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a b s t r a c t

State model inference of software applications through the Graphical User Interface (GUI) is a technique
that identifies GUI states and transitions, and maps them into a model. Scriptless GUI testing tools
can benefit substantially from the availability of these state models, for example, to improve the
exploration, or have sophisticated test oracles. However, inferring models for large systems requires
a long execution time. Our goal is to improve the speed of the state model inference process. To
achieve this goal, this paper presents a distributed state model inference approach with an open source
scriptless GUI testing tool. Moreover, in order to be able to infer a suitable model, we design a set
of strategies to deal with abstraction challenges and to distinguish GUI states and transitions in the
model. To validate it, we conduct an experiment with two open source web applications that have
been tested with the distributed architecture using one to six Docker containers sharing the same
state model. With the obtained results, we can conclude that it is feasible to infer a model with a
distributed approach and that using the distributed approach reduces the time required for inferring
a state model.

© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

A Graphical User Interface (GUI) allows end-users to interact
ith a software application. Therefore, testing applications at
he GUI level is essential because it tests from the end users’
erspective. Automating test execution through the GUI can be
ategorized into scripted and scriptless approaches. Scripted ap-
roaches require scripts that define sequences of user actions to
est the System Under Test (SUT). These scripts can be recorded,
anually crafted, or generated from manually created mod-
ls (Rafi et al., 2012). The scripts are created prior to test exe-
ution and if the SUT changes, the scripts have to be updated.
criptless approaches automatically generate sequences of user
ctions on-the-fly at run-time to explore the SUT by selecting and
xecuting the available actions in the discovered GUI states (Wet-
lmaier et al., 2016; Haoyin, 2017; Aho and Vos, 2018). In contrast
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to scripted tools, the decision-making performed by scriptless
tools to select which action to execute is not done following
previously created or recorded scripts or models. The scriptless
tools follow an action selection algorithm to decide what to
execute next at run time.

Scriptless approaches can benefit from inferring a state model
for different purposes, e.g., more intelligent action selection deci-
sions (Mariani et al., 2014), defining offline oracles (de Gier et al.,
2019), comparing models of different versions of a SUT to detect
GUI changes (Aho et al., 2014), or for regression testing (Grilo
et al., 2010; Aho et al., 2016). State model inference techniques
identify GUI states s and the actions a that are executable in state
s, and use those to infer state-transitions s→ a→ s′ from state
s to state s′ when a is executed in s.

Although inferring a state model for all these purposes has
many benefits, unfortunately for large and complex SUTs it re-
quires a lot of time. Moreover, considering agile development
processes in the industry (Kropp et al., 2018), multiple devel-
opment teams update different applications several times a day.
Because these teams need results quickly, the inferred model
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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an become obsolete overnight. This paper proposes a distributed
rchitecture that allows multiple scriptless testing tool instances
o infer a shared state model, making the inference process faster
nd hence more scalable.
Distributed computing uses architectures with multiple com-

onents to achieve a common goal. While the number of executed
ctions cannot be reduced for a single instance to infer a model
ith sufficient coverage, a distributed architecture can divide the
xecution of all actions amongst multiple instances to reduce
he required time. The scalability in the model inference could
mprove the speed of the inference process.

In order to obtain significant evidence of this improvement,
e have applied the distributed solution to two open source
eb applications in a controlled experiment. The results of our
xperiment indicate that a distributed architecture improves the
peed of the state model inference process.
Therefore, the main contributions of this paper are:

• A distributed architecture that allows inferring a centralized
model.
• A shared knowledge algorithm that helps multiple script-

less testing instances to be coordinated when inferring the
model.
• A proposal to deal with non-determinism in the model.
• A set of strategies to deal with the dynamism in the SUT.
• An empirical experiment with two web applications show-

ing that a distributed approach reduces the time required
for inferring a state model.

This paper is structured as follows. Section 2 presents the
elated work, the characteristics of the open source TESTAR tool,
nd the main challenges related to model inference. Section 3
escribes our distributed approach and algorithm proposal that
llows all instances to be aware of what other instances are
iscovering and deal with non-deterministic models. Section 4
escribes the empirical study that measures the code coverage
nd the size of the inferred model over time to see whether
he distributed approach infers the model faster by adding more
ool instances to explore the SUT. Section 5 shows the results
btained. Finally, Section 6 presents our conclusions and future
ork.

. Related work

The field of automated GUI testing faces several challenges,
ike the maintenance of scripts, increasing the test coverage, or
educing the complexity of the configuration of the tools. These
hallenges need to be solved or mitigated to improve the GUI
esting of complex applications (Aho et al., 2015; Aho and Vos,
018; Nass et al., 2021). Regarding scriptless GUI testing and state
odel inference, there are additional challenges, such as the time

equired to infer and use the models, dealing with the dynamic
spects and non-determinism in the GUI of the applications, and
tate space explosion in the models. Also, many of the GUI testing
ools support only a specific platform, e.g., Windows desktop
pplications (Mariani et al., 2014), Android apps (Wen et al.,
015), or web applications (Mesbah et al., 2012).
Some tools, such as the PATS framework (Wen et al., 2015),

se GUI ripping (Memon et al., 2013) to extract GUI information
f Android applications to generate execution sequences on-the-
ly. It uses a central controller that coordinates the distributed
odes to reach different parts of the SUT. They limit the execution
ime in order to deal with the state explosion provoked by finding
nfinite GUI states in some applications. In contrast to the ideas
n this paper, PATS does not use the ripped information to build a
tate model. Furthermore, this research introduces the challenge
f dynamism and a designed solution to deal with state explosion.
2

There are only a few distributed approaches for state model
inference of GUI applications. Cartographer (Brach et al., 2011)
proposes a distributed architecture with a central manager and
parallel workers to infer a GUI model in a distributed way. Al-
though they do not give details about the abstraction mechanisms
used, they mention the importance of a suitable abstraction to in-
fer a SUT graph. However, the paper only describes the approach
briefly, using an example of Notepad as a SUT, does not mention
GUI challenges other than an extensive state graph space, and
does not contain any empirical evaluation.

Crawljax (Roest et al., 2010; Mesbah et al., 2012) creates a
graph of Document Object Model (DOM) states and click event
transitions. To address state space explosion, they constrain the
depth level, indicating a maximum number of states or a maxi-
mum crawling time. To deal with dynamism, they detect similar
DOM states with a pattern comparator that allows filtering of
dynamic elements and their properties. Then, to control some
degree of non-determinism, they define crawl conditions that
check whether a state should be visited. We use a similar solu-
tion of conditions to ignore dynamic widgets and their proper-
ties. Nonetheless, we consider that non-determinism can also be
caused by the lack of information in the GUI. For this reason, we
decided not to try to control non-determinism but to detect and
adapt the GUI exploration algorithm. Crawljax concurrent exper-
iment shows that increasing the number of distributed instances
makes it possible to decrease up to 65% of the inference process.
However, Crawljax only considers mouse clicks and hover actions,
which results in very limited testing of an application from the
user’s perspective.

Since the existing open source tools for distributed GUI model
inference show disadvantages, we evaluated the effort to extend
other GUI model inference tools with support for distributed
GUI exploration. AutoBlackTest (Mariani et al., 2014) creates an
abstract behavioral model of GUI states and actions. To identify
the states, they apply an abstraction function to every widget in
the state that selects a subset of widget properties. This subset
of properties is selected according to the widget type and ig-
nores the properties they considered inconstant. This tool allows
the execution of click and type actions and the combination of
them. They briefly mention the existence of non-deterministic
sequences without details about the possible impact on the action
selection algorithm. Nevertheless, AutoBlackTest is not actively
maintained and is restricted to desktop applications.

Murphy tool (Aho et al., 2013) creates a graph to model the
behavior of the GUI application. It uses screenshot comparison
and available GUI actions for defining states, abstracting for ex-
ample data values. This research mention the tends to have a high
number of GUI states without details regarding dynamism or non-
determinism. Although it supports many kinds of GUI interactions
and has been evaluated in a company, the Murphy tool has not
been actively maintained for a long time.

