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2 Florian Spelter

1 Abstract

Reinforcement Learning (RL) has been widely applied in diverse fields, including communica-
tion, and particularly military communication, where robustness of communication networks
is crucial due to high-security standards. To ensure secure and reliable connections, several RL-
based routing algorithms have been developed. This thesis evaluates the robustness of estab-
lished RL algorithms against external disturbances, with a specific focus on adversarial attacks,
and investigates their copingmechanisms. Additionally, the thesis explores the effects of natural
disturbances on these algorithms.
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3 Introduction

ReinforcementLearning (RL) algorithmshavebeenwidelyused inmobile ad-hocnetworks (MANETs)
for the purpose of routing. Tactical Networks (TN) areMANETs employed inmilitary operations,
where high levels of security and reliability are crucial, since the success of an operation and
the lives of soldiers may depend on the functioning of these communication networks. In addi-
tion, there has been a significant increase in the public use of MANETs in recent years due to the
growing prevalence of wireless networks in daily life. As a result, the safety and reliability of these
networks must be guaranteed in a variety of applications.

For decades, Reinforcement Learning (RL) has been used to provide solutions for routing in
mobile ad-hoc networks (MANETs). These networks are often used in the context of military op-
erations andpublic applications,making security and reliability essential. To this end, numerous
approaches have been introduced to provide a secure and reliable path of communication. Re-
cent research, such as [1], has demonstrated that RL can be used to increase the security and
robustness of links in MANETs. However, as shown in [2], these RL approaches are not perfect,
and interference from outside can drastically decrease their performance. Adversarial attacks
are a potential source of interference, with the goal of reducing an RL agent’s performance by
perturbing its observation and causing the agent to take non-optimal actions.

Although [2] has demonstrated that adversarial attacks can reduce the performance of RL-
based routing algorithms, several important questions remain unanswered. In particular, it is
unclear whether the attacks succeeded because of a fundamental weakness in RL or if using a
different approach would yield different results. This thesis aims to address this question by
comparing multiple RL-based routing algorithms of varying complexity. Our goal is to deter-
mine whether additional security measures are necessary for providing a secure environment
or if selecting the appropriate algorithm for a given task is sufficient for achieving a robust and
secure routing solution.

The remainder of this thesis is structured as follows. Section 4 introduces and explains the
essential topics such as reinforcement learning, mobile ad-hoc networks (MANETs), their pa-
rameters, and tactical networks. In Section 5, we present the different algorithms evaluated in
this thesis and the approaches used to test their robustness. Additionally, we describe the en-
vironment used to train and evaluate the algorithms. Section 6 provides an in-depth analysis
of the algorithms performance, and we establish a baseline for performance comparison to ex-
plain our findings regarding adversarial attacks. Finally, in Section 7, we summarize our results,
discuss ways to extend the research, and pose questions that require further investigation.

4 Background

In the following a summary of the most important terms regarding this thesis is provided. This
includes the most important elements of Reinforcement Learning mainly taken from [3], an ex-
planation of mobile ad-hoc networks and their rising significance and at last, the particularities
and expectations of tactical networks.
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4.1 Reinforcement Learning

4.1.1 Origin

As the name suggests, Reinforcement Learning has its origin in the theories of learning[3]. Its
goal is for an agent, that can interact with an environment, to learn what action in a given situ-
ation leads to a maximal numerical reward. The typical interaction between an agent and the
environment is shown in Figure 1. Given a current state s the agent performs an action a in
the environment. As a return the agent receives a reward r and a new state s’. The learning is
achieved by trying different actions in a given situation and receiving different rewards depend-
ing on the action taken, thus leading to the agent learning what action yields the highest reward.
This method is called learning by trial-and-error. The second major characteristic of Reinforce-
ment Learning is the future reward or delayed reward. This characteristic describes the need for
the learning agent to not only look at the best possible action in a given situation, but also to
anticipate what taking a certain action means for future rewards. One important distinction to
make when working with Reinforcement Learning is that RL is not supervised learning, which
is another very prominent approach in machine learning as a whole. While supervised learn-
ing uses labeled data to train an agent RL does not. RL forces the agent to learn from its own
experience andmaximising the reward but not to learn a hidden pattern.

Figure 1. General relationship between an RL agent and the environment

4.1.2 Exploration and Exploitation

Like already mentioned the agent learns via trial-and-error. But what happens when the agent
has found an action with a decent reward and assumes that this action is the best for a given sit-
uation andmoves on without testing the remaining actions for their reward and this waymaybe
missing out on even better solutions? This problem is mostly referred to as Exploration vs Ex-
ploitation and describes the dilemma of having the agent use its already existing knowledge to
achieve a reward but simultaneously trying out new things to increase the reward in the future.
To balance this is a very important task while working with RL and later on we introduce ways to
manage this.
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4.1.3 Examples

As addressed above already, RL aims to train an agent to achieve a goal in an uncertain envi-
ronment. This goal could be for a new born gazelle to learn how to run as soon as possible or
even an every day task like preparing breakfast can be broken down into a lot of different steps
or actions, like grabbing a spoon or pouringmilk in a bowl, with each action leading closer to the
overall goal: preparing breakfast[3].

It’s easy to see that RL is applied and can be used in a lot of different settings. To emphasize
this a small selection of real life applications of RL are provided below:

• Healthcare: To bypass the long procedure of identifying the necessary treatment for a pa-
tient, RL has been used to speed up that process[4].

• Computer vision: RL can be used to identify the most specific location of a target in a
picture[5].

• Games: RL agents have been able to learn and play at the top level in one of themost com-
plex board games ever created, namely GO[6].

This small selection of examples offers a great variety of possible applications and problems that
can be solved via RL and shows the power and importance of it. But to actually apply RL to these
problems a lot of prerequisites have to be fulfilled.

4.1.4 Elements

The above Sections already introduced multiple elements necessary to use RL when tackling a
problem. One needs an agent to train, an environment for the agent to work in with an objec-
tive to achieve and a reward telling the agent whether his current course of action is leading him
towards his goal or not. Additionally there are three more elements of importance for RL men-
tioned in[3], namely the policy, the value function and the model.

The Policy of an agent returns an action for the agent to take, given the current situation,
meaning the state the agent is in. This state can consist ofmultiple different variables depending
on the environment the agent is in. It can be his current location or time spend doing something.
Depending on the complexity of the environment and the task this policy can either be a simple
table, but also very complex forms taking extensive computation to receive an action.

As already mentioned the reward is the feedback used to tell the agent whether his current
action is leading towards the goal or not. The agent receives a reward after every action and its
sole purpose is to maximise the overall reward received. This reward is then used to update the
policy, thusmaybe leading to the agent choosing a different action with a higher reward the next
time he encounters this state.

The next element important for RL is the value function. In the beginning of this Section the
concept of a delayed reward has already been introduced. The task of the value function is to tell
what actions are good in the long run without focusing solely on the current situation and the
single reward received. A small real life example to further the understanding would be going
to work on a rainy day. While the action to go out in the rain and get wet may result in a lower
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Figure 2. A game of Tic-Tac-Toe from the point of view of X. The value of state s is -10 because
circle can win in the next action. The agent learning Tic-Tac-Toe would try to avoid reaching

state s if it plays as X but would try to reach state s if playing as circle.

reward then staying at home the overall result of going to work, keeping your job and earning
money would lead to a higher reward then staying at home. This would be the purpose of the
value function, to take these future states into account and create a numerical representation.
Another simple example of Tic-Tac-Toe is provided in Figure 2. The value of a state is the direct
product of it’s future states.

The last element of RL is the model. This element is not present in all applications of RL and
it mimics the behavior of the environment[3]. Models allow the prediction of results of the next
state and next reward, thus leading to better planning by knowing the results of actions not taken
before. Methods using the model to learn are called model-based methods. Else they are called
model-free.

