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Abstract Context: Most approaches to automated white-box testing consider the client side and the server
side of a web application in isolation from each other. Such testers lack a whole-program perspective on the
web application under test.
Inquiry: We hypothesise that an additional whole-program perspective would enable the tester to discover
which server side errors can be triggered by an actual end user accessing the application through the client,
and which ones can only be triggered in hypothetical scenarios.
Approach: In this paper, we explore the idea of employing such a whole-program perspective in
inter-process testing. To this end, we develop StackFul, a novel concolic tester which operates on full-stack
JavaScript web applications, where both the client and the server side are JavaScript processes communicating
via asynchronous messages — as enabled by e.g., the WebSocket or Socket.IO-libraries.
Knowledge: We find that the whole-program perspective enables discerning high-priority errors, which
are reachable from a particular client, from low-priority errors, which are not accessible through the tested
client. Another benefit of the perspective is that it allows the automated tester to construct practical, step-bystep scenarios for triggering server side errors from the end user’s perspective.
Grounding: We apply StackFul on a collection of web applications to evaluate how effective inter-process
testing is in distinguishing between high- and low-priority errors. The results show that StackFul correctly
classifies the majority of server errors.
Importance: This paper demonstrates the feasibility of inter-process testing as a novel approach for automatically testing web applications. Classifying errors as being of high or low importance aids developers
in prioritising bugs that might be encountered by users, and postponing the diagnosis of bugs that are less
easily reached.
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1

Introduction

Since the advent of Node.js,1 JavaScript is an increasingly popular choice for implementing both the client and the server side of highly interactive web applications such
as collaborative editors, chat boxes, and file sharing services. These applications are
often referred to as full-stack web applications, as their entire technology stack stems
from the JavaScript ecosystem. This stands in contrast to more traditional web applications where the server side might employ e.g., PHP or Java. The dynamic nature
of JavaScript, which features prototype-based inheritance, dynamic code evaluation,
and dynamic property creation and deletion, renders static verification of JavaScript
programs hard [16, 22]. As a result, several automated testing tools have become
available for web applications [19, 32, 33] These tools typically consider the client
side and the server side of the application under test in isolation from each other, i.e.,
they employ an intra-process approach towards testing.
In this paper, we demonstrate how a whole-program perspective on the web application enables the tester to distinguish various levels of importance for the bugs it
reports. Whether or not a bug on the server or the client side of a web application
may manifest itself in real-life scenarios depends on how these sides interact with
each other. We argue that, for any given configuration of a client and a server, bugs
that can arise in that configuration are of higher importance than bugs that can only
arise in hypothetical, untested configurations. Although both types of bugs should be
diagnosed and corrected, developers may opt to prioritise the former.
We present a two-phase approach to detecting and distinguishing the importance
of the bugs in a full-stack web application. An intra-process phase tests the server
side in isolation first, which is followed by an inter-process phase in which the tester
explores the entire application under a given client-server configuration and attempts
to exercise the client in such a way as to reach the previously discovered server errors.
This second phase enables the tester to discern high-priority errors that may arise
under the given configuration, from low-priority errors that cannot — although these
errors may still arise under a different, untested configuration.
The ability to discern false positive from true positive errors has been shown to
increase developers’ confidence in bug detectors [18, 23, 25]. We argue that the ability
to distinguish high and low priority errors has comparable effects on their confidence
in dynamic testers. Moreover, having the tester exercise a particular client-server
configuration facilitates generating practical, step-by-step bug reports that precisely
describe how an end-user might stumble upon a bug in a real-life setting. Taking a
whole-program perspective becomes even more compelling when considering the
increasingly full-stack nature of web applications. This evolution makes it feasible
for a single tool to simultaneously and uniformly test both the client and the server
processes.

1

https://nodejs.org/en/, last accessed 2020-10-01.
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Our work makes the following contributions:
We illustrate the potential benefits of automated inter-process testing of full-stack
web applications using a motivating example.
We present the design and prototype implementation of StackFul, the first concolic
tester that automatically explores full-stack JavaScript web applications in an interprocess manner.
We compare the inter-process and intra-process approaches to concolic testing
empirically on their ability to discern bugs that can arise in a given client-server
configuration from those that cannot.
The remainder of this document is structured as follows: section 2 introduces
concolic testing of regular and of event-driven applications as the background for this
work. Section 3 uses a motivating example to illustrate how intra-process automated
testing may lose accuracy on full-stack programs. Section 4 presents the design
and implementation of StackFul, an inter-process concolic tester for full-stack web
applications. Section 5 presents a formal description that outlines the intra- and
inter-process testing phases in more detail. We evaluate StackFul and compare the
intra-process and inter-process approaches to concolic testing in section 6, and discuss
these results in section 7. Finally, section 8 presents the related work, and section 9
concludes the paper and proposes avenues for future research.

2

Background

We introduce concolic testing and automated testing of event-driven applications as
the background for our work.
2.1 Concolic Testing

Concolic testing [15, 31] is an automated approach to white-box testing. The goal of
a concolic tester is to explore all feasible program paths by iteratively manipulating
the values of non-deterministic variables in the program such as user and file input,
and random numbers [2, 6]. To this end, the concolic tester performs concrete and
symbolic execution simultaneously. Indeed, on the one hand, the tester steers the
concrete execution of the program along an extension of a previously-explored path
and reports newly-encountered errors. On the other hand, the symbolic execution
gathers existing and newly-encountered non-deterministic variables that constrain
the program’s execution so that subsequent test runs will explore different program
paths.
We illustrate the inner-workings of a concolic tester via the example in JavaScript
depicted in figure 1. Lines 13 and 14 assign random values to the variables x and y. As
sources of non-determinism among the program’s executions, the tester represents
them symbolically as x and y . Suppose that in the first test run, the concolic tester
randomly assigns the values 3 to x and 5 to y. These values cause the condition on
line 7 to be false, and the program terminates without errors. Simultaneously to
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

function twice(v){
return v * 2;
}
function f(x, y){
var z = twice(y);
if(z==x) {
if(x > y + 10) {
throw new Error();
}
}
}
var x = Math.random();
var y = Math.random();
f(x,y);

2*y == x
False:
2*y != x

True:
2*y == x

No
error

x > y+10

False:
2*y == x ^
x <= y+10

No
error

True:
2*y == x ^
x > y+10

Error

Figure 1 A JavaScript program and its corresponding symbolic execution tree, after a

translation to JavaScript of figure 1 in [5].

this concrete execution, the tester also collects the symbolic representation of the
conditional predicate that was encountered on line 7 in the form of a so-called path
constraint, i.e., 2 y 6= x . After completing this run, the tester attempts to explore
another path, such as the path leading to the if-statement on line 8. The tester negates
the path constraint to this end and feeds the resulting 2 y = x to an SMT solver, which
finds a solution that assigns e.g., 2 to x and 1 to y . The concolic tester re-executes
the program and assigns the value 2 to x and 1 to y. Concrete execution reaches the
if-statement on line 8, then takes the else-branch there and the program terminates
again without errors. In the meantime, the symbolic execution gathered the path
constraint 2 y = x ∧ x ≤ y + 10. The tester negates the last element of this path
constraint and feeds the resulting path constraint 2 y = x ∧ x > y + 10 into the SMT
solver, which finds e.g., the values 30 and 15 for x and y as a solution. A new test run
is started with these values, and the concrete execution reaches the error on line 9,
which is reported by the tester. As no new branches were encountered by the tester
during this last run, the tester deduces that it has explored all feasible program paths
and terminates. In practice, for realistic programs with a (near-)infinite number of
program paths, the testing phase is terminated either upon exceeding a given time
limit or test budget or when the desired level of code coverage has been reached. The
three path constraints that were found can be collected in a symbolic execution tree
that represents all possible executions of the program, as shown in figure 1.
2.2 Concolic Testing of Event-Driven Applications

In the case of event-driven applications, any automated tester that aims to systematically explore all possible program paths must consider not only several conditional
branches but also several sequences of events during the program’s execution. Consider
the code snippet in listing 1.
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Listing 1

1
2
3
4
5
6
7
8
9
10
11

An event-driven JavaScript program

var counter = 0;
button1.addEventHandler("click", function (e) {
if (generateRandomInt() % 2 === 0) {
console.log(counter);
} else {
counter = 0;
}
}
button2.addEventHandler("click", function (e) {
counter++;
}

Button 1

E1

Button 2
None

I0 % 2 == 0
True

E2

End

Button 1

I1 % 2 == 0

Button 1

False

E2
None

End

E2

I0 % 2 == 0

None

End

Button 2

E3

Button 2

E3

Figure 2 Part of the (infinite) symbolic tree produced by systematically testing the code of

listing 1

The exact behaviour of this code snippet depends on the order in which and the
number of times both buttons are clicked, as well as the value of the random number
that is generated each time button1 is clicked. In fact, apart from the registration of
these event handlers, no code is executed at all until a click event is triggered for
either button. A naive, but complete, exploration of all possible program paths must
therefore consider both the values of symbolic input parameters, such as the randomly
generated integer at line 3, as well as the sequence of events to be followed. Part
of the symbolic execution tree representing all possible program paths for this code
snippet is depicted in figure 2.
The root node of this symbolic tree corresponds to the event E1 that is triggered
first. As the program defines two event handlers, there are three possible outcomes:
(i) button1 is clicked, (ii) button2 is clicked, or (iii) no button is clicked at all. In the
last case, the program terminates. If button1 is clicked, the execution splits again into
two possible paths: (i) one where the expression generateRandomInt() % 2 === 0 is true
and (ii) one where it is not. Whatever button is clicked, once the execution of the
corresponding event handler completes, the previous three-fold choice is presented
again for a potential second event E2 .
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Figure 3 The Calculator application