TESTAR is a Java-based open source tool that, while testing,
infers a GUI state model that is stored in the OrientDB graph
database (Vos et al., 2021). The tool provides multiple APIs to
allow interaction with different types of systems. Windows Au-
tomation API can be used for Windows desktop applications, Java
access bridge for Java Swing applications, SeleniumWebDriver for
web pages, and Appium for mobile applications. We selected the
TESTAR to research the distributed approach because it is open
source, supports testing of desktop, web, and mobile applications,
supports many kinds of GUI interactions, infers a GUI state model
at run-time, has been evaluated in the industry (Bauersfeld et al.,
2014; Chahim et al., 2020; Ricós et al., 2020; Aho et al., 2021),
and continues being under active maintenance and development.
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Fig. 1. TESTAR operational flow.
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2.1. TESTAR tool

TESTAR connects to the SUT using one of the provided APIs to
obtain the current GUI state. The GUI state is a hierarchical set of
widgets, known as a widget tree. Based on some of the widgets’
properties, the set of available actions, that TESTAR is able to
execute, is derived automatically. For example, when a click-
able widget button exists in the GUI state, TESTAR automatically
derives an action that consists of a set of events: MouseMove,
ousePress, and MouseRelease, that allows the tool to interact
ith the SUT.
Then, based on the available actions and the chosen action

election mechanism (ASM), TESTAR selects and executes an ac-
ion a and obtains a new state s′. The transition (s, a, s‘) is then
tored into the state model, and TESTAR continues with state s‘,
enerating test sequences until the STOP condition is met. The
ogical flow of TESTAR is shown in Fig. 1.

TESTAR stores concrete and abstract states in the model. Con-
rete GUI states consist of all the properties (that are available
hrough the API) of all the widgets. Abstract GUI states consist of
selected subset of properties from all widgets. The subset can be
onfigured by selecting which widget properties are used for state
bstraction. The mapping between concrete and abstract states
s surjective, meaning that each concrete state is mapped to one
bstract state, whereas multiple concrete states can map to the
ame abstract state.
A similar approach is applied for GUI actions. For concrete

UI actions, the identifier consists of the concrete identifier of
he state on which the action was executed, the coordinates of
he interacted widget, the role of the action (i.e., click or type),
nd the specific text if the action includes typing. For abstract
UI actions, the identifier consists of the abstract identifier of the
tate, the hierarchical index of the interacted widget, and the role
f the action without considering the typed text.
3

TESTAR offers an algorithm that uses the abstract information
f the state model to prioritize the execution of actions that
ave been discovered but not yet visited (Mulders et al., 2022).
owever, as we explain in Section 3.2, this state model algorithm
s not suitable for a distributed architecture.

.2. State model inference challenges

Selecting an appropriate abstraction mechanism when trying
o prevent the state space explosion is not a trivial task (Mulders
t al., 2022). Whether the model inference is performed by a
nique instance or with a distributed approach, the state model
nference technique is negatively affected by two main abstrac-
ion challenges: dynamism and non-determinism (Nass et al.,
021).
Most SUTs contain states with dynamic widgets that can be

reated and removed as we explore the application, for example,
ank account transactions or shopping cart elements. Because the
efault abstraction mechanism of TESTAR is not able to recognize
nd ignore dynamic widgets, the dynamic widgets can lead to
onstantly identifying new states in the model. This is called
ynamism and can cause a state space explosion in the model
nd the constant increase of new actions (Memon, 2007; Clarke
t al., 2011).
Another challenge is to deal with the non-determinism in the

odel (Roest et al., 2010; Luo et al., 2014). In a deterministic
odel, executing a specific action in a specific state always cre-
tes a transition to the same target state. However, a lack of
nformation in the GUI not accessible with TESTAR APIs or a too
eneric abstraction strategy can result in an action that transits
o a different target state when executed multiple times. For
xample, in an action that transfers money between two bank
ccounts, we can find non-determinism if the abstraction strategy
gnores the amount of available funds and the account runs out
f money.
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Fig. 2. Distributed state model inference architectures.
Moreover, dynamism and non-determinism challenges are
ependent of each other. An abstraction strategy that ignores
ynamic widgets can provoke non-determinism in the model.
ection 3.3 provides more details about encountering
on-determinism in complex applications and our proposed algo-
ithm solution to deal with it. Section 4.4 indicates the designed
bstraction sub-strategies used to deal with dynamic widgets.

. Distributed state model inference

Distributed system architectures are implemented to let mul-
iple agent instances achieve a common goal, in this paper, infer-
ing a state model faster. To achieve this in a distributed manner,
e will run multiple TESTAR instances at the same time, and
he distributed knowledge they produce is joined together in a
entralized and shared state model. At the same time, the TESTAR
nstances use this shared model to select actions and generate
ore distributed knowledge. The specific ASM designed to enable

he instances to be aware of the information discovered by the
thers, called SharedKnowledgeASM.
The SUT, for which the model is inferred, can be deployed

o manage independent connections (see Fig. 2A), or to manage
ultiple connections with shared data (see Fig. 2B).
Fig. 2A shows an architecture that we call Distributed Model

n an Independent SUT (DMIS). This architecture could mitigate
oncurrent events, but we might find a lack of SUT informa-
ion. For example, one distributed instance creates a user in an
ndependent SUT instance. This user creation adds new function-
lity and new widgets in some states of the SUT. However, this
ew user only exists in that independent SUT, other SUTs have
o users created. Then, because all distributed testing instances
hare the state model knowledge, they may think that new wid-
ets are accessible if they navigate to some specific state. This
ay cause non-determinism in the shared model and the need

o execute the same trace of actions in all the independent SUT
o have the same states with the same data in all the distributed
nstances.

Fig. 2B shows an architecture that we call Distributed Model
n a Shared SUT (DMSS). In this case, any distributed instance can
4

alter the data being read by other instances. Therefore, in DMSS,
concurrent events might affect the GUI information used to infer
the model and provoke additional non-determinism challenges.
However, in this case, the distributed instances would discover
the new state with the common data. In this research, we focus
on using this architecture because it represents most of today’s
web systems.

In the following subsections, we present the challenges ad-
dressed to allow TESTAR to infer a distributed state model and
to facilitate its integration in distributed architectures.

3.1. Containerization of testar and chromedriver

A distributed architecture requires a separate environment
for each distributed instance. The industry is widely adopting
containerization over virtualization because it provides efficient,
scalable, and cost-effective resource management solutions in
company infrastructures (Watada et al., 2019). A Docker container
is a standalone unit of software that can package an environment,
a SUT, and the GUI testing tool.

Containerization of a Windows environment with GUI soft-
ware, however, is still a topic that requires further research. For
desktop SUTs, multiple virtual machines have to be used. But,
for web or mobile SUTs, it is possible to containerize the GUI
environment. That is why we decided to first use Docker for
distributed state model inference for web applications and, in
the upcoming research, to continue with mobile and desktop
applications.