4.1.5 History

Reinforcement learning has a long and rich history. It consists of three different threads that
existed independent of each other before coming together in the late 1980s and thus creating
our modern understanding of reinforcement learning[3], with the first thread being the already
introduced concept of trial and error learning. The second thread didn’t have anything to do
with learning in the first place and wasmostly concerned about optimal control and its solution
using value functions. Its goal was to design a controller that can either minimize or maximize a
measure of a dynamical system’s behavior[3]. But the third thread, namely temporal-difference-
learning, which is thoroughly explained in 4.1.9, tied these threads together and created RL as it’s
known now.
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4.1.6 Markov Decision Processes

Markov Decision Processes(MDPs) are a mathematically idealized form of the RL problem for
which precise theoretical statements can be made[3]. In an MDP the learner is called the agent
and everything else beside the agent is called the environment. The agent can interact with the
environment resulting in rewards. Figure 3 depicts the procedure in anMDP. The agent performs
an action at in the environment according to the current state st . The environment returns the
reward that the action produced and the new state st+1, which is then fed to the agent again.
Each of these sequences take one time step, with the goal of the agent still being to maximize
the overall reward. While this thesis is only dealing with finiteMDPs, meaning that after an finite
number of time steps an episode terminates, this doesn’t have to be the case in every application
and has to be considered thoroughly. One episode describes such a sequence or trajectory and
looks like this:

S0, A0,R0,S1, A1,R2,S2, ...Sn , An ,Rn ,Sn+1 (1)
For each sequence there is a probability function defining the dynamics of the MDP:

p(s′,r |s, a)
.= Pr {St = s′,Rt = r |St−1 = s, At −1 = a} (2)

This function describes the probability at time step t of ending up in state s’ with the reward r if
the agent is in state s and takes action a at time step t-1. This function shows the flexibility of a

Figure 3. One sequence at time step t in a MDP from [3]

MDP. It is not forced to a strict environment or task but can bemodified to one’s heart’s content.
It is important to realise the finedistinction between the agent and the environment. In [3] the

environment is defined as anything that cannot be changed arbitrarily by the agent. So instead
[3] introduces the concept of the agent-environment boundarywhich acts as a line of separation
between the two. This can be located in different places depending on the purpose.

As alreadymentioned the agent receives a reward in every time step. This reward depends on
the action the agent took in state s and the reward is directly linked to the overall goal the agent
is supposed to achieve, which means when implementing such a reward its important that the
reward depicts the goal in every time step. For example. when the goal is for an agent to do some-
thing as fast as possible, like running from a start point to an end point, the reward could always
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be -1 when doing an action and 100 when reaching the goal. This would lead to the agent learn-
ing the fastest way from the start to the end within as few time steps as possible. The concept of
an episode has already been established, however now this definition is going to be expanded by
adding a distinction between agent-environment actions that break into clear sequences called
episodic tasks, and the one’swhere this break isn’t clear called continuing tasks. For the above ex-
amplewith the start and end point a clear break can bemade. A terminal state is reached if either
the agent has reached the goal or after T time steps. In regards to our overall goal to maximize
the cumulative reward in the long run the return would look like

Gt = rt+1 + rt+2 + ...+ rT (3)

But this doesn’t work for continuing tasks because T may be∞. To still be able to compute the
returnGt a variable called the discount factor γ is introduced in [3]. Its purpose is to reduce the
rewards that are far in the future. This leads to

Gt = rt+1 +γ · rt+2 +γ2 · rt+3 + ... =
∞∑

k=0
γk rt+k+1 (4)

with 0 < γ < 1. Depending on the chosen value for γ the future rewards have a stronger or weaker
influence on the overall return.

With the return, the previously mentioned value function can now be defined as

vπ(s)
.= Eπ[Gt |St = s] = E[

∞∑
k=0

= γk rt+k+1|St = s], for all s ∈ S (5)

,with π being the policy dictating the agents actions. This value function is also called the state-
value function for policy π because it only refers to the state s without taking the action the agent
takes into account. With regards to the action taken in state s the action-value function for policy
π can now be defined as

qπ(s, a)
.= Eπ[Gt |St = s, At = a] = E[

∞∑
k=0

= γk rt+k+1|St = s, At = a] (6)

. The last important concept to introduce is the one of optimal policies and value functions. For
the previous example of some race from a starting point to the finish line, the optimal policy
would be the one policy which yields the highest return, thus being the policy that selects the
actions which lead the agent the fastest to the goal. Because the state-value function and action-
value function both depend on the policy, this simply leads to

v∗(s) = maxπvπ(s) (7)

and
q∗(s, a) = maxπqπ(s, a) (8)

with ∗ denoting the optimal function.
These definitions leave room for one question at hand. How does one find and compute the

optimal policy for a given goal? One way of achieving this is via dynamic programming and Bell-
man Optimality Equations.
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4.1.7 Dynamic Programming

According to [3] the key idea of Dynamic Programming(DP) is the usage of value functions to
search for good policies. This is due to the fact that once an optimal value function has been
found that satisfies the Bellman optimality equation

v∗(s) = maxa
∑
s′,r

p(s′,r |s, a)[r +γv(∗)(s′)] (9)

or
q∗(s, a) = ∑

s′,r
p(s′,r |s, a)[r +γmaxa′q(∗)(s′, a′)] (10)

it can be used to compute the optimal policy. These Bellman equations can then be used as the
update rules for DP algorithms.

Finding the optimal policy consists of two steps. Policy evaluation followedbypolicy improve-
ment. In the first step the state-value is updated. To do this, the following Bellman equation

vπ(s) =∑
a
π(a|s)

∑
s′,r

p(s′,r |s, a)[r +γvπ(s′)], (11)

can be used to update the value function. The update rule looks like this
vk+1(s) =∑

a
π(a|s)

∑
s′,r

p(s′,r |s, a)[r +γvk−1(s′)] (12)

for every k > 1 and with v0 being initialised randomly. This algorithm is called iterative policy
evaluation and updates the state value of each state by using its old value and the expected im-
mediate reward and all other one-step transitions possible under the policy[3].

After evaluating the policy the second step, policy improvement, is applied. Here a decisions
has to be made, whether to stick to the policy by choosing the actions a according to π(s) or if
another action is chosen according to π′(s). One way to decide this is by comparing the state-
value function vπ(s) to the action-value function qπ(s,π′(s)). It is important to note that π and π′

behave exactly the same except for state s. If
qπ(s,π′(s)) > vπ(s) (13)

the policy is simply adjusted to π′ in state s. The question remains how to choose π′. One way is
to choose greedy meaning

π′(s) = ar g maxa qπ(s, a) (14)
These two steps combined are called policy iteration and it describes the process of increasing

the quality of our policy in every step like:
π0 ⇒E vπ0 ⇒t π1... ⇒t π∗ ⇒E v∗ (15)

Because of the way the evaluation and improvement work its guaranteed that there is a strict
improvementover thepreviouspolicy in every step. But thismethod is limitedby the interactions
between the two steps and the necessity for one step to finish for the other to begin. Generalized
policy iteration(GPI) is the general idea of letting the two steps interact with each other and is
used in almost all RL methods[3]. The general idea is that once the two steps stop producing
change a optimal policy and value function has been achieved.

Overall DP can be used to solve nowadays problems and solve MDPs with millions of states.
However one big downside of DP is that one needs complete knowledge over the environment
to utilize it. In the following, two methods requiring only experience, meaning sequences of
states, actions and rewards from actual or simulated interaction with an environment[3], are
introduced.
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4.1.8 Monte Carlo Methods

Monte Carlo(MC) methods learn by averaging sample returns over episodes. The value estima-
tion and policy are only changed once an episode is over. The approach is very similar to the
approach of DP. The onlymajor difference is that MCmethods aren’t computing value functions
from knowledge but from sample returns. Just like in DP this process can be divided in three
steps. First the computation of a value-functionvπ and action-value function qπ, then policy im-
provement and finally combining those by GPI[3].

While in DP it was sufficient to estimate the state values this is not the case for MC due to
no knowledge over the model. Instead the action values have to be estimated. There are two
approaches for this. Either the every-visit MC method or the first-visit MC method. A visit of a
state s andactionaoccurs in anepisodewhenever state s is visited andactiona is performed. Like
the name suggests the every-visit approach uses the average return for all visits as the estimation
value while the first-visit only takes the first visit into account when creating the average return
for an episode. But these approaches aremissing one key pointmentioned earlier, exploration. It
is important that all state-action pairs are encountered to make sure that an optimal policy can
be found. To ensure that a stochastic policy with a nonzero probability of selecting all actions
in each state has to be used. The two most important variants of this approach are On and Off-
policymethods. WhileOn-policymethodsonlyuse onepolicy to evaluate and improveoff-policy
methods use two different policies. One policy is used to generate data while a second policy is
improved. The policy that is being improved or learned is called the target policy. The policy
used to generate data is called the behavior policy.

