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ABSTRACT

CONTEXT DETECTION AND IDENTIFICATION IN
MULTI-AGENT REINFORCEMENT LEARNING ON NON-
STATIONARY ENVIRONMENTS

Keywords: Reinforcement Learning, Non-stationary Environment, Context Detection,

Multi-Agent, Non-Stationary Sequence

The assumption that the environment the agent learns is stationary has been adopted by
many reinforcement learning methods. However, in natural and real-life applications, the
environment is non-stationary. One possibility is that non-stationary environments are
composed of several stationary components (i.e. context or sub-environment). More than
one agent can interact with the environment at the same time, and agents can cause the
environment to become non-stationary. The Reinforcement Learning - Context Detection
method is an approach that enables the agent to learn non-stationary environments
without prior knowledge, detects context change points, and identifies contexts. The
basis of this approach is single-agent and it has shortcomings for multi-agent learning.
In this study a new approach called Multi-Agent Reinforcement Learning - Context
Detection has been developed that can detect context change points, identify contexts
and allow agents to learn the multi-agent non-stationary environment. This approach is
based on the reinforcement learning - context detection method; In multi-agent learning,
it is more efficient in terms of detecting non-stationarity originating from agents in the
environment and detecting context change points. In addition to the context changes
caused by the environment dynamics, it also allows detecting the context changes that
occur as a result of the changes in the policies of the agents in the environment. In the
approach in this study, it has been shown by the experimental results that the agents
spend their energy %16 less and are more efficient than the reinforcement learning -
context detection method in terms of detecting the context change points more accurately

and earlier.
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OZET

COK ETMENLI PEKISTIRMELI OGRENMEDE DEVINGEN
ORTAMLARDA BAGLAM DEGISIM TESPIiTi VE TANIM-
LAMA

Anahtar Kelimeler: Pekistirmeli Ogrenme, Devingen Ortamlar, Baglam Sezme, Cok

Etmenli Ogrenme, Devingen Diziler

Etmenin 6grendigi ortamin duragan olmasi varsayimi birgok pekistirmeli 6grenme yon-
temi tarafindan benimsenmistir. Fakat, dogal ve gercek hayat uygulamalarinda ortam
duragan degildir, devingendir. Devingen ortam, bir¢ok duragan ortamin bir araya gelme-
siyle olugur. Ortam ile ayn1 anda birden fazla etmen etkilesim kurabilir ve etmenler de
ortamin devingen hale gelmesine sebep olabilir. Pekistirmeli ogrenme-baglam sezme yon-
temi, etmenin Onsel bir bilgisi olmadan devingen ortamlari: 6grenmesini, baglam degisim
noktasini sezmesini ve baglami tanimlamasini saglayan yaklagimdir. Bu yaklagimin
temelinde tek etmen bulunur ve ¢ok etmenli 6grenim igin eksiklikleri bulunmaktadir.
Bu ¢alismada ¢ok etmenli devingen ortamlarda; baglam degisim noktalarini tespit eden,
baglamlari tanimlayabilen ve etmenlerin ortami 6grenmesine olanak saglayan ¢ok etmenli
pekistirmeli ogrenme-baglam sezme adinda yeni bir yaklagim gelistirilmistir. Pekistirmeli
ogrenme - baglam sezme yontemini temel alan bu yaklagim; ¢ok etmenli 6grenmede,
ortam ftizerindeki etmenlerden kaynakl devingenligi sezmesi ve baglam degisim nok-
tasini tespit etmesi yoniiyle daha verimlidir. Ortam dinamiklerinden kaynakl baglam
degisikliklerinin yani sira ortamdaki etmenlerin politikalarinin degigsmesi sonucu olusan
baglam degisimlerini de sezmesini saglar. Bu ¢aligmadaki yaklagimda, etmenler ener-
jilerini %16 daha az harcamasi ve degigim noktalarimi daha dogru ve erken sezmesi
acisindan pekistirmeli 6grenme - baglam sezme yontemine goére daha verimli oldugu

deney sonuglar ile gosterilmigtir.
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1 INTRODUCTION

Humans naturally learn by observing or interacting with their environment. One of the
learning methods close to this behavioral learning paradigm is Reinforcement Learning
(RL). RL is another sub-branch of machine learning besides supervised and unsupervised
sub-branches. RL enables an agent to learn in an interactive environment by trial and
error using feedback from its own actions and experiences. In other words, the agent
learns by interacting with the environment and using the response signals it receives
from the environment. The Agent’s main goal is to maximize its cumulative reward by

reaching some goal state.

The agent continues to interact with the environment until; it reaches the terminal state
or reaches a certain action time. While the terminal state may be a state that the agent
must reach as a result of its actions, receive rewards at the end and end the episode, it
is also the state that causes the agent to die or be punished by existing in a state that
should not exist. In RL problems, the agent tries to converge to a near-optimal policy
throughout its life. It aims to learn this policy by using its experiences throughout the

learning process.

In RL, the environment is usually represented by the Markov Decision Process (MDP).
There are two types of environment in terms of their behavior: stationary and non-
stationary (NS). A Stationary Environment (SE) is where the rules and dynamics
of the environment do not change over time. The rules of the environment are often
represented as an MDP model, which consists of all the state transition probabilities
and reward distributions. A non-stationary environment (NSE) is where dynamics of
the environment, reward and state transitions, can change over time. It is assumed that
NSE can be composed of finitely many stationary components (i.e., sub-environments

or contexts), that we call each a context.