The Selenium community made an Ubuntu based Docker im-
age available with a standalone version of Selenium ChromeDriver
(Selenium, 2022). This allows TESTAR to launch and interact
with web SUTs. This Docker image also contains the X virtual
framebuffer (Xvfb) (X.Org, 2022) server that simulates graphical
operations without the need to have any graphical or screen de-
vice in the system environment. The use of this base image with
the installation of the OpenJDK software allows the execution of
a TESTAR tool Docker instance.
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Algorithm 1 SharedKnowledgeASM
Require: s ▷ The state the SUT is currently in
equire: StateModel ▷ The state model that is being inferred
equire: targetAction ▷ UnvisitedAction marked as targetAction
1: if targetAction == null then ▷ No UnvisitedAction has been marked yet
2: targetAction← popClosestUnvisitedAction(s, StateModel)
3: end if ▷ At this point an UnvisitedAction is marked
4: if s.contains(targetAction) then ▷ If destination state reached
5: a← targetAction ▷ Select UnvisitedAction marked
6: targetAction← null ▷ And reset the mark
7: else ▷ Else, move one step closer to the destination state
8: shortestActions← shortestPath(s, targetAction, StateModel)
9: a← selectRandom(shortestActions) ▷ Select one step action
10: end if
11: return a ▷ Execute selected action
Fig. 3. Shared state model knowledge ASM.
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.2. Shared knowledge ASM

When running only one TESTAR instance, the state model
algorithm maintains a previously identified shortest path of ac-
ions in the model that lead to a previously prioritized unvisited
ction (i.e. the targetAction) (Mulders et al., 2022). However, this
pproach will not work in a distributed setting because when
he tool prioritizes the targetAction and selects the actions to
et there, another, shorter path might become available through
tates discovered by other instances. Moreover, we need to pre-
ent different instances from prioritizing the same targetAction.
n a distributed architecture, all instances have to be aware of
hat other instances are discovering. The instances will do this
y reading and writing a shared knowledge repository. To enable
his, we developed the first version of a new ASM called shared
nowledge ASM.
The shared knowledge ASM is used independently by each

nstance to re-calculate the shortest path to a targeted unvisited
ction every time a new action is selected. This means that each
nstance does not maintain a path of actions to reach the state
hat contains the targetAction, but only the targetAction that exists
n the shared model. Moreover, because there is not a centralized
omponent to dispatch the actions to coordinate all the instances,
ach independent instance has to mark the selected targetAction
n the shared model to make sure that other instances do not pick
he same targetAction.

Algorithm 1 presents the shared knowledge ASM for one TES-
AR instance. If the TESTAR instance has no targetAction (line
), the algorithm tries to find a new unvisited action closest to
5

the current state s, and mark one of them as targetAction in the
shared model to prevent other instances from selecting it (line 2).
Suppose two different instances try to mark the same targetAction
t a specific instant of time in the shared model. In that case,
rientDB manages the concurrent events. One of the instances
eceives an indication to wait a short time before trying to find
nother unvisited action closest to the current state s and mark
hem as targetAction.

At this point, the TESTAR instance already has marked a tar-
etAction. To find the next action to select, the algorithm checks
hether the current state s contains the targetAction action (line
). If it does, the algorithm only needs to select the targetAction
ext (line 5) to reach its goal and reset the targetAction (line 6),

such that the next iteration will search for a new targetAction (line
1). If the current state s does not contain the targetAction action
line 7), the algorithm calculates the actions that follow the short-
st path from s to the target state that contains the targetAction
line 8). Because there may be several actions that lead to the
hortest path, the algorithm selects one of them randomly (line
). Finally, the algorithm returns the selected action (line 10).
Fig. 3 shows an example of how multiple distributed instances

hare knowledge of the state model. The nodes are the discovered
tates, the transitions between the nodes are the executed ac-
ions, and the black hole marks all the actions that were detected
ut remain unvisited. While Instance 1 remains currently alone in
state with an unvisited action to execute, Instance 2 and Instance
are currently both in the same state, and they need to know
hat the other instance is going to do. In this case, Instance 3 has
arked first the unvisited action as targetAction, then Instance 2
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Table 1
Preliminary results of Shared Knowledge ASM.
Instances Runs States Transitions Avg time Factor

1 10 11 170 1070 s 0%
2 10 11 170 652 s 39%
3 10 11 170 545 s 16, 5%
4 10 11 170 530 s 2, 7%
5 10 11 170 517 s 2, 4%
6 10 11 170 530 s −2, 4%

does not detect that action as unvisited and has decided to mark
as targetAction an unvisited action that exists one state away.

A preliminary experiment was executed to validate the use
of the shared knowledge ASM by multiple Docker instances. To
do that, we configured a small web application on which it is
possible to infer a complete and deterministic GUI state model.
Table 1 shows the time it took for the different number of in-
stances to infer the state model. We executed groups from 1
to 6 TESTAR docker instances for 10 runs to obtain the results.
A complete run inferred a state model that consist of 11 states
and 170 transitions. The average time indicates the time it has
taken for each group of instances to infer the whole model. And
the factor is the percentage time reduced between the group of
instances and the previous one.

We can see that more distributed instances reduce the time
needed to infer the model up to a certain limit. From 1 to 2
and 2 to 3 instances, the inference time is reduced by 39% and
16,5%, respectively. However, from 3 to 5 instances, there is only a
small degree of improvement in the speed of the model inference.
Moreover, changing from 5 to 6 instances increases the time
for this small web application. The instances that do not find
an available unvisited action will wait a short time for other
instances to enrich the model before trying again. Therefore, we
assume that using many instances for small applications will
increase the waiting time, instead of inferring the model faster.

3.3. Dealing with non-determinism

The existing previous shared knowledge algorithm worked
as expected when exploring small SUTs on which it is possible
to infer a deterministic model. However, when applied to real
and complex systems, the algorithm was negatively affected by
the previously mentioned abstraction challenges: dynamism and
non-determinism.

Dealing with dynamism challenges seems feasible by design-
ing abstraction sub-strategies that indicate to TESTAR which wid-
ets or properties it needs to use in different GUI states. How-
ver, dealing with non-determinism challenges is not always
ossible. Sometimes, the required information to differentiate a
on-deterministic action is not available through the GUI. Fur-
hermore, the use of the distributed approach with a DMSS ar-
hitecture increases the issues that can arise related to non-
eterminism, since the actions executed by other instances can
lter the information of the GUI. This challenge cannot be solved
nly by designing abstraction sub-strategies (as is done in Sec-
ion 4.4). In addition, a new algorithm is required to detect and
eal with non-deterministic actions, to allow navigating without
etting stuck in loops, and inferring a state model covering the
eachable parts of the GUI.

To illustrate the challenge of inferring a non-deterministic
odel, and our solution to deal with it in the new algorithm, we

efer to Fig. 4. Imagine that, at a certain instant of time, during
he inference process, a distributed instance Ix discovers that
xecuting action S1toS2 in S1 transits to state S2(A). For example,
n action to transfer a certain amount of money between bank
ccounts. Now, suppose that in Fig. 4A another instance, I , is in
y

6

state S1 and uses the shared knowledge algorithm 1 to mark the
Unvisited Action of S2(A) as the targetAction to execute. However,
in Fig. 4B, after executing the action S1toS2 with the intention
to move to state S2(A), Iy realizes it is not in the expected state.
Instead of state S2(A), it is in a new state S2(B) with a new set
of Unvisited Actions to execute. This could happen, for example,
when the transferring account runs out of money. Using algo-
rithm 1, instance Iy still has the Unvisited Action marked in state
S2(A), but it will not be able to reach it, at least momentarily.
This non-deterministic situation may cause a loop in the inference
process.

To avoid such loops, we propose a solution that adds addi-
tional functionality to the TESTAR flow as shown in Fig. 1. After
a transition is saved in the state model, it is checked whether
the SUT reached the expected state. When this is not the case,
action S1toS2 is found to be non-deterministic, and hence all
S1toS2 actions are changed to point to a Non-Deterministic Be-
havior node (see Fig. 4C), meaning they cannot be used for nav-
igating to states S2(A) or S2(B). The algorithm then continues
to prioritize first those Unvisited Actions to which distributed
instances can navigate in the model. When we finished executing
all reachable Unvisited Actions, the non-deterministic actions are
executed again to restore the model transitions. This is illustrated
in Fig. 4D, where the non-deterministic action S1toS2 that dis-
covered the transition to state S2(B) (and that was previously
removed in Fig. 4C) is restored, and the transition pointer to the
Non-Deterministic Behavior is deleted. After that, we can detect
new Unvisited Actions in state S2(B) and continue the exploration.

The new non-deterministic shared knowledge ASM is pre-
sented in Algorithm 2. A new variable, expectedState, is added
to the operational flow of TESTAR (see Fig. 1). This variable is
updated when the tool selects an action to execute. After that,
it is used in the new Method M1 when executing the selected
action to save the new transition in the model. This new variable
enables the detection of non-determinism in the path that leads
to the targetAction.