3

Motivating Example

We illustrate the benefits that a whole-program perspective can bring to concolic
testing of full-stack web applications through Calculator. Figure 3 depicts the client
side of this application as rendered by a browser. The user may enter arithmetic
expressions in the form n1 op n2, where n1 and n2 are numbers, and op is an
arithmetic operator. When the user presses the button labelled =, the expression is
sent to the server where its result is calculated. Then, this result is sent back to the
client to be displayed.
Listing 2 depicts an extract from the client’s implementation. The client calls function
io (line 1) for a connection to the server through a bidirectional socket. Afterwards, it
registers separate event handlers for a mouse click on each individual button. Note
that the event handlers for most buttons have been elided from the listing. Importantly,
the event handler for the button labelled = calls the compute function (line 4). The
client represents the arithmetic expression as an object input (line 6) containing three
fields left, op, and right. Function compute checks whether the expression that was
entered is a valid arithmetic expression (line 8). If the check fails, the function shows
an appropriate error message to the user (line 9). Otherwise, the function sends the
input to the server through the socket (line 11). Finally, the client registers a callback
for messages from the server (line 14). After the server completes the computation,
it sends the result to the client through the result parameter of the callback. Upon
receiving such a message, the client shows the result to the user (line 16).
Listing 3 depicts an extract of Calculator’s server side. The code creates an httpserver instance (line 2) that listens to incoming connections from clients (line 3).
When a new client connects, the corresponding callback is triggered (lines 3–24) with
the socket through which the client is connected as an argument. The server registers
a callback (line 5) on each socket to listen for compute messages coming from the
corresponding client. When the client sends such a message, the server retrieves the
left and right operand, as well as the operator (lines 7–9). The result is computed
from these three elements (lines 11–20) and sent back to the client via its socket (line
22). Importantly, the server throws an error when it detects a division by zero (line 16)
or when it does not recognise the operator to be applied (line 19).
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Listing 2 Part of the client side code for the Calculator program

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

var socket = io(); // Connect with the server
document.getElementById("0").addEventListener("click", (evt) => clickDigit(0));
document.getElementById("+").addEventListener("click", (evt) => clickOperator("+"));
document.getElementById("=").addEventListener("click", (evt) => compute());
... // Register event handlers for other buttons
var input = {left: 0, op: "", right: 0}; // Arithmetic exp
function compute() {
if (! isValidExpression(input)) {
resultElement.innerHTML = "Expression is invalid";
} else {
socket.emit("compute", input); // Send the expression to the server
}
}
socket.on("result", function (result) {
// Receive computation result from server
resultElement.innerHTML = result; // Show the result
});

Listing 3 Part of the server side code for the Calculator program

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

... // Setting up the server
var io = require('socket.io')(...);
io.on("connection", function(socket) {
// A new client has connected
socket.on("compute", function (input) {
// Receive input from client
var left = input.left;
var right = input.right;
var op = input.op;
var result;
switch (op) {
case "+": result = left + right; break;
case "-": result = left - right; break;
case "*": result = left * right; break;
case "/": result = if (right === 0) {
throw new Error("Dividing by zero");
}
result = left / right; break;
default: throw new Error("Unknown operator");
}
// Send the result to the client
socket.emit("result", result);
}
});
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3.1 Testing Calculator

Traditional concolic testing would test both sides of the application in isolation from
each other. When applied to the client, such a tester should exercise the event handlers
of all buttons and the callback for receiving the server message containing the result
of the computation (lines 14–17). This callback could be exercised either by mocking
the server and generating messages containing random result values, or by actually
requiring the testing set-up to run a server besides the client process under test,
in which case the client may send concrete messages to the server and expect real
messages back. A traditional concolic tester should be able to achieve 100 % line
coverage for the client in either case.
When testing the server, the tester could again opt to exercise the computation
request callback (lines 5–24) by mocking client messages. However, as the server is
being tested in isolation from the client, the tester does not have any information on
the contents of the message and can therefore only assume that the message may
contain any operand and operator. In practice, when combining this server code with
the previously described client code, it is clear that the error at line 19 is unreachable,
as this particular client ensures that only messages using any of the four valid operators
are sent to the server. On the other hand, the division-by-zero error at line 16 is still
reachable on the server, as this client does not check for this error. We therefore say
that the division-by-zero error is a high-priority error, while the invalid operator error
is a low-priority error. In the case of intra-process testing, the tester only considers
one of either the client or the server processes. To test these processes, it must mock
user-triggered events and inter-process messages. In the case of the latter though, no
constraint can be placed on these messages as the tester does not know where these
messages would come from nor how they would be produced. It is therefore unable
to distinguish between the importance of both errors.
In the case of inter-process testing, the tester considers both the client and the server
processes. Messages that are sent by this particular client as a result of user-triggered
events can be tracked as they reach the server, making the tester aware of how these
messages were produced and which input values for these messages are likely. In the
case of this Calculator application, messages with an invalid operator would never
be sent to the server but would be halted by the client at line 8. When combined
with traditional, intra-process testing of the server in isolation, the tester can realise
that the division-by-zero is a high-priority error, as it can be triggered by any user
exercising this client. The “Unknown operator” error is a low-priority error as it can
only be triggered in combination with a different client, or by circumventing the client
altogether. This issue is visualised for a generic full-stack application in figure 4 and 5.
3.2 Actionability of the Bug Report

Another benefit of the whole-program perspective taken by inter-process testers, is
that it enables generating bug reports that more closely resemble how a user might
encounter the bug in a real-world setting. Apart from printing the stack trace and
the location in the code where these errors occurred, intra-process testers could also
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Client
Click button

Server

?

? Incoming message

?

?

? Incoming message

?

Click button

?Incoming message
Figure 4

Intra-process testing of a client and a server in isolation from each other
Client

Server

Click button

Click button

Figure 5 Inter-process testing of a particular client-server configuration

Figure 6 Example of a bug report specifying how an error on the server can be encountered

by triggering user events on the client

specify that these errors were triggered because the server received a compute message
with the appropriate values for the operator and operands. However, inter-process
testers can go one step further: because they analyse both sides of the application
simultaneously, it is trivial for them to rephrase this report in terms of which buttons
must be clicked on the client side to trigger the errors on the server side. Such a
rephrasing might be useful for very complex applications, where it is not obvious how
a faulty message can be sent in practice. In those cases, it might be convenient for the
developer to have a practical step-by-step report to reproduce the error available. An
example of such a report, stipulating how the division-by-zero error on the server can
be triggered, is depicted in figure 6.

4

StackFul: An Inter-process Tester for Web Applications

To analyse the differences between intra-process and inter-process concolic testing,
we have developed StackFul, a tool capable of employing both variants. StackFul
focuses on automated testing of web applications where both the client and the server
are written in JavaScript, i.e., full-stack JavaScript applications, and where these tiers
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Client 1

Client 2

Client 3

Central Analysis
Process

WebSocket / Socket.IO
Communication

Full-Stack
Application

Server

Test Executor

Input Values
& Event
Sequences

Path Constraints

Instrumented code

Test Selector

Figure 7 The architecture of StackFul

communicate via WebSocket or Socket.IO messages. These libraries are a popular
choice for implementing bidirectional communication between a client and the server,
which is much more cumbersome when using HTTP requests alone.
StackFul operates in two phases. In the first phase StackFul automatically tests
the server side of the web application in isolation, i.e., it performs intra-process testing
of the server component. In the second phase, StackFul performs inter-process testing
of a particular client-server configuration to attempt to exercise the client in such a way
that the previously discovered server errors are triggered. Once testing terminates, any
error that was reproduced via this particular client-server configuration is labelled a
high-priority error, while errors that could not be reproduced are labelled low-priority.
In this section, we provide an overview of StackFul and highlight some of our design
decisions.
In both the first and the second phase, StackFul leverages Aran-Remote, a dynamic analysis platform [10] for distributed JavaScript applications. Aran-Remote
analyses are executed in a centralised process, called the central analysis process, which
communicates with the processes under analysis. Under the hood, Aran-Remote
relies on Aran [9], a state-of-the-art JavaScript program instrumenter to deploy the
dynamic analyses.
Figure 7 depicts StackFul’s components, as well as the processes, shown in orange,
of the full-stack application under test. These processes consist of one server process,
running in Node.js, and one or more client processes, each running in a browser.
Both kinds of processes are instrumented by Aran. StackFul itself consists of:
The central analysis process, executing on Aran-Remote, which is responsible for:
(i) gathering intra-process path constraints, (ii) building an inter-process overview,
(iii) generating program input values, and (iv) mocking user-events and messages
to execute their associated handlers.
A test selector which maintains the symbolic execution tree and suggests new
program paths to explore. To this end, it must also suggest appropriate event
sequences.
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Listing 4 An example of the instrumentation generated by Aran

1 if (_.test(_.binary("===", _.read($right, "right"), _.primitive(0)))) {
2 throw _.throw(_.construct(global.Error, [_.primitive("Dividing by zero")]));
3 }
4 $result = _.write(_.binary("/", _.read($left, "left"), _.read($right, "right")), "result");

In the remainder of this section, we first discuss how StackFul instruments an
application to simultaneously apply symbolic and concrete execution (section 4.1) and
how the central analysis process and the test selector collaborate to test a program
in an intra-process manner (section 4.2 and 4.3). Section 4.4 describes the second
phase of StackFul, in which errors discovered during the intra-process phase are
reproduced. Section 4.5 summarises the challenges in both phases that must be
overcome by StackFul.
4.1 Collecting Path Constraints

In Aran-Remote, an analysis consists of a set of functions, collectively called the
advice, which reside in the central analysis process and which, in the case of StackFul, are used to simultaneously perform concrete and symbolic execution of the
application. Specifically, the advice wraps all values produced during the execution
of the program into tuples containing both the concrete value and the corresponding
symbolic value’s representation. To this end, at certain join points in the program such
as method invocations, binary and unary expressions, literal values, variables etc., the
instrumented code of the client and server calls the advice remotely.
Listing 4 illustrates some of these advice methods generated by Aran when instrumenting lines 15 to 18 of listing 3. Aran transforms the if-statement if (right === 0) into
a series of calls to the read, primitive, binary, and test advice methods. These methods
are used to inspect and possibly modify the default behaviour when respectively
reading the variable right, accessing the literal value 0, evaluating the binary expression right === 0, and evaluating the predicate expression itself. The advice object is
represented by the symbol _.
Listing 5 depicts part of the advice that StackFul registers with Aran-Remote. The
primitive function (line 1) is called remotely whenever a literal join point is reached,
i.e., whenever a literal integer, boolean, or string is encountered in the code. The
primitive function wraps the value of the literal into a wrapper object containing
a concrete and a symbolic field. Its concrete field is the value of the literal, and
its symbolic field indicates a symbolic constant. Value types, such as floating-point
numbers and object values, that are not supported by StackFul are represented
as wrappers containing an empty symbolic field; here marked as SymEmpty. The
binary function (line 10) constructs a similar wrapper. Its concrete field is obtained
by performing the binary operation on the concrete field of its operands, while its
symbolic field is a compound symbolic expression which keeps track of the origin of
its operands. The test function updates the path constraint whenever a conditional
expression with a valid symbolic representation is encountered. Finally, the apply
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Listing 5