Classical RL methods, such as Q-Learning [1], Prioritized Sweeping (PS) [2]| are based
on the assumption that the environment is stationary. These approaches can find a
near-optimal policy on the stationary environment. In other words, they can learn the
stationary environment. However, most of the real and natural environments are NS.
Classical RL methods fail to learn NSE. After learning the first context, they cannot
perceive when the context change occurs and they start to learn the encountered context
again. In this process, the agent forgets its past experiences while learning new context.

When the agent encounters the context it encountered before, the agent has to learn



it again because it already unlearns this context. So, classical RL approaches cannot
learn NSE.

Markovian Switching Environments (MSE) where NSE consist of finitely many station-
ary contexts. In this work NSE assumptions relies on that. E;,i € [1,...,I] where each
context [ is itself a state of a Markov chain [3]. In case the context changes Ej; to
E;

experience.

41 classical RL methods do not notice the context change and lose their previous

Reinforcement Learning - Context Detection (RL-CD) [4] is an approach with context
change detection capability in NSE. This approach allows the agent to detect context
changes in the environment and the agent creates partial models for each stationary
context of NSE. Thus, the agent does not forget his past experiences. When it encounters
the same context again, it recognizes the context and uses it if it has a partial model in
its memory. Thus, it does not repeat the learning process. It calculates the model quality
signal, which indicates how suitable the partial models that the agent has learned before
are in the context. If this value is below a certain threshold, it means that the partial
models that the agent has learned before are incapable of representing the context in
which they are in. That is, it encountered the context for the first time. It creates a
new partial mode and begins learning the context. If it has a partial model above this
threshold, it means the context it encountered before and it starts using this partial

model.

In real-life applications, environments mostly consist of Multi-Agent Systems (MAS).
In such environments, multiple agents interact with the environment. During these
interactions, in addition to the dynamic variables of the environment, non-stationarity
originating from agents occurs. For example, one of the agents may deviate from its
usual policy and make choices that will affect other agents. Other agents should be
able to realize this change and adapt their policies accordingly. RL-CD is a single-agent
method that works well. Therefore, it cannot adapt itself to the actions of other agents in
a multi-agent environment. In addition, RL-CD is insufficient to detect non-stationarity
that is not related to the dynamics of the NSE but caused by the other agents.

The Multi-Agent Reinforcement Learning - Context Detection (MARL-CD) method
developed in this study can perform multi-agent NSE context change point detection
and identification. This method is based on the RL-CD method. In MARL-CD, the

agent can observe other agents in the environment and creates partial models for each



of the other agents using RL-CD. Thus, the agent detects context changes not only
by using its own partial model, but also by using the partial model of other agents it
follows. In addition, the agent can make choices by using the partial model of the agents
it follows, if it is in the state of an environment that it has not discovered before, or
by considering the environment responses as a result of the actions of other agents. It
enables agent’s to develop policies that will allow it to maximize the sum of rewards
as a result of observing other agents. MARL-CD differs from RL-CD in the following
aspects: it can detect context change points more accurately and quickly in NSEs with
multi-agent settings, identify contexts more accurately, detect policy changes by other

agents, and use partial models of other agents during action selection.

It has also been shown by experiments that MARL-CD is more efficient than RL-CD.
In the experiments, all agents have the same capability and the environment gives
each agent the same response for the same state-action. These environments are NSEs
consisting of multiple stationary contexts. Under these circumstances, the following
results are observed; the approach is more efficient in terms of maximizing total reward
by average 9.58 to -257.75; and minimizing total energy loss by 16% due to the agent’s

actions.
The main and novel contributions of this study can be summarized as follows:

e Agents create partial models by following competing agents in the environment.
Thus, they try to create better policies by analyzing the action and state traces

of rival agents.

e Agents detect context change points earlier and more accurately by using partial

models of competing agents.
e Agents have the ability to select multi-action (options) in the same step.

e Agents can discover features (heuristics) in certain states of the environment that
give reward or punishment in response to the agent. In this way, it can increase
the learning speed by making action selections accordingly, and at the same time

maximize the cumulative total reward.

The remainder of this study is organized as follows. In the RELATED WORK, previous
studies in the literature and the differences of these studies from MARL-CD are men-
tioned. The theoretical basis of MARL-CD and the details of this approach are explained
in the third chapter, METHODOLOGY. EXPERIMENTAL RESULTS presents the



experimental results are interpreted. Different test cases and their results are explained.
The last chapter, CONCLUSIONS AND FUTURE WORK, the information obtained
as a result of this study is summarized and mentions the improvement aspects of this

study.



2 RELATED WORK

The changing over time non-stationary (NS) character of real and natural environments
has been a compelling factor for Reinforcement Learning (RL) methods. Classical
RL methods such as Q-Learning [1], and Prioritized Sweeping (PS) [2] were insuffi-
cient in learning environments with NS character. The environments underlying these
approaches are based on the assumption that environments are stationary. In these
methods, the agent learns the context of the environment. When the environment
context changes, it cannot detect the changes and starts learning the new context again.
Meanwhile, it forgets its past experiences, and the context it learned earlier. If it encoun-
ters the context that was encountered before, the agent cannot notice this and starts
to learn the same context again. For these reasons, these methods have shortcomings
for learning non-stationary environment (NSE)s. In other words, they are inefficient in

terms of waste of time and energy.

