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Abstract—Web automation applications are widely used for 
different purposes such as B2B integration, web mashups, 
automated testing of web applications, Internet metasearch or 
technology and business watch. One crucial part in intensive web 
automation applications, that require real time responses, is for 
them to execute the navigation sequences in the shortest possible 
time. The approach of building the automatic web navigation 
component by using the APIs of conventional browsers, followed 
by most of the current systems, is not appropriate in that 
scenario, because it presents performance problems. Other 
approach consist in creating custom browsers specially designed 
for web automation, which can develop some improvements 
based in the peculiarities of the web automation tasks. In this 
work, we present a new set of techniques and algorithms that 
allow the parallel evaluation of the scripting code when a custom 
browser loads a web page. We also outline the components that 
should be included in the custom browser architecture to 
implement these techniques. The tests executed with real web 
sources, to evaluate the validity of our proposal, show that a 
custom web browser loads the web pages faster when the scripts 
are executed in parallel using the designed techniques. 

Keywords—Web Automation, Navigation Sequence, 
Optimization, Efficient Execution, Parallel Scripting. 

I. INTRODUCTION  
Most today's web sources do not provide suitable interfaces 

for software programs. That is why a growing interest has 
arisen in so-called web automation applications. These 
applications are able to automatically navigate through 
websites, simulating the behavior of a human user and they are 
widely used for different purposes such as B2B integration, 
web mashups, automated testing of web applications, Internet 
meta-search or business and technology watch. For example, a 
technology watch application can use web automation to 
automatically search in the different websites and daily retrieve 
new patents and articles of a predefined area of knowledge. 

A crucial part of web automation technologies is the ability 
to execute automatic web navigation sequences. An automatic 
web navigation sequence consists in a sequence of steps 
representing the actions to be performed by a human user over 
a web browser to reach a target web page. Figure 1 illustrates 
an example of a web navigation sequence to access to the first 
result entry when searching the term “World Wide Web” in the 
English version of the Wikipedia website. 

 
The approach followed by most of the current web 

automation systems [1], [2], [3], [4], [5], [6] consists in using 
the APIs of conventional web browsers to automate the 
execution of navigation sequences. This approach does not 
require to develop a custom navigation component, and 
guarantees that the accessed web pages will behave the same as 
when they are accessed by a regular user. While this approach 
is adequate to some web automation applications, it presents 
performance problems for intensive web automation tasks 
which require real time responses. This is because conventional 
web browsers are designed to be client-side applications and 
they consume a significant amount of resources.  

There exist other systems which use the approach of 
creating custom browsers to execute web navigation sequences 
[7], [8], [9]. Since they are not oriented to be used by humans, 
they can avoid some of the tasks of conventional browsers (e.g.  
page rendering). Nevertheless, they work like conventional 
browsers when loading and building the internal representation 
of the web pages. 

We address this problem by using a custom browser 
specially built for web automation tasks. This browser is able 
to improve the response times and save a significant amount of 
resources because it supports a set of optimizations algorithms 
[10] not included in any other automation system.  

 
Fig. 1. Navigation Sequence Example 



Most of today’s web pages use scripting languages 
intensively, mainly JavaScript, to increase its interactivity level 
and improve the site navigation. Therefore, the JavaScript 
execution is an important step in the loading process of the 
pages. In this work, we present a new set of techniques and 
algorithms that allow the parallel execution of the JavaScript 
code, while the custom browser loads a web page. 

With these techniques, in a first execution of a navigation 
sequence, the navigation component will be able to detect the 
interactions between the scripts contained in the HTML 
document, saving some relevant information that will be used 
in the next executions of the same navigation sequence. Using 
this information, the custom browser will be able to execute in 
parallel the scripts without dependencies between them. 

The rest of the paper is organized as follows: section II 
briefly describes the models our approach relies on. Section III 
presents an overview of the architecture and functioning of the 
conventional and custom browsers. Section IV explains the 
designed technique in detail. Section V describes the 
experimental evaluation of the approach. Section VI discusses 
related work. Finally, section VII summarizes our conclusions. 

