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Abstract— Satisfying performance requirements is of great
importance for performance-critical software systems.
Performance analysis to provide an estimation of performance
indices and ascertain whether the requirements are met is essential
for achieving this target. Model-based analysis as a common
approach might provide useful information but inferring a precise
performance model is challenging, especially for complex systems.
Performance testing is considered as a dynamic approach for
doing performance analysis. In this work-in-progress paper, we
propose a self-adaptive learning-based test framework which
learns how to apply stress testing as one aspect of performance
testing on various software systems to find the performance
breaking point. It learns the optimal policy of generating stress test
cases for different types of software systems, then replays the
learned policy to generate the test cases with less required effort.
Our study indicates that the proposed learning-based framework
could be applied to different types of software systems and guides
towards autonomous performance testing.

Keywords—performance requirements; performance testing;
test case generation; reinforcement learning; autonomous testing

I. INTRODUCTION

Nowadays, on one hand we face the increasing number of
software-based services, on the other hand, the expectations on
the quality of these services are considerably rising. In general,
the properties of a software system could be described in terms
of functional and non-functional aspects. Non-functional
properties describe the quality of functional aspects of the
system and represent quality attributes like performance [1].
Requirements are the main means against which the functional
and non-functional aspects of a system are assessed. The non-
functional requirements are often described based on the
software metrics quantifying the non-functional properties of the
system. Assessing the satisfaction of non-functional
requirements plays a crucial role in assuring the user’s expected
quality and even the behavioral correctness in many systems,
particularly resource-constrained, and safety critical systems.

Performance is a non-functional property indicating the
operational efficiency of a software system with respect to
different execution conditions like various types of workload
and allocation of available resources [2]. It is measured and
quantified using multiple indices such as response time,
throughput, and resource utilization. Performance analysis could
be done through both performance modeling and performance
testing. Performance modeling generally involves identifying
the proper performance indices, building a performance model
expressing the relevant indices. Consequently, different model-

driven engineering techniques like model verification, model
refactoring, and performance tuning could be performed based
on the performance model.

Performance testing is intended to ascertain whether the
software system performs well under the actual execution
conditions (i.e., internal and external factors affecting the
performance) and meets the performance requirements. Various
methods have been proposed for building software performance
models [3, 4, 5, 6]. Performance models might provide helpful
hints of the performance of the system and even probable
bottlenecks in the architecture; however, they cannot represent
the whole details of the system. For example, many of the details
of the deployment environment may be ignored in the models
[7], although they might still have significant effects on the
performance of the system. Testing the software system under
stress, which is called stress testing, is one of directions involved
in performance testing. The main objective is to find the
performance breaking point, at which the systems breaks, or
performance requirements are not met anymore. Two general
views as internal and external could be assigned to performance
analysis. Analysis with internal view considers internal
conditions causing a performance bottleneck and consequently
affecting the performance of the system. Performance testing
with external view is evaluating/examining how the system will
perform under different external conditions like heavier
workload and limited resource availability.

In this paper, we present a learning-based self-adaptive
framework for providing autonomous performance testing. The
proposed smart framework is able to learn how to apply stress
testing efficiently to different types of software systems,
including CPU-intensive, memory-intensive and disk-intensive
programs, to find the performance breaking point. It basically
uses model-free reinforcement learning (RL), i.e., Q-learning
with multiple experience (knowledge) bases to learn the policy
for finding performance breaking point of different types of
software under test (SUT) without having performance models.

The rest of this paper is organized as follows; Section 2
discusses the background concepts of RL and the motivation for
proposing learning-based testing, Section 3 presents the details
of the proposed smart performance testing framework, with a
short discussion on its applicability and operational
performance. Section 4 provides a review on the background
relevant approaches. The paper concludes with a conclusion and
future directions of this work-in-progress research in Section 5.



II. MOTIVATION AND BACKGROUND

Performance analysis is an essential step towards
performance assurance to keep the performance requirements
satisfied. Performance testing and performance modeling are
dynamic and static approaches for realizing performance
analysis. Regarding complex systems, providing a precise model
of the system and execution environment is challenging. In the
context of performance testing, the complexity of SUTs and the
dynamism of the performance affecting factors in execution
environments are the major barriers motivating application of
learning-based performance testing.

Reinforcement learning [8] has been frequently used as one
of the key approaches for building self-adaptive smart systems.
RL is a semi-supervised learning involving interaction with the
environment. In RL, an agent (the learner) continuously detects
the status (state) of the environment (the system under control).
Then, it selects an action to be applied on the environment and
in return it receives a reinforcement signal (reward signal)
showing the effectiveness of the action. The final objective
during the learning, is to find a policy maximizing the total long-
term received reward. The agent mainly uses a strategy based on
a combination of trying out actions (exploration) and selecting
highly valued actions (exploitation). Q-learning [8] is a well-
known model-free algorithm in the context of RL, in which the
agent learns the utility value of the long-term reward associated
to pairs of states and actions. Q-learning is off-policy, since the
agent learns the optimal policy independently of the selected
strategy for the action selection step.

