SP technology. SP is used to update the policy and to generate more data. SP-based
applications have been developed rapidly in both academia and industry. One year after AlphaGo, AlphaZero &
gained prominence. In contrast to AlphaGo, AlphaZero does not require domain-specific human knowledge but
achieves outstanding performance. Instead, it learns the game policy by playing against itself, using only the game

rules.

Naive SP is also a solution for handling many-to-many environments, as demonstrated by JueWu 8 which uses
this approach for two players controlling five heroes in Honor of Kings during lineup and random lineup stages.
Another study applied naive SP to an open-ended environment (hide-and-seek @), showing that it can lead to

emergent auto-curricula with many distinct and compounding phase shifts in agent strategy.

Despite its effectiveness, naive SP may not be sufficient to learn a robust policy due to the lack of diversity in
opponent policies. Fictitious self-play is a solution to this problem, where the agent plays against a mixture of its
previous policies and fictional policies that are generated by sampling from a distribution over policies learned

during training.

| 3. Fictitious Self-Play

Fictitious play, introduced by Brown [ is a popular method for learning Nash equilibrium in normal-form games.
The premise is that players repeatedly play a game and choose the best response to a uniform mixture of all
previous policies at each iteration. As shown in Figure 2, fictitious self-play (FSP) @ is a machine learning
framework that implements generalized weakened fictitious play in behavioral strategies in a sample-based
fashion. It can avoid cycles by playing against all previous policies. FSP iteratively samples episodes of the game
from SP. These episodes constitute datasets that are used by reinforcement learning to compute approximate best

responses and by supervised learning to compute perturbed models of average strategies.
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Figure 2. Overview of fictitious self-play.

Neural fictitious self-play (NFSP) 19 combines FSP with neural network function approximation. NFSP keeps two

kinds of memories. One, denoted as MRL

, was used for storing experience of game transitions, while the other, MSL, stored the best response behavior.
Each agent computed an approximate best response 3 from MRL and updated its average policy I by supervised
learning from MSL. In principle, each agent could learn the best response by playing against the average policies
of other agents. However, the agent cannot get its best response policy (3, which is needed to train its average
policy I, and its average policy N is needed for the best response training of other agents. NFSP uses the
approximation of anticipatory dynamics of continuous-time dynamic fictitious play 1, in which players choose the
best response to the short-term predicted average policy of their opponents, M-it+nddtrt, where n is the
anticipatory parameter. NFSP assumes Bt+1-Tt=ddtlt as a discrete-time approximation. During play, all agents
mixed their actions according to o=M+n(B3-M). By using this approach, each agent could learn an approximate best
response with predicted average policies of its opponents. In other words, the policy sampling distribution of all
agents Q is

Q () = { B, with probability n .

M.  with probability 1 —n

MRL uses a circular buffer to store transition in every step, but MSL only inserts transition while agent follows the
best response policy f3.

The Exploitability Descent (ED) algorithm 12 is a PB-DRL method that directly optimizes policies against worst-

case opponents without the need to compute average policies. In contrast to NFSP algorithm, which requires a
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large reservoir buffer to compute an approximate equilibrium, ED focuses on decreasing the “exploitability” of each
player, which refers to how much a player could gain by switching to a best response. The algorithm has two steps
for each player on each iteration. The first step is identical to the FP algorithm, where the best response to the
policy of each player is computed. The second step performs gradient ascent on the policy to increase the utility of
each player against the respective best responder, aiming to decrease the exploitability of each player. In a tabular

setting with Q-values and L2 projection, the policy gradient ascent update is defined by equation

65 = P, (92_1 +a <vﬂs“0t71 (%),Q° (S)>>

)
= P, (Ots_l +a'QP (9)),

where Qb(S) is the expected return at state S with joint policy set b, P22 is the L2 projection, VOSTI6t=1(S) is an
identity matrix, and o is the step size. In other words, the ED algorithm directly optimizes policies against worst-

case opponents, making it a promising approach for addressing games with complex strategy spaces.