Algorithm 2 first prioritizes unvisited actions as targetAction
(lines 1 to 3). If no unvisited actions are available, the instance
has no targetAction (line 4). Then, the algorithm tries to find a
new non-deterministic action closest to the current state s. The
non-deterministic action is marked as targetAction in the state
model (line 5) to prevent other instances from selecting it. To
find the next action to select, the algorithm checks whether the
current state s contains the targetAction action (line 7). If it does,
the algorithm only needs to select the targetAction to reach the
target (line 8), reset targetAction, such that the next iteration will
search for a new targetAction (line 9), and reset the expectedState
because we reached the targetAction without non-determinism
issues (line 10). If the current state s does not contain the targe-
tAction action (line 11), the algorithm calculates the actions that
follow the shortest path from s to the target state that contains
the targetAction (line 12). Because there may be several actions
that lead to the shortest path, the algorithm selects one of them
randomly (line 13). Here, we update expectedState variable with
the state we should navigate if the transition is deterministic (line
14). Finally, the algorithm returns the selected action (line 16).

Following the TESTAR flow from Fig. 1, this selected action is
executed which results in a state transition that is added to the
model. This is the moment where the expectedState variable is
used to detect non-determinism. This is shown in Method M1 in
case the expectedState is defined.

If the state to which the model has transitioned after executing
the selected action is not the expectedState, the action is non-
deterministic because it leads to two different states (Method M1,
line 1). In this case, the action is marked as non-deterministic
in the model (Method M1, line 2). Subsequently, the targetAction
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Fig. 4. Dealing with non-deterministic models.
s reset, so the next iteration will search for a new targetAction
Method M1, line 3). Finally, the expectedState variable is reset,
ecause the next iteration will follow a new path (Method M1,
ine 4).

. Empirical study design

The objective of the distributed implementation is to improve
he speed of the state model inference process. We want to
easure whether the distributed approach is more efficient in

erms of the time needed to explore the SUT. To guide our study,
e have formulated the following research question:

• RQ1: Does a distributed architecture allow scriptless testing
tools to speed up state model inference?
7

To answer RQ1, we follow the guidelines suggested by Wohlin
et al. (2012) to design a controlled experiment. This study fol-
lows a methodological framework specifically built to evaluate
software testing techniques (Vos et al., 2012). Encouraged to
disseminate the results, we favor choosing open-source systems
for the experimentation. This experiment consists of a set of trials
executing the distributed approach. In each trial, we measure
variables related to the time efficiency of the SUT exploration and
the state model inference process.

To make statistical analysis possible, we formulate the follow-
ing null hypothesis based on the research question:

• H0: The distributed approach does not reduce the time re-
quired to infer a state model.
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Algorithm 2 NonDeterministicSharedKnowledgeASM
Require: s ▷ The state the SUT is currently in
equire: StateModel ▷ The state model that is being inferred
equire: targetAction ▷ UnvisitedAction or NonDeterministicAction marked as targetAction
equire: expectedState ▷ Expected next step state to navigate to deterministically
1: if targetAction == null then ▷ If no UnvisitedAction or NonDeterministicAction marked
2: targetAction← popClosestUnvisitedAction(s, StateModel)
3: end if ▷ At this point an UnvisitedAction is marked if available
4: if targetAction == null then ▷ If no UnvisitedAction available in previous condition
5: targetAction← popClosestNonDeterministicAction(s, StateModel)
6: end if ▷ At this point a NonDeterministicAction is marked if available
7: if s.contains(targetAction) then ▷ If destination state reached
8: a← targetAction ▷ Select the UnvisitedAction or NonDeterministicAction marked
9: targetAction← null ▷ Reset the target action mark
0: expectedState← null ▷ Reset the determinism state check
1: else ▷ Else, move one step closer to the destination state

12: shortestActions← shortestPath(s, targetAction, StateModel)
13: a← selectRandom(shortestActions) ▷ Select one step action
14: expectedState← nextDeterministicState(a) ▷ Save the next step state we should navigate to deterministically
15: end if
16: return a ▷ Return the selected action
Method M1 Verify Action Transition Determinism
Require: expectedState ! = null ▷ The expected state to navigate

deterministically that was calculated in the Algorithm 2
1: if currentState ! = expectedState then
2: markActionAsNonDeterministic(a)
3: targetAction← null
4: expectedState← null
5: end if

4.1. SUT objects

The SUTs selected for this experiment, suitable for the method-
logical framework, must be published under an open-source
icense and should comply with the following:

(1) TESTAR is able to detect the GUI of the SUT;
(2) The SUTs can be deployed without a manual database con-

figuration, which facilitates the automation and replication
of the experiments;

(3) The SUTs are Java based. This allows using JaCoCo (JaCoCo,
2006, 2022), a well-known and widely used tool in the
academic and industry sector, to obtain instruction and
branch code coverage metrics for the empirical evaluation.

Based on these requirements, we selected the following SUTs:

• Parabank (Parasoft, 2017, 2022) is an open source online
banking demo application that uses a Java implementa-
tion in the server side to process the management of cus-
tomers, transactions, payments, and other bank services.
This demo web application developed by Parasoft company
is a representative SUT to test standard Java web services.
• Shopizer (CSTI, 2013, 2022) is an open source java e-

commerce web app with two different domains: the ad-
ministrator pages and the shop for customers. This web
application is widely used by companies to offer product
sales services. We leave out the admin section in these
experiments and focus on the exploration of the shop.

We present the details of the selected SUTs in Table 2. The
number of internal Java classes, methods, lines of code (LLOC),
and instructions and branches indicate that these are not toy
projects, i.e. they are representative SUTs of real applications.
Moreover, these SUTs expose relevant GUI challenges, such as
8

Table 2
Details of the selected SUTs.
Metric Parabank Shopizer

SUT type Web Web
Java Classes 153 330
Methods 1127 2356
LLOC 4182 16 398
Instructions 18 288 74 926
Branches 1214 5258

dynamism and non-determinism, that need to be faced in today’s
complex systems.

We needed to use the blocking principle (Wohlin et al., 2012)
and disable the TESTAR oracles. This is because the usage of
TESTAR oracles for fault detection involves stopping, reporting,
and restarting the System Under Test (SUT). This feature affects
the exploratory time used by the TESTAR instances, reducing
the number of states discovered and actions executed. Using the
blocking principle, we could focus the experiment only on the time
required for the model inference process. The usage of oracles to
detect failures will be investigated in future experiments. In order
to prepare TESTAR for the experiment, we have configured a set
of independent variables for each SUT that will be explained next.

4.2. Independent variables: time

A set of time variables are used to define the time budget of
the experiments and the execution and waiting time of actions.
It was necessary to run preliminary executions to determine an
appropriate time budget for each SUT. Because Parabank is a web
application formed mainly by a series of static GUI forms to use
the bank services, 30 min was enough to reach a limit on the
number of discovered states and decrease the unvisited actions.
However, for Shopizer, it was necessary to increase the time
budget until 240 min. This is because the web shop application
is formed with a dynamic GUI that allows search, add, remove,
and order products, creating a high amount of available states and
action in the state model.

The time used to execute a GUI action is the same for both
SUTs. Nevertheless, the time to wait between actions has been
increased for Shopizer because some web states require more
time to completely load the data in the GUI of some of the
products. Table 3 shows the set of time variables used in our
experiments for both SUTs.
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Table 3
Independent time variables.
Variable Parabank Shopizer

Time budget 30 min 240 min
Action duration 1 s 1 s
Wait after action 1 s 2 s

Table 4
Independent variables for smarter action derivation.
Parabank (Force) User login on each sequence

(Force) Web history back on WSDL pages
(Filter) Logout and admin panel buttons
(Filter) Links outside parabank domain
(Compound) Form to transfer a valid/invalid amount of
money
(Compound) Form to request a valid/invalid money loan
(Compound) Form to find transactions by id, date or
amount
(Compound) Form to update customer information
(Compound) Form for bill payment
(Compound) Form for contact service

Shopizer (Force) Accept cookies
(Force) User login on each sequence
(Filter) Logout and send mail buttons
(Filter) Change language button
(Custom) Actions in top level menus
(Custom) Move mouse action for dropdown widgets
(Custom) Only add product to cart if shopping cart is
empty
(Compound) Form to send an email to contact service
(Compound) Form to change customer address
(Compound) Form to change the account password
(Compound) Form to realize the payment of the cart

4.3. Independent variables: derived actions

Regardless of the execution of a unique instance or the dis-
ributed approach, using the default set of derived actions that
ESTAR realizes automatically is not enough to adequately sim-
late user interactions and effectively explore complex systems.
n each SUT we need to derive smarter actions to maintain the
xploration in the main GUI states or to reach some GUI states
hat require a specific combination of data or actions:

• Force actions are used to start and maintain the exploration
in the desired state of the SUTs.
• Filter actions can be used to maintain the exploration in the

main part of the SUT or save time by ignoring less essential
features that may increase the exploration space.
• Custom actions are created for SUT specific widgets (e.g. top

level menus, dropdown menus, shopping carts, etc.).
• Compound actions are added to the set of derived actions to

deal with the filling of forms in one (compound) action.