4.1.9 Temporal-Difference Learning

This leadsus toourfinal andmost important idea for this thesis, Temporal-Difference(TD) learn-
ing. The key concept for TD is a combination of the two prior ideas. For once TDmethods learn
directly from experience just like MCmethods and, just like in DP, there is no need to wait for an
episode to finish to run the update step. For the most simple TDmethod the update

V (St ) ⇐V (St )+α[Rt+1 +γV (St+1)−V (St )] (16)

occurs in every transition from state St to St+1. The parameter α is a constant that scales the
changemade forV (St ). Ifα is close to 0 the update performed isminimal. If it’s chosen bigger or
close to1 the sizeof theupdatedependsa lotmoreon the rewardRt+1 achievedand thedifference
between the state-value of St+1 and St . This part is also called the TD error. Now one question
may arise in what method is the best? It is obvious that both TD andMC are more well rounded
thenDP because they do not require any knowledge over the environment to learn. But between
TD andMCno clear answer has yet been found. One big advantage of TD however is that in case
episodes take a lot of time to finish MCmethods also take a lot of time to apply an update while
TD performs them immediately[3].

But how do TD methods actually solve the control problem? To answer this question, in the
following two algorithms are thoroughly examined and as already stated it is important to find
a compromise between exploration and exploitation when applying a learning algorithm. This
is once again achieved by either of the two previously introduced ideas: On and Off-policy. The
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first algorithms is an example for an anOn-policy approach, because these are oftenmore simple
in their way of learning and can overall be seen as a mere special case of off-policy learning in
which the target and the behavior policy are the same. One example of an on-policy method is
the SARSA approach.

The name SARSA originates from the update rule

Q(St , At ) ←Q(St , At )+α[Rt+1 +γQ(St+1, At+1)−Q(St , At )] (17)

that is very similar to the update rule introduced in the begging of this Section except it now uses
the action-value function instead of the state-value function. The reasoning behind that is the
same as in MC methods. One update step consists of the quintuple (St , At ,Rt+1,St+1, At+1) and
thus resulting in the name SARSA. This is also a good moment to introduce the ϵ-greedy policy
which is often used in SARSA. The main idea behind the ϵ-greedy policy to ensure exploration
by defining an ϵ that is both < 1 and > 0. When choosing an action to perform according to the
ϵ-greedy policy, one picks action a according to

a =
{

maxaQ(s, a) with probability 1-ϵ
r and(a) with probability ϵ

(18)

, meaning that with a prbability of ϵ, a random action a is performed, thus ensuring exploration.
As can be seen below in Algorithm 1 SARSA utilizes the ϵ-greedy policy twice. The algorithm

Algorithm 1 SARSA(on-policy TD control) from [3]
1: Algorithm parameters: step size α ∈ (0,1], small ϵ> 0
2: Initialize Q(s,a), for all s ∈ S+, a ∈ A(s), arbitrarily except that Q(terminal,·)=0
3: for each episode do
4: Initialize S
5: Choose A from S using policy derived from Q (e.g. ϵ-greedy)
6: for each step of episode do
7: Take action A, observe R, S’
8: Chose A’ from S’ using policy derived from Q(e.g. ϵ-greedy)
9: Q(S, A) ←Q(S, A)+α[R +γQ(S′, A′)−Q(S, A)]
10: S ← S′, A ← A′;
11: end for
12: end for

begins by initializing all action-values for all states s ∈ S+ and actions a ∈ A(s) at random. The
only exception are the action-values of terminal states. After that the algorithms iterates over all
episodes by initializing S and choosing an action a according to the ϵ-greedy policy. Afterwards
the actual training and updating of the action-values starts. For every step in the episode that
is currently being used, the prior chosen action a is performed. The environment then returns
a reward R and a new state S’ which is observed by the algorithm. Now all that is left to do to
utilize the update rule for SARSA 16, is to select the next action for the state S’. This is once again
achieved via the ϵ-greedy policy. Then the action-value for state S and action A is updated. At
last the old state S and action A are updated to S’ and A’ respectively. Because the same policy
is used for the entire algorithm, SARSA is considered on-policy. It is also important to consider
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that while this thesis has its main focus on the ϵ-greedy strategy, this doesn’t have to be the case
when using SARSA.

Now an example for an off-policy algorithm is going to be investigated. Q-Learning is one
of the most prominent RL methods and this thesis is later on presenting several different algo-
rithms based on Q-Learning and their implementations. Q-Learning was developed in 1989[7]
by Watkins and is one of the big early breakthrough in RL[3]. The update rule for Q-learning is

Q(St , At ) ←Q(St , At )+α[Rt+1 +γ ·maxaQ(St+1, a)−Q(St , At )] (19)

and the big difference to the SARSAupdate rule is in the TDerror. TheTDerror no longer uses ac-
tion At+1 but instead choose the action a greedy in state St+1. One big advantage of Q-learning is
that the action-value function Q directly approximates q∗. The overall procedure of Q-Learning
can be seen in Algorithm 2. Just like in SARSA, the algorithms begins by initializing the action-
value function for all states s and actions a arbitrarily with an exception, once again, for terminal
states. Afterwards Q-Learning iterates over all episodes and initialize a starting state s. But since
there is no longer the need for the action to be performed in the next step, because it is now
chosen greedy, only action a for state s has to be selected according to the ϵ-greedy policy, After
performing the chosen action the update rule is immediately applied to update the correspond-
ing action-value.

Algorithm 2Q-Learning(off-policy TD control) from [3]
1: Algorithm parameters: step size α ∈ (0,1], small ϵ> 0
2: Initialize Q(s,a), for all s ∈ S+, a ∈ A(s), arbitrarily except that Q(terminal,·)=0
3: for each episode do
4: Initialize S
5: for each step of episode do
6: Chose A from S using policy derived from Q(e.g., ϵ-greedy)
7: Take action A, observe R,S’
8: Q(S, A) ⇐Q(S, A)+α[R +γmaxaQ(S′, A)−Q(S, A)]
9: S ⇐ S′

10: end for
11: until S is terminal
12: end for

To get a better understanding of the different approaches in SARSA andQ-Learning andwhere
their strength andweaknesses are, [3] provides a simple problem and two agents that are trained
with either SARSA or Q-Learning and their results. The environment consists of a gridworld like
Figure 4. The goal for the agents is to go from the starting point S to the goal G. For every step they
take they get a reward of -1. If they walk into the cliff they get a reward of -100 and are put back to
the startingposition. Now there are obviously several different paths to take, but the optimal path
that used as little steps as possible leads directly past the cliff. Because the actions are chosen by
an ϵ-greedy policy, there is a chance to fall into the cliff if the agent is in a field directly next to
it. A second path would be the path that doesn’t walk along the cliff. The agent may take more
steps to reach the goal but has overall the lower probability to fall into the cliff. With an ϵ=0.1 an
agent taught via Q-learning learns the optimal path and an agent using SARSA learns the safer
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path. But because of that, and Q-learning using an ϵ-greedy policy the overall sum of rewards
shown in Figure 5 are less for Q-learning because of the risk of falling into the cliff[3]. However in
case of ϵ being gradually reduced bothmethodswould converge towards the optimal policy. This
method of decreasing the epsilon over time is called epsilon decay. It’s a very useful extension of
the regular ϵ-greedy policy because it keeps the exploration aspect but also introduces a way to
avoid the risk of an already trained agent to perform wrong actions at random. However, having
the ϵ decay over time can become problematic if the environment changes and a new path has
to be found. This problem is going to be investigated as part of this thesis as well.

Figure 4. A gridworld with two paths from the start to the goal from [3]

Figure 5. Rewards achieved per episode for 500 episodes from [3]

This concludes the Section about RL and the different approaches possible. Before taking a
look at the different algorithms utilizing Q-Learning and the environment used to train on, one
more important subject of this thesis has to be introduced first to understand these fully.
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4.2 Mobile Ad-Hoc Network

Wireless ad hoc networks or mobile ad-hoc networks(MANETs) are a specific form of wireless
communication networks that don’t rely on an infrastructurewith a base station but instead con-
sists of an autonomous transitory associationofmobile nodes that communicatewith eachother
over wireless links[8]. If a package is send from one of these nodes to another it travels across the
links. Additionally if the sending node and the receiving node aren’t directly linked other nodes
act as a router that relay the packet to its destination. As seen in Figure 6 nodes can be all kind of
different devices mostly powered by battery. MANETs find use in all different kind of fields such
as Emergency services to organize search and rescue operations, at home to connect a handy to a
computer or even in tactical networks to ensure military communication in operations. The last
part is also the main focus of this thesis. Each node in the network can send a packet to another
node in the network and the time it takes for a package to arrive at it’s destination depends on
different parameters such as packet loss, data rate and queue length. Because of the increasing
importance of MANETs in every day life the stability and security of these networks have to be
a top priority while still maintaining a fast overall performance. To achieve this, different rout-
ing protocols have been published in regards to these problems. Later on an in depth look at
different routing algorithms and their approach to solving these problems is provided.