A related approach from another perspective is d-Uniform FSP 13l which learns a policy that can beat older
versions of itself sampled uniformly at random. The authors use a percentage threshold 6&[0,1] to select the old

policies that are eligible for sampling from the policy zoo 1zoo, i.e., the opponent strategy 1" is sampled from

Q (n'|n*°, ) = Uniform(8|a*° |, |x**|) (4)

Significantly, the algorithm is the same as naive SP while d=1. After every episode, the training policy is always

inserted into the policy zoo 1zoo. Thus, 1zoo is updated with TIzoo=T1zooUTT.

While AlphaStar does use FSP as one of its learning algorithms, Prioritized FSP is actually a modification proposed
by the AlphaStar team in their subsequent paper 4. The authors argue that many games are wasted against
players that are defeated in almost 100% of games while using regular FSP and propose Prioritized FSP which
samples policies by their expected win rate. Policies that are expected to win with higher probability against the
current agent have higher priority and are sampled more frequently. The opponent sampling distribution Q can be

written as

B f(P (7 beats 7))
B Y neqwo (P (7 betas 1)) (5)

Q (ﬂ_l | J_l:zoo, 71')

where fis a weighting function, e.g., f(x)=(1-x)p. The policy zoo named league in the paper is complex.
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OpenAl Five also employs a similar method, as described in 3. The method consists of training with a naive self-
play approach for 80% of the games and using past sampling policies for the remaining 20%. Similar to the
Prioritized FSP method, OpenAl Five uses a dynamic sampling system that relies on a dynamically generated
quality score q. This system samples opponent agents according to a softmax distribution, where the probability of
choosing an opponent p is proportional to eq. If OpenAl Five wins the game, g is updated with a learning rate

constant n as follows:

q:q_N_p (6)

where N is the size of policy zoo. At every 10 iterations, the policy of the current agent will be added to the policy

zoo with an initial quality score equal to the maximum quality score in the zoo.

While self-play can bring remarkable performance improvements to reinforcement learning, it performs poorly in
non-transitive games because it always plays against itself. Specifically, the opponent’s policy only samples from
one policy, which means the training agent only learns from a single type of opponent. This approach works well in
situations where a higher-ranked player can always beat a lower-ranked player. Population-based training methods

bring more robust policies.

| 4. Population-Play

Another population-based method for multi-agent systems is population-play (PP), which builds upon the concept
of SP to involve multiple players and their past generations 14ll18] as shown in Figure 3. With PP, a group of

agents is developed and trained to compete not only with each other but also with agents from prior generations.
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Figure 3. Overview of (naive) population-play.

To train an exceptional agent, AlphaStar 4 maintains three types of opponent pools: Main Agents, League

Exploiters, and Main Exploiters. Main Agents are trained with a combination of 35% SP and 50% PFSP against all
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past players in the league, and the agent plays an additional 15% of matches against opponents who had
previously been beaten but are now unbeatable, as well as past opponents who had previously exploited the
weaknesses of the agent. League Exploiters are used to find a policy that league agents cannot defeat. They are
trained using PFSP against agents in the league and added to the league if they defeat all agents in the league
with a winning rate of more than 70%. Main Exploiters play against Main Agents to identify their weaknesses. If the
current probability of winning is less than 20%, Main Exploiters employ PFSP against players created by Main

Agents. Otherwise, Main Exploiters play directly against the current Main Agents.

For the Win (FTW) 18l is a training method designed for the game of Capture the Flag, which involves training a
diverse population of different agents by having them learn from playing with each other. The training process
involves sampling agents from the population to play as teammates and opponents, which is done using a
stochastic matchmaking scheme that biases co-players to be of similar skill to the player. This ensures that a
diverse set of teammates and opponents participate in training, and helps to promote robustness in the learned
policies. A population-based training method is implemented to enhance the performance of weaker players and

improve the overall ability of all players.