Table 4 shows the derived smarter actions used in our exper-
ments for Parabank and Shopizer.

Sliding actions offer an additional challenge when inferring a
tate model. These actions change the visible widgets in the GUI
hat can be interacted with, hence the abstract state. Depending
n the SUT, the set of possible sliding positions can increase the
xploration space. For this reason, and because it is possible to
xplore both SUTs without the need to execute sliding actions,
e decided not to derive sliding actions.

.4. Independent variables: abstraction strategy

TESTAR’s default abstraction mechanism cannot differentiate
ype actions that type different texts, nor deal with the dy-
amism issues mentioned previously. Therefore, a new abstrac-
ion strategy that distinguishes a main mechanism and a set of
9

Table 5
Independent variables for the main abstraction mechanism.
Parabank

State WebId, WebName, WebTextContent
Action OriginState + OriginWidget + ActionRole
Compound action OriginState + OriginWidget + ActionTypedText

Shopizer

State WebId, WebTextContent, WidgetIsOffscreen
Action OriginState + OriginWidget + ActionRole
Compound action OriginState + OriginWidget + ActionTypedText

sub-strategies, has been implemented in the tool by extending
the default mechanism in the Java protocol of the tool.

Table 5 shows the main abstraction mechanism to identify the
abstract states and actions of Parabank and Shopizer. Abstracting
from dynamism can cause the same widget to change its hier-
archical index in the widget tree of the abstract state. For this
reason, instead of just using the widget tree hierarchical index for
the abstract action, we use the origin widget abstract identifier.
Compound actions now have a different abstraction from default
actions because the content of the typed text is important when
identifying an action transition in the state model.

Using only the main abstraction mechanism has limitations
when applied in systems with dynamism. Each SUT may need the
design of a set of abstraction sub-strategies to filter the dynamic
widgets and their properties to avoid a state space explosion:

• Widgets that can be dynamically added or removed from
the state, such as a dynamic table of elements or products
of a shopping cart, are ignored when the tool generates the
identifier of the abstract state.
• Widgets that contain properties with values that can change

dynamically throughout the exploration, such as a dynamic
text that displays user-editable information, need to use
a custom set of specific properties to avoid using these
dynamic values.
• Widgets that do not have enough default property values to

differentiate them, such as dropdown widgets that do not
contain a different web identifier, require new properties to
be added to the abstraction mechanism.
• Widgets that respond to hover mouse events or states that

require a longer time to load all web elements may provoke
non-determinism in the model. Shopizer contains additional
events intended to prevent this non-determinism.

Table 6 shows the design of abstraction sub-strategies for
Parabank and for Shopizer.

4.5. Effort time for independent variables

Obtaining the right values for these independent variables
requires user effort to identify, prepare and test. Most effort is
needed to detect dynamic widgets and design the set of abstrac-
tion sub-strategies to implement the main abstraction mecha-
nism for each SUT.

Parabank required approximately 8 h to prepare the smarter
action derivation and 20 h to determine the best combination of
properties for the main abstraction mechanism together with the
design of abstraction sub-strategies. More than half of the time
was used to test the implementation in the distributed docker
architecture and verify the correct identification of states and
actions in the model.

Shopizer, on the other hand, required approximately 16 h to
prepare the smarter action derivation and 40 h to determine the
best combination of properties for the main abstraction and the
set of abstraction sub-strategies. This is a larger SUT regarding
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Table 6
Independent variables for abstraction sub-strategies.
Parabank (Ignored) Dynamic widgets from accounts table

(Custom) Use only WebId for widgets of type select
(Custom) Use only WebName for phone number widget
(Custom) Use only WebId for new account widget
(Custom) Use only WebId for widgets of bill payment
state

Shopizer (Ignored) Price and product widgets in the shopping cart
(Ignored) Product and order number widgets in
payment forms
(Ignored) Address content in customer box info
(Custom) Use only WebId in form widgets that
dynamically change hint text.
(Custom) Differentiate empty cart and cart with
products
(Added) Use parent id for edit bill and shipment widgets
(Added) Use previous state id for Apache 404 state
(Added) Use parent text content for dropdown widgets
(Added) Use hyperlink reference for Home widgets
(Event) Force mouse coordinates before each sequence
(Event) Wait until loading overlay is complete

Table 7
Effort time to design the independent variables.
Time required for variable Parabank Shopizer

Smarter action derivation 8 h 16 h
Abstraction strategies 20 h 40 h

the number of discovered GUI states and actions which required
more testing and verification time.

The time invested to learn and design smart actions and ab-
traction sub-strategies for a SUT may vary according to the user’s
xpertise. It is important to note that the knowledge acquired
elps to reduce the learning time in future configurations of simi-
ar SUTs. Table 7 contains an approximation of the times required
y a TESTAR member to prepare the independent variables for

Parabank and Shopizer.

4.6. Dependent variables

To answer RQ1, we need to measure whether, given a time
budget, the distributed approach improves the speed of explor-
ing and inferring a model. Thus, to compare the speed of the
distributed approach we will measure the following:
10
(1) Code coverage over time to determine which parts of the
code have been executed during the testing.

(2) GUI coverage over time to determine how many different
GUI states and actions have been found in the SUT. For a
fair comparison, we will use the same abstraction strategy
for all the trials of the same SUT.

Since a distributed implementation requires more computa-
tion resources, we will also measure:

(3) Consumption metrics to measure the CPU and memory
usage for each TESTAR Docker instance, the SUT, and the
central graph database.

4.7. Design of the experiment

We compare the distributed approach with Parabank and
Shopizer by running groups from 1 to 6 Docker testing instances,
i.e., the first group with a single Docker testing instance, the
second group with two distributed Docker testing instances, and
so on, up to six distributed Docker testing instances. Each group
of Dockers runs in an Ubuntu machine with 8 CPU cores and
32 GB RAM. All Docker containers are deployed with 512M shared
memory size. To deal with the randomness and to be able to
obtain valid conclusions about the possible rejection of the null
hypotheses, we repeat the execution of the experiment 30 times.
The SUT will start in the same initial status in each new execution.
To do this, a bash controller takes care of:

(1) Restart the system to remove possible residual processes.
(2) Clean and copy Apache Tomcat with the web SUT, the

graph database, and the TESTAR files; and prune the Docker
containers of the previous executions.

(3) Launch a custom Java application and bash instructions
to extract code coverage, state model GUI coverage, and
consumption metrics every 5 s.

(4) Build and deploy Apache Tomcat with the web SUT, the
graph database and a new number of Docker containers
with TESTAR to start the testing process.

TESTAR logs and HTML output results, together with the coverage,
state model, and performance metrics, are stored in a centralized
data server at the end of each execution. Fig. 5 shows the overall
design of the experiment.
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Fig. 6. Parabank code coverage comparison for 1 and 6 groups of Dockers. Each line represents one of the thirty repeated executions.
5. Results

This section presents the results of the distributed approach
for Parabank and Shopizer. Instruction code coverage is presented
in curves comparing 1 with 6 groups of Dockers, and comparing
the average code coverage of all Docker instances in a growth
curve. We only show instruction coverage because branch cov-
erage is visually similar. The graph curves for the six groups of
Dockers are available online.1 However, the subsequent statistical
analysis is performed for both instructions and branch coverage.
GUI coverage is presented in curves comparing 1 with 6 groups
of Dockers. We use the Kruskal Wallis test for the instruction and
branch coverage to check whether there is a significant difference
between the six different Docker groups (Furia et al., 2019). Then,
we use Wilcoxon and Cliff’s delta tests to check which groups of
Docker pairs differ significantly.