II. BACKGROUND 

A. Document Object Model 
The main model we rely on is the Document Object Model 

(DOM) [11]. This model describes how browsers internally 
represent the HTML web page currently loaded and how they 
respond to user actions.  

An HTML page is modelled as a tree, where each HTML 
element is represented by an appropriate type of node. An 
important type of nodes are the script nodes, used to place and 
execute scripting code, typically written in some scripting 
language such as JavaScript.  

In addition, every node can receive events produced 
(directly or indirectly) by the user actions. Event types exist for 
actions such as clicking on an element (click), or moving the 
mouse over it (mouseover), to name but a few. Each node can 
register a set of listeners for the different types of events. An 
event listener has the entire page DOM tree accessible and can 
execute arbitrary scripting code. 

B. Dependencies Between nodes 
In our previous work [10], we introduced the concept of 

dependency between nodes of the DOM tree. This is a key 
concept in the design of the proposed optimization. We can 
summarize the idea with the following definitions: 

Definition 1. We say that the node n1 depends on the node 
n2 when n2 is necessary for the correct execution of n1. We 
say that n2 is a dependency of n1 and denote it as n1→n2. The 
following rules define this type of dependencies: 

1. If the script code of a node s1 uses an element, (e.g. a 
function or a variable) declared or modified in a previous script 
node s2, then s1→s2. Rationale: to be able to execute the script 
code of the node s1 the node s2 must be executed previously. 

 
2. If the script code of a node s uses a node n, then s→n. 

Rationale: to be able to execute the script code of the node s, 
the node n must be loaded previously. For instance, if s obtains 
a reference to an anchor node (e.g. using the function 
getElementById of the document object) and navigates to the 
URL specified by its href attribute, then it will not be possible 
to execute s unless the anchor node is present in the DOM. 

3. If the script code of a node s makes a modification in a 
node n, then n→s. Rationale: the action performed by s may be 
needed to allow n to be used later. For instance, if s modifies 
the action attribute of a form node to set the target URL, then it 
will not be possible to submit the form unless s is executed 
previously. 

Definition 2. We say that there exists a dependency 
conditioned to the event e being fired over the node n, between 
two nodes n1 and n2, when the node n2 is necessary for the 
correct execution of the node n1, when the event e is fired over 
the node n. We denote this as n1→e|n n2. For instance, suppose 
n is a node with a listener for the onMouseOver event. The 
script code of the listener invokes a function defined in the 
script s. Then n →onMouseOver|n s. Analogous rules to the ones 
explained before define this type of dependencies, which, in 
this case, involve nodes containing event listeners: 

1. If the script code of an event listener l for the event e in 
the node n uses an element (e.g. a function or a variable) 
declared or modified in a previous script node s, then n→e|n s. 
Rationale: if the event e is fired over the node n, then the event 
listener l is executed, and it requires the script node s to be 
executed previously. 

2. If the script code of an event listener l for the event e in 
the node n1 uses a node n2, then n1→e|n1 n2. Rationale: if the 
event e is fired over n1, then the event listener l is executed and 
the node n2 must be loaded previously. 

3. If the script code of an event listener l for the event e in 
the node n1 makes a modification in a node n2, then n2→e|n1 
n1. Rationale: the action performed by l may be needed to 
allow n2 to be used later. For instance, if l modifies the action 
attribute of a form node to set the target URL, then it will not 
be possible to submit the form unless l is executed previously. 
Since l will only be executed when the event e is fired over n1, 
then n1 is needed. 

Figure 2 illustrates an example of dependencies between 
nodes. The script with id s1 defines and uses the function f. 
This function access the link node with id l1 (using the 
function getElementById), so s1→l1. The script with id s2 uses 
the function f, so s2→s1.  

 
Fig. 2. Example of Dependencies Between Nodes 



III. OVERVIEW 
This section presents an overview about the architecture 

and functioning of the conventional browsers (section III.A) 
and custom browsers (section III.B). 