Figure 6. An example for an mobile ad-hoc network from [8] with different devices as nodes.

4.3 Tactical Networks

Tactical Networks are a special case of communication networks and refer to networks used for
military communication and operations. Because of this, the already high dependency on a safe
and stable connection is evenmore urgent than in every day scenarios due to the possibility that
the life of operators or the success of the mission depend on these networks to work even in the
most extreme circumstances. Furthermore, they not only have to be robust towards natural dis-
turbancebut additionally towards influences by anattacker. Therehavebeenproposals to useRL
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to ensure the robustness of such networks in [1], but also proof that at least some RL algorithms
are vulnerable towards attacks in [2]. In the following Section the environment simulating a tacti-
cal network and four different routing algorithms with the goal to be able to send packages from
a source to a destination node in this environment while still being able to handle any kind of
disturbance, are introduced. Additionally the different approaches to test their robustness are
explained thoroughly.

5 Methodology

5.1 Environment

The environment is based on the environment used in [2]. AMANET is beingmodeled as a edge-
weighted graph G:=(V,E) that consists of a set of nodes V and network links E. The weights on
the links are presented as a triple that consists of the parameters queue length qe , packet loss
le and the data range de with qe ∈ {0.0,0.2,0.4,0.6,0.8,1.0} ,le ∈ {0.0,0.05,0.1, ...,1} and 0.0 ≤ de ≤
9.6. The network conditions are simulated using data from experiments from [2]. With a way to
initialize theweights on the edges the agent’s goal is to be deployed at a source node S and to find
a way φ through the network to end up in the destination node T. To make sure that every node
is connected to all other nodes in some way a Barabási-Albert(BA) model is used to create the
network. This allows the modeling of the observation space as a combination of next neighbors
Vi ⊆ V and the network parameters. Together they form the input for the RL agent as following:
For eachedgee=(vi , v j ) fromthecurrentnode vi to anode v j theagent receives the triple qe , le ,de

for this specific edge.
The agent can either take a legal or an illegal action in each node vi with an illegal action being
the try tomove to a node v j that is not connected to vi or a node that is not a forward neighbor. A
node is considered a forwardneighbor if the distance from it to the destination is shorter then the
distance from the current node. In Figure 7. an example graph is provided, where the green node
18 is the current position of the agent and the orange node 3 is the destination. An example for a
legal actionwouldbenode 13. Toprevent the agent from learning illegal actions a strongnegative
reward is returned if one is performed. This is to make sure the agent doesn’t try to hop to nodes
that he can’t get to. In case of a legal action the reward depends on the three network parameters
as seen in Equation 20 and if the destination is reached a reward of 100 is achieved. The three
weightsw1, w2 andw3 can be tuned according to the importance of the different parameters. For
this thesis the weights are initialized with 1, but can be modified if deemed necessary.

r (e) =


100, reached target node

1
w1

·qe + 1
w2

· (1− (1− levi
))+ 1

w3
·E[de ]

−5, selecting an illegal action
(20)
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Figure 7. One example of a graph used to train the agents. The green node is the current
position of the agent and the red the target node.

5.2 Algorithms

In this Section the different algorithms used to train an agent in the environment with the main
focus being off-policy algorithms are introduced. A total of four different routing algorithms, that
are all related to Q-Learning, are investigated. First QRouting[9] which also acts as the founder
of RL based routing approaches using Q-Learning[10]. The second algorithm is CQRouting from
[11] which introduced confidence values. The last two algorithms are CQplus, which was pub-
lished in [12] andDeepCQpluspublished in [13]. BothareanextensionofCQRoutingandpromise
more stability and robustness.

5.2.1 QRouting

QRoutingwasfirst introduced1993by [9]. It’s thefirstRLbasedalgorithmthatusesQ-learning[10].
Just likeQ-learning, Qroutinguses aQ-function andQ-values todeterminewhich actions to take.
The state is given by the current node of the agent i and the node the agent wants to deliver a
package to called d. TheQ-value is denoted asQi (d , j )with j being the next node the agent sends
the package to. After the node j has been selected and the action performed to get there, node j
returns an estimate for the remaining time to reach the destination

θ j (d) = min
k∈Ng ( j )

Q j (d ,k) (21)

with Ng ( j ) being a list of all neighbor nodes of j. The update rule for QRouting is

Qi (d , j ) = (1−α) ·Qi (d , j )+α · (qti +T xTi , j +γθ j (d)) (22)
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with α being the learning rate, qti the queue length and T xTi , j being the link cost. For our case
this would be the data rate and the packet loss from node i to node j. Additionally a discount
factor γ can be used to increase or decrease the impact of the estimate. To ensure exploration
the previously introduced ϵ-greedy policy is utilized as well when choosing an action. The ϵ is
initialized with 0.2 and is slowly decaying over the training period. It’s important to note that
Equation 21 uses theminimum instead of themaximumQ-value unlike regular Q-learning. This
is due to the fact that the goal is to find the fastest path through the network and higher link costs
lead to higher Q-values. Algorithm 3 provides a detailed explanation of QRouting. It’s easy to see
that the Q-Values can be stored as a 3 dimensional list. The Q-Values are calculated according
to Equation 21 and 22. The updates are performed as long as the termination condition isn’t hit.
The condition threshold can be something like a reward threshold over the last n episodes that
has to be reached.

Algorithm 3QRouting from [10]
1: Qi (⋆,⋆) is the Q-value matrix of node i.
2: l·Qi matrix may be randomly initialized.
3: while Termination condition not hit do
4: if Packet to send is ready then:
5: Select next hop j according to ϵ-greedy policy
6: Send packet to node j
7: Node i immediately gets back j’s estimate for the time remain-

ing in the trip to destination d calculated by Equation 21
8: Node i updates its delivery delay estimate using Equation 22
9: end if
10: Repeat until Termination condition
11: end while

5.2.2 CQRouting

Confidence-basedQRouting or CQRouting is an extension of QRouting. Themain idea being the
addition of a second parameter for the Q-Values called confidence value(C-Value)[11]. Every Q-
Value is associated with a C-Value between 0 and 1 with 1 representing maximum confidence in
the corresponding Q-Value. Just like in QRouting, the Q-Values are randomly initialized and the
C-Values are 0 for all C-Values except C(y,y). In this case the C-Values are always 1. The update
rule for CQRouting is given by

∆Qx(y,d) = η(Col d ,Cest )(Qy (ẑ,d)+qy +δ−Qz(y,d)) (23)

with Cest being the C-Value to the Q-Value from Equation 21. The only new addition is the
η(Col d ,Cest ) part. It fulfills the same purpose as the learning rate α in QRouting and it is cho-
sen based on:

• Confidence in the old Q-Value is low or

• Confidence in the estimated Q-Value is high
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One way to achieve that proposed in [11] is

η(Col d ,Cest ) = max(Cest ,1−Col d ) (24)

. All C-Values get updated in every step except in the case mentioned above. There are 2 cases
regarding the intensity of the upgrade namely:

• If the Q-Value of the corresponding C-Value has not been updated in the last time step the
C-Values decay by some constant γ ∈ (0,1)

• If theQ-Value is updated then the correspondingC-Value is updated based on theC-Values
corresponding to the Q-Values used in the Q-Value update

The update rule for the C-Values is

Cupd =
{
λCol d First case
Col d +η(Col d ,Cest )(Cest −Col d ) Second case

(25)

and in the second case the update uses the old C-Value and adds Equation 24 multiplied by the
difference between the estimated C-Value and the old C-Value. The η used in Equation 25 is the
same as in the update rule for the Q-Values and depending on its size the estimate plays a larger
or smaller part in the overall update. Just like QRouting, CQRouting is using an ϵ-greedy policy
to ensure exploration. Due to the addition of the C-Values it is to be expected that a stable route
is found faster than regular QRouting, while also beingmore certain that the found path is stable
and thus making CQRouting a more stable algorithm than his predecessor.