PP can accommodate a wide range of agents, making it also suitable for deployment in cooperative settings.
However, Siu et al. [1Z] observed that in such scenarios, human players tended to favor rule-based agents over RL-
based ones. This finding highlights the need to take into account human perceptions of Al when designing and

developing systems intended for real-world adoption.

To address this issue, fictitious co-play (FCP) [2& aims to produce robust partners that can assist humans with
different styles and skill levels without relying on human-generated data (i.e., zero-shot coordination with humans).
FCP is a two-stage approach. In the first stage, N partner agents are trained independently in self-play to create a
diverse pool of partners. In the second stage, FCP trains a best-response agent against the diverse pool to achieve
robustness. Hidden-utility self-play 22 follows the FCP framework and uses a hidden reward function to model
human bias with domain knowledge to solve the human—Al cooperation problem. A similar work for assistive robots

learns a good latent representation for human policies 29,

| 5. Evolution-Based Training Methods

Evolutionary algorithms are a family of optimization algorithms inspired by the process of natural selection. They
involve generating a population of candidate solutions and iteratively improving them by applying operators such as
mutation, crossover, and selection, which mimic the processes of variation, reproduction, and selection in biological
evolution. These algorithms are widely used in solving complex optimization problems in various fields, including
engineering, finance, and computer science. Evolutionary-based DRL is a type of PB-DRL that approaches training
from an evolutionary perspective and often incorporates swarm intelligence techniques, particularly evolution

algorithms.

https://encyclopedia.pub/entry/44828 6/12



Population-Based Deep Reinforcement Learning | Encyclopedia.pub

Population-based training (PBT) introduced in 21 is an online evolutionary process that adapts internal rewards
and hyperparameters while performing model selection by replacing underperforming agents with mutated versions
of better agents. Multiple agents are trained in parallel, and they periodically exchange information by copying
weights and hyperparameters. The agents evaluate their performance, and underperforming agents are replaced
by mutated versions of better-performing agents. This process continues until a satisfactory performance is

achieved, or a maximum budget is reached.

Majumdar et al. 22 propose multi-agent evolutionary reinforcement learning (MERL) as a solution for the sample
inefficiency problem of PBT in cooperative MARL environments where the team reward is sparse and agent-
specific reward is dense. MERL is a split-level training platform that combines both gradient-based and gradient-
free optimization methods, without requiring domain-specific reward shaping. The gradient-free optimizer is used to
maximize the team objective by employing an evolutionary algorithm. Specifically, the evolutionary population
maintains a variety of teams and uses evolutionary algorithms to maximize team rewards (fitness). The gradient-
based optimizer maximizes the local reward of each agent by using a common replay buffer with other team
members in the evolutionary population. Collaborative evolutionary reinforcement learning (CERL) 23 is a similar
work which addresses the sample inefficiency problem of PBT. It uses a collective replay buffer to share all

information across the population.

Deep evolutionary reinforcement learning (DERL) 24! is a framework for creating embodied agents that combines
evolutionary algorithms with DRL, which aims to find a diverse solutions. DERL decouples the processes of
learning and evolution in a distributed asynchronous manner, using tournament-based steady-state evolution.
Similar to PBT 21, DERL maintains a population to encourage diverse solutions. The average final reward is used
as a fitness function, and a tournament-based selection method is used to choose the parents for generating
children via mutation operations. Liu et al. 25l demonstrated that end-to-end PBT can lead to emergent cooperative
behaviors in the soccer domain. They also applied an evaluation scheme based on Nash averaging to address the

diversity and exploitability problem.

| 6. General Framework

The policy-space response oracles (PSRO) framework is currently the most widely used general framework for PB-
DRL. It unifies various population-based methods, such as SP and PP, with empirical game theory to effectively
solve games [281. As shown in Figure 4, PSRO divides these algorithms into three modules: meta strategy, best-
response solution, and policy zoo expansion. The first module, meta strategy, involves solving the meta-game
using a meta-solver to obtain the meta strategy (policy distribution) of each policy zoo. The second module, best-
response solution, involves each agent sampling policies of other agents 1—i and computing its best response Ti
with fixed 1—i. The third module, policy zoo expansion, involves adding the best response to the corresponding
policy zoo. The process starts with a single policy. In each episode, one player trains its policy mi using a fixed
policy set, which is sampled from the meta-strategies of its opponents (1t'-i~1zoo-i). At the end of every epoch,
each policy zoo expands by adding the approximate best response to the meta-strategy of the other players, and

the expected utilities for new policy combinations computed via simulation are added to the payoff matrix.
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Figure 4. Overview of PSRO.