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Parts of the advice applied by StackFul to perform concrete and symbolic
execution simultaneously

advice.primitive = (primitive) => {
concrete: primitive,
symbolic: switch (typeof primitive) {
case "number": new SymInt(primitive);
case "boolean": new SymBool(primitive);
case "string": new SymString(primitive);
default: new SymEmpty();
}
};
advice.binary = (operator, left, right) => ({
concrete: binary(operator, left.concrete, right.concrete),
symbolic: new SymArithmeticExp(left.symbolic, new SymString(operator), right.symbolic)
});
var pathConstraint = [];
advice.test = (predicate) => {
if (! predicate.symbolic.isSymEmpty()) {
pathConstraint.push(predicate.symbolic);
}
return predicate.concrete;
};
advice.apply = (closure, context, arguments) => {
if (closure.concrete === Math.random) {
return { concrete: randomValue(), symbolic: new SymInput() };
}
...
};

function (line 21) of the advice takes care of function applications. One source of
symbolic input parameters are non-deterministic computations such as Math.random:
applying Math.random therefore results in a wrapper where the symbolic field is
marked as a SymInput (line 23) and the concrete field can either be a ‘real’ random
value, or a value that was precomputed to satisfy some symbolic constraint. In general,
the advice also enables StackFul to observe when a message or event-handler is
registered, and on which object this handler is registered. In case of a user event, this
object is usually some html-element. In case of a message handler, this object is a
socket. In either case, StackFul bookmarks the object so that the central analysis
process can afterwards indirectly execute the handler by respectively dispatching the
appropriate user event onto the object or by mocking an incoming message.
4.2 Central Analysis Process

The central analysis process continuously monitors all information that is relevant
for determining which program paths are available on the process under test. This
includes information about the symbolic conditions the analysis observes and the
various message listeners that are registered. A key advantage of using Aran-Remote
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is that the central analysis process features synchronous communication between all
monitored processes, both client and server, on the one hand, and the central process
on the other. An unfortunate side-effect is that this central analysis process may incur
a rather large memory and performance overhead.
Note that, when applying intra-process testing of the server, incoming messages
must be mocked to test the server’s message handling code. During its intra-process
phase, StackFul treats the server as an event-driven application, where the reception
of a mocked message is considered an ordinary event, so intra-process testing of the
server proceeds in a manner similar to that described in section 2.2. The payload of
these messages is treated as consisting entirely of symbolic input parameters.
Therefore, the program path consists of a sequence of incoming, mocked messages
as well as the true or false outcomes of conditional branches which may or may not
depend on the values of the message’s symbolic input parameters. As the analysis
process has information available on the symbolic branch conditions as well as which
message listeners have been registered, the analysis knows which paths are available
and can communicate this information to the test selector. By controlling the sources of
non-deterministic execution, such as e.g., Math.random and the sequence and payload
of the messages that must be mocked, the analysis process can steer the execution of
the server so it follows the path that was prescribed by the test selector. To this end,
the analysis process uses the appropriate advice function to intervene in generating
the concrete value for a particular symbolic input parameter whenever the source of
non-determinism corresponding to this particular parameter is executed by the server.
The analysis process ensures that the sequence of mocked messages is followed by
executing the appropriate message listeners in order. To avoid any race conditions, the
analysis triggers the reception of new mocked message only when it has determined
that the message handler for the previous message has terminated.
Whenever StackFul encounters an error during the execution of the application, it
remembers the full path constraint that led to this error.
4.3 Test Selector

The test selector suggests new program paths to explore in the next test run. To this
end, the selector maintains a symbolic execution tree of the application under test,
similar to the one depicted in figure 2. This execution tree is extended based on the
path constraints that are collected by the central analysis process.
StackFul supports two exploration strategies: a brute-force strategy and a more
refined one. The former finds new program paths to explore by traversing the tree in
a breadth-first manner and by negating components of an existing path to create new
paths. The latter exploration strategy is based on the one employed by the SymJS
tester [19] and keeps track of which variables are read from and written to by
individual event handlers. The selector then forms new program paths by constructing
event sequences where the constituent event handlers have been selected to maximise
the number of conflicting read-writes on their set of shared variables.
When a new path has been selected, it is provided to an SMT solver that, if the
path constraint is satisfiable, computes appropriate values for the symbolic input
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parameters appearing in the path. The test selector then forwards these results to
the central analysis process, which will use them in the next test run. StackFul
employs the Z3 SMT solver [21] for solving integer and boolean formulae, as well as
some limited string [34] and regex formulae. The SMT solver is essential in enabling
concolic testers to find values for input parameters that lead to certain paths being
covered. Z3 has proved itself as a powerful SMT solver [4].
4.4 Inter-process Testing

The previous sections described how StackFul executes the intra-process phase of
the testing process. In this section, we describe the inter-process phase. Initially, this
second phase is similar to the first phase in that the central analysis process and the
test selector work in tandem to explore the client side of the web application. As the
client is generally event-driven, the path constraints collected by the analysis are once
again a combination of symbolic branch conditions and triggered event sequences.
As in the first phase, the analysis process intervenes in the execution of the client
both when a non-deterministic value is generated, and to ensure that the prescribed
event sequence is followed. The inter-process phase can be divided in three stages:
exploring the client side code until StackFul observes a message being sent to the
server, determining whether this message could carry a payload that triggers the
server error, and starting a new test run in which the previous run is replayed but the
payload of the message is changed.
We describe these stages using listing 6 as an example. In this program, a client
generates two random integers (lines 4–5) and sends a message msg to the server if
the first number is greater than 10. The server performs an additional check. If the x
field in the message’s payload equals 15 and the y field equals 1, an error is thrown.
Suppose that this error was discovered during the intra-process testing phase. The
path constraint leading to this error would be data. y = 1 ∧ data.x > 15, with the
additional information that a msg message was mocked to exercise the msg handler.
4.4.1 Exploring the Client

This stage of the inter-process phase is similar to the exploration of the server during
the intra-process phase. The main goal of this stage is to discover a program path that
results in a message being sent. If this happens, the analysis process checks whether
this message can result in a previously discovered error to be reached on the server
side. If any such errors are found, StackFul proceeds to the next stage. If a test run
finishes without a message being sent, StackFul starts a new test run and explores a
different path.
In the case of listing 6, one branch of the event handler results in a message being
sent. Suppose that at some point a test run generates the random integers 11 and 3
for x and y respectively so that the message at line 7 is sent, with a payload of 12 for
data.x and 3 for data.y. StackFul remembers the path constraint for the current test
run, x > 10, and proceeds to the next stage.
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Listing 6 Client and server code of a simple application

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

// Client side code
...
document.addEventHandler("click", function (e) {
var x = generateRandomInt();
var y = generateRandomInt();
if (x > 10) {
socket.emit("msg", {x: x + 1, y: y };
}
}
// Server side code
...
socket.on("msg", function (data) {
if (data.y === 1 && data.x > 15) {
throw new Error();
}
}

4.4.2 Considering the Message’s Payload

The goal of this stage is to determine whether the message being sent can carry a
concrete payload such that both the current, client side path constraint is satisfied (so
that the message will indeed be sent) and the server side path constraint corresponding
to that error is also satisfied (so that this payload will lead to the expected error).
If this is not possible, the current test run proceeds, but StackFul returns to the
previous stage until it observes another message being sent. If it is possible, StackFul
continues with this stage.
Returning to our example, StackFul has observed a message msg being sent to the
server. A message of this type could result in the error at line 14 being triggered. At
this point, StackFul must employ the message payload to synchronise the client side
path constraint with the server side path constraint that led to the error. The server
path, data. y = 1 ∧ data.x > 15 employed two symbolic input parameters, data.x
and data. y to mock the message payload. The client path defines its own constraints
on parts of the payload, namely x > 10. Both paths must be joined together by
explicitly including constraints that equate all mocking symbolic inputs with their
actual symbolic values: x + 1 = data.x ∧ y = data. y. The full, synchronised path
constraint is therefore x > 10 ∧ x +1 = data.x ∧ y = data. y ∧ data. y = 1 ∧ data.x >
15. Although the current, concrete values for x and y, 11 and 3 respectively, will not
result in the server error being thrown, StackFul can feed the full path constraint to
an SMT solver to find values for x and y, e.g., 18 and 1, such that the full constraint is
satisfied. StackFul then proceeds to the final stage.
4.4.3 Replaying the Test Run

StackFul starts a new test run in which it uses the values that were computed for
the appropriate symbolic parameters in the last stage to verify whether this new
run succeeds in reproducing the expected error. If it does, the error is marked as a
high-priority error, since it has been proven that the client can be exercised in such
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a way that an error is produced on the server side. StackFul afterwards returns to
the first stage to resume exploring the client, until its test budget is exhausted. Any
remaining unmarked errors are then automatically classified as low-priority errors.
In the case of listing 6, it can be observed that the previously computed values for x
and y indeed result in the server error being re-triggered. This last stage also gives
StackFul the opportunity to produce an exact error message detailing how it arrived
at this error.
Note that it is generally impossible to prove that an error is of only low priority.
Given an infinite number of program paths available on the client, StackFul can
only ascertain that none of the program paths that were explored within a particular
budget led to the rediscovery of a previously discovered error.
4.5 Conclusion

In order to apply intra-process and inter-process testing for full-stack applications,
StackFul must overcome the following challenges:
1. It must mock message sends on the server side in order to find errors that are
triggered by receiving a particular message from the client. The payload of these
messages is mocked by having it take the form of symbolic input values.
2. It must generate appropriate sequences of events on the client side in order for
messages to be sent to the server.
3. The inter-process phase must synchronise the client and the server side paths so
that constraints on the server side are also applicable to the data generated at the
client side.
The first and second challenge are addressed by the exploration strategy. The third
challenge is overcome by inserting additional constraints into the concatenation of
the client and server side paths. These constraints equate the symbolic input values,
used to mock the message payload, with their actual symbolic values.