2.1 Q-Learning

Q-Learning [1] is a model-free, value-based RL algorithm. Value-based algorithms updates
the value function based on an equation. Most of them uses Bellman equation. The other
type of algorithms are policy-based which estimates the value function with some policy
obtained from the last policy improvement. Q-Learning is an off-policy learner. Off-
policy learners learn optimal policy regardless of the agent’s actions. QQ* is the expected
value of taking a in state s and then following the optimal policy. For estimating the
value of Q*, Q-learning uses Temporal Differences (TD) [5]. TD is an agent learning
from an environment through episodes with no prior knowledge of the environment. The
agent keeps a Q table (Q[S, A]) which contains quality value of states and actions. In

2.1 Q function, uses the Bellman equation.

Q(s,a) = Q(s,a) + a [ R(s,a) + v maz Q'(s',a’) — Q(s,a)] (2.1)

2.2 Prioritized Sweeping

PS [2] is a model-based RL technique that tries to focus on an agent’s limited computa-
tional resources to get a good estimate of the environment state values. In every step,

this approach uses Dynamic Programming (DP) methods to reevaluate the value of

5



every state in the environment. PS measures the expected size of the update against its
priority metric for each state so that only the most important states are updated. For
propagating the values of states, PS is interested to perform actions in the environment.
After updating the value of state s, it examines all the states where the agent can reach
s in one step and assigns a priority-based value to specify the change in their values. A
queue is created by prioritizing each state-action pair whose estimated value will change
significantly according to the size of the change. The highest priority state-action pair
is backed up, and the effect on each of its predecessor pairs is computed. If the effect
is higher than a certain threshold, the priority is calculated again and added to the
queue. Thus, the effect of changes is efficiently propagated backward until the pairs in

the queue are finished.

2.3 Hidden-Mode Markov Decision Process

NSEs are defined as having modes, each consisting of stationary parts, namely Hidden-
Mode Markov Decision Process (HM-MDP) [6]. Modes consist of different Markov
Decision Process (MDP)s. MDPs have the same state and action space with different
reward and transition functions. The hidden mode model is a finite set of MDPs. In
this method, HM-MDP, can control the transitions of the state by an MDPs. In this
approach, states are observable but modes are not. Hidden-mode models can be learned
by variation of the Baum-Welch algorithm. The basis of HM-MDP is the assumption
that the environment consists of a certain and small number of modes. However, this
assumption is often not valid for real and natural environments. This approach falls
short in this respect. The NSE definition in MARL-CD is similar to HM-MDP. However,
the assumption that the environment consists of a certain and small number of modes
is not valid for MARL-CD. Agents learning with MARL-CD can learn an environment

consisting of any number of modes.

2.4 Reinforcement Learning - Context Detection

Reinforcement Learning - Context Detection (RL-CD) [4] method introduced for learning
NSEs. RL-CD enables agents to detect context changes. In this approach, NSEs are
composed of several different stationary components (i.e., sub-environments or contexts).
Contexts are represented as state transitions and reward estimates that the agent learns

from its interactions with the environment. With this context detection method, the



agent creates partial models of the environment and detects context change points. Thus,
the agent recognizes the contexts. The agent learns by creating the partial model of
context. Agent calculates quality signal which indicates how suitable the current partial
model is to the current context. Thus, the agent uses the highest quality model and
continues to learn with the partial model appropriate for the context. After the context
change, the agent compares the newly encountered context with the partial models it
has created with the quality signal, which is formed as a result of the agent policy and
defines the compatibility of the policy with the relevant partial model of context. If
the quality signal is below a certain threshold, it means that the agent confronted that
context the first time. The agent creates a new partial model and starts to learn that
context. RL-CD uses a set of models to learn the dynamics of the environment. A
partial model m can be thought of as a function of transition probabilities (7,,) and

rewards (R,,).

At each time step, Experience Tuple (ET), < s,a,s’,r >, of the agent which is the
response of the environment received from the environment after the agent interaction.

Using ET updates the current partial model by adjusting its model of transition in 2.2.

T(s,a,s) =T,(s,a,s") + AT, (s (2.2)

The moving average of all previous rewards is reward model (R,,) and it can be calculated
in (2.3).
R,.(s,a) = Ry (s,a) + AR, (2.3)

Confidence value is the value indicating how many times the agent has attempted an
action in a state. The quality of the model is proportional to the confidence value.
Using ET for a partial model, the confidence value, ¢,,(s, a), is calculated as in 2.4. By

using this value, the reward quality calculation is as in 2.5.

Cm(s,a) = %&’,a) (2.4)
e =1-2(Zp (AR,)?) (2.5)

The instant quality of model, e,,, is a linear combination of the quality of reward

prediction, e®, and the quality of transition prediction, el . These values are linearly



interpolated by €2, which specifies the relative importance of rewards and transitions

for the the model’s quality. €2 is a value that can change according to the environment.

el =1-2 (ZT > AT, (/1)2) (2.6)

em = Cm (s,a) (Qell +(1—0Q) ¢]) (2.7)

m

En=FEn+p(em — En) (2.8)

For each model, quality E,, is calculated at each step. The partial model with the
highest F,, value best represents the context in which the agent is located, and this
model is selected. If none of the models E,, value is below a certain threshold, a new

model is created.

RL-CD works well in NSEs with multi-agent settings. But in environment with multi-
agent setting, it has shortcomings. It cannot adapt to the actions of other agents. Also,

RL-CD cannot detect non-stationarity caused by the other agents in the environment.