A. Conventional Web Browsers 
A web browser is a software application used for retrieving 

and presenting resources downloaded from the WWW.  The 
architecture of the modern web browsers [12] includes the high 
level components: Graphical User Interface, Browser Engine 
and Rendering Engine; and the auxiliary subsystems: 
JavaScript Interpreter, Networking, Display Backend, HTML 
parser and Data Persistence Layer. Figure 3 illustrates this 
architecture.  

The Graphical User Interface includes the browser display 
area except the main window where the HTML page is 
rendered (address bar, toolbars, main menu, etc.).   

The Browser Engine provides a high level interface for 
querying and manipulating the Rendering Engine. This 
component provides methods for high level browser actions, 
e.g., loading a URL, go back to the previous page, etc.  

The Rendering Engine represents the core of the web 
browser because it is responsible for parsing and displaying the 
HTML contents. This process fires a set of events in cascade 
and most of them are processed sequentially. The steps are 
illustrated in the Figure 4: 

1) Download and Decode: HTML contents are downloaded 
from the web server and decompressed.  

2) Processing: the DOM tree is built. For efficiency 
purposes, this is usually an incremental process. When new 
resources are discovered, they are downloaded (in parallel) and 
processed (e.g., images, style sheets, scripts, etc.). Style sheets 
contain presentation information that will be used to build the 
page layout. Each style sheet contains a list of rules that are 
applied on DOM nodes. Script nodes contain evaluable 
scripting code. During the script execution, the page layout can 
be dynamically recalculated. 

3) Layout and Rendering: the layout tree contains 
rectangles with visual attributes (e.g. dimensions and colors). 
The rendering process paints the layout on the browser window 
using the display backend layer.  

Due to the semantics of JavaScript, web browsers execute 
the scripts in a sequential form. Nevertheless, there are some 
special cases where they can execute JavaScript code in 
parallel. First, the scripts containing the attribute async can be 
executed asynchronously with the rest of the page loading. 
This feature has been introduced in HTML5 [13], and is 
available only for external scripts (should only be used if the 
src attribute is present). The other scenario where the 
JavaScript can be executed in parallel is using Web Workers 
(also introduced in HTML5). A Web Worker can execute 
JavaScript in background but have the major limitation that the 
scripting code cannot access the DOM tree objects.  

 
Figure 5 shows a real example of the browser Google 

Chrome loading the web page github.com. It shows the 
Timeline View included in the Developer Tools, and it displays 
the events fired in the rendering engine of the browser, while 
the page is being loaded. Network calls are represented with 
Send Request actions, HTML processing events are represented 
with Parse HTML actions and JavaScript executions are 
represented with Evaluate Script and Function Call. The web 
page contains several style sheets, images and scripts that are 
downloaded in parallel at the beginning (Send Request x 2 and 
Send Request x 9 events). Mostly, the script evaluation is 
executed sequentially but there is some level of parallelism 
because some scripts are marked with the attribute async 
(Function Call x 4 is executed in parallel with the evaluation of 
github.js). Function Call x 4 and Function Call x 9 represent, 
mostly, the execution of functions invoked with SetTimeout 
(during the evaluation of frameworks.js). There is a fourth 
script in the page (api.js) dynamically generated during the 
evaluation of github.js. The rendering and painting events are 
fired during the entire page loading.  

B. Custom Web Browsers  
Custom browsers are navigation components used in web 

automation systems, specialized in the execution of navigation 
sequences.  Figure 6 illustrates its architecture. 

Custom browsers usually simulate the behavior of a real 
browser and they are designed with two main goals: the perfect 
emulation of a conventional browser (if the custom browser 
does not behave just the same as a real browser, the sequence 
execution could lead to wrong web pages) and the efficiency in 
the execution of the navigation sequences.  

 
Fig. 3. Reference Architecture of Modern Web Browsers 

 
Fig. 4. Rendering Engine Processing Steps 



 
Fig. 5. Google Chrome Timeline 

 
Custom browsers are not human-oriented and the 

visualization of the results is not necessary. This will increase 
the efficiency because there is no need for building and render 
the page layout. 