5

Formal Presentation of StackFul

To detail the intra- and inter-process testing phases of StackFul, we provide a formal
model of the approach for a minimalistic language that includes all language features
relevant to full-stack JavaScript web applications, such as event handlers and crossprocess message sends. Besides conveying how communication between client and
server processes affects the internal state maintained by StackFul, the model also
illustrates the mocking of events and messages, the triggering of event sequences,
and the creation of path conditions. We list the most relevant evaluation rules in this
section and refer to the appendix for the complete overview.
Figure 8 describes the syntax of the language. Its primitive values consist of integers,
booleans, and closures. Atomic expressions are evaluated in a single evaluation step.
They consist of constants, lambdas, variables, input-expressions which generate a nondeterministic number when evaluated, binary expressions, and register-expressions
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for registering a closure as the handler for messages of a given type. The full set of
expressions also includes let- and if-expressions, function applications, and message
sends via the send-expression. register- and send-expressions correspond respectively
to calls to the socket.on, and the socket.emit method in section 3. Registered closures
also serve the purpose of acting as event handlers during the inter-process phase.
Recall that StackFul mocks messages in the intra-process phase and that it mocks user
events during the inter-process phase, so the model does not distinguish between the
corresponding handler types. For simplicity, we assume that a server in this language
does not include any send-expressions.
In the remainder of this section, we define a set of small-step evaluation rules that
stipulate how StackFul would perform a single test run of an application. These
evaluation rules operate on a CESK-machine-like [13] representation of the state of
StackFul. Figure 9 defines the state space. Overlines in this figure denote sequences
of elements. We use the :-operator to concatenate sequences or to conjoin individual
elements, and we use ε to represent an empty sequence. A state ς consists of: the
current expression being evaluated, the current lexical environment which maps
variables to addresses, the store which maps addresses to values, and the continuation
stack consisting entirely of continuation frames for let-expressions.
A value in the language consists of a concrete and a symbolic value. A concrete
value vc is either an integer, a boolean, or a closure. A symbolic value vs can either
be a literal integer or boolean, a unique input parameter labelled with an identifier
(i.e., a symbol), the empty value (in case the concrete value cannot be represented
symbolically), or a symbolic representation of a binary expression. Note that the store
maps to pairs of a concrete and a symbolic value, rather than just either a concrete or
a symbolic value.
The state furthermore features a path constraint, a (possibly empty) sequence
of precomputed inputs, and a (possibly empty) sequence of preselected message
handlers. As explained in section 2, in an event-driven program, the program path
includes both conditional expressions as well as event handlers. The path constraint
consists of both the symbolic representations of branch conditions encountered while
executing a program and closures that were registered as message handlers. The
sequence of inputs represents the precomputed concrete values that will be assigned to
the symbolic input parameters encountered during a particular test run. The sequence
of message handlers represents the (message or event, depending on the testing phase)
handlers selected by StackFul to be executed successively. Whenever a particular
handler has been completely executed, StackFul moves on to the next handler, until
all handlers have been executed.
We do not model how StackFul moves from one test run to the other, nor how
it transitions from the intra-process to the inter-process phase. The former involves
selecting the sequence of inputs and of handlers to be triggered in the next run.
Both sequences are computed by observing the path constraints that were collected
over the previous test runs. The exact mechanism for selecting them depends on the
exploration strategy employed by the tester. Instead of modelling this mechanism, we
assume the existence of an external driver which provides both sequences and also
observes any error detected by StackFul. The transition between the intra-process
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c ∈ Constants ::=
l am ∈ Lam ::=
f , ae ∈ At om ::=

i|b
λx. e
c | lam | x | input |
lam | ae ⊕ ae | register m lam

x ∈ Var ::=

(a set of identifiers)

m ∈ HandlerType ::=

(a set of identifiers)

e ∈ Exp ::=

Figure 8

let x = e in e

|

f ae

|

ae

|

if ae then e else e

|

send m ae

The syntax of the minimalistic language

and the inter-process takes place after a predetermined number of test runs have been
completed, and can hence be modelled trivially.
The evaluation rules for StackFul are split in evaluation rules for atomic expressions
and for the other expressions.
5.1 Evaluating Atomic Expressions

Atomic expressions are evaluated via the atomic evaluation function A , defined as
A = Atom × Env × Store × PC × Inputs → V × PC × Inputs

and listed in figure 10. This function takes as input an atomic expression, an environment and a store, a path constraint and a sequence of precomputed inputs. It
returns a value, the possibly updated path constraint, and the possibly updated inputs
sequence.
Evaluating a constant produces a value of which the concrete component consists of
the constant itself and the symbolic component corresponds to a lifting of the concrete
value to the symbolic domain according to the lift function ↑. Lifting an integer i
produces the symbolic value int(i ), lifting a boolean produces bool( b). Evaluating a
lambda produces a closure, with the symbolic component being empty as closures
cannot be represented symbolically. A variable is evaluated by retrieving its address
from the environment and looking up this address in the store.
Evaluating an input-expression results in a non-deterministic value. The symbolic
component of this value is always a new, unique symbolic input parameter inid . The
concrete component is either the first value vc in the sequence of precomputed input
values, or it is a purely random number if this sequence is empty. In case of the former,
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clo ∈ Closure ::=
h ∈ Handler ::=

clo(lam, ρ)
handler(clo, m)

id ∈ N ::=

(an infinite set of identifiers)

a ∈ Addr ::=

(an infinite set of identifiers)

v ∈ Vc ::=

i | b | clo

vs ∈ Vs ::=

int(i) | bool(b) | inid | empty | vs ⊕ vs

v ∈ V ⊆ Vc × Vs ::=
ρ ∈ Env =

〈vc , vs 〉
Var → Addr

σ ∈ Store =

Addr → V

κ ∈ Kont ::=

letk(a, e, ρ)

κ ∈ KStack =

Kont

ctrt ∈ Constraint ::=

vs | h

pc ∈ PC =
ι ∈ Inputs =
h ∈ Handlers =
ς∈Σ=

Constraint
Vc
Handler
Exp × Env × Store × KStack×
PC × Inputs × Handlers

Figure 9

The state space of StackFul

A returns the remainder ῑ of the sequence alongside the non-deterministic value. In
case of the latter, it returns the empty sequence ε.
A register-expression is evaluated by wrapping the closure and the handler type
into a handler and appending this handler to the path constraint. The boolean true
is returned to signal the lambda successfully being registered. The registration is
included as part of the path constraint because a handler might only be registered
conditionally. Before the start of a new test run, the external driver must therefore
consider the path constraint when determining which sequence of handlers to select.
The atomic evaluation rule A-Binary stipulates that a binary expression is evaluated by successively applying A to the left and to the right operand. The concrete
component of the resulting value is computed by simply applying the operator. In
most cases, the symbolic component is simply a literal representation of this operator
being applied to the symbolic values of the operands. Depending on the SMT solver
that is used [5], however, some expressions involving non-linear binary operators
(e.g., modulo) cannot be represented symbolically as they cannot be solved. Concolic
testers mitigate this problem via concretisation: the concrete result is lifted directly to
the symbolic domain.
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A (c, ρ, σ, pc, ι) = 〈〈c, ↑ c〉, pc, ι〉
A (λx. e, ρ, σ, pc, ι) = 〈〈clo(λx. e, ρ), empty〉, pc, ι〉
A (x, ρ, σ, pc, ι) = 〈σ(ρ(x)), pc, ι〉
A (input, ρ, σ, pc, vc : ι) = 〈〈vc , inid 〉, pc, ι〉
A (input, ρ, σ, pc, ε) = 〈〈i r , inid 〉, pc, ε〉

With id a new, unique identifier
With i r a random number and id a new, unique identifier

A (register m l am, ρ, σ, pc, ι) = 〈〈true, bool(true)〉, pc : handler(clo(lam, ρ), m), ι〉

A-Binary
〈〈vc1 , vs1 〉, pc0 , ι 0 〉 = A (ae1 , ρ, σ, pc, ι)

〈〈vc2 , vs2 〉, pc00 , ι 00 〉 = A ((ae2 , ρ, σ, pc0 , ι 0 )

A (ae1 ⊕ ae2 ), ρ, σ, ι) = 〈〈vc1 ⊕ vc2 , vs 〉, pc00 , ι 00 〉

With vs equal to vs1 ⊕ vs2 if vs1 ⊕ vs2 can be modelled symbolically, or equal to ↑ (vc1 ⊕ vc2 ) if it cannot
Figure 10 The atomic evaluation function A

5.2 Evaluating Non-atomic Expressions

Figure 11 lists a selection of the evaluation rules for non-atomic expressions. These
evaluation rules take a state ς as input and return either a next if the test run can
proceed with a new state, a fail if the test run terminated because an error was
encountered, or a stop if the test run was stopped either because StackFul executed
all preselected handlers or because it found a message send that will result in a
high-priority error being triggered. In case of a fail, evaluation stops and returns
the current path constraint as well as the handler type of the handler that was being
executed.
Rule E-Let stipulates that let-expressions are evaluated by allocating a new, unique
address and creating a new environment ρ 0 where the variable is bound to this address.
StackFul pushes a new letk continuation frame, to evaluate the let-body-expression
once the let-value-expression has been evaluated. Note that let-expressions are the
only type of expressions that result in a frame being pushed onto the continuation
stack.
E-PopContinuation concerns atomic expressions. It uses the evaluation function
A to evaluate this expression to a value v , and it considers the continuation stack
to determine where this value must flow to. Since the stack consists entirely of letk
frames, StackFul proceeds by assigning a, saved in the frame, to v in the store and
continuing with the let-body-expression.
E-IfTrue demonstrates how the path constraint is updated when a branch condition
is encountered. It specifies that if the predicate of an if-expression evaluates to true,
the path constraint is updated by appending the symbolic component of the predicate
value to the path constraint. The inverse of this rule, E-IfFalse, is listed in the
appendix.
E-HandlerWithInput describes that a preselected handler is triggered when
StackFul has reached an atomic expression with an empty continuation stack. As this
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E-Let
a = alloc()

ρ 0 = ρ[x 7→ a]

〈let x = e1 in e2 , ρ, σ, κ, pc, ι, h〉 → next(〈e1 , ρ, σ, letk(a, e2 , ρ 0 ) : κ〉, pc, ι, h〉)

E-PopContinuation
A (ae, ρ, σ, pc, ι) = 〈v, pc0 , ι 0 〉
〈ae, ρ, σ, letk(a, e0 , ρ 0 ) : κ, pc, ι, h〉 → next(〈e0 , ρ 0 , σ[a 7→ v], κ, pc0 , ι 0 , h〉)

E-IfTrue
A (ae, ρ, σ, pc, ι) = 〈〈true, vs 〉, pc0 , ι 0 〉
〈if ae then e1 else e2 , ρ, σ, κ, pc, ι, h〉 → next(〈e1 , ρ, σ, κ, pc0 : vs , ι 0 , h〉)

E-HandlerWithInput
a = alloc()

ρ 00 = ρ 0 [x 7→ a]

σ0 = σ[a 7→ 〈vc , inid 〉]

〈ae, ρ, σ, ε, pc, vc : ι, handler(clo(λx. e0 , ρ 0 ), m0 ) : h〉 → next(〈e0 , ρ 00 , σ, ε, pc, ι, h〉)

With id a new, unique identifier.
E-Error
A (ae, ρ, σ, pc, ι) =

m = GetCurrentHandlerType()

〈ae, ρ, σ, κ, pc, ι, h〉 → fail(pc, m)