2.5 Detection of Regime Switching Points in Non-Stationary Se-
quences Using Stochastic Learning Based Weak Estimation
Method

In [7], a new method has been presented that can detect regime switch points in NSEs.
This method uses the Stochastic Learning Based Weak Estimation (SLWE) [8] method
to estimate the First Order Markov (FOM) probabilities among the tokens used by
the system to detect regime switch points. Regime switch points detected when the
SLWE estimator unlearns. It learns and detects regime changes by reconverging to a
new value that reflects the FOM dependency of the environment output tokens for the

new context.

2.6 Bayesian Extended Learning Classifier System

In multi-agent environments, single-agent-based learning approaches are lacking, they

have several shortcomings: the agent cannot detect non-stationary caused by other

8



In [9], Bayes-XCS approach introduced for NS opponents, which is based on the Extended
Learning Classifier (XCS) method [10] in Markov games. It introduced the XCS system
for multi-agent RL algorithm in Markov games for learning the best answer using the
behavior of the opposing agent. By gathering the signals produced by competing agents,
corresponding competitor models are created. Policy changes in competing agents can
be detected using these models. In other words, opponent models can be used for
opponent policy identification and prediction. Also, the Bayesian-XCS method, which
is based on the Bayesian Policy Reuse (BPR) method [11], helps the opposing agent to

reuse the best response policy by using their models.
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3 METHODOLOGY

In this study, based on Reinforcement Learning - Context Detection (RL-CD) [4], a
new and novel method called Multi-Agent Reinforcement Learning - Context Detection
(MARL-CD) that enables learning in multi-agent non-stationary environments (NSEs)
is presented. MARL-CD enables the agent to detect context change points and identify
contexts. At the same time, it can detect non-stationarity caused by the dynamics of
the environment, as well as that caused by the policy changes of other agents in the

environment.

While the agent interacts with the environment, it can also observe other agents in the
environment. While the agent creates its partial model using RL-CD, it also creates
the partial model with RL-CD using the state and action information of the agents it
observes. MARL-CD differs from RL-CD in the following additional aspects: i) the
agent creates the partial model of the competing agents in the environment, ii) the
agent monitors and analyzes the action and state traces of the competing agents in the
environment, compares it with its policy and adapts itself accordingly, iii) agents have
the ability to select multi-action (options) in the same step, and iv) agents can discover
the features (heuristics) in the environment and adapt the action selections accordingly

to accelerate their learning speed.

As mentioned in 2.4 section, RL-CD detects context changes by calculating the model
quality which is linear combination of the quality of reward prediction and the quality
of transition prediction. The quality of the model m updated after each step. If the
quality of partial models learned by the agent is below a certain threshold, a new model
is created because no model can represent the current context well, and at the same
time, it is detected that the context has changed. If the quality of any model that the
agent has learned before is higher than the quality of the current model, that model
is used. In MARL-CD, calculation of model quality is slightly different than that in
RL-CD.

e =1-2(Zr (AR,)?). (3.1)

The quality of the reward prediction, e£ (3.1), calculated the same as that in RL-CD.
The normalization factor, Zg, though, is different. In RL-CD, Zy is calculated as

in 3.2 where R,,,, and R,,;, are the maximum and the minimum values of rewards,

13



respectively. With the normalization factor (3.1) rescales values from the range [0, 1] to
[+1, —1], where —1 is the worst prediction quality and +1 is the best. In MARL-CD,
Z R calculated as in 3.3, where R is maximum reward. If the environment reward values
are not in the range of [0, 1], the normalization factor cannot scale ef to the desired

range. So, Zg is changed as 3.3 to scale within the range of [+1, —1].

ZR = (Rmax - Rmin)il (32)

Zp = (R*)™* (3.3)

In MARL-CD, the agent creates a partial model of the other agents in the environment.
Thus, while the agent is detecting context change point, it does not only look at its model
but also looks at the model of other agents it follows. It may detect non-stationarity
that are not caused by environment dynamics (transitions between contexts), but by
policy changes of other agents. If it attempted to detect context change points by only
looking at its model, it would be insufficient to detect whether they were caused by
other competing agents in the environment. In MARL-CD, the agent can distinguish
the cause of the change in the environment by following the competing agents in the
environment and adapt its policy accordingly while continuing to use the correct partial
model. Also, context changes in the environment can sometimes be caused by very
small changes and may be difficult to detect as this change has little effect on model
quality, Fys (2.8). In such cases, making decisions by looking at more than one partial

model allows these small changes to be detected.

An agent ¢ may visit for the first time a region in an environment that ¢ has never
visited before. Therefore, there is no historical information on ¢’s partial model. In this
case, ¢ has to choose an action, a, randomly (since no information is available to ¢).
However, ¢ may benefit from the past experience of another agent, in case one exists
with relevant experience at that specific region or state, in particular, by checking the
partial models of the other agents ¢ follows. If the partial model of any agent contains
such information about that state, ¢ can make a better choice using this information ¢
found at this other agent’s partial model. Thus, ¢ may maximize the total cumulative
reward. Even without making explorative choices, ¢ captures information about a state

of the environment totally unknown to ¢ so far.

14



By following other agents in the agent environment, an agent monitors their action and
state traces and maps them to the relevant partial models. In this way, the agent has
information about in which context the opponent agent follows which policies. T'¢ and
T¢ are the action and state trace of agent ¢; respectively. The agent monitors and keep
T¢ and T? for every (¢1, da, .., i1, it1, ..., d1) €  where ® = {gbz}f:l The agent can
compare its policy by using 7 and T to ensure that its policy is the optimum. So, the
agent can create more successful policies. Also, if the agent detects a context change on
its model, it can determine whether the rival agent has changed its policy by analyzing
state and action traces. It can choose a partial model accordingly and adjust the action

selection policy accordingly.