In the custom browsers architecture, the Browser Engine is 
also the entry point for accessing the Rendering Engine, but it 
does not receive commands from the user interface. Instead, 
the Browser Engine receives the list of commands of the 
navigation sequence to be executed. These commands will 
represent events produced by a human user in a real web 
browser, e.g., navigations to URLs or events over the DOM 
elements of the loaded page.  

In the web automation systems, where custom browsers are 
used, navigation sequences are known 'a priori' and executed 
multiple times. This peculiarity can be used to extract some 
useful information during a first execution of each navigation 
sequence (at definition time) with the goal to use it in the 
following executions and improve the efficiency. The 
optimization proposed in this paper exploits this peculiarity, 
and the script elements identified as not dependent (in a first 
execution) are executed in parallel (in the next executions) 
without affecting the correct loading of the page.  

IV. PARALLEL JAVASCRIPT EXECUTION 
In this section, we explain in detail the proposed technique 

to execute JavaScript in parallel. In our approach, the custom 
browser works in two phases: optimization and execution. The 
same approach was used in [10] to design an optimization 
technique related with the detection of the irrelevant fragments 

of a document, not required for the correct execution of the 
navigation sequence. It can be summarized as follows: in the 
optimization phase, the navigation sequence is executed once 
and, in the meantime, the navigation component automatically 
calculates some optimization information and saves it. In the 
execution phase, the rendering engine uses the information 
stored during the optimization phase to execute the same 
navigation sequence efficiently. In the following paragraphs, 
we explain the actions executed by the navigation component 
in each phase. 

As commented previously, in the optimization phase, the 
navigation sequence is executed once. During this execution, 
the script evaluation is monitored to collect dependencies 
between the nodes in the DOM tree. Dependencies are 
calculated according to the rules detailed in the section II.B. At 
this point, a dependency graph is generated. This graph stores 
for each node in the DOM, the other nodes that are 
dependencies of it. This part of the optimization phase is 
common to the technique presented in [10].  

After generating the dependency graph, it is used to build 
another structure containing only the dependencies between 
scripts. This structure is named script dependency graph and it 
will include, for each script S in the page, the list of other 
scripts that must be executed before. If these scripts, 
dependencies of S, are not executed before, the evaluation of 
the script S will fail (e.g. these scripts define variables or 
functions used in the script S).  

Algorithm 1 describes the pseudo-code for the generation 
of the script dependency graph. The inputs of the main function  
(BuildScriptsDependencyGraph) are: the graph with the 
dependencies between all nodes in the DOM tree 
(dependencyGraph) and the DOM tree. The algorithm iterates 
over each node in the tree, looking for scripts. For each script, 
the dependencies are generated searching recursively in the 
dependency graph for other scripts (AddScriptDependencies 
function). For optimization purposes, scripts without 
dependencies with other scripts, are saved in a special list of 
safe scripts (line 7).  

Figure 7 illustrates an example of script dependency graph 
generation. The example shows a DOM tree with four script 
nodes. The first script identified with the id attribute s1, defines 
the variable x. This script does not have dependencies with 

 
Fig. 6. Custom Browser Architecture 



 
other scripts, so it will be added to the list of safe scripts. The 
second script, s2, defines the variable y. This script does not 
have dependencies with other scripts either, so it is also a safe 
script and its execution can be parallelized with s1. The third 
script, s3, uses the variable y defined in s2. The script 
dependency graph will include a dependency between s3 and 
s2. This means that s3 will not be executed until s2 finishes its 
execution, but s3 can be parallelized with s1 because there are 
no dependencies between them. The four script, s4, uses the 
variable y defined in s2 and also the variable x defined in s1. 
The script dependency graph will include s1 and s2 in the 
dependencies of s4. This means that s4 will not be executed 
until s1 and s2 finish its execution but s4 can be parallelized 
with s3 because there are no dependencies between them.  