E-SendSatisfiable
A (ae, ρ, σ, pc, ι) = 〈〈vc , vs 〉, pc0 , ι 0 〉

∃pc00 ∈ θserver (m) : pc0 : (inid = vs ) : pc00 is satisfiable

〈send m ae, ρ, σ, κ, pc, ι, h〉 → stop

Where inid is the symbolic input parameter assigned to the mocked message handler that caused the error.
Figure 11 Evaluating non-atomic expressions
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would ordinarily signal the end of the program’s execution, StackFul pops the first
handler from the sequence and proceeds by evaluating the body of the closure. Since
the parameter of the closure is a non-deterministic input parameter, it is assigned the
first value vc from the sequence of precomputed inputs, if this sequence is non-empty,
similar to how the atomic evaluation function evaluated input-expressions. We refer to
the appendix for cases where this sequence of inputs is empty (E-HandlerNoInput)
or where no more preselected handlers are available (E-NoMoreHandlers).
E-Error describes how StackFul handles the case where, during the execution of a
mocked handler, atomic evaluation results in an error, represented here as the symbol ,
e.g., because an undefined variable was read or a binary operator was applied to
incompatible types. We employ the auxiliary function GetCurrentHandlerType,
not modelled here, to find the type of the preselected handler currently being executed.
StackFul wraps the current path constraint as well as the handler type m of the
handler currently being mocked in a fail. For brevity, we assume that the external
driver holds a collection of errors θ defined as a map from a handler type to a collection
of path constraints.
E-SendSatisfiable models the second stage of inter-process testing ( section 4.4.2)
and describes the evaluation of a send-expression on the client side. We assume
that the external driver provides the error collection θserver that was gathered after
intra-process testing of the server was completed.
The goal is to find a server error, previously reported via the E-Error rule during
intra-process testing, which would become reachable because of the message send.
The error can only be reachable if both the current path constraint pc 0 is true (so that
this message is sent in the first place) and the server side path constraint pc 00 is also
true (so that upon arriving, the message leads to the error). Furthermore, messages
carry payloads, represented as the atomic expression ae in this rule. While this payload
was mocked with a symbolic input parameter during the intra-process testing phase,
it now receives an actual value by applying the atomic evaluation function on the
payload. This value must explicitly be bound in the path constraint to the original
input parameter 2 of the mocked message handler whose execution led to the error
during the intra-process phase. Any check performed by the server on the mocked
input would have appeared as a constraint in pc 00 , while any check that appeared on
the message payload would have appeared in pc 0 . By explicitly equating the mocked
input with the actual value, any check applied by one side also becomes applicable
to the other. StackFul therefore joins pc 0 and pc 00 together via the equality inid = vs .
If the concatenation of both path constraints is satisfiable, the server error can be
reproduced via this message send, so the test run stops.

2

We do not model how the original input parameter inid is found, but it appears in the path
constraint pc 00 .
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Table 1 Characteristics of the web applications considered in our study

6

Benchmark

LOC

# of Branches

Calculator
Chat
Game of Life
Simple Chat
Slack Mockup
TOHacks
Totems
Whiteboard

126
288
214
45
662
144
145
126

16
39
64
4
75
22
9
16

WMC
18
27
32
6
20
20
14
14

# of Message
and Event Handlers
16
9
10
2
13
5
5
3

Evaluation

The goal of our evaluation is to compare the inter-process and intra-process (baseline)
approaches to concolic testing of full-stack JavaScript web applications. Specifically,
we measure how capable inter-process testing is at discerning low-priority from
high-priority errors. We define the following research questions:
RQ1: How many high-priority server errors are correctly classified by StackFul as
being of high priority?
RQ2: Are there any instances of StackFul incorrectly classifying low-priority server
errors as being of high priority?
RQ3: How many test runs of inter-process testing does StackFul require to reproduce
a high-priority error?
The context of the study consists of eight different programs (Calculator, Chat,
Game of Life, Slack Mockup, Simple-chat, TOHacks, Totems, and Whiteboard). The
Calculator program is the motivating example introduced in section 3. Whiteboard
and Chat are demo applications 3 for the Socket.IO library. Game of Life, TOHacks,
Totems, and Simple-chat were retrieved from a software gallery 4 featuring applications built with the Socket.IO library. Slack Mockup is a project that mimics some
of functionalities of the Slack communication platform. Apart from the Calculator
application, all programs maintain both a client and a server side state, which is manipulated by the event and message handlers. Table 1 reports the main characteristics
of each web application: the number of lines of code, the number of branches in the
code, the Weighted Methods per Class (WMC) metric, and the number of message
and event handlers that are registered in the application.
To evaluate the inter-process approach, we introduced additional synthetic pairs
of subsuming checks in both the client and server side for the Game of Life, Simple
Chat, Totems, and Whiteboard programs. These subsuming checks, similar to the

3
4

https://github.com/socketio/socket.io/tree/master/examples, last accessed 2020-10-01.
https://devpost.com/software/built-with/socket-io, last accessed 2020-10-01.
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Listing 7

Part of the server code for one of the two Calculator variants, with an injected
synthetic fault.

1 case "+": {
2 "ERROR: INJECTED SERVER ERROR";
3 {
4
result = left + right;
5
break;
6 }
7 case "-": result = left - right; break;

client and server side checks featured in the Calculator example, conform to the
following pattern: the client checks whether a condition on a value holds, and, if it
does, sends a message pertaining to this value to the server. The server then checks
a similar, i.e., subsuming, condition as the one performed by the client. Examples
of such checks include whether or not the coordinates of a mouse click fall within
or outside a certain frame, or whether certain words in a chat application should
be censored instead of being broadcasted. These checks effectively create regions of
dead code on the server,5 as, given this particular client-server configuration, these
conditions should never be false.
Having introduced these checks, we automatically and randomly inject synthetic
"ERROR: INJECTED SERVER ERROR" faults in the server side of the resulting programs. This
because the collected benchmark programs contain few faults by themselves. Every
if-branch in the program has the same probability of being injected by the fault
injection process. Faults injected in the server that fall within the aforementioned
dead code region are considered low-priority errors, while faults injected outside of
these regions are high-priority. Listing 7, which corresponds to lines 12–13 of listing 3,
depicts an "ERROR: INJECTED SERVER ERROR" fault being injected at line 2.
To increase the generalisability of our study, we applied the fault injection process to
create two variants of the server side code of each benchmark application, except for
the Simple-chat application, as the small size of this application’s code base rendered
the differences between both variants negligible. To answer the research questions,
we ran StackFul on all 15 resulting applications. For the first phase, StackFul was
allocated a test budget of 250 test runs to ensure all server side errors (both high- and
low-priority errors) were found. In the second phase, a test budget of 500 test runs
was allocated to rediscover these errors.
Table 2 reports on the classification of high- and low-priority errors for each application. For both categories, the table specifies the total number of errors of that
category that were injected into the server side of that application (# of Faults), and
the number of these errors that StackFul correctly labelled as belonging to that
category (Correctly Classified). We manually verified for each application whether the
classification generated by StackFul was correct.

5

Note that, since these checks depend on the value of the payload, static dead code checks
do not suffice for discovering these regions.
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Table 2 Classification in high- and low-priority errors.
Application

Calculator I
Calculator II
Chat I
Chat II
Game of Life I
Game of Life II
Simple Chat
Slack Mockup I
Slack Mockup II
TOHacks I
TOHacks II
Totems I
Totems II
Whiteboard I
Whiteboard II

High-Priority
# of Faults Correctly Classified
5
6
0
1
1
2
0
3
4
3
2
2
0
2
5

3
6
0
0
1
1
0
0
1
3
2
2
0
2
5

Low-Priority
# of Faults Correctly Classified
2
1
1
2
1
2
1
3
1
0
0
0
2
2
3

2
1
1
2
1
1
1
2
1
0
0
0
2
2
3

We answer the three research questions over the following sections. In section 7,
we go into more details on the answers that are offered here.
6.1 How many high-priority server errors are correctly classified by StackFul as being of
high priority?

All of the applications combined contain a total 36 high-priority server errors. StackFul is able to correctly classify 26 of these. Calculator I, Chat II, Game of Life II and
both versions of Slack Mockup contain misclassified high-priority errors. For the first
three applications, these errors were uncovered during the intra-process phase but
were not reproduced during the inter-process phase, even though they were reachable
from the client. In effect, StackFul incorrectly labelled these high-priority errors
as being of low priority. For the Slack Mockup variants, these errors were also not
uncovered during the intra-process phase.
In all cases, these errors are located along program paths that can only be reached
from the client when several client side events are triggered in a particular order, and
when additional client side conditions are met. This phenomenon was particularly
outspoken in Slack Mockup, as some of the event handlers involved are not registered
upfront, but only dynamically under certain conditions. StackFul therefore first needs
to discover a program path where the appropriate handlers are registered before this
path can be explored further by triggering the corresponding sequence of events. In
general, it is conceivable that StackFul would have correctly classified the errors for
all of these applications given a larger test budget. Practical concerns, such as the
long (up to five hours for the budget of 250 + 500 = 750 combined test runs) running
time of each benchmark and the memory footprint of Aran-Remote’s approach to
dynamic analysis of distributed applications, necessitate a limit on the test budget.
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Table 3 The number of inter-process test runs StackFul required to classify each of the

high-priority errors it found
Error

# of Test Runs

Calculator I: Error 1
Calculator I: Error 2
Calculator I: Error 3
Calculator I: Error 4
Calculator I: Error 5

33
33
449
> 500
> 500

Calculator II: Error 1
Calculator II: Error 2
Calculator II: Error 3
Calculator II: Error 4
Calculator II: Error 5
Calculator II: Error 6

33
33
33
33
33
341

Chat II: Error 1

Error
Slack Mockup II: Error 1
Slack Mockup II: Error 1
Slack Mockup II: Error 1
Slack Mockup II: Error 1

> 500

Game of Life I: Error 1

7

Game of Life II: Error 1
Game of Life II: Error 2

8
> 500

Slack Mockup I: Error 1
Slack Mockup I: Error 2
Slack Mockup I: Error 3

> 500
> 500
> 500

# of Test Runs
240
> 500
> 500
> 500

TOHacks I: Error 1
TOHacks I: Error 2
TOHacks I: Error 3

1
1
12

TOHacks II: Error 1
TOHacks II: Error 2

1
1

Totems I: Error 1
Totems I: Error 2

1
1

Whiteboard I: Error 1
Whiteboard I: Error 2

4
9

Whiteboard II: Error 1
Whiteboard II: Error 2
Whiteboard II: Error 3
Whiteboard II: Error 4
Whiteboard II: Error 5

3
3
9
15
15

We conclude that, for the given applications, StackFul is able to classify the majority
of high-priority errors correctly without exhausting its test budget.
6.2 Are there any instances of StackFul incorrectly classifying low-priority server errors
as being of high priority?