In MARL-CD, agents can select multi-actions (options) which enables an agent to select
multiple actions in the same time window. An option [17] is a sequence of basic actions,
specified to represent a data pattern over time, a concept called temporal abstraction.
Options are defined by a triplet composed of a policy, a termination condition, and an
initiation set. 7: S x A — [0,1], 8 : ST — [0,1], and I C S denote, in respective order,
the option’s policy, termination condition, and initiation set. An option < I, 7,3 >
is available at state s; if and only if s; € I. Actions are selected according to 7 until
the option terminates according to (8 if the option is taken. In a Markov option, first
the next action is selected according to the probability distribution m(s;,-). After the
action is executed, the agent makes a transition to state s;;1. In s,41 option may be
terminated with probability 5(s;y1) or continue. In case not terminated, a; is selected

according to the policy 7(s;11,-) and continues this way.

In MARL-CD, an agent can make action selection choices using options. Thus, the
agent has the ability to change its speed with the options it chooses depending on the
state it is in. Since the agent chooses more actions in the same step size, it will move
more, so it consumes more energy than when choosing a single action. If the agent
receives a reward proportional to its remaining energy at the end of the episode, the
reward it will receive will be reduced because the energy it will spend will be more when
it takes the option. Thus, agents can learn the optimum balance over time whether
they choose options or not. Besides, options can also be used to confuse other agents in
the environment. In some episodes by using options, the agent can reach the goal state
faster and cause other agents to be punished, and force them to change policy. If the
agent did not follow other agents in the environment, the optimal policy that it learned

may become sub-optimal as a result of the different behaviors of other agents; hence,
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it should adapt to such situations accordingly. Since the agent will interact with the

environment more in the same step size, it also increases the learning speed.

Some states of the environment may have occasional features (heuristics) (e.g., tokens
aka. "food" that intermittently appears in Pac-Man and brings in points/awards once
taken) that allow an agent to reach the goal state or receive more instant rewards. Agents
can receive more rewards and maximize cumulative rewards by visiting states with this
feature. While the agent makes action selection in MARL-CD, it checks whether there
is a heuristic in the past of that state in the partial model. If it has received more
instant rewards in that state-action pair in the past, or if there is a heuristic in the
states that are likely to pass as a result of the actions that it can choose from the state
it is in, it takes this into account when choosing an action. The agent learns heuristics
over time as it builds the partial model. It makes choices using these heuristics and

maximizes the total cumulative reward while reaching the goal state faster.

To explain in more detail how heuristics are learned in MARL-CD, in certain states of
the environment, the agent receives a response (i.e., reward or punishment) based on
a certain probability distribution originating from heuristics. The reward received in
this state can be defined as heuristic. With the help of the agent’s partial model, the
agent learns over time such typical behaviors of the environment within relevant states.
In RL-CD, the quality of the reward prediction, e£ (3.1), is affected by heuristics. In
the state with a heuristic, the deviation from the reward estimate will be higher, as
the agent will receive instant reward or punishment. As a result, e converges to -1.
A decrease in the quality of the reward prediction causes a decrease in the quality of

)

the model, E,,. As a result of the convergence of the quality of reward prediction (e

to -1 due to the typical characteristic of the state, context change signal produced but
the context did not change. Due to the decrease in E,,, though, the agent perceives a
false context change. RL-CD cannot handle such situations and detects false-positive

context change point.

r— R,(s,a)

AR, = —————
Nn(s,a)+1

(3.4)

In MARL-CD, an agent 7 keeps a history of reward estimates as a list of two-tuples
{(7g, nk)},ﬁl for each heuristic j where ry, 1, and K denote, in respective order, the
instant reward received (the instant reward values are sharp; hence we have a finite

number of real values), its occurrence frequency and the upper limit of the number
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of possible rewards for heuristic j. It keeps a memory of these two-tuples for each
state-action pair. While calculating et the agent considers the occurrence frequency
of the current reward, r, received as a response of the environment. If 7 is in the list
of heuristic tuples and is above a certain occurrence frequency threshold (i.e., this is a
heuristic, 7 = ry), the tuple value ry is taken into account when calculating the AR,
instead of the reward estimate value itself. In a state with heuristic while calculating
AR,,, when the value of r is deviated from the reward estimate, the AR,,, (3.4), become
negative value and ef converges to -1. Thus, when calculating AR,,, only the reward
received with the heuristic effect is included in the calculation. If the reward received
is not included in the list of heuristic tuples or is less than the threshold, the reward
estimate value is used in the AR, account. In this way, the e value is calculated more
accurately. Even if the context of the environment does not change, some environment
states may have different reward characteristics depending on some dynamics within

the same context.

After proven that using heuristics improves context detection accuracy and action selec-
tion policy for increasing total cumulative reward, we employed a more general method
to categorize instant rewards of arbitrary similarity into the same heuristic. By using
the ART2-a [18] approach each heuristic j is learned as a category k represented by a
value ;. ART2-a is an extension of ART2 [19] and simple computational system that
models the essential dynamics of the ART2. In other words, ART2-a is an unsupervised
clustering method for multi-dimensional input patterns. In the context of this study,

an input pattern is an instant reward received.

In MARL-CD, ART2-a is used to learn the characteristics of the environment at a state
by grouping the instant rewards received by the agent. Thus, an instant reward, r
received by the agent may be determined whether or not to categorize into one of the
learned clusters (i.e, heuristics). If it is not a heuristic, then a reward estimate is used
in the eff calculation. To put it in another way, if the instant reward, r, does not qualify
into a certain category k, it is not a heuristic and the reward estimate is used in the
AR, calculation. If it does, it is a heuristic and the central value of that category k is

used for the AR,, calculation.