III. SELF-ADAPTIVE LEARNING-BASED PERFORMANCE TESTING

This section presents the architecture and operating
procedure of a smart framework providing autonomous
performance testing. It focuses on stress testing as one of the
main target fields in the scope of performance testing. It supports
automated performance test case generation for different
software systems without having performance models. The
proposed framework as a smart agent uses reinforcement
learning as its core learning mechanism. It aims at learning how
to find the performance breaking point of various software
systems depending on their performance sensitivity nature. The
learning mechanism includes initial convergence and transfer
learning phases.

Initial convergence. An initial experience (knowledge)
convergence is achieved upon the first learning episodes in
interaction with the first SUT instance of each type. The smart
agent stores the achieved experience under three experience
(knowledge) bases, i.e., experience for CPU-intensive, memory-
intensive and disk-intensive SUTs. Therefore, the experience
bases initially converge upon interaction with the first CPU-
intensive, memory-intensive and  disk-intensive = SUT
respectively.

Transfer learning. After the initial convergence of
experience bases, the smart agent keeps the learning running to
update the knowledge bases upon observing new SUTs. It is
supposed that during the transfer learning, the smart agent
mostly relies on the achieved experience, while also partly
explores the environment to keep the gained knowledge
updated. Using the learnt policy during the interaction with SUT

instances, causes the agent to generate the stress test cases/test
conditions to find the performance breaking point with less
effort (in terms of learning trials) and leads to a better efficiency.
Experience exploitation is the key concept of this phase which
results in more efficiency in test case generation. The policies
learnt for CPU-, memory- and disk-intensive programs are quite
different. Then, this is where separating the experience bases of
the agent is beneficial. Upon observing a CPU-, memory- or
disk-intensive SUT, the agent activates the corresponding
experience base for taking actions on the observed SUT
instance. Fig.1 depicts an overview of the architecture of our
smart tester agent. The details including the components, and
main steps of the learning part is as follows:

1 State Detection. Detecting the current state of the system
is one of the main steps of an RL-based algorithm. In our smart
framework, four measurements of the SUT and execution
environment including CPU, memory and disk utilization, and
also SUT response time are used to specify the state of the
system. The state detector component receives a tuple consisting
of (CPU_U, Mem_U, Disk U, Rt) as input to specify the state
of the system, where CPU_U, Mem U, Disk U, Rt present the
CPU, memory, disk utilization and response time respectively.
These continuous parameters form the state space of the system,
then the next step is dividing the state space into multiple
discrete states. The values of these parameters are classified into
multiple classes to specify the discrete states of the system, as
shown in Fig. 2.

1I. Apply Actions. After state detection, the agent applies one
possible action to the system. Actions are operations which
change (reduce) the available resources including CPU cores,
memory and disk, and also change the factors affecting the
performance like increasing the workload. In the first prototype
of our smart framework, actions include the operations
modifying the available resources by a decreasing factor:

12 3
DecFac cPU = {2,221} (1)
12 3

. (disk)
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where memory (disk) represent the current amount of available
memory (disk). Then, the set of actions have been specified as
shown in Table 1.

1II. Compute Reward. After applying each action, the agent
computes a reward signal showing the effectiveness of the
applied action. The reward is calculated using the following
utility function:

Un) = kU, (n) + (1 — K)Up 3)

where U, (n) indicates to what extent the response time of
the system deviates from the acceptable region, Ug represents
the efficiency of the resource usage, and k, 0 < k<1 is a
weighting parameter to allow the agent to prioritize different
aspects of the stress conditions.

1V. Experience Adaptation. This component receives a
performance sensitivity indication expressing the type of
sensitivity of SUT, i.e., being CPU-, memory- or disk-intensive.
Then, it selects the corresponding experience (knowledge) base
for the stress test case generation on the observed SUT.
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Fig. 1 architecture of our smart framework

Smart Tester Agent

TABLE 1 set of actions

Actions

Reducing the available CPU cores | by a factor in DecFac_ CPU

Reducing the available memory by a factor in

DecFac_MemDisk

Reducing the available disk

No action

How the learning works. The concept of the achieved
experience in RL is defined in terms of policy. A policy is
defined as a mapping between the states and actions and
specifies the action which should be taken in each state. A utility
value, Q” (s, a), is assigned to taking action, a, in given state s,
according to the policy m. Q” (s, a) as the expected long-term
reward of the pair (s, a) is defined as follows [8]:

Q” (s,a) = E”[Rnls‘n =54 = a] (4)
Ry =ZXi-o V¥ Tk (5)

Where S, ,A,, and 1,1 are current state, action and future
rewards respectively. y € [0,1] is a discount factor specifying to
what extent the agent gives more weight to the future reward
compared to the immediately achieved reward. Q-values are
stored in a look-up table (Q-table) and considered as the
experience of the agent. The g-values are used for deciding
between actions when the agent relies on using its experience
(exploitation). The g-values are also updated incrementally (via
temporal differencing) during the learning using Eq. 6. The final
objective of Q-learning is finding a policy maximizing the
expected long-term reward of pairs of states and actions.