Although PSRO has demonstrated its performance, several drawbacks have been identified and addressed by
recent research. One such extension is Rectified Nash response (PSROrN) 24, which addresses the diversity
issue and introduces adaptive sequences of objectives that facilitate open-ended learning. The effective diversity of
the population is defined as:

=) = 3 (¢ (wwy)], -0 p; -

i,j=1

where n=|rtzoo|, ¢(x,y) is the payoff function, p is the Nash equilibrium on Tzoo, |x]+ is the rectifier, denoted by
[x]+=x if x<0 and |x]+=0 otherwise. Equation (7) encourages agents to play against opponents who they can beat.
Perhaps surprisingly, the authors found that building objectives around the weaknesses of agents does not actually
encourage diverse skills. To elaborate, when the weaknesses of an agent are emphasized during training, the
gradients that guide its policy updates will be biased towards improving those weaknesses, potentially leading to

overfitting to a narrow subset of the state space. This can result in a lack of diversity in the learned policies and a
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failure to generalize to novel situations. Several other works have also focused on the diversity aspect of PSRO
frameworks. In [28] the authors propose a geometric interpretation of behavioral diversity in games (Diverse PSRO)
and introduce a novel diversity metric that uses determinantal point process (DPP). The diversity metric is based
on the expected cardinality of random samples from a DPP in which the ground set is the strategy population. It is
denoted as:

Diversity (n°°) = Ey.p, [

7|] =Tr (I — (Lo + I)*1>, (8)

where a DPP defines a probability P, 1T’ is a random subset drawn from the DPP, and L1tzoo is the DPP kernel.
They incorporate this diversity metric into best-response dynamics to improve overall diversity. Similarly, 22 notes
the absence of widely accepted definitions for diversity and offers a redefined behavioral diversity measure. The
authors propose response diversity as another way to characterize diversity through the response of policies when
facing different opponents.

Pipeline PSRO B9 s a scalable method that aims to improve the efficiency of PSRO, which is a common problem
of most of PSRO-related frameworks, in finding approximate Nash equilibrium. It achieves this by maintaining a
hierarchical pipeline of reinforcement learning workers, allowing it to parallelize PSRO while ensuring convergence.
The method includes two classes of policies: fixed and active. Active policies are trained in a hierarchical pipeline,
while fixed policies are not trained further. When the performance improvement of the lowest-level active worker in
the pipeline does not meet a given threshold within a certain time period, the policy becomes fixed, and a new
active policy is added to the pipeline. Another work has improved the computation efficiency and exploration

efficiency by introducing a new subroutine of no-regret optimization 31,

PSRO framework has another branch which optimizes the meta-solver concept. Alpha-PSRO [B2 extends the
original PSRO paper to apply readily to general-sum, many-player settings, using an a-Rank 22!, a ranking method
that considers all pairwise comparisons between policies, as the meta-solver. Alpha-PSRO defines preference-
based best response (PBR), an oracle that finds policies that maximize their rank against the population. Alpha-
PSRO works by expanding the strategy pool through constructing a meta-game and calculating a payoff matrix.
The meta-game is then solved to obtain a meta-strategy, and finally, a best response is calculated to find an
approximate optimal response. Joint PSRO B4 uses correlated equilibrium as the meta-solver, and Mean-Field

PSRO B3l proposes newly defined mean-field no-adversarial-regret learners as the meta-solver.
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