5.2.3 CQplus

CQplus takes the conceptofCQRouting andadds anadditional approach to tackle theproblemof
frequent topology changes in tactical networkswhich is not regarded in classical CQRouting [12].
The solution for this problem provided by CQplus is a combination of RL as in CQRouting and
an Adaptive Routing framework which determines whether the connection to the destination
node is stable. If the connection is stable one can simply proceed as in CQRouting, meaning the
shortest path is selected via Q-Values. This process is referred to as unicast and it describes the
straight delivery of packages in a network from one node to another. In the case of an unstable
network the packages are instead broadcast. Broadcasting describes the flooding of the network
with the package that is to be delivered to make sure it arrives at it’s destination. One can easily
see that this idea is an improvement to robustness due to visiting more nodes and thus more
exploration of the network. This approach is also referred to as Smart Robust Routing(SRR) in
literature. Additionally the estimate from Equation 21 is now called ACK, due to this being the
term used in more recent publications. A normal interaction between two nodes is displayed in
Figure 8. First a package is sent from a node to a neighbor node. Once the package is received the
neighbor node returns an ACK package which contains information. To be more precise, these
ACK packages inform about the amount of hops it still takes to reach the destination node from
the respective node and the delay. It’s also important to note that the update rule for theC-Values
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Figure 8. Interaction between two nodes. A package in send to a node and as a return it receives
ACK[12]

C n+1
i (d , j ) =

{
(1−γ)C n

i (d , j ) if transmission fails
(1−γ)C n

i (d , j )+γC n
AC K else

(26)

has been slightly adjusted in [12] in contrast to [11]. To determine whether to unicast or broad-
cast, first the next node has to be determined using

j∗ = argmin
j

Qi (d , j )(1−Ci (d , j )) (27)

. To decide whether to act according to Equation 27 and go to node j∗ or instead broadcast a
probabilistic choice is made by

pB = ϵ+ (1−ϵ)(1−Ci (d , j∗)) (28)

with ϵ acting almost the same as in the previously introduced ϵ-greedy policy bymaking sure that
the probability of broadcast being non zero even for a C-Value of 1. This allows for additional
exploration. Due to the way broadcast works, packages can theoretically loop between nodes.
To prevent this CQplus uses a duplicate packet detection(DPD) to prevent this from happening.
In case of this happening the looping package is dropped as shown in Algorithm 4. However,
due to the way the environment used in this thesis operates, package duplication is not possible
and is therefore not regarded in the results Section. Overall CQplus is a clear improvement over
regular CQRouting as it provides a solution for a very commonproblem in tactical networks. This
should lead to amore robust agent, whether the agent has to deal with normal causes of unstable
tactical networks or influence from third parties. It is to be expected that, compared to the prior
introduced algorithms, the ability to broadcast should lead to a faster learning of the network by
CQplus. Due to the choice to tie the decision whether to broadcast or unicast to the respective
C-Value of the current state it is to be expected that there is a lot of traffic in the beginning of the
training.
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Algorithm 4 CQplus from [12]
1: Receive incoming packet at node i
2: if Packet is ACK then
3: CollectC AC K ,Q AC K ,d , j
4: Update Q-Value
5: Update C-Values
6: else
7: if Packet traversed a loop then
8: Drop Packet;
9: end if
10: Select j∗

11: Send ACK
12: if Copy already forwarded then
13: Drop package
14: end if
15: if node i is destination then
16: Send Upstream
17: end if
18: pB ⇒ ϵ+ (1−ϵ)Ci (d , j∗)
19: if Broadcast(pB then
20: nexthop=every node in neighborhood
21: for j ∈Neighborhood do
22: updateCi (d , j )
23: end for
24: else
25: nexthop=node according to action a
26: update C-Value forCi (d , j )
27: end if
28: Forward packet to nexthop
29: end if

5.2.4 DeepCQplus

At last [13] introduced yet another extension of QRouting and to be more specific of CQplus.
The authors propose a different approach to the switching decision used in CQplus by utilizing
multi-agent deep reinforcement learning(MADRL). According to [13] this leads to a robust agent
that can even be deployed in scenarios with different sizes,traffic profiles and mobility patterns
they haven’t encountered during their training unlike their predecessors. The Deep Neural Net-
work’s(DNN) input features for a node i consist of two lists qt (i ) and ct (i ) with

qt (i ) = [qt (i , i1), qt (i , i2), ..., qt (i , iK )] (29)

and respectively
ct (i ) = [ct (i , i1),ct (i , i2), ...,ct (i , iK )] (30)

. These lists are ordered with respect to Equation 21 and each consist of K elements with the
first element being the Q- and C-Value of the node i1 that minimizes Equation 21. Additionally
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the input feature of the DNN include ∆ct (i ) = ct (i )−ct−1(i ) and ∆qt (i ) = qt (i )−qt−1(i ) with both
being the difference in Q- and C-Values from time step t-1 to t. The last two element of the input
are the previous action at−1( j ) performed in some node j and pt−1(i ), indicating whether the
received package is the result of unicast or broadcast. All these element together form the input

ot (i ) = [ct (i ),ht (i )∆ct (i )∆ht (i ), at−1( j ), pt−1(i )] (31)

The reward function presented in [13] is

rt = w11D −w21Z −w3
Nack

N
(32)

with 1D being the reward for packet delivery. This value depends on the contribution of node i in
reaching the destination. 1Z is a penalty applied when a node i send a package but didn’t receive
an ACK package. The last value is the amount of ACK packages received after N packages have
been send from node i. Once the destination is reached from a node, this node receives a C AC K

of 1 and a Q AC K of 0 from the destination node. Algorithm 5 shows the process of DeepCQplus.
As mentioned above the major difference between CQplus and DeepCQplus lies in the last if
statement where the DNN policy is used to choose between broadcast and unicast. It is to be
exptected thatdue tohavingan intelligentdecisionmaking that the swapbetween the twoshould
lead to an overall robuster algorithm that produces less traffic in the network.

5.3 Attacks

As already mentioned the reward indicates the performance of an agent in the environment. A
high reward is achieved if an optimal path through the network is chosen. The goal of an adver-
sarial is to reduce the overall reward, thus making the agent choose a non optimal action. Now
follows a closer look at three different type of attacks, the naive and the gradient attack taken
from [14] and the adversarial policy attack from [15], their strategy to achieve this goal and also
the introduction of two different types of attack timings. All three attacks are adversarial attacks,
meaning they aim to perturb the observation of the victim agent to force him to make wrong
decisions. Figure 9 provides an example from [16] that shows two different adversarial attacks
attacking a game of pong. In the first case the action taken by the victimwould be down to block
the ball, but due to the perturbed observation it receives, the agent instead doesn’t act at all lead-
ing to conceding points and hence to a lower reward. In the second case the perturbed observa-
tion shows the ball to be at another position, therefore leading the agent to take thewrong action
by moving downwards instead of upwards. This small example highlights the strength of these
adversarial attack and the harm they can cause. These adversarial samples that lead the victim to
choose non-optimal actions are crafted by applying a perturbation δ to the original observation.
The way this δ is crafted is the main difference between the three attacks. It is important to note
that a simple perturbation of the list of neighbors, to force the agent to make wrong decisions,
won’t take place, but instead the focus is on the quality parameters introduced earlier by adding
the perturbation δ to these.