Q(Sn' an) = Q(Sn: an) + (Z[Tn+1 + )/TILE;\XQ(Sn+1, a')— Q(sp, an)] (6)

Learning performance. Different methods like &-greedy with
various €-values and Softmax can be used for action selection.
They provide different trade-offs between exploration and
exploitation of the state-action space which could impact the
efficiency of the learning e.g., in terms of convergence speed.
Setting different values for learning parameters such as discount
factor v, and learning rate o could also affect the learning
performance.

Resources (CPU, Memory, Disk)
Utilization

Fig. 2 states of the system

How the performance test is done. In our smart framework,
the agent learns how to provide efficiently stress conditions for
different types of SUTs to find the performance breaking point,
from which the performance requirement of the SUT is not met
anymore. The agent stops applying actions upon reaching the
breaking point. List 1 presents the operating procedure of our
learning-based performance testing framework.

Applicability. Performance-critical programs are sensitive
parts in many software-intensive systems like industrial control
systems. The proposed framework provides a model-free
autonomous performance testing which could be easily applied
to different types of software-intensive systems. Virtualized test
environments would be a perfect infrastructure for executing this
approach. Moreover, the proposed framework would be also
integrated into the simulation environments which could be
highly useful for testing purposes on industrial software
systems.

Algorithm: Learning-based Performance Testing

Initialize g-values, Q(s,a) = 0Vs € S,Va € A
Observe and identify the type of the SUT instance.
If SUT is the first instance of CPU-intensive, memory-intensive or disk-
intensive instances
Repeat until the initial convergence: //Initial Convergence
1. Detect the state of the SUT.
2. Select an action based on the action selection strategy.
3. Apply the selected action, re-execute the SUT
4. Detect the new state of the system regarding the selected action.
5. Receive the reward signal, 1,1
6. Update the g-value in the corresponding experience base (Q-table)
Else
7. Select the proper experience (knowledge) base
Repeat until finding performance breaking point // Transfer learning
8. Detect the state of the SUT
9. Select an action,
an= argmax,ec, Q(s,, a) from the experience base with probability
(1- €) or a random action with probability €, € < 0.2)
10. Apply the selected action, re-execute the SUT
11. Detect the new state of the system
12. Receive the reward signal, 1,4
13. Update the g-value




IV. RELATED WORK

Model-based software performance engineering is mainly
based on building a performance model of the system. Some of
the specific modeling notations used for performance modeling
are Queueing Networks, Markov Process, Petri Nets, Process
Algebras and also simulation models [3, 4, 5, 6]. Pushing
towards automation in generating the performance model is
essential to eliminate the manual model generation and bring the
performance analysis to early stages in the software life cycle.
There has been a substantial literature published in the area of
software performance modeling [2, 9, 10]. In the context of
testing, although performance testing tightly overlaps with
performance modeling in some cases, it is intended to satisfy
some partially different objectives. Performance testing, load
testing and stress testing are three terms which are used in many
cases interchangeably [11].

In general, load testing has been considered as behavior
assessment of a SUT under load expected in a real-world
execution context, from two perspectives of functional problems
and violation of non-functional requirements caused under load.
Stress testing has been defined as the behavioral assessment of
a SUT under extreme conditions including heavy load and
limited available resources [11]. Performance testing is often
considered as a more general term which often includes both
load testing and stress testing. There are many commonalities
between these types of testing. Regarding common and different
performance test scenarios, the target domain of the relevant
works could be summarized as: The behavioral assessment of a
SUT from the perspective of performance-related issues and
aspects generally aim at the following objectives:

I. Measurement of performance under load and/or different
resource configuration. This process might overlap with
performance modeling in many cases. It can be done under
expected load or stress conditions [12, 13, 14, 15].

II. Detection of functional problems under load and/or different
resource configuration. It can be also done under expected load
or stress conditions [16, 17].

III. Detection of performance requirements violation such as
violating reliability, and robustness requirements. This process
can also be done under typical expected load or stress conditions
[18].

This work-in-progress paper proposes a learning-based
framework for performance testing, in particular stress testing.

V. CONCLUSION

Performance analysis to provide an estimation of
performance indices in different execution conditions is a
challenge for complex software systems. In addition to static
model-driven techniques, performance testing is considered as a
dynamic approach for performance analysis. Efficient
automated test case/test condition generation is a challenging
activity in software testing. In this paper, we present a self-
adaptive learning-based framework to conduct stress testing on
various software systems without having the performance
models of the systems. We used Q-learning as a model-free RL
algorithm in our smart test framework. It learns the optimal
policy of generating stress test cases for various software

systems. After the initial learning convergence, it uses the learnt
policy for further SUT instances and generates test cases
efficiently with less required effort. Detailed efficacy analysis of
the proposed framework on different software systems and
deploying it on a virtualized infrastructure will be our next steps
in this research.
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