Algorithm 1 is the formulated version of MARL-CD. Each agent in the environment

follows these steps during learning.

As MARL-CD is compared with RL-CD in the context of the applications mentioned
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above; experiments have shown that MARL-CD is more efficient than RL-CD within

a multi-agent non-stationary environment (NSE) setup in terms of energy use, context

identification and detection of context changes.

Algorithm 1 MARL-CD algorithm

Let ® = {e;}_, be the set of ® agents
Let m! be the kth model of the ith agent
Let m‘ . be the current model of the ith agent

cur

Let T be action trace of ith agent
Let T! be state trace of ith agent

creates and initializes own partial model m?2ef

cur
creates and initializes the list of other agents’ partial

1 2 . i1 il | I
cur? mcu’/‘ ) mC’LL”" Y mCUT Y ) mC’LLT)

(m
while all agents do not reach the terminal state do
for all e; € ® do

analyzes m2°t/ and m!

analyzes T and T

while the agent is do not reach terminal state do

executes step

self
cur

updates m?¢/ parameter via RL-CD

updates heuristic information for state s
for all e; € ® do

observe action and state of ¢;

%

L. using observations via RL-CD

updates m

models
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4 EXPERIMENTAL RESULTS

The Multi-Agent Reinforcement Learning - Context Detection (MARL-CD) results were
also confirmed by experiments. Experiments were performed under the same conditions
for the two approaches (MARL-CD and Reinforcement Learning - Context Detection
(RL-CD)). First, agents learned with RL-CD, while in the second setting, they learned
with MARL-CD. It was carried out in two different experimental environments: Ball-
Catching World and Pac-Man, which is a more complex environment compared to this

environment. Experiment results were compared.

4.1 Experiments Setup

Ball-catching environment [4] is one of the environments where RL-CD is tested. This
environment was used to make performance comparisons of algorithms more accurate.
In addition, experiments were carried out in the Pac-Man [20] environment, which has
a more difficult grid structure and a more difficult goal state than the ball-catching
environment. Thus, the performances of the algorithms were also tested in different and

challenging conditions.

During the experiments, different model parameters (i.e., learning rate, discount rate,
omega) were studied and best parameter values found during our studies. Best parame-
ters were used in both approaches. Total cumulative rewards, context detection accuracy;,
game wins, and energy levels are compared for each method. Reinforcement Learning
(RL) algorithms aim to maximize the total cumulative reward, so this parameter was
compared in the experiments. One of the most important criteria for methods working
in non-stationary environment is context detection accuracy. The correct detection of
the context change points of the environment is one of the factors that directly affect
the learning speed and accuracy of the agent. Energy level is a parameter that shows
how much energy agents spend throughout their lives. In other words, it shows how
much energy the agents save. From this parameter, it can be deduced how fast agents

can learn the environment. If the agent is learning fast, its energy will decrease less.

In this study, when comparing MARL-CD as the baseline, RL-CD is used. The fact
that other approaches were not tested in the test environments used made it impossible
to compare with other methods while creating a benchmark. Some methods based on
Deep Reinforcement Learning (DRL) uses Pac-Man environment for testing. These

approaches use image as a input not state. Because of this basic concept difference
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Figure 4.1: Representative image of the ball-catching world

4.2 Ball-Catching

Ball-catching world, in which the first experimental environment RL-CD [4] was imple-
mented, was chosen. First validation scenario consists in a non-stationary environment

(NSE) built as follows:

e The environment consists of 15x15 toroidal discrete grid cells;

The agent is a cat and the goal state is catching the moving ball;

The ball starts its movement in a random state of the environment;

The action set of ball of the ball is as follows: i) move left, ii) move right, iii)

move up and iv) move down;

Agent’s action set consists of five actions, those of the ball and an additional

action stay;
e All agents start in the same state initially.

A representative ball-catching world can be seen in Figure 4.1. This environment’s
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non-stationary (NS) character is due to the change in the direction of movement of the
ball over time. While the ball moves in a certain direction over time, it starts to move
in a different direction and changes its behavior. For example, as the ball is moving to
the right, the context changes if the ball starts to move to the left. In the experiments,
the environment context changes every 1000 episodes. Agents are not directly affected
by the results of each other’s action choices. In other words, as a result of the selection
of one agent, the state of the other agent does not change, or the action selection of an
agent does not directly affect the action selections of the other. The first agent reaching
the goal state, that is, the first to catch the cat gets the determined reward. The losing
agents are punished with the same amount. If agents reach the goal state at the same
time, they all receive the same amount of rewards. Two competing agents, Agent 1 and

Agent 2, were used in these experiments.

Table 2: Result of RL-CD Game Wins in Ball-Catching Environment

Context | Agent 1 | Agent 2

0 917 721

2 566 438

0 981 21

1 990 89

0 714 287

2 697 314

1 1000 2

In the experiments, average game win counts by contexts for RL-CD are shown in
Table 2. When we look at the game-winning rates of the agents per context, we see that
in some contexts one agent dominates the other. Game winning count is more than the
other agent per context. Further the agent who learns the context earlier is superior to
the other. An agent’s dominance over another indicates that the dominating agent can
learn the context, while the other agent cannot. Agent 1 learned faster than agent 2
because of that agent 1 has more game wins. In RL-CD, the agent cannot adapt itself
to other agents and every agent in the environment may not be able to learn the context

they are in.