Florian Spelter 23

Algorithm 5DeepCQplus from [13]
1: Receive incoming packet at node i
2: if Packet is ACK then
3: Update Q-and C-Values
4: else
5: if Packet traversed a loop then
6: Drop Packet;
7: end if
8: Select j∗

9: Send ACK
10: if packet is already in queue then
11: Find best nexthop j∗ from 27
12: ComputeC AC K andQ AC K

13: Drop packet but return ACK
14: end if
15: if packet is not duplicate then
16: Add packet to queue
17: else
18: Do not add packet to queue
19: end if
20: end if
21: if ACK packet is not received then
22: Do not update Q- and C-Value
23: end if
24: if Queue is not empty then
25: Form the input to the DNN policy by using Equation 29 and 30
26: DeepCQplus routing: choose{

Br oadcast with probability πθ(a = 1|ot ;θ)

Uni cast with probability πθ(a = 0|ot ;θ)

27: end if

5.3.1 Naive Attack

The first attack used in this thesis is the naive attack or naive approach and, as the name suggests
it is the most basic of the three. The δ is chosen by drawing n samples from a β-distribution
resulting in ni (with 1 ≤ i ≤ n). As seen in Algorithm 6 the β distribution receives an α and a β as
input. For this thesis both are always 1. After sampling the noise one can then calculate δi

δi := ϵ ·2(ni −0.5) (33)

and add it to the current state s. Now aad v is calculated, as is shown in Algorithm 6 line 6. The
target is then fed this new action to seewhether the resultingQ-Value isworse then q∗, the action
chosen by the target without the attack. Formula 34 depicts this progress. The reason for trying
to increase the Q-Value instead of minimizing it like it’s done in [17] and [14] is due to the fact
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Figure 9. Two attacks performed on a victim. In both cases the perturbation leads the agent to
make a wrong decision but depending on the perturbation and attack the agent chooses

different actions. Taken from [16]

that the goal in QRouting is tominimize the Q-Values. Hence choosing a perturbation that leads
to the biggest increase in the Q-Value reduces the performance the most. The n used to indicate
the amount of times noise is sampled is always 10 for the experiments and the ϵ used to scale the
noise is always 0.35.

δ= ar g maxδi ,1≤i≤nQ(s +δi ,π(s +δi )) (34)

5.3.2 Gradient Attack

The gradient attack can be seen as an extension of the naive attack and, as the name suggests,
utilizes the gradient of the observation. One major flaw of the naive approach is that there is a
small possibility that the δi modifies the Q-value to be even higher for the best action[2]. The
gradient approach however bypasses this possibility bymultiplying the direction of the gradient
of an objective function to the absolute value of the perturbation, thus not only making the best
action less likely but also making the worst possible action more probable[2]. Essential for this
approach to work is the possibility to convert all Q-Values into a conditional probability mass
functionbypassing them througha softmax layer. This turns theQ-values into a stochastic policy
π∗(a|s) which is used in the objective function

J (s,π∗) =−
n∑

i=1
ni logπ∗

i (35)
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Algorithm 6Naive attack from [14]
1: NAIVE(Q t ar g et ,Q, s,ϵ,n,α,β)
2: a∗ = argmin

a
Q(s, a), q∗ = min

a
Q t ar g et (s, a)

3: for i =1 :n do
4: ni = bet a(α,β)
5: si = s +ϵ ·2 · (ni −0.5)
6: aad v = argmin

a
Q(si , a)

7: Q t ar g et
ad v =Q t ar g et (s, aad v )

8: if Q t ar g et
ad v ≥ q∗ then

9: Q∗ =Q t ar g et
ad v

10: sad v = si

11: end if
12: end for
13: return sad v

with i being all actions in state s, π∗
i being the probability mass function and ni=P(ai ) being 1 if

action i is the worst action for an adversarial probability distribution P(ai ) and 0 for every other
action. The perturbation is then calculated by dividing the gradient of the object function by its
L2 norm andmultiplying it by the noise from the naive approach

δi = ϵ ·2(ni −0.5)
∆s J (s,π∗)

||∆s J (s,π∗)|| (36)

This process is also depicted in Algorithm 7. Just like in the naive approach, ϵ is 0.35,n=10 and
α or β are 1. The same reasoning as before can also be applied to the adjustments made to [14]
and [17] by once again maximizing the Q-Value instead of minimizing it.

5.3.3 Adversarial Policy

The third attack that is going to be performed is the adversarial policy attack. Instead of crafting
the perturbed state by sampling some noise, an RL agent is trained to craft the perturbed state.
The agent is using proximal policy optimization(PPO)[18] and is trained on the same environ-
ment as the victimmodel. Like any other agent its task is to maximize the reward. The reward is
the highest when the action performed by the victimmodel yields the lowest reward. To achieve
this, one way is to simply invert the reward achieved by the victim after receiving the perturbed
observation from the adversarial policy agent. This inverted reward can then be returned to the
training agent to measure the success of its attack.

While all three attacks have the same goal, they all have different approaches and different
amount of knowledge to utilize in their attack. The naive attack and the adversarial policy are
both black box attacks due to not having any knowledge about the victim’s properties. The gradi-
ent approach however has complete knowledge of the victim and uses this in its attack. Later on
the question already asked in [2], whether this additional knowledge leads to a stronger attack
overall is thoroughly investigated. As seen in Figure 10, the last thing left to do to perform an
adversarial attack is determining the attack timing. This can be achieved in numerous way. This
thesis is focusing on two such attack timings, namely the uniform attack and the strategically-
timed attack.
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Algorithm 7 Gradient attack from [14]
1: GRAD(Q t ar g et ,Q, s,ϵ,n,α,β)
2: a∗ = argmin

a
Q(s, a), q∗ = min

a
Q t ar g et (s, a)

3: π∗ = so f tmax(Q t ar g et

4: grad=∆s J (s,π∗))
5: g r ad_di r = g r ad

||g r ad ||
6: for i =1 :n do
7: ni = bet a(α,β)
8: si = s +ϵ ·2 · (ni −0.5) · g r ad_di r
9: aad v = argmin

a
Q(si , a)

10: Q t ar g et
ad v =Q t ar g et (s, aad v )

11: if Q t ar g et
ad v ≥ q∗ then

12: Q∗ =Q t ar g et
ad v

13: sad v = si

14: end if
15: end for
16: return sad v

Figure 10. A general sequence of an adversarial attack. Given a state s the first decision to be
made is whether the attack timing is right. If yes, the adversarial sample is crafted and the

perturbed state s’ is fed to the victim agent from [2].

5.3.4 Uniform Attack and Strategically-Timed Attack

The first thing that comes to mind when theorizing about attack patterns would be to attack in
every time step tomake sure that asmanywrong actions as possible can be caused for the victim
agent. This idea is called the uniform attack and it acts as a baseline to attack timings. But this
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approach contradicts the overall goal to be as stealthy as possible while attacking. To solve this
problem the second approach that is utilized is the strategically-timed attack. This attack aims to
only perform attacks in important and critical states. To determine a critical state one approach
would be to take the best action a∗ and the worst possible action aw of a state s and compare
them to each other. This difference can be expressed in a function c(s) and if its result is bigger
than a given threshold β the attack is performed. Because all the algorithms use Q-Values, it
allows to simply calculate c(s) using

c(s) = max
a

Q(s, a)−min
a

Q(s, a) =Q(s, a∗)−Q(s, aw ) (37)

and for a given β this leads to

at t ack =
{

1 if c(s) >β

0 else.
(38)

5.4 Natural Events

This thesis isn’t only investigating adversarial attacks but instead tries to test the robustness of
the algorithms against a natural cause as well. The last approach to test the robustness of the
RL algorithms is edge or node removal. This describes the sudden disconnect of one node from
the network. This can happen especially in tactical networks due to the extreme natural circum-
stances they may have to deal with. To simulate these scenarios a random edge or node is re-
moved from the network after the RL algorithm has been training for some time already. The
most interesting case for this thesis is when the edge that is removed is also the edge currently
used by the RL algorithm to solve the path finding problem. This is why themain focus is on this
in the following results Section.

6 Results

In this Section the different outside influences, namely adversarial attacks and edge removal, are
interacting with the different algorithms to test their robustness. All the tests are performed on
the previously introduced environment.

6.1 Baseline

First a baseline has to be set that is used to compare the different algorithms. Figure 11 shows the
average rewards achieved over 60 time steps by the four RL algorithms. For Q- and CQRouting ϵ
is set to be 0.2. The biggest stand out of the four is DeepCQplus routing which jumps directly to
an average reward of 103. On the other hand, CQplus starts with the lowest average rewards at
-143 but takes only 15 time steps reach a reward of over 100 as well and evenmanages to outper-
form DeepCQplus. The same can be said about CQRouting which has the samemean reward as
CQplus after 34 time steps. The worst performing algorithm is QRouting which takes more than
40 time steps to reach approximately the same reward as the other two. Additionally the standard
deviation(SD) of the four algorithms is provided in Figure 11. The lowest SD has DeepCQplus,
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(a)mean reward (b) SD

Figure 11. The mean reward and SD of the four algorithms over 60 time steps

which was to be expected, considering its performance regarding the mean reward. The other
three show comparable behavior in their SDs for the first 20 time steps. This window aligns with
their mean reward because, after about the same number of time steps they reach an average
reward of 100, their SD becomes 0 or close to 0. The very low SD of the different algorithms leads
to the conclusion that after a certain amount of time steps all algorithms learn to route a package
from the source to the target node without performing a lot or even any illegal actions.