Figure 8 shows another example of script dependency 
graph generation. In this case, the script execution involves not 
only scripts but also another DOM nodes. This example 
includes two scripts and one anchor node, a1. The first script, 
s1, uses the anchor node a1, (accessed with the function 
getElementById). Applying the rules defined in the section 2, 
s1→a1. But the script s1 also modifies the href attribute of the 
anchor node, then a1→s1. The second script, s2, also uses the 
anchor node a1, then s2→a1. In addition, s2 uses the href 
attribute of the anchor node, previously modified during the 
execution of s1. So, in this case, for the correct execution of s2, 
s1 must be executed previously and their execution can’t be 
parallelized. This is reflected in the script dependency graph, 
including s1 as dependency of s2.  

 

 
Once the script dependency graph is calculated we need to 

generate expressions to be able to identify the script nodes 
contained in it, during the execution phase. For that purpose we 
use XPath-like [14] expressions generated using a previously 
designed algorithm explained in detail in [10].  

During the execution phase (involves the subsequent 
executions of the same navigation sequence), the script 
dependency graph is used to identify the scripts that can be 
executed in parallel. Algorithm 2 describes the pseudo-code of 
the algorithm that tests if a script is ready for execution. A 
script is considered ready for execution when it has no 
dependencies (IsSafeScript, line 2) or when all its dependencies 
have been already executed and have finished (HasFinished, 
line 7). When a script finishes its execution, the dependency 
graph is updated, marking that script as executed.  

Algorithm 3 describes how the browser events, generated 
during the execution of the navigation sequence, are dispatched 
(including the script events that can be executed in parallel). 
This algorithm is designed for a custom browser that includes 
the following components in its Rendering Engine:  

1) Event queue: stores the browser events for its execution. 
This queue will include different kind of events: HTML 
parsing, script execution, user action handlers, etc. The 
execution of events can produce new events that are also 
placed in the queue.  

2) Main thread: executes browser events of any kind (e.g. 
script execution, HTML parsing, etc.). If the navigation 
sequence is executed without using the parallel script execution 
technique, all events are executed sequentially in this thread, 
emulating the behavior of the conventional browsers.  

 
Fig. 8. Script Dependency Graph Example with Nodes 

 
Alg. 2. Script Ready for Execution 

 
Fig. 7. Script Dependency Graph Example 

 
Alg. 1. Script Dependency Graph 



 
3) Pool of threads: executes only script events in parallel. 

This pool is used only if the script dependency graph is 
available for the web page that is being loaded.  

The event dispatching algorithm receives three arguments: 
the idle thread that will execute one pending event, the event 
queue that stores the events pending for its execution and the 
script dependency graph with the information about the 
dependencies between the scripts. First, the execution 
algorithm checks if the event queue contains pending events 
(IsEmpty, line 2). If the event queue is empty, the algorithm 
stops. Then, the algorithm checks the calling thread. If this 
thread is the main execution thread (IsMainThread, line 3), it 
will try to execute the first event in the queue (obtained using 
the function Pop, line 4). If this event is a script event 
(IsScriptEvent, line 5), the algorithm checks if that script is 
ready to be executed. The script is ready to be executed in two 
scenarios: if it contains the attribute async (IsAsync, line 10) or 
when it doesn’t have unfinished dependencies   
(IsReadyForExecution, line 11; described in the Algorithm 2). 
Remember that the main thread can execute any type of events, 
including script events. When this thread finishes the execution 
of the event, it will call the execution algorithm again to select 
and execute the next event in the queue. If the calling thread is 
a thread of the pool, the algorithm iterates through the events in 
the queue, looking for scripts events (IsScriptEvent, line 17). 
Remember that the threads of the pool can only execute script 
events. When the algorithm finds a script in the queue, it 
checks if that script is ready to be executed.  

When a script finishes its execution, the dependency graph 
is updated to mark that script as executed, so other scripts 
depending on it could switch to the ready state. Then, the 
algorithm is invoked again to identify and execute pending 
scripts that are ready to be executed.  

Note that, in our model, the script events can be executed in 
parallel with any other type of events, including the HTML 
parsing events, which parse the input HTML and build the 
DOM tree incrementally. Therefore, when a script event is 
being executed, elements that appear below it in the HTML 
source could have already been added, as nodes, to the DOM 
tree. This could affect to the execution of the scripts.  