As can be observed from table 2, the applications total a number of 21 low-priority
server errors. StackFul misclassifies only two of these, one for the Game of Life II
application and one for the Slack Mockup I application. In both cases, these errors
were only misclassified because they were not discovered during the intra-process
testing phase in the first place. However, StackFul did not reproduce any of the lowpriority errors during its inter-process testing phase. There were hence no instances
of low-priority errors being misclassified as being of high priority.
6.3 How many test runs of inter-process testing does StackFul require to reproduce a
high-priority error?

Table 3 specifies for each high-priority error that was injected into an application how
many test runs StackFul required to reproduce this error, if at all, during its interprocess testing phase. Errors that were misclassified, i.e., the errors in Calculator I
and Chat II, must have required at least 500 test runs before they are reached. Note
that we assume that StackFul would eventually reproduce a high-priority error in its
inter-process testing phase, given an infinite test budget.
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It can be observed that these errors fall into two categories: those errors which
StackFul can reproduce in a rather small number of test runs (i.e., 33 runs or less),
and those for which it requires many more test runs. In section 7, we hypothesise a
likely explanation for this stark contrast.
6.4 Threats to Validity

We identify the threats to construct and external validity of our empirical evaluation.
6.4.1 Construct Validity

We have developed StackFul to investigate the strengths and weaknesses of interprocess testing. It is worth noting that StackFul lacks some optimisations that are
generally included in automated testers such as state-of-the-art concolic testers. These
optimisations would certainly have impacted the effectiveness of both the intra- and
the inter-process testing phase with regards to the number of test runs required to
respectively discover any server error, and to classify an error as a high-priority error.
In the particular set of applications that we investigated, StackFul discovered most
injected server errors during the intra-process phase but was unable to reproduce some
of these errors during the inter-process phase. We assert that additional optimisations
to StackFul would have prevented high-priority errors from being misclassified. We
come back to this statement in section 7. We have attempted to mitigate this thread by
setting the inter-process test budget at 500 test runs, and by including the exploration
strategy employed by the SymJS tester [19] alongside the brute-force exploration
strategy.
6.4.2 External Validity

The main threat to the external validity of our evaluation is the limited number of
programs on which we conducted it. We partially mitigated this threat by creating
variants of the original programs in which we automatically and systematically inject
faults to avoid possible bias. Replicating the study on larger open source web applications is part of our future agenda, and will among others require an automated
means for discovering full-stack JavaScript applications on GitHub.

7

Discussion

The results of section 6.1 and 6.2 indicate that StackFul is generally able to correctly
categorise discovered errors. However, the results also highlight two related weaknesses in StackFul’s approach. First, if StackFul requires more inter-process test
runs than its test budget allows to reproduce a server error, the error is automatically
classified as a low-priority error, even if the error is reachable in the given client-server
configuration. All of the misclassified high-priority errors that were described in section 6.1 and 6.3 suffer from this effect. Second, StackFul can only assume that an
error is of low priority in a particular client-server configuration if the error cannot
be reproduced over the span of the inter-process testing phase. Therefore, StackFul
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must always exhaust its entire test budget to classify a collection of low-priority errors.
We discuss these weaknesses separately.
7.1 Misclassification of High-priority Errors

The first weakness can be mitigated by employing more sophisticated search strategies
during the inter-process testing phase. Investigating the number of required test runs
as described in section 6.3 more closely, it becomes apparent that the inter-process
phase performs at its worst when attempting to reproduce server errors that are
only reachable from the client by following a specific sequence of client side events,
while satisfying additional client side branch conditions. This effect is particularly
pronounced in the case of Slack Mockup, which is not only the largest benchmark
but which also features the most intricate configuration of event handlers. StackFul
features two strategies for exploring event-driven applications: a simple brute-force
strategy and another strategy that aims to maximise read-write conflicts between
event handlers. However, neither strategy is able to overcome this issue.
More efficient exploration strategies might help to reduce the time StackFul
needs to reproduce an error, and therefore prevent StackFul from misclassifying
high-priority errors. Strategies that are better suited for testing highly event-driven
applications might yield improved results. Several such exploration strategies for eventdriven and message-driven applications have been described, such as dCute [28], which
generates event sequences based on a partial ordering of the events, or Contest [1],
which identifies subsuming event sequences. Another technique for prioritising event
sequences or program paths that lead the client to communicate with the server is
to initialise the test selector with program-specific path prefixes [3, 24]. These are
programmer-defined sequences of events that are guaranteed to lead the tester to
exercise a desired part of the application. All event sequences that are generated by
the test selector must start with one of these prefixes. We believe that implementing
these techniques will be essential in enabling StackFul to scale to larger applications.
7.2 Efficiency of Classifying Low-priority Errors

The efficiency of StackFul’s inter-process testing phase would be improved if StackFul could prove that a low-priority error is indeed unreachable in a given client-server
configuration. This would prevent StackFul from having to exhaust its entire interprocess test budget in order to classify low-priority errors. However, to prove that
a server error is unreachable from a given client, it must be demonstrated that no
program path in the entire web application starts from an entry-point in the client
(such as an event handler) and reaches the given error. In practice, even just the
client side of the application is likely to have an infinite number of program paths, so
exploring all of these to determine non-reachability is not possible.
One option would be to compose function summaries [8, 14, 17] of the client side
event handlers. Once all summaries have been constructed, they could be used to
determine whether any sequence of events can result in a particular server error being
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reached. If not, the server error is a low-priority error. Note that this would also solve
the first weakness of StackFul.
A related idea is the use of backwards symbolic execution (BSE) [12, 20], in which a
symbolic execution engine executes a program ‘backwards’ from a particular program
statement until it reaches an entry point of the program. However, it is unclear how
this technique would fare in the domain of full-stack web applications. A BSE engine
would first have to determine whether a particular server error is reachable from a
server entry point (i.e., a message handler), and then check whether this message
handler is reachable from a client entry point.
7.3 Use Cases for Inter-process Testing

The empirical results of section 6 show that StackFul avoided misclassifying lowpriority errors. We believe this merits a closer look at potential use cases for this
technique. For example, consider a company where the application’s code base is
tested by StackFul overnight. In the morning, developers can be presented with a bug
report that suggests which errors are to be addressed first. Providing this additional
classification might increase developers’ confidence in the testing tool, as evidenced
for static bug detectors [18, 23, 25].
Moreover, as the inter-process tester closely mimics how a user would trigger these
bugs in practice, the reports produced by this tool could make it easier for developers
to diagnose them, as the tester can produce a practical step-by-step guide for their
reproduction. We draw an analogy between intra- and inter-process testing on the one
hand, and unit- and end-to-end testing on the other. If a certain part of the application
is well-covered by unit tests, finding bugs in this part might be done efficiently by
running the unit tests. However, end-to-end testing is better suited for mimicking
a user’s behaviour, or for finding bugs that are the result of a mismatch between
individual components.

8

Related Work

There has been earlier work on automated white-box testing of JavaScript, and of
websites and web applications, both for client side scripts and for server side programs.
We also discuss related work on testing distributed programs, as full-stack applications
can be considered a form of distributed JavaScript applications. We consider both
regular concolic testing tools, more generic symbolic execution frameworks, and other
automated testing tools that do not employ any symbolic execution.
SymJS [19] is one of the most complete symbolic execution tools for testing JavaScript
programs. SymJS can be used to test both plain JavaScript programs and client side
web scripts. It features a string-numeric solver and is able to accurately represent the
Document Object Model of the webpage. SymJS also applies various optimisations to
reduce the number of states that are observed by the tester, such as state merging
and the employment of ITE-expressions. SymJS’s event-exploration strategy is one of
two strategies that can be used by StackFul to test a web application. Kudzu [27] is

5: 29

Prioritising Server Side Reachability via Inter-process Concolic Testing

another symbolic execution framework for JavaScript. It mainly focuses on discovering security vulnerabilities in client side JavaScript code via extensive symbolic
string reasoning. Jalangi [30] also performs concolic testing of JavaScript code. Like
StackFul, it employs program instrumentation to perform the symbolic execution
alongside the concrete execution. However, Jalangi only works on plain JavaScript
programs and cannot be used to test client side web scripts. Cosette [26] is another
recently released symbolic execution framework for JavaScript, where the symbolic
execution has been proven to be sound. However, it does not appear to be possible
to use Cosette to holistically test a full-stack JavaScript application. Furthermore,
Cosette employs static symbolic execution, whereas StackFul performs concolic (i.e.,
dynamic) execution.
ArtForm [33] is a tool for finding bugs in dynamic, form-based websites, where
user interactions such as filling in text input fields or clicking buttons may trigger a
complex cascade of event handlers. ArtForm has a manual mode, where the user must
interact with the website manually, and a concolic testing mode, in which the tool
automatically generates inputs to explore new parts of the code. However, ArtForm
only focuses on exploring the client side of the website, and does not test the server
side. It also does not track the communication between both sides. Craxweb [32]
employs the S2 E [7] symbolic execution framework to find security vulnerabilities in
server programs automatically. To this end, Craxweb automatically generates HTTP
requests containing symbolic data and observes how this data influences the server’s
execution: e.g., if the HTTP request causes the server to perform an SQL query, an
SQL injection may be possible by providing the appropriate concrete values for the
symbolic data in the HTTP request. Note that, although the HTTP requests sent by
the client can be simulated by Craxweb, the actual client code is not tested.
All of these automated testing tools share the property that they test only one side
of the web application. StackFul’s novelty lies in the fact that it is the first automated
white-box tester to holistically test both sides of a full-stack application.
Sen and Agha described an algorithm for applying concolic testing to distributed
programs that communicate via messages [28]. Their algorithm is implemented in
jCute [29], a concolic tester for Java. The concolic tester not only provides concrete
values for the symbolic input parameters of the individual processes, but it also
prescribes a specific schedule for the messages that are sent and received by the
processes. Prescribing these message schedules is similar to how StackFul prescribes
event sequences to the various processes of the web application. Like StackFul, their
algorithm also tracks the symbolic values of the contents of the messages being sent
across process boundaries. StackFul could therefore be framed as a continuation of
Sen and Agha’s work, specialised to full-stack web applications. However, these fullstack applications involve their own set of challenges, e.g., automatically simulating
user interactions and instrumenting browser scripts.
Client-server communication can also be verified by using static techniques, e.g.,
by employing session types [11]. As with all static techniques, static types must
over-approximate the behaviour of the application. They may therefore incorrectly
conclude that certain parts of the server’s code are reachable, and are therefore likely
to categorise low-priority errors as being of high priority.
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9