Average Context Change Detection Counts (CCDC) per context for agents learning
with RL-CD are illustrated in Table 3. Ideally, agents should detect the change point
once per context transition. High CCDC show that agents learning with RL-CD are

insufficient in detecting context change points. Even if the environment’s context does
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Table 3: Result of RL-CD Context Change Detection Count in Ball-Catching Environ-

ment
Context | Agent 1 | Agent 2
0 1 1
2 1111 2521
0 755 37
1 2 4
0 1475 33
2 3 48
1 2 1

not change, the agent misinterprets the rival agent’s possible policy change as a context
change. This makes it difficult for the agent to learn the context it is in, and it also

reduces the quality of partial models because it uses partial models of the wrong context.

Table 4: Result of MARL-CD Game Wins in Ball-Catching Environment

Context | Agent 1 | Agent 2
0 938 934
2 539 472
0 813 641
1 621 395
0 998 1000
2 692 543
1 499 802

In the experiments, average game win counts by contexts for MARL-CD are shown in
Table 4. Agents learning with MARL-CD have approximately equal game win rates per
context. Neither agent has dominated the other. This shows that both agents can learn
contexts. Unlike RL-CD, in MARL-CD agents have adapted to each other’s policies.

The CCDC numbers are shown in Table 5 for agents learning via MARL-CD. Agents
detected context change points much more accurately than RL-CD. The low number
of CCDC (i.e., it is one for all contexts but context 2) manifests this fact. In the first
context change, there are some false-positive signals for context change detection. This
is because the changing contexts are very close to each other. The context change in
the ball-catching environment is due to the change in the ball’s movements. When
transitioning from Oth context to 2nd context for the first time, agents cannot detect it

directly. Since the dynamics of the two contexts are very similar, the agents had to learn
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Table 5: Result of MARL-CD Context Change Detection Count in Ball-Catching

Environment
Context | Agent 1 | Agent 2
0 1 1
2 16 7
0 1 1
1 1 1
0 1 1
2 1 1
1 1 1

by continuing their movements in order to decide on the right context. Unlike RL-CD

in MARL-CD, the correct partial models are used in the right contexts. Thus, partial

models better represent the relevant contexts. In addition, the use of correct partial

models increases the learning speed of agents and reduces the energy they consume. In

addition, the choices made by the agents were made in a way that maximizes the total

cumulative reward.
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Figure 4.2: Graph shows the change in energy levels of agents over time after starting

at the same energy level

When we look at the amount of energy consumed by agents per context, we observe in

Figure 4.2 that agents learning with MARL-CD consume 16% less energy on average.

The vertical dashed lines on the figure show the context change points. In terms of
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energy, MARL-CD is more efficient; it is effective to learn faster and to decide on
the correct partial model faster. In addition, the ability of agents to take options in
MARL-CD also shortens the learning time.

4.3 Pac-Man

RL-CD and MARL-CD have also been tested on Pac-Man [20], which is a more complex
environment than the ball-catching environment. It is NSE in Pac-Man and has the

following setups:
e The environment consists of 18x10 cells;
e The agent is Pac-Man and the goal state is eating all food pieces in the environment;

e If ghost and Pac-Man are in the same state, the ghost will kill Pac-Man and the

current episode will be over for that agent;

e Agents are penalized at equal rates when they die as they are rewarded when they

attain the goal state.

e For eating a small piece, the agent receives a reward of 10 units while for a large

one 100 units and ghosts will be in scared mode;
e Ghosts cannot kill agents while in scared mode and can be eaten by agents;

e [f the agent eats the ghost, he gets 200 bonus rewards, and the ghost returns to

the start state and starts its life again.

e The set of actions is the same for both the agent and the ghost. The action set is

as follows: i) move left, ii) move right, iii) move up, iv) move down and v) stay.

The NS character of the environment is based on the ghost’s change of movement pattern
over time. If agents reach the goal state at the same time, they both get a reward, as
in ball-catching. When one agent reaches the goal state before the other, the reaching
agent gets the reward and the other gets the same amount of punishment. If an agent
dies, it is punished while the other agent can continue the episode. If two agents are
caught by the ghost and die before they reach the goal state, that episode will not have
a winner and both agents will be punished. The food one agent eats does not affect
the other. Figure 4.3 is a representation of the environment. The experiments were
repeated 2300 times and the average results were evaluated. During the experiments,

the number of episodes passed for the context change was also observed for different
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values.

Figure 4.3: Representative image of Pac-Man

Table 6 shows CCDC and whether agents use the correct partial models for RL-CD
agents. As mentioned before, agents must detect one context change point when the
context changes. However, looking at the results in Table 6, agents learning with RL-
CD were insufficient to detect context change points and detected many false-positive
context change points. In addition, they did not use the context-appropriate partial
model. Although there are context changes that it detected, it does not change the
partial model it uses in the same context. In other words, it used the same partial
model in all contexts and could not decide on the correct partial model as a result of

the change points it detected.