 
For example, in the Figure 2, the script s1 should not access 

the div node because the script node is located before it in the 
tree. The script engine of a custom browser using our parallel 
dispatching algorithm should deal with this situation, and 
ensure that the execution of a script considers only the DOM 
nodes corresponding to elements that appear above the script in 
the HTML code (this can be implemented, for example, 
assigning consecutive numeric identifiers to each DOM node, 
and limiting the scope of each script to the nodes with a lower 
identifier).  

In some scenarios, even though the algorithm used to 
identify the script nodes is resilient to small changes, when the 
page changes, some of them could not be identified in the new 
version of the web page. If that occurs, a script with 
unidentified dependencies cannot be parallelized and must be 
executed after waiting for all the previous scripts of the page to 
finish its execution. If new scripts appear in the page, the script 
dependency graph is invalidated and it should be recalculated.  

Figure 9 illustrates the timeline of the events generated 
during a page loading process using the parallel script 
execution technique. The example shows the same page loaded 
in Google Chrome in Figure 5 and assumes that the 
optimization information was already generated and it is 
available at the execution phase. The scripts in the page were 
identified as safe scripts completely parallelizable because they 
have no dependencies. Network calls are represented with Send 
Request actions, HTML processing events are represented with 
Parse HTML actions and JavaScript executions are represented 
with Evaluate Script and Function Call actions.  

The page loading involves the downloading of CSS style 
sheets, three JavaScript files located in the HTML, and a fourth 
JavaScript file (api.js) generated dynamically during the 
evaluation of github.js. The HTML parser incrementally 
discovers the external objects and starts downloading the files 
in parallel. The scripts are also evaluated in parallel because 
they were identified as completely independent during the 
optimization phase (note that they even start their execution in 
a different order from Figure 5). The dashed lines in the 
JavaScript events, represent the parallelization time. Function 
Call x 4 and Function Call x 9 are events generated during the 
evaluation of frameworks.js. Function Call x 9 has a little delay 
because it is started with the setTimeout function.  

 
Alg. 3. Event Dispatching Process 

 
Fig. 9. Custom Browser Execution Timeline 



V. EVALUATION 
To evaluate the validity of the proposed optimization 

technique, we implemented a custom browser that emulates 
Microsoft Internet Explorer. This navigation component is 
implemented in Java using open source libraries. In the 
experiments, we selected websites from different domains and 
different countries, included in the top 500 sites on the web 
according to Alexa [15]. We executed a navigation sequence 
that loads one page in each one of the selected web sites (the 
home page in most of the cases). The test machine was a quad-
core processor with 16GB of RAM. The thread pool size (for 
parallel script evaluation) was limited to a maximum of 3. 

First, we compared the script execution time (networking 
time and HTML parsing time are not included) of the custom 
browser executing the scripts in parallel (using the script 
dependency graph previously calculated during the 
optimization phase), with a regular execution of the custom 
browser evaluating the scripts sequentially (without 
parallelism). We performed 30 consecutive executions of the 
navigation, discarding the results that do not fit in the range of 
the standard deviation. 

Table I includes the following columns: the first one shows 
the script execution time of the regular execution (in 
milliseconds), the second one shows the script execution time 
(in milliseconds) of the execution using the parallel script 
optimization (it also shows between brackets the percentage of 
improvement). The average improvement executing scripts in 
parallel is 22% (it varies from 6% of improvement in the worst 
case to 48% in the best case). Discarding the results that do not 
fit in the range of the average ± standard deviation, the average 
improvement is 20% and the median value is also 20%. 

Table II includes the following columns: the first one 
shows the total number of scripts, the second one shows the 
scripts executed in a thread of the pool (note that the main 
processing thread can also execute scripts), and the third one 
shows the total number of scripts detected as completely 
independent (safe scripts without dependencies with others). 
The percentage of scripts evaluated in parallel threads varies 
from 14%, in the worst case, to 80%, in the best case, and the 
percentage of safe scripts varies from 7% to 100%. 