Conclusion

We have presented the first combined intra- and inter-process approach to concolic
testing of full-stack JavaScript web applications. In this approach, a tester first finds
errors on a server by applying traditional, intra-process testing of the server. In a
second phase, the tester explores a particular client-server configuration in an interprocess manner to reproduce these errors. Any error for which it succeeds in doing
so is classified as a high-priority error, as end users that access the server via this
particular client can trigger the server error. Server errors that the tester cannot
reproduce in this configuration are classified as low-priority.
We have developed StackFul, which employs this approach, and have evaluated it
on a selection of two fault-seeded variants of eight benchmark programs. We compared
this approach in terms of how many errors it correctly classifies, and how many test
runs it requires to classify high-priority errors.
The results show that the inter-process approach correctly classifies the majority of
errors. We deem this classification a major advantage of the inter-process approach.
As future work, we plan to optimise StackFul’s path exploration strategy to reduce
the number of test runs required to classify high-priority errors correctly.
This project was partially supported by the Excellence of Science
Project SECO-Assist (0015718F, FWO - Vlaanderen and F.R.S.-FNRS).
Acknowledgements

References

[1]

Saswat Anand, Mayur Naik, Mary Jean Harrold, and Hongseok Yang. “Automated concolic testing of smartphone apps”. In: 20th ACM SIGSOFT Symposium
on the Foundations of Software Engineering (FSE-20), SIGSOFT/FSE’12, Cary,
NC, USA - November 11 - 16, 2012. 2012, page 59. isbn: 978-1-4503-1614-9. doi:
10.1145/2393596.2393666.

[2]

Roberto Baldoni, Emilio Coppa, Daniele Cono D’Elia, Camil Demetrescu, and
Irene Finocchi. “A Survey of Symbolic Execution Techniques”. In: ACM Computing Surveys 51.3 (2018). issn: 0360-0300. doi: 10.1145/3182657.

[3] Sébastien Bardin, Nikolai Kosmatov, Bruno Marre, David Mentré, and Nicky
Williams. “Test Case Generation with PathCrawler/LTest: How to Automate
an Industrial Testing Process”. In: Leveraging Applications of Formal Methods,
Verification and Validation. Industrial Practice - 8th International Symposium,
ISoLA 2018, Limassol, Cyprus, November 5-9, 2018, Proceedings, Part IV. 2018,
pages 104–120. isbn: 978-1-4503-7296-1. doi: 10.1007/978-3-030-03427-6_12.
[4]

Clark Barrett, Morgan Deters, Leonardo De Moura, Albert Oliveras, and Aaron
Stump. “6 years of SMT-COMP”. In: Journal of Automated Reasoning 50.3 (2013),
pages 243–277. issn: 1573-0670. doi: 10.1007/s10817-012-9246-5.

5: 31

Prioritising Server Side Reachability via Inter-process Concolic Testing

[5]

Cristian Cadar and Koushik Sen. “Symbolic Execution for Software Testing:
Three Decades Later”. In: Communications of the ACM 56.2 (Feb. 2013), pages 82–
90. issn: 0001-0782. doi: 10.1145/2408776.2408795.

[6] Ting Chen, Xiao-song Zhang, Shi-ze Guo, Hong-yuan Li, and Yue Wu. “State of
the art: Dynamic symbolic execution for automated test generation”. In: Future
Generation Computer Systems 29.7 (2013), pages 1758–1773. issn: 0167-739X.
doi: 10.1016/j.future.2012.02.006.
[7]

Vitaly Chipounov, Volodymyr Kuznetsov, and George Candea. “The S2E Platform:
Design, Implementation, and Applications”. In: ACM Transactions on Computer
Systems 30.1 (Feb. 2012), 2:1–2:49. issn: 0734-2071. doi: 10.1145/2110356.2110358.

[8]

Maria Christakis and Patrice Godefroid. “IC-Cut: A compositional search strategy for dynamic test generation”. In: International SPIN Workshop on Model
Checking of Software. Springer. 2015, pages 300–318. isbn: 978-3-319-23403-8.
doi: 10.1007/978-3-319-23404-5.

[9]

Laurent Christophe, Elisa Gonzalez Boix, Wolfgang De Meuter, and Coen De
Roover. “Linvail: A general-purpose platform for shadow execution of JavaScript”.
In: 2016 IEEE 23rd International Conference on Software Analysis, Evolution,
and Reengineering. IEEE. 2016, pages 260–270. isbn: 978-1-5090-1855-0. doi:
10.1109/SANER.2016.91.

[10]

Laurent Christophe, Coen De Roover, Elisa Gonzalez Boix, and Wolfgang De
Meuter. “Orchestrating Dynamic Analyses of Distributed Processes for Full-Stack
JavaScript Programs”. In: Proceedings of the 17th ACM SIGPLAN International
Conference on Generative Programming: Concepts and Experiences. Oct. 2018.
isbn: 978-1-4503-6045-6. doi: 10.1145/3278122.3278135.

[11]

Ornela Dardha, Elena Giachino, and Davide Sangiorgi. “Session Types Revisited”. In: Proceedings of the 14th Symposium on Principles and Practice of
Declarative Programming. PPDP ’12. Leuven, Belgium: Association for Computing Machinery, 2012, pages 139–150. isbn: 978-1-4503-1522-7. doi: 10.1145/
2370776.2370794.

[12]

Peter Dinges and Gul Agha. “Targeted Test Input Generation Using SymbolicConcrete Backward Execution”. In: Proceedings of the 29th ACM/IEEE International Conference on Automated Software Engineering. ASE ’14. Vasteras, Sweden:
Association for Computing Machinery, 2014, pages 31–36. isbn: 978-1-45033013-8. doi: 10.1145/2642937.2642951.

[13] Mattias Felleisen and Daniel P. Friedman. “A Calculus for Assignments in HigherOrder Languages”. In: Proceedings of the 14th ACM SIGACT-SIGPLAN Symposium
on Principles of Programming Languages. POPL ’87. Munich, West Germany:
Association for Computing Machinery, 1987, page 314. isbn: 0-89791-215-2. doi:
10.1145/41625.41654.
[14]

Patrice Godefroid. “Compositional Dynamic Test Generation”. In: Proceedings of
the 34th Annual ACM SIGPLAN-SIGACT Symposium on Principles of Programming
Languages. POPL ’07. Nice, France: Association for Computing Machinery, 2007,
pages 47–54. isbn: 1-59593-575-4. doi: 10.1145/1190216.1190226.

5: 32

M. Vandercammen, L. Christophe, D. Di Nucci, W. De Meuter, C. De Roover

[15]

Patrice Godefroid, Nils Klarlund, and Koushik Sen. “DART: Directed Automated
Random Testing”. In: Proceedings of the 2005 ACM SIGPLAN Conference on
Programming Language Design and Implementation (Chicago, IL, USA). PLDI
’05. New York, NY, USA: Association for Computing Machinery, 2005, pages 213–
223. isbn: 1-59593-056-6. doi: 10.1145/1065010.1065036.

[16] Simon Holm Jensen, Peter A. Jonsson, and Anders Møller. “Remedying the eval
that men do”. In: International Symposium on Software Testing and Analysis,
ISSTA 2012, Minneapolis, MN, USA, July 15-20, 2012. Edited by Mats Per Erik
Heimdahl and Zhendong Su. ACM, 2012, pages 34–44. isbn: 978-1-4503-1454-1.
doi: 10.1145/2338965.2336758.
[17]

Yunho Kim, Shin Hong, and Moonzoo Kim. “Target-driven compositional concolic testing with function summary refinement for effective bug detection”.
In: Proceedings of the ACM Joint Meeting on European Software Engineering
Conf. and Symposium on the Foundations of Software Engineering, ESEC/SIGSOFT FSE 2019, Tallinn, Estonia, August 26-30, 2019. 2019, pages 16–26. isbn:
978-1-4503-5572-8. doi: 10.1145/3338906.3338934.

[18]

Chris Lewis, Zhongpeng Lin, Caitlin Sadowski, Xiaoyan Zhu, Rong Ou, and
E. James Whitehead Jr. “Does bug prediction support human developers?
findings from a google case study”. In: 35th International Conference on Software
Engineering, ICSE ’13, San Francisco, CA, USA, May 18-26, 2013. 2013, pages 372–
381. isbn: 978-1-4673-3076-3. doi: 10.1109/ICSE.2013.6606583.

[19]

Guodong Li, Esben Andreasen, and Indradeep Ghosh. “SymJS: automatic symbolic testing of JavaScript web applications”. In: Proceedings of the 22nd ACM
SIGSOFT International Symposium on Foundations of Software Engineering, (FSE22), Hong Kong, China, November 16 - 22, 2014. 2014, pages 449–459. isbn:
978-1-4503-3056-5. doi: 10.1145/2635868.2635913.

[20]

Kin-Keung Ma, Khoo Yit Phang, Jeffrey S. Foster, and Michael Hicks. “Directed
symbolic execution”. In: International Static Analysis Symposium. Springer. 2011,
pages 95–111. isbn: 978-3-642-23701-0. doi: 10.1007/978-3-642-23702-7.

[21]

Leonardo Mendonça de Moura and Nikolaj Bjørner. “Z3: An Efficient SMT
Solver”. In: Tools and Algorithms for the Construction and Analysis of Systems,
14th International Conference, TACAS 2008, Held as Part of the Joint European
Conferences on Theory and Practice of Software, ETAPS 2008, Budapest, Hungary,
March 29-April 6, 2008. Proceedings. 2008, pages 337–340. isbn: 978-3-54078799-0. doi: 10.1007/978-3-540-78800-3_24.

[22]

Jens Nicolay, Carlos Noguera, Coen De Roover, and Wolfgang De Meuter. “Detecting Function Purity in JavaScript”. In: Proceedings of the 15th International
Working Conference on Source Code Analysis and Manipulation. 2015. isbn:
978-1-4673-7529-0. doi: 10.1109/SCAM.2015.7335406.

[23] Joonyoung Park, Inho Lim, and Sukyoung Ryu. “Battles with false positives in
static analysis of JavaScript web applications in the wild”. In: Proceedings of
the 38th International Conference on Software Engineering, ICSE 2016, Austin,

5: 33

Prioritising Server Side Reachability via Inter-process Concolic Testing

TX, USA, May 14-22, 2016 - Companion Volume. 2016, pages 61–70. isbn: 978-14503-4205-6. doi: 10.1145/2889160.2889227.
[24]

Ronald E. Prather and J. Paul Myers Jr. “The Path Prefix Software Testing
Strategy”. In: IEEE Transactions on Software Engineering 13.7 (1987), pages 761–
766. issn: 0098-5589. doi: 10.1109/TSE.1987.233487.