5.1. Parabank analysis

For a single Docker instance, the metrics obtained with JaCoCo
indicates that the code coverage increases throughout the first
30 min of exploration (see Fig. 6). While, for six instances, the
total code coverage is reached approximately in 10 min. For GUI
coverage, we evidently observe a similar trend with the metrics
extracted from the TESTAR state model (see Fig. 7). As new
GUI abstract states are discovered in the TESTAR state model
that represents the SUT, the code covered obtained with JaCoCo
increases correspondingly.

Concerning the number of unvisited abstract actions for the
GUI coverage (see Fig. 7), new unvisited actions are found during
the first 20 min for a single Docker instance. Then, in the last
10 min, the number of unvisited actions starts decreasing. For
six Docker instances, the peak of unvisited actions is reached in
the first 5 min. After that, it decreases during 10 min, reaching a
limit that does not go to zero. The latter is because some unvisited
actions are unreachable due to non-determinism in the inferred
models.

Fig. 8 represents the average code coverage of all Docker
instances for Parabank in the first 700 s of execution. It is easy
to see a growth difference between all the Docker groups except
for 3 and 4 groups of Dockers.

We perform statistical analysis at 360, 480, and 600 s to
obtain evidence about the significant difference in the distributed
approach. This allows us to analyze how the distributed approach

1 https://doi.org/10.5281/zenodo.7607233
11
Table 8
Parabank Kruskal Wallis results.
Parabank Instruction coverage Branch coverage

H-value P-value H-value P-value

360 s 115.11 3.39e−23 113.33 8.09e−23
480 s 130.17 2.19e−26 130.3 2.05e−26
600 s 147.18 5.32e−30 148.07 3.44e−30

evolves from the moment the distributed instances have started
exploring until the moment the groups with the most Dockers
have reached the coverage limit. The Kruskal Wallis test indicates
a significant difference between all distributed Docker groups in
these three instants of time (see Table 8).

At 360 s (see Table 9), Wilcoxon indicates no significant differ-
ence only for 3 & 4 groups of Dockers and a significant difference
for the other groups of Dockers. Cliff’s delta points negligent
difference for 3 & 4 groups of Dockers, medium difference for 1
& 2, 3 & 5, and 4 & 5 groups of Dockers, and large difference for
the other groups.

At 480 s (see Table 10), Wilcoxon continues indicating no
significant difference for 3 & 4 groups of Dockers and a signifi-
cant difference for the other groups of Dockers. Whereas Cliff’s
delta has changed and only indicates negligent difference for
3 & 4 groups of Dockers, the other Docker groups have large
differences.

Finally, at 600 s (see Table 11), Wilcoxon indicates that all
Docker groups have significant difference, including 3 & 4 groups
of Dockers. And Cliff’s delta points that 3 & 4 and 4 & 5 Docker
groups have small significant difference for instruction coverage,
medium difference for 4 & 5 groups of Dockers regarding branch
coverage, while the other groups of Dockers have large difference.

Related to Parabank computation resource consumption,
Table 12 presents the CPU and memory consumption average
of all groups of Dockers. CPU and memory consumption are
increased around 6%–7% and 5%–6% respectively, for each new
distributed Docker instance executed.

5.2. Shopizer analysis

Regarding Shopizer code coverage (see Fig. 9), a single Docker
instance needs 2 h or more to reach the maximum coverage.
While, with six Dockers, except for a couple of outliers, the
maximum coverage is reached in approximately one hour of
execution.

The maximum instruction coverage reached by the TESTAR in-

stances in all groups of dockers was approximately 18.3%, except

https://doi.org/10.5281/zenodo.7607233
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Fig. 7. Parabank state model comparison for 1 and 6 groups of Dockers. Each line represents one of the thirty repeated executions.
Fig. 8. Parabank average code coverage growth for each group of Dockers.
Table 9
Parabank significant difference at 360 s.
Wilcoxon: p-value (p), Cliff’s δ: small(S), medium(M) and large (L) difference.
Cliff’s δ
Wilcoxon

Instruction coverage Branch coverage

1 Dockers 2 Dockers 3 Dockers 4 Dockers 5 Dockers 6 Dockers 1 Dockers 2 Dockers 3 Dockers 4 Dockers 5 Dockers 6 Dockers

1 Dockers L −0.507 L −0.895 L −0.895 L −0.99 L −1.0 M −0.436 L −0.898 L −0.861 L −0.979 L −0.999

2 Dockers p 0, 004165 L −0.543 L −0.555 L −0.781 L −0.951 p 0, 007078 L −0.592 L −0.515 L −0.758 L −0.936

3 Dockers p 0, 000011 p 0, 001754 N 0.03 M −0.413 L −0.858 p 0, 000013 p 0, 002707 S 0.162 M −0.441 L −0.847

4 Dockers p 0, 000012 p 0, 000334 p 0, 926255 M −0.457 L −0.83 p 0, 000011 p 0, 000777 p 0, 462133 L −0.496 L −0.847

5 Dockers p 0, 000010 p 0, 000027 p 0, 004165 p 0, 008283 L −0.668 p 0, 000010 p 0, 000032 p 0, 013704 p 0, 010542 L −0.652

6 Dockers p 0, 000010 p 0, 000010 p 0, 000011 p 0, 000053 p 0, 000334 p 0, 000010 p 0, 000010 p 0, 000012 p 0, 000034 p 0, 000648
12
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Table 10
Parabank significant difference at 480 s.
Wilcoxon: p-value (p), Cliff’s δ: small(S), medium(M) and large (L) difference.
Cliff’s δ
Wilcoxon

Instruction coverage Branch coverage

1 Dockers 2 Dockers 3 Dockers 4 Dockers 5 Dockers 6 Dockers 1 Dockers 2 Dockers 3 Dockers 4 Dockers 5 Dockers 6 Dockers

1 Dockers L −0.672 L −0.971 L −0.903 L −1.0 L −1.0 L −0.662 L −0.967 L −0.91 L −0.993 L −1.0

2 Dockers p 0, 000047 L −0.541 L −0.531 L −0.812 L −1.0 p 0, 000108 L −0.6 L −0.554 L −0.828 L −1.0

3 Dockers p 0, 000005 p 0, 002136 N 0.003 L −0.554 L −0.98 p 0, 000006 p 0, 003292 N 0.011 L −0.531 L −0.973

4 Dockers p 0, 000008 p 0, 002982 p 0, 853135 L −0.508 L −0.95 p 0, 000006 p 0, 002482 p 0, 696972 L −0.486 L −0.946

5 Dockers p 0, 000005 p 0, 000016 p 0, 000337 p 0, 003620 L −0.791 p 0, 000006 p 0, 000020 p 0, 000363 p 0, 005343 L −0.797

6 Dockers p 0, 000005 p 0, 000005 p 0, 000005 p 0, 000005 p 0, 000041 p 0, 000006 p 0, 000006 p 0, 000006 p 0, 000006 p 0, 000026
Table 11
Parabank significant difference at 600 s.
Wilcoxon: p-value (p), Cliff’s δ: small(S), medium(M) and large (L) difference.
Cliff’s δ
Wilcoxon