We do not include a detailed analysis of the time  
consumed during the optimization phase to generate the 
optimization information (i.e. the node dependencies and the 
script dependency graphs) and the time consumed during the 
execution phase to use that information (i.e. to check if a script 
node can be executed), due to space restrictions. Some of the 
algorithms are the same as the ones used in our previous work 
[10] (e.g. calculating the node dependencies or the XPath-like 
expression to identify a node), and we have demonstrated, in 
that work, that these algorithms consume an insignificant time 
compared to the execution time of the navigation sequence. 
Additionally, the new algorithms introduced in this work have 
a complexity with the same or even lower order of magnitude 
(e.g. the time spent manipulating the script dependency graph 
at execution phase is always less than 1 millisecond).  

 

 

TABLE II.  PARALLEL SCRIPTS 

 

TABLE I.  SCRIPT EVALUATION TIME 

 



VI. RELATED WORK 
Most of the current web automation systems (WebVCR [1], 

Smart Bookmarks [2], Kapow [3], WebMacros [5], Selenium 
[6],  and Pan et al. [4]) use the APIs of conventional web 
browsers to automate the execution of navigation sequences. 
This approach has two important advantages: it does not 
require to develop a new browser (which is costly), and it is 
guaranteed that the page will behave in the same way as when 
a human user access it with her browser.  

Nevertheless, this approach presents performance problems 
for intensive web automation tasks which require real time 
responses. This is because traditional web browsers are human-
oriented client-side applications and they consume a significant 
amount of resources and time, as we have demonstrated in our 
previous work [10].  

Other systems use the approach of creating simplified 
custom browsers. For example, Jaunt [9] lacks the ability to 
execute JavaScript. 

HtmlUnit [8] and EnvJS [7] use their own custom browser 
with advanced JavaScript support. They are more efficient than 
conventional browsers, because they are not oriented to be 
used by humans and can avoid some tasks (e.g. page 
rendering). Nevertheless, they work like conventional browsers 
when building the internal representation of the web pages.  

To the best of our knowledge, the conventional browsers 
(Firefox, Chrome, etc.) execute the JavaScript sequentially, 
except in the particular scenarios explained in the section III.A: 
scripts with the async attribute and Web Workers. This support 
is very limited because the async attribute must be manually 
specified in the appropriate script elements of the HTML 
source code, and Web Workers cannot access to the DOM tree 
of the page currently loaded. Nevertheless, conventional 
browsers implement other type of optimizations, for example, 
Mozilla Firefox uses the speculative parsing [16] to early 
discover new resources and initiate preload actions in parallel.  

Other browsers exploit different levels of optimization and 
parallelism, e.g., ZOOMM [17] is a parallel browser that 
exploits HTML pre-scanning with resource prefetching, 
concurrent CSS styling and parallel script compilation and 
Adrenaline [18] speed up page processing by splitting the 
original page in mini-pages, rendering each one of these mini-
pages in a separate process. None of these browsers 
implements the optimization described in this paper. 

VII. CONCLUSIONS 
In this paper we presented a novel optimization technique 

for a custom browser specialized in the execution of web 
navigation sequences. This technique consists in the parallel 
execution of the JavaScript code contained in HTML 
documents. The designed algorithms allow the detection of the 
scripts in the page that can be executed in parallel because 
there are no dependencies between them. Those scripts are 
evaluated concurrently when the custom browser builds the 
DOM trees of the accessed web pages.  

Our approach is based on executing the navigation 
sequence once, and automatically collect some relevant 
information about the interactions and dependencies between 
all the nodes in the web page. With this information, a script 
dependency graph is built. The script dependency graph will 
contain, for each script S in the page, the list of other scripts 
that must be executed before for the correct execution of S. The 
script dependency graph is saved using XPath-like expressions 
to represent the script nodes and is used in the next executions 
of the same navigation sequence, to detect those scripts that 
can be executed concurrently using a pool of threads. 

The experimental evaluation executed using real web sites, 
demonstrate that a high number of scripts in the page can be 
executed in parallel because there are no dependencies between 
them, and also demonstrate that the navigation component 
loads the HTML pages faster using the parallel scripting 
technique. 
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