Table 6: Result of RL-CD Context Change Detection Count in Pac-Man environment

CCDC
Context | Agent 1 | Agent 2 | Using Correct Partial Model
1 0 0 Yes
2 19 4 No
3 3 43 No
4 126 213 No
2 11 36 No
4 0 6 No
3 54 23 No

In Table 7, the game win counts of the agents and game win rates shown for the agents

learned with RL-CD and context changes once in 250 episodes. Since the agents do not
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Table 7: Result of RL-CD Game Wins in Pac-Man environment

Game Win Count | Game Win Rate
Context | Agent 1 | Agent 2 | Agent 1 | Agent 2
1 23 27 9.2% | 10.8%
2 28 19 11.2% | 7.6%
3 33 23 132% | 9.2%
4 17 14 6.8% 5.6%
2 35 22 14.0% | 8.8%
4 19 31 7.6% 12.4%
3 27 33 10.8% | 13.2%
Average 26 24.14 10.40% | 9.66%

use partial models suitable for the context, the game win rates did not increase when
they encountered the same context again. If they could learn contexts correctly, game
win rates would be expected to be higher as the agent would learn much faster when

they encounter the same context again.

Table 8: Result of MARL-CD Context Change Detection Count in Pac-Man environ-
ment

CCDC
Context | Agent 1 | Agent 2 | Using Correct Partial Model
1 0 0 Yes
2 3 4 Yes
3 D 7 Yes
4 4 2 Yes
2 3 ) Yes
4 21 2 Yes
3 3 11 Yes

Results of MARL-CD are illustrated in Table 8 under the same conditions as those of
RL-CD for CCDC and using correct partial model data given. Agents detected context
change points correctly and used the relevant partial model for each context. Game win
counts and game win rates of agents which learn with MARL-CD are given in Table 9.
As can be seen in Table 9, the game win rate is higher when the agent switches back to
the context it has encountered before. Contrary to RL-CD, the learning speed is higher
because the agent uses a context-appropriate partial model. As a result, the game win
rate has been high. The ability of agents learning with MARL-CD to discover heuristics

on the environment also affects the high game win rates. Agents learn heuristics over
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the partial model over time and determine their action selection policies accordingly.
In the Pac-Man environment, foods are heuristics. Thus, while selecting the action,
MARL-CD agents select the state-action pairs where the food pieces are located to

maximize their cumulative reward and reach the goal state faster.

Table 9: Result of MARL-CD Game Wins in Pac-Man environment

Game Win Count | Game Win Rate
Context | Agent 1 | Agent 2 | Agent 1 | Agent 2
1 90 89 36.0% | 35.6%
2 78 82 31.2% | 32.8%
3 110 109 44.0% | 43.6%
4 73 68 29.2% | 27.2%
2 132 139 52.8% | 55.6%
4 99 103 39.6% | 41.2%
3 170 183 68.0% | 73.2%
Average | 107.42 | 110.43 | 42.97% | 44.17%
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Figure 4.4: Average Cumulative Reward Graph of Algorithms

Another metric used to assess and compare performance among RL-CD and MARL-CD
in the experiments is the average cumulative reward [21]|. Episode cumulative reward is
total reward that agent earn in a episode. An episode’s average reward was calculated
by dividing the episode cumulative reward by the number of steps in that episode. In

addition to this calculation, the graphic was smoothened up by taking the moving
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average with the window size of ten episodes. As seen in Figure 4.4, the average reward
per episode of MARL-CD is higher than that of RL-CD. In other words, MARL-CD
agents maximized their rewards at the same time and received higher rewards. While
the average reward per episode is -257.75 for RL-CD during the whole learning process,
it is 9.58 for MARL-CD. The fact that Pac-Man agents who learned with MARL-CD
died less, won more episodes and took fewer steps revealed this difference. It is also seen
in Figure Figure 4.4, taking into account the average cumulative reward that MARL-CD
converges. When agents policies converge the optimal, the average cumulative reward

converges to a certain value.
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5 CONCLUSIONS AND FUTURE WORK

In this study, a new and novel method has been introduced for multi-agent reinforcement
learning operating on non-stationary environments (NSEs). With this method, context
change points can be detected, while contexts can be identified. Although it is an
approach based on Reinforcement Learning - Context Detection (RL-CD); creating
partial models by following other competing agents in a multi-agent environment Multi-
Agent Reinforcement Learning - Context Detection (MARL-CD) allows to create more
successful policies by analyzing the state and action traces of other agents and comparing
their policies with the policies of rival agents; taking advantage of options that enable
agents to select multi-actions within the same step; it differs in that it can learn some
of the features (heuristics) in the environment states and make choices that will receive

more rewards.

As a result of the experiments, it has been seen that agents learning with MARL-CD
are more efficient in terms of detecting context change points more accurately and
earlier, identifying contexts more accurately, consuming less energy and maximizing

total average cumulative reward.

Explainability in machine learning |22| is a concept based on understanding machine
learning models. The comprehensibility of the decisions made by models in real-life
applications increases the reliability of some critical applications (e.g . healthcare, law).
Models created with MARL-CD are interpretable. In other words, it can be explainable
that why the agent chooses a policy or why the agent takes an action by looking at
the partial models. But, in Deep Reinforcement Learning (DRL) uses deep neural
networks. It has some shortcomings in terms of explainability [23]. MARL-CD is in a

more advantageous position in terms of interpratibility.

During the experiments of this study, two rival agents were used. It has been observed
theoretically and practically that MARL-CD works effectively for agents in two differ-
ent teams. It has been observed that MARL-CD can tolerate up to 10% noise while
monitoring other agents. In future studies, it is aimed to construct multi-agent en-
vironments competing in several teams. Thus, the development opportunity will be
provided not only for two competing agents, but also for agents competing in teams.
In addition, issues such as coordination of agents within the same team will also arise.
This subject needs to be expanded by examining it with the involvement of game the-

ory. Another aspect of MARL-CD that motivates us for further improvement is to
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grow it more fault-tolerant to higher levels of noise that appears during inter-agent

observation /communication.
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