Figure 12. Amount of Unicast and Broadcast performed by CQplus and DeepCQplus.

In Figure 12. the behavior of CQplus and DeepCQplus is shown with a special focus on the
comparison of unicast and broadcast performed by each algorithm. The most outstanding ob-
servation is that CQplus performs significantly more broadcasts than DeepCQplus with an all
time high of 28. The extensive use of broadcast lasts for 17 time steps at which point unicast
is the primary form of communication. The DNN policy of DeepCQplus seems to learn to only
broadcasts in the first few time steps and even then just a small amount. Afterwards it immedi-
ately stops broadcasting after reaching an average reward of 103 and proceeds to only unicast for
the remaining duration of the training. This also seems to be the reason behind the large differ-
ence in performance, especially in the early time steps between CQplus and DeepCQplus. The
reason for the extensive use of broadcast in case of CQplus is that it takes some time for the C-
Values to be adjusted and to be closer to 1, hence leading to a higher probability of broadcasts in
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the early period of learning. However, the additional use of broadcasts in the beginning enables
CQplus to explore the network more thoroughly, therefore leading to the difference in the mean
reward shown in Figure 11. The decision by the DNN policy of DeepCQplus to perform the im-
mediate swap frombroadcast to unicast after finding one path and to no longer explore different
options may be caused by the environments way of rewarding. The environment rewards find-
ing the destinationwith 100 and all other steps leading to it with way smaller rewards. Modifying
the environment to rewardmore exploration highermay lead to different decisionmaking by the
agent and to overall different results.

6.2 Naive and Gradient Attack

For now the main attack strategy is the uniform attack. Figure 13 shows the average rewards

(a)Naive mean reward (b) Gradient mean reward

(c)Naive SD (d) Gradient SD

Figure 13. Average rewards of the 4 algorithms while being attacked by the naive and gradient
attack in 60 time steps and their SD.
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achieved by the 4 algorithms while being attacked by the naive and the gradient attack respec-
tively. The experiments were performed on an already training agent to simulate a natural en-
vironment. The parameters of the different attacks are stated as above, with ϵ = 0.35 and n=10.
There are two major conclusions that can be drawn from these experiments. On one hand, that
CQplus and DeepCQplus do not seem to be affected by the two attacks at all. This is due to the
way the two algorithms calculate their Q- and C-Values. While adversarial attacks only perturb
the observation, more specific only some parameters of the observation like queue length or
packet loss, CQplus and DeepCQplus don’t use these information to calculate their Q- and C-
Values. The only arguments taken from the observation are the current position of the agent and
the target node, which are not affected by the attack. It has been shown in Figure 11 that in case of
DeepCQplus this additional protection against adversarial attacks is only punished in a slightly
lower mean reward. For CQplus there is no downside at all. Hence both algorithms appear to be
incredible useful when dealing with this type of attack.

For CQRouting the naive approach seems to only have a very small impact in the beginning
of the attack but after only 10 time steps the average reward of the agent is back to about 100.
While this result is still slightly worse compared to the baseline, it is safe to say that CQRouting
manages to cope with the naive attack, especially compared to its predecessor in QRouting. The
opposite can be said when CQRouting is attacked by the gradient approach. Q- and CQRouting
seem to perform very similar with both achieving an average reward of below -100 after a few
time steps. Figure 13 also shows the SD for the algorithms while being attacked by the naive at-
tack in 13c and by the gradient attack in 13d respectively. There are two interesting points to me
made here. Firstly, that the SD for CQRouting is almost 0 for the naive attack, strengthening the
assumption that CQRouting can almost completely overcome it. Secondly, that while QRouting
has a rather high SD for the naive attack, the SD for the gradient attack is quite low except some
occasional outliers. A possible explanation for this behavior is that the additional knowledge
utilized by the gradient attack leaves no room for the QRouting agent to learn at all. Instead he
performs constantly illegal actions except for some rare cases. This explanation is back upped by
the mean reward of the gradient attack for QRouting, which shows way less variance compared
to the naive attack. In Figure 14 a comparison between an undisturbed CQRouting agent and a
CQRouting agent being attacked by the gradient attack is provided. Here one can see that while
the baseline finds a straight way to the destination node with as little time steps as possible, the
same agent struggles severely when attacked by the gradient attack. In this case the agent tries to
move to random nodes in the graph, often making illegal actions, like trying to move to node 14
fromnode 0, leading to a very low reward. After 18 time steps the episode terminates without the
agent reaching the destinationnode, therefore resulting in anoverall reward of about -100. These
investigations lead to the conclusion that the results for CQRouting are very similar to the results
of [2] and that the additional knowledge of the gradient attack is sufficient to perform a very ef-
fective attack. Additionally the advantage of the C-Value can be seen by comparing CQRouting
andQRouting. Themost important result of this Section however, is that both CQplus andDeep-
CQplus are not affected by the attacks at all, thus making them an excellent option when trying
to handle adversarial attacks.

6.3 Adversarial Policy
The last attack investigated in this thesis is the adversarial policy approach. It has already been
discussed that both CQplus and DeepCQplus are not affected by adversarial attacks. Hence the
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(a) Baseline CQ (b) Gradient CQ

Figure 14. Figure 14a shows a CQ agent without any interference after 30 time steps of training.
The blue nodes are nodes that the agent tried to reach. Figure 14b shows a CQ agent attacked by

the gradient attack.

main focus is on Q - and CQRouting. Figure 15a shows the performance of the two algorithms.

(a)mean reward (b) SD

Figure 15. Average rewards of QRouting and CQRouting while being attacked by the adversarial
policy in 500 time steps and their SD

The parameters are the same as for the previous Section with ϵ= 0.2 and n=10. Again QRouting
performs very poor,averaging a reward of -120. CQRouting starts off at about the samemean re-
ward but steadily improves for the first 90 episodes and ends up at a mean reward of -40. While
this can still be seen as an overall bad result CQRouting shows significant more robustness com-
pared to regular QRouting.

Another interesting observation can be made in Figure 15b. The Figure shows once again the
SD of the two algorithms. This time around tho, QRouting has a smaller SD than CQRouting
with the SD of CQRouting increasing relative to the the mean rewards achieved, while QRouting
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has occasional outliers that surpass the SD of CQRouting, but mostly averages a SD of about 5.
This behavior is comparable to that of QRouting being attacked by the gradient attack. Overall
this Section once again strengthens the assumptions in [2], that depending on the knowledge
available to the attack the effectiveness differs. Also the results of the experiments so far lead to
the conclusion that the addition of the confidence value increases the robustness of an algorithm
towards adversarial attacks.

6.4 Strategically-Timed Attack

Upuntil now this thesis only utilized the uniformattack strategy,meaning an attack is performed
in every single time step. Since it’s in the best interest of the attacks to be as stealthy as possible,
to be able to attack for as long as possible, the strategical-timed attack strategy offers a simple
way to ensure this. In Figure 16 a comparisonbetween 12 differentβ values is given. There canbe
seen that the performance of some of the attacks vary very strongly depending on the chosen β.
Due to our previous investigation it is already known that theβdoesn’tmatter for the naive attack
against CQRouting and Figure 16 confirms this. This is due to the fact that the uniform attack is a
special case of the strategically-timed attack with β= 0. Another interesting observation is that

(a) β= 0.99 (b) β= 0.98

for β= 0.99 none of the attacks manage to have success but with the slight decrease to 0.98 and
0.97 respectively, the gradient approach manages to attack successfully, further strengthening
the assumption thatmore knowledge leads to better resultswhile also showing that CQRouting is
slightlymore robust thanQRouting to the attack. Additionally the second figure for eachβ shows
the average amount of attacks performed in each episode. Noticeable is that especially in thefirst
few episodes amuch larger number of attacks occur compared to later episodes. This behavior is
the same for all βs but naturally the amount of overall attacks increases with a decreasing β. The
reason for this may be the fact that the attacks are performed versus an already training agent.
Thus especially in the beginning there is a high very high certainty in the correct action. But once
the perturbed observations are used to calculate the new Q-Values the certainty for one action
to be correct gets reduced leading to an overall decrease of attacks due to the difference between
the worst and the best action becoming smaller. The only real exception is the adversary policy
for QRouting which shows the described behavior only for a β= 0.99 and afterwards attacks with
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(c) β= 0.97 (d) β= 0.96

(e) β= 0.95 (f) β= 0.94

a high frequency very consistent. For β = 0.91 and smaller the adversary policy for CQ shows
a similar behavior but for less average attacks. CQRouting also shows comparable behavior to
the previous Section while being attacked by the adversarial policy. It starts off performing very
poorly but manages to steadily increase its mean reward up to 100 for very high βs. With the
decrease ofβ themean reward starts to slowly decrease and atβ=0.88 the average reward after 60
time steps is only 50. These results lead to a few interesting conclusions regarding the algorithms
and the attacks. For once, it encourages the previous conclusions that the additional C-Values
used to compute the Q-Values lead to a more robust algorithm. Additionally the effectiveness
of the gradient attack is shown obviously. With only a very small amount of attack especially for
later time steps it manages to still decrease the reward just as good as the uniform attack. This
makes the gradient attack an even more prominent choice for an attacker because the very low
frequency of attacks may result in a harder detection.