Instruction coverage Branch coverage

1 Dockers 2 Dockers 3 Dockers 4 Dockers 5 Dockers 6 Dockers 1 Dockers 2 Dockers 3 Dockers 4 Dockers 5 Dockers 6 Dockers

1 Dockers L −0, 732 L −0, 988 L −0, 997 L −1, 0 L −1, 0 L −0, 735 L −0, 982 L −0, 993 L −1, 0 L −1, 0

2 Dockers p 0, 00001 L −0, 913 L −0, 962 L −1, 0 L −1, 0 p 0, 000012 L −0, 912 L −0, 962 L −1, 0 L −1, 0

3 Dockers p 0, 000005 p 0, 00003 S −0, 283 L −0, 496 L −0, 933 p 0, 000005 p 0, 000042 S −0, 275 L −0, 534 L −0, 941

4 Dockers p 0, 000005 p 0, 00001 p 0, 034456 S −0, 271 L −0, 924 p 0, 000005 p 0, 000012 p 0, 018889 M −0, 33 L −0, 943

5 Dockers p 0, 000005 p 0, 000005 p 0, 001463 p 0, 016825 L −0, 823 p 0, 000005 p 0, 000005 p 0, 001026 p 0, 010314 L −0, 836

6 Dockers p 0, 000005 p 0, 000005 p 0, 000005 p 0, 000006 p 0, 000024 p 0, 000005 p 0, 000005 p 0, 000006 p 0, 000008 p 0, 000013
Table 12
Parabank consumption average.
Dockers 1 2 3 4 5 6

CPU 16, 57% 23, 93% 29, 86% 36, 76% 41, 49% 47, 49%
MEM 23, 85% 29, 45% 34, 90% 40, 46% 45, 38% 50, 27%
Fig. 9. Shopizer code coverage comparison for 1 and 6 groups of Dockers. Each line represents one of the thirty repeated executions.
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or one specific instance in the group of 5 dockers that reached
3.5% of coverage. We consider that a set of random actions led
o purchasing or modifying a product in the store, increasing the
ode coverage.
For GUI coverage (see Fig. 10), the group of 6 Dockers needs

pproximately 1 h to discover the peak of abstract states. Then,
e can observe a decrease in the unvisited abstract actions curve.
therwise, the group of 1 Docker keeps discovering new states
hroughout the 4 h of execution. There is an execution time in
hich there is no noticeable decrease in the number of unvisited
bstract actions.
With Shopizer, after 1 h of execution with a group of 6 Dock-

rs, the number of unvisited actions slowly drops until 3 h of
xecution, when it seems to reach a limit. As with Parabank, we
ssume this is due to unreachable unvisited actions because of
on-determinism in the model.
Fig. 11 represents the average code coverage of all Docker
nstances for Shopizer in the first hour of execution. We can see d

13
a growth difference between all groups of Dockers. However, the
groups of 3, 4, 5, and 6 Dockers seem to differ only slightly.

We perform statistical analysis at 500, 1750 and 3000 s to
obtain evidence about the significant difference in the distributed
approach. From the moment the distributed instances have started
exploring to the moment the groups with the most Dockers have
reached the coverage limit. The Kruskal Wallis test indicates a
significant difference between all distributed Docker groups in
these three instants of time (see Table 13).

At 500 s (see Table 14), Wilcoxon indicates no significant
ifference for 2 & 3, 2 & 4, 3 & 4, 3 & 5, and 5 & 6 groups of
ockers, including 3 & 6 groups of Dockers only regarding branch
overage. Then a significant difference for the other groups of
ockers. And Cliff’s delta points negligent difference for 3 & 4 and
& 6 groups of Dockers. Medium difference for 2 & 3, 2 & 4, 3
5, 3 & 6, 4 & 5, and 4 & 6 groups of Dockers, including 1 & 2

roups of Dockers only regarding branch coverage. Then a large

ifference for the other groups is shown.
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Fig. 10. Shopizer state model comparison for 1 and 6 groups of Dockers. Each line represents one of the thirty repeated executions.
Fig. 11. Shopizer average code coverage growth for each group of Dockers.
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Table 13
Shopizer Kruskal Wallis results.
Shopizer Instruction coverage Branch coverage

H-value P-value H-value P-value

500 s 78.74 1.54e−15 74.06 1.46e−14
1750 s 82.53 2.48e−16 88.79 1.21e−17
3000 s 89.72 7.71e−18 105.74 3.25e−21
14
At 1750 s (see Table 15), Wilcoxon and Cliff’s delta differ
oderately from instruction and branch coverage. For instruction
overage, Wilcoxon specify no significant difference for 2 & 3, 3 &
, 3 & 5, 4 & 5, 4 & 6, and 5 & 6 groups of Dockers and a significant
ifference for the other groups of Dockers. Whereas Cliff’s delta
oints negligent difference for 4 & 5 and 5 & 6 groups of Dockers,
mall difference for 3 & 4 and 4 & 6, medium difference for 2 &
and 3 & 5 groups of Dockers, and large difference for the other
roups.
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Table 14
Shopizer significant difference at 500 s.
Wilcoxon: p-value (p), Cliff’s δ: small(S), medium(M) and large (L) difference.
Cliff’s δ
Wilcoxon

Instruction coverage Branch coverage

1 Dockers 2 Dockers 3 Dockers 4 Dockers 5 Dockers 6 Dockers 1 Dockers 2 Dockers 3 Dockers 4 Dockers 5 Dockers 6 Dockers

1 Dockers L −0, 568 L −0, 796 L −0, 821 L −0, 962 L −0, 964 M −0, 464 L −0, 725 L −0, 76 L −0, 938 L −0, 91

2 Dockers p 0, 003412 M −0, 395 M −0, 413 L −0, 703 L −0, 688 p 0, 017407 M −0, 434 M −0, 435 L −0, 708 L −0, 696

3 Dockers p 0, 000042 p 0, 085892 N −0, 025 M −0, 37 M −0, 37 p 0, 000199 p 0, 086785 N 0, 012 M −0, 384 M −0, 346

4 Dockers p 0, 000036 p 0, 096516 p 0, 869294 M −0, 395 M −0, 362 p 0, 000049 p 0, 080592 p 0, 638817 M −0, 457 M −0, 397

5 Dockers p 0, 000019 p 0, 003217 p 0, 077814 p 0, 010939 N 0, 073 p 0, 000029 p 0, 003453 p 0, 080592 p 0, 005351 N 0, 087

6 Dockers p 0, 000019 p 0, 001711 p 0, 047378 p 0, 015446 p 0, 869294 p 0, 000032 p 0, 001469 p 0, 080592 p 0, 016355 p 0, 643508
Table 15
Shopizer significant difference at 1750 s.
Wilcoxon: p-value (p), Cliff’s δ: small(S), medium(M) and large (L) difference.
Cliff’s δ
Wilcoxon

Instruction coverage Branch coverage

1 Dockers 2 Dockers 3 Dockers 4 Dockers 5 Dockers 6 Dockers 1 Dockers 2 Dockers 3 Dockers 4 Dockers 5 Dockers 6 Dockers

1 Dockers L −0, 72 L −0, 857 L −0, 902 L −0, 924 L −0, 944 L −0, 743 L −0, 862 L −0, 904 L −0, 928 L −0, 946

2 Dockers p 0, 000112 M −0, 371 L −0, 558 L −0, 642 L −0, 717 p 0, 000089 M −0, 448 L −0, 582 L −0, 698 L −0, 773

3 Dockers p 0, 000112 p 0, 070405 S −0, 252 M −0, 396 L −0, 481 p 0, 000114 p 0, 048391 S −0, 172 M −0, 426 L −0, 536

4 Dockers p 0, 000082 p 0, 013455 p 0, 156805 N −0, 124 S −0, 18 p 0, 000082 p 0, 009743 p 0, 191964 S −0, 241 M −0, 364

5 Dockers p 0, 000052 p 0, 000354 p 0, 052504 p 0, 614315 N −0, 08 p 0, 000058 p 0, 000172 p 0, 042723 p 0, 354629 N −0, 108

6 Dockers p 0, 000052 p 0, 000711 p 0, 013455 p 0, 152613 p 0, 614315 p 0, 000058 p 0, 000316 p 0, 008778 p 0, 043083 p 0, 354629
Table 16
Shopizer significant difference at 3000 s.
Wilcoxon: p-value (p), Cliff’s δ: negligent (N), small(S), medium(M) and large (L) difference.
Cliff’s δ
Wilcoxon