[25]

Caitlin Sadowski, Jeffrey van Gogh, Ciera Jaspan, Emma Söderberg, and Collin
Winter. “Tricorder: Building a Program Analysis Ecosystem”. In: 37th IEEE/ACM
International Conference on Software Engineering, ICSE 2015, Florence, Italy,
May 16-24, 2015, Volume 1. 2015, pages 598–608. isbn: 978-1-4799-1934-5. doi:
10.1109/ICSE.2015.76.

[26] José Fragoso Santos, Petar Maksimovic, Théotime Grohens, Julian Dolby, and
Philippa Gardner. “Symbolic Execution for JavaScript”. In: Proceedings of the
20th International Symposium on Principles and Practice of Declarative Programming, PPDP 2018, Frankfurt am Main, Germany, September 03-05, 2018. 2018,
11:1–11:14. isbn: 978-1-4503-6441-6. doi: 10.1145/3236950.3236956.
[27]

Prateek Saxena, Devdatta Akhawe, Steve Hanna, Feng Mao, Stephen McCamant, and Dawn Song. “A Symbolic Execution Framework for JavaScript”.
In: 31st IEEE Symposium on Security and Privacy, S&P 2010, 16-19 May 2010,
Berleley/Oakland, California, USA. 2010, pages 513–528. isbn: 978-0-7695-40351. doi: 10.1109/SP.2010.38.

[28]

Koushik Sen and Gul Agha. “Automated Systematic Testing of Open Distributed
Programs”. In: Fundamental Approaches to Software Engineering, 9th International Conference, FASE 2006, Held as Part of the Joint European Conferences
on Theory and Practice of Software, ETAPS 2006, Vienna, Austria, March 27-28,
2006, Proceedings. 2006, pages 339–356. doi: 10.1007/11693017_25.

[29]

Koushik Sen and Gul Agha. “CUTE and jCUTE: Concolic Unit Testing and
Explicit Path Model-Checking Tools”. In: Computer Aided Verification, 18th International Conference, CAV 2006, Seattle, WA, USA, August 17-20, 2006, Proceedings.
2006, pages 419–423. isbn: 3-540-37406-X. doi: 10.1007/11817963_38.

[30] Koushik Sen, Swaroop Kalasapur, Tasneem G. Brutch, and Simon Gibbs. “Jalangi:
a selective record-replay and dynamic analysis framework for JavaScript”. In:
Joint Meeting of the European Software Engineering Conference and the ACM
SIGSOFT Symposium on the Foundations of Software Engineering, ESEC/FSE’13,
Saint Petersburg, Russian Federation, August 18-26, 2013. 2013, pages 488–498.
isbn: 978-1-4503-2237-9. doi: 10.1145/2491411.2491447.
[31] Koushik Sen, Darko Marinov, and Gul Agha. “CUTE: A Concolic Unit Testing Engine for C”. In: Proceedings of the 10th European Software Engineering Conference
Held Jointly with 13th ACM SIGSOFT International Symposium on Foundations of
Software Engineering. ESEC/FSE-13. Lisbon, Portugal: ACM, 2005, pages 263–
272. isbn: 1-59593-014-0. doi: 10.1145/1081706.1081750.

5: 34

M. Vandercammen, L. Christophe, D. Di Nucci, W. De Meuter, C. De Roover

[32] Huang Shih-Kun, Lu Han-Lin, Leong Wai-Meng, and Liu Huan. “CRAXweb:
Automatic Web Application Testing and Attack Generation”. In: IEEE 7th International Conference on Software Security and Reliability, SERE 2013, Gaithersburg,
MD, USA, June 18-20, 2013. 2013, pages 208–217. isbn: 978-1-4799-0406-8. doi:
10.1109/SERE.2013.26.
[33]

Ben Spencer, Michael Benedikt, Anders Møller, and Franck van Breugel. “ArtForm: a tool for exploring the codebase of form-based websites”. In: Proceedings
of the 26th ACM SIGSOFT International Symposium on Software Testing and
Analysis, Santa Barbara, CA, USA, July 10 - 14, 2017. 2017, pages 380–383. isbn:
978-1-4503-5076-1. doi: 10.1145/3092703.3098226.

[34] Yunhui Zheng, Xiangyu Zhang, and Vijay Ganesh. “Z3-str: a z3-based string
solver for web application analysis”. In: Joint Meeting of the European Software
Engineering Conference and the ACM SIGSOFT Symposium on the Foundations of
Software Engineering, ESEC/FSE’13, Saint Petersburg, Russian Federation, August
18-26, 2013. 2013, pages 114–124. isbn: 978-1-4503-2237-9. doi: 10.1145/2491411.
2491456.

A

Complete Formalisation of StackFul

Section 5 presented selected parts of a formalisation of StackFul with the aim to
illustrate the intra- and inter-process testing phases applied by StackFul in more
detail. We provide the complete set of small-step evaluation rules here. To this end,
we design a minimalistic language that mimics language features essential to fullstack JavaScript applications, such as message and event handlers and message sends.
We also allow for non-deterministic computations via input-expressions. Since the
syntax of the language (figure 8), the state space of the CESK-machine representing
StackFul (figure 9), and the evaluation rules for atomic expressions (figure 10) have
already been presented in their entirety in section 5, we do not list them again.
Figure 12 lists all evaluation rules for the evaluation of non-atomic expressions.
Rules E-Application, E-IfFalse, E-HandlerNoInput, and E-NoMoreHandles are
new; the other rules were previously discussed in section 5.
E-Application describes how function applications of the form f ae are evaluated.
As both the function and the argument expression are atomic expressions, they
are evaluated with the atomic evaluation function A , with the function expression
required to evaluate to a closure. The closure’s environment is extended with a binding
from the parameter to a new, unique address a, and the store is extended with a
binding from a to the argument value. Evaluation then proceeds with the function’s
body.
E-IfFalse is similar to E-IfTrue, previously described in section 5. This rule describes the case where the predicate expression evaluates to false. Like E-IfTrue, the
path constraint is extended, but with the negation of the symbolic component of the
predicate value.
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E-HandlerNoInput is similar to E-HandlerWithInput but describes the case
where a new handler is mocked and no precomputed input is available. Similar to
how input-expressions are evaluated when no precomputed inputs are available, a
value-pair is generated where the concrete component is i r a random value, and the
symbolic component is a new, unique symbolic input parameter.
E-NoMoreHandlers stipulates that a test run terminates when StackFul reaches
an atomic expression with an empty continuation stack and an empty sequence of
precomputed handlers. Assuming the evaluation of this atomic expression does not
result in an error (cf. E-Error), the test run terminates with a stop.
We also define the inject-function for creating a new state, given the program
expression e, the precomputed inputs ι , and the preselected handlers h as
inject(e, ι, h) = 〈e, ;, ;, ε, ι, h〉
We do not model how the precomputed inputs and handlers would be selected, but
we assume these to be provided by the external driver.
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E-Let
a = alloc()

ρ 0 = ρ[x 7→ a]

〈let x = e1 in e2 , ρ, σ, κ, pc, ι, h〉 → next(〈e1 , ρ, σ, letk(a, e2 , ρ 0 ) : κ〉, pc, ι, h〉)

E-PopContinuation
A (ae, ρ, σ, pc, ι) = 〈v, pc0 , ι 0 〉
〈ae, ρ, σ, letk(a, e , ρ ) : κ, pc, ι, h〉 → next(〈e0 , ρ 0 , σ[a 7→ v], κ, pc0 , ι 0 , h〉)
0

0

E-Application
A ( f , ρ, σ, pc, ι) = 〈〈clo(λx. e0 , ρ 0 ), empty〉, pc0 , ι 0 〉
A (ae, ρ, σ, pc0 , ι 0 ) = 〈v, pc00 , ι 00 〉
a = alloc()
〈 f ae, ρ, σ, κ, pc, ι, h〉 → next(〈e0 , ρ 0 [x 7→ a], σ[a 7→ v], κ, pc00 , ι 00 , h〉)

E-IfTrue
A (ae, ρ, σ, pc, ι) = 〈〈true, vs 〉, pc0 , ι 0 〉
〈if ae then e1 else e2 , ρ, σ, κ, pc, ι, h〉 → next(〈e1 , ρ, σ, κ, pc0 : vs , ι 0 , h〉)

E-IfFalse
A (ae, ρ, σ, pc, ι) = 〈〈false, vs 〉, pc0 , ι 0 〉
〈if ae then e1 else e2 , ρ, σ, κ, pc, ι, h〉 → next(〈e2 , ρ, σ, κ, pc0 : ¬vs , ι 0 , h〉)

E-HandlerWithInput
a = alloc()

ρ 00 = ρ 0 [x 7→ a]

σ0 = σ[a 7→ 〈vc , inid 〉]

〈ae, ρ, σ, ε, pc, vc : ι, handler(clo(λx. e , ρ ), m ) : h〉 → next(〈e0 , ρ 00 , σ, ε, pc, ι, h〉)
0

0

0

With id a new, unique identifier.

E-HandlerNoInput
a = alloc()

ρ 00 = ρ 0 [x 7→ a]

σ0 = σ[a 7→ 〈i r , inid 〉]

〈ae, ρ, σ, ε, pc, ε, handler(clo(λx. e , ρ ), m ) : h〉 → next(〈e0 , ρ 00 , σ, ε, pc, ι, h〉)
0

0

0

With id a new, unique identifier and i r a random number

E-Error
A (ae, ρ, σ, pc, ι) =

m = GetCurrentHandlerType()

〈ae, ρ, σ, κ, pc, ι, h〉 → fail(pc, m)

E-NoMoreHandlers
A (ae, ρ, σ, pc, ι) = 〈v, pc0 , ι 0 〉
〈ae, ρ, σ, ε, pc, ι, ε〉 → stop

E-SendSatisfiable
A (ae, ρ, σ, pc, ι) = 〈〈vc , vs 〉, pc0 , ι 0 〉

∃pc00 ∈ θserver (m) : pc0 : (inid = vs ) : pc00 is satisfiable

〈send m ae, ρ, σ, κ, pc, ι, h〉 → stop

Where inid is the symbolic input parameter assigned to the mocked message handler that caused the error.

Figure 12

Evaluating non-atomic expressions
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