6.5 Edge Removal

The last form of influence is not performed by an adversary, but is instead a natural occurrence.
As mentioned in the previous Section, edge removal is occurring to see how an RL agent, that
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(g) β= 0.93 (h) β= 0.92

(i) β= 0.91 (j) β= 0.90

(k) β= 0.89 (l) β= 0.88

Figure 16. Performance of the naive, gradient and adversarial policy attack using the
strategically-timed attack strategy for βs between 0.88 and 0.99
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(a) β= 0.99 (b) β= 0.98 (c) β= 0.97

(d) β= 0.96 (e) β= 0.95 (f) β= 0.94

(g) β= 0.93 (h) β= 0.92 (i) β= 0.91

(j) β= 0.90 (k) β= 0.89 (l) β= 0.88

Figure 17. SD of the Naive, Gradient and Adversarial Policy Attack using the Strategically-Timed
attack strategy for β between 0.88 and 0.99

has already been trained for a number of time steps, deals with it. The edge that is removed is
the one that is currently used by the RL agent to reach the target from a given state. In Figure 18
the mean reward for the four algorithms is shown. After 30 time steps the currently used edge is
removed and all algorithms have a strong decrease in the average reward. Both CQ and DeepC-
Qplus have the lowest change in the average reward and they bounce back immediately to the
old average. For DeepCQplus the new average reward is even higher than the old average. One
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Figure 18. Average rewards over 500 episodes achieved by the 4 algorithms while having the
current edge of the best action removed after 30 time steps and amount of unicasts and

broadcasts performed by CQplus and DeepCQplus

possible explanation for this behavior is the lack of exploration by DeepCQplus while training.
It has been shown that DeepCQplus has the worst average reward of the four algorithms mean-
ing that there are better paths still available. Once the edge is removed the new found path may
be better than the old path, hence leading to an overall increase of the mean reward. Another
interesting observation is that while CQplus and DeepCQplus immediately produce a stable av-
erage reward both QRouting and CQRouting take some time to adjust again. This can be also
explained by the broadcast and unicast strategy that is also shown in Figure 18. For both CQplus
and DeepCQplus a strong increase of performed unicasts can be seen in the same time step the
edge is removed. The additional use of unicast results in the lower average reward because at
the initial removal of the edge the agents still try to use it, therefore performing an illegal action
and receiving a negative reward. After learning that the current path is unavailable DeepCQplus
performs a single broadcast and immediately swaps back to unicast after finding a new path.
CQplus performs slightly more broadcasts in the time steps immediately following the removal
of the edge, but afterwards both continue with a consistent use of unicast. In Figure 19 a visual
example is again provided. In this case a DeepCQplus agent is encountered with the removal of
an edge to a node he is currently using to reach its destination. As one can see in 19b, the agent
tries to reach the removed node exactly one time. This explains the slight decrease in the overall
reward. Afterwards he immediately searches for a new node to reach his destination and finds it
in node 0. In the next time step the agent no longer tries to reach node 8 but instead uses the new
found path, therefore demonstrating the fast adaptability of DeepCQplus and the advantage of
deciding intelligent when to broadcast and to unicast. The last Figure 20 regards a question from
an earlier Section whether a decaying ϵ or a stable ϵ yields a better reward overall. As the Figure
shows, there is one significant difference between the two approaches for CQRouting. With the
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(a) Before edge removal (b) At edge removal

(c) After edge removal

Figure 19. An example of DeepCQplus handling the removal of an edge. Figure 19a shows the
DeepCQplus agent before the edge is removed, Figure 19b is the agent in the time step of the

edge removal. Figure 19c shows the agent after finding a new path.

stable ϵ there is only a small reduction in the mean reward while the decaying ϵ has a slightly
bigger reduction. For QRouting there is no major difference visible.

6.6 Overhead

While CQplus and DeepCQplus have obvious upsides compared to QRouting and CQRouting in
the usage of unicast and broadcast and their robustness versus adversarial attacks, there is one
final question to be asked regarding these two, in whether CQplus or DeepCQplus should be the
preferred choice. It has been shown that CQplus is able to achieve a slightly higher average re-
ward than DeepCQplus due to extensive exploration. Usually this would lead to the conclusion
that CQplus is simply a better choice than DeepCQplus, however there are two factors that have
to be investigated before making this assumption. Firstly, the additional time it takes for CQplus
to learn to achieve the higher reward and secondly, the extensive use of broadcasts performed
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(a) Edge removal for Q- and CQ-Routing with a
constant learning rate ϵ= 0.2 and their SD

(b) Edge removal for Q- and CQ-Routing with a
decaying ϵ and their SD

Figure 20. Figure 20a and 20b compare the impact of an decaying ϵ vs a stable ϵ for Q- and
CQ-Routing.

(a)Mean packages per time step (b) SD of packages per time step

Figure 21. The mean amount of packages created in a time step by CQplus and DeepCQplus
and their SD

compared to DeepCQplus. In Figure 21 a comparison between the two in regards to the over-
all amount of packages send in the different time steps is shown. Here one can clearly see that
CQplus creates way more packages than all other algorithms, thus leading to a very high over-
head in the first few time steps. With these two pieces of information in mind it is not possible
to declare a clear winner between the two but instead the decision has to bemade depending on
the urgency for an agent to learn a network fast and whether it is acceptable to create as much
overhead as CQplus does.

With this the results Section is concluded. In the next Section a summary is provided and
additionally ideas for future work regarding the topic of this thesis are discussed.
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7 Conclusion

The experiments discussed earliermanaged to achieve some interesting results. Firstly, themain
question of this thesis was whether there are currently RL routing algorithms that can handle ad-
versarial attacks, which can be answered with yes. This thesis has shown that different routing
algorithms have different results when being attacked by adversarial attacks. While themost ba-
sic and oldest approach, namely QRouting, did not manage to cope with the attacks and had its
performance drastically decreased by all three attacks, there was already a big improvement by
simply adding a confidence value in CQRouting. CQRoutingmanaged to withstand the naive at-
tack almost completely, while also performing better then its predecessor when being attacked
by the adversarial policy. However the gradient attack still resulted in the agent completely los-
ing all its prior knowledge and performing comparable to QRouting, strengthening the already
existing assumption that additional knowledge of the attacked agent results in an increase of
performance by the attack. The last two algorithms, namely CQplus and DeepCQplus however,
managed to completely ignore the attacks due to having a different approach to calculating their
Q- and C-Values. This makes them a very fitting choice when the fear of adversarial attacks per-
sists.

Additionally this thesis investigated the impact of natural influences like edge removal. Here
was also shown that CQplus and DeepCQplus outperform their two competitors, but on a way
smaller scale. However there were also downsides discovered when dealing with the two algo-
rithms. For once CQplus has a very high overhead especially in the beginning of training. While
DeepCQplus is the exact opposite of CQplus in this regard by having the smallest overhead of all
four investigated algorithms, it also has a major flaw. Unlike the other algorithms DeepCQplus
does not maximize its reward but instead takes the first path encountered. For future work mul-
tiple topics opened up while researching for this thesis. For once, DeepCQplus has to be tested
in an environment that punishes little exploration more severely to see if this alters the decision
making of the DNN policy. At the same time a different and more complex environment may
lead to different results regarding the other algorithms as well. A second topic that needs fur-
ther investigation are the type of algorithms and attacks discussed in general. This thesis only
compared a small amount of algorithms and attacks with a lot of different approaches yet to be
researched.
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