Instruction coverage Branch coverage

1 Dockers 2 Dockers 3 Dockers 4 Dockers 5 Dockers 6 Dockers 1 Dockers 2 Dockers 3 Dockers 4 Dockers 5 Dockers 6 Dockers

1 Dockers L −0, 645 L −0, 851 L −0, 893 L −0, 93 L −0, 915 L −0, 674 L −0, 882 L −0, 913 L −0, 94 L −0, 928

2 Dockers p 0, 001319 M −0, 446 L −0, 61 L −0, 732 L −0, 783 p 0, 001154 L −0, 592 L −0, 71 L −0, 832 L −0, 851

3 Dockers p 0, 000028 p 0, 047193 S −0, 306 L-0, 522 L −0, 612 p 0, 000025 p 0, 01103 S −0, 316 L −0, 641 L −0, 76

4 Dockers p 0, 000028 p 0, 003203 p 0, 115218 S −0, 232 S −0, 32 p 0, 000025 p 0, 000711 p 0, 075307 M −0, 335 L −0, 512

5 Dockers p 0, 000028 p 0, 000028 p 0, 006422 p 0, 183593 N −0, 102 p 0, 000025 p 0, 000025 p 0, 001546 p 0, 049846 S −0, 221

6 Dockers p 0, 000028 p 0, 000172 p 0, 007976 p 0, 047193 p 0, 673247 p 0, 000025 p 0, 000041 p 0, 002303 p 0, 004922 p 0, 265425
Table 17
Shopizer consumption average.
Dockers 1 2 3 4 5 6

CPU 19.17% 26.08% 31.53% 36.29% 42.28% 46.14%
MEM 32.06% 38.88% 46.29% 52.9% 60.4% 67.3%
While, for branch coverage, Wilcoxon indicates no significant
ifference only for 3 & 4, 4 & 5, and 5 & 6 groups of Dockers and a
ignificant difference for the other groups of Dockers. And Cliff’s
elta points negligent difference for 5 & 6 groups of Dockers,
mall difference for 3 & 4 and 4 & 5, medium difference for 2
3, 3 & 5, and 4 & 6 groups of Dockers, and large difference for

he other groups.
Finally, at 3000 s (see Table 16), Wilcoxon and Cliff’s delta

ontinue differing from instruction and branch coverage. For in-
truction coverage Wilcoxon specify no significant difference for
& 4, 4 & 5, and 5 & 6 groups of Dockers. Whereas Cliff’s delta
oints negligent difference for 5 & 6 groups of Dockers, small
ifference for 3 & 4, 4 & 5, and 4 & 6, medium difference for 2
3 groups of Dockers, and large difference for the other groups.
Then, for branch coverage, Wilcoxon indicates no significant

ifference only for 3 & 4 and 5 & 6 groups of Dockers. And
liff’s delta points small difference for 3 & 4 and 5 & 6, medium
ifference for 4 & 5 groups of Dockers, and large difference for
he other groups.

Related to Shopizer resource consumption, Table 17 presents
he CPU and memory consumption average of all groups of Dock-
rs. CPU and memory consumption are increased around 4%–7%
nd 6%–8% respectively, for each new distributed Docker instance
xecuted.
15
5.3. Answer to the research question

Statistical analysis of Parabank and Shopizer results allow us
to answer RQ1: Does a distributed architecture allow scriptless
testing tools to speed up state model inference? Kruskal Wallis,
Wilcoxon and Cliff’s delta tests demonstrate that using a dis-
tributed approach is significantly different throughout the state
model inference process depending on the number of distributed
instances used. Therefore, we can reject the H0: The distributed
approach does not reduce the time required to infer a state model..

5.4. Threats to validity

This subsection mentions some threats that could affect the
validity of our results (Wohlin et al., 2012; Ralph and Tempero,
2018; Feldt and Magazinius, 2010).

5.4.1. Face validity
We use code-level metrics to evaluate the efficiency of the

distributed approach. Although these metrics have wide adoption
in the GUI testing field for desktop and mobile applications (Pezzè
et al., 2018; Su et al., 2017), they seem unusual in web domain
GUI testing studies (Marchetto et al., 2011), apparently due to the
lack of access to the server-side services (Coppola and Alégroth,
2022).
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.4.2. Content validity
Compared with other state-of-the-art research, this GUI web

tudy focuses its empirical evaluation using code-level metrics.
n future GUI studies, we will research the additional usage of
odel-level and GUI-level metrics (Coppola and Alégroth, 2022).

.4.3. Internal validity
We detected that some distributed instances stopped receiv-

ng messages from the chromedriver renderer, which caused
ome Docker groups to decrease the number of working in-
tances. These groups of Dockers were re-executed.
We decided to start extracting coverage metrics before build-

ng and deploying all involved software in the architecture of
he experiment. Something that we consider to be closer to the
ndustrial pipelines. Although this has disrupted the first seconds
f coverage measurement, the subsequent coverage growth has
hown that a distributed architecture improves according to the
umber of instances used despite having a different start time.

.4.4. External validity
We use two web applications with a DMSS architecture to

onduct the study, which accomplishes an essential part of to-
ay’s web services, sharing resources (Choudhury, 2014). Even
hough we demonstrated the distributed approach helps improve
he model inference efficiency, and we faced relevant GUI model
nference challenges, to generalize our results properly, we will
onduct future experiments with different types of desktop, web,
nd mobile systems.

.4.5. Conclusion validity
Because there is a certain degree of randomness when choos-

ng the actions to execute, we cannot assume normal distribution
n the experiments (Arcuri and Briand, 2011). To deal with it, we
ave applied Kruskal Wallis, Wilcoxon, and Cliff’s delta statistical
on-parametric tests to the results obtained from the 30 runs of
ll Dockers groups.

.4.6. Credibility
JaCoCo is used to obtain code coverage metrics. Since Ja-

oCo is an open source project widely adopted by the software
esearch and industry development communities, we rely on
ts definitions of instruction and branch coverage and precise
easurements (Ivanković et al., 2019; Silva et al., 2021).

. Conclusions and future work

This paper presents a new technique that improves the speed
f model inference in automated scriptless GUI testing, namely
istributed state model inference. The DMSS architecture allows
ultiple instances to infer a shared state model. The proposed
hared knowledge algorithm allows these distributed instances
o coordinate and improve the inference speed by dividing the
nvisited actions to be explored. Moreover, we have explained
he abstraction challenges encountered, related to dynamism and
on-determinism, and our solutions to reduce the impact on the
istributed model inference.
To validate the distributed approach, we prepared an empir-

cal experiment with two different open source web SUTs. The
onfiguration of independent variables for each SUT is required
or the model inference with a single instance or distributed
pproach. On the one hand, the results of our experiment indicate
hat a DMSS architecture improves the speed of the state model
nference process. But on the other hand, it requires investing
dditional resources to prepare the distributed testing architec-
ure and increase the hardware consumption. With the results
 i

16
presented in this paper, companies can decide if increasing re-
sources to improve the inference speed is beneficial. To gather
more evidence and offer more results, we expect to continue
experimenting with a wider variety of SUTs, such as desktop and
mobile, and other distributed architectures, such as DMIS.

In this study, we evaluate the efficiency of the distributed
approach by measuring the code coverage of the SUT objects. In
further experiments, we will research the usage of model-level,
GUI-level metrics, and other test effectiveness metrics, such as
the number of failures found, because a distributed approach may
throw concurrent errors in the SUT that do not occur with a single
instance.

To perform the distributed approach research, we handled the
abstraction challenges regarding dynamism and non-determinism
Preparing the set of strategies to deal with the dynamism of
each SUT requires effort to identify, implement and verify these
strategies in the scriptless testing tool. Moreover, the presented
non-deterministic shared knowledge ASM, still has the possibility
of leaving non-deterministic parts of the model isolated. For
these reasons, we plan further experimentation to find a suitable
abstraction strategy for each SUT and evaluate the feasibility
of automatically detecting dynamic widgets in the existing SUT
states and restoring non-deterministic transitions at runtime.
Additionally, we want to study the traceability of the models
inferred with the distributed approach.
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