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Abstract 
 

Navigation routing for web applications describes 
how requests from web pages are routed through 
components on the server. Many maintenance tasks 
require the developer to understand the navigation 
routing, but this is a labor-intensive task.  

We describe an approach for improving the 
maintainability of J2EE web applications. We define 
categories of navigation needed for typical 
applications, implementation conventions for 
supporting navigation, and a model for describing 
navigation routing. While the implementation 
conventions are an improvement because they separate 
navigation-related code from processing code, the 
bigger improvement comes from the model, which 
allows the developer to quickly understand the routing 
and locate relevant code. 

We use Z to define the navigation routing model, 
and provide tools to extract and analyze the model. We 
have applied this approach to a number of existing 
applications up to 34K LOC, showing improvement via 
the number of affected files and typical maintenance 
scenarios. 
 
1. Introduction 

Web applications are applications that interact with 
the user via web pages, but in contrast to web sites 
they typically have much more processing associated 
with each page request, this processing takes place on 
the server side, and often the processing updates a 
database or other form of persistent storage. 

For these applications the user “navigates” through 
the web pages, so a navigation map describes the 
possible paths from page to page. However, the 
components on the server side can and typically do 
modify and redirect requests, making the resulting 
navigation very difficult to discern. 

Common maintenance tasks for web applications 
are changing forms or links on a page, changing the 
processing of a request, adding or removing web 
pages, and displaying a different response page. All of 

these types of changes require the programmer to 
understand how requests are routed through the 
components on the server; we call this the navigation 
routing. Some of these maintenance tasks change the 
routing itself, while for others the programmer uses the 
navigation routing in order to locate dependent code. 
For example, a change in a form means that the code 
processing the form may need to be changed. 

Unfortunately, the code involved in supporting the 
navigation routing can be quite complex. In J2EE, the 
platform currently used in this research, there are many 
possible ways to encode the navigation routing. In 
addition, the navigation-related code is not readily 
encapsulated since each component in a navigation 
route contains parts of it. Finally, interpreting the 
navigation-related code requires a good understanding 
of the platform.  

In J2EE a web application typically uses many 
types of components: JavaServerPages (JSPs), servlets, 
filters, JavaBeans, EntityBeans, and SessionBeans, but 
the navigation-related code is usually located in the 
first three types. A filter is a special kind of servlet, 
one that filters requests before passing them along to a 
servlet for processing. A JSP is intended to be used for 
displaying a page in the user’s web browser. It should 
contain mostly html code for formatting the page, 
although it can contain arbitrary chunks of Java code. 
JSPs are translated into servlets before execution. 
Although these conventions can be ignored, we use 
them in the following description of typical navigation 
routing. 

Requests originate in a JSP, either from a link or a 
form in the displayed page. The JSP generates a “target 
URI” associated with the request. In the JSP this target 
URI could be: a hardcoded string, a Java expression 
that evaluates to a string, a JSP expression that 
evaluates to a string, or empty. If the target URI is the 
name of another JSP (a string ending in “.jsp”), this 
page is displayed in the client’s browser without 
invoking other components on the server side.  

More typically a request must be processed by one 
or more components on the server, thus involving a file 



named “web.xml” in the navigation routing. Filters and 
servlets are not explicitly invoked; instead the system 
uses web.xml to find the filter or servlet associated 
with the given target URI, then sends the request to 
this filter or servlet. The filter or servlet may do some 
processing of the request, and then can chain, forward, 
or redirect it using another (or the same) target URI. 
The system again uses web.xml to find the next 
component to execute, or if the target URI is a JSP, 
displays the result page in the user’s browser. Filters 
and servlets need not change the target URI; in this 
case, rather than repeatedly invoking the same filter or 
servlet, the system steps through the list of filters and 
servlets in web.xml. 

Often a filter or servlet handles requests from more 
than one page. An extreme case is when the front 
controller design pattern is used, and one servlet 
receives all requests. In these cases the servlet may 
need to determine the origin of the request in order to 
do the proper processing. There are many ways of 
doing this, including using the target URI, using the 
value of a session variable, etc. 

Therefore there are many variations on how 
navigation can be encoded, even if J2EE conventions 
are followed. The navigation-related code is dispersed 
among a number of JSPs, servlets, filters, and 
web.xml. The developer must also understand the 
different component types, the role of web.xml, and a 
number of J2EE navigation-related functions in order 
to trace the navigation routing. For platforms other 
than J2EE the details are different but they are 
similarly complex. 

One way to improve the maintainability of 
navigation routing would be to change the platform. 
This is not practical, and improvements for navigation 
routing could well degrade the support for other 
aspects of web applications.  

Our approach is first to define the kinds of 
navigation needed for typical applications. Then we 
define conventions for how these should be supported 
in the implementation. These conventions separate the 
navigation-related code from the rest of the 
application, making it easier to locate the code and 
easier to follow the navigation routing. Using 
conventions also reduces the variability in how 
navigation can be written. 

However, it is still difficult to follow the navigation 
routing, because the navigation-related code makes 
heavy use of the J2EE infrastructure and the developer 
must do a lot of interpretation in order to extract the 
navigation routing. To handle this problem we extract 
a model of the navigation routing from the code. 
Developers can look at the model to determine 
navigation routing, then quickly locate the relevant 

portions of the code. We also provide some automated 
analysis of the model, both for correctness of the 
navigation routing and to support maintenance tasks. 
More sophisticated analyses such as design pattern 
detection may be possible in the future. 

The next section describes how this model improves 
two typical maintenance tasks. Section 3 describes the 
possible categories of navigation routing, and Section 
4 describes the conventions we use to separate 
navigation concerns in the implementation. In Section 
5 we give a formal basis for the model. Related work is 
described in Section 6. Tool support and an evaluation 
of our approach are covered in Sections 7 and 8. 

 
2. Navigation Routing and Maintenance 

To show how our approach improves 
maintainability we start with an application used by 
Sun as a tutorial [26]. We examine the petstore 
subsystem of the PetStore application. Figure 1 uses a 
navigation routing diagram to show the navigation 
routing for a portion of this subsystem. This type of 
diagram is a visualization of the underlying navigation 
routing model that we will describe in Section 5. 

Figure 1 shows that the web page Cart.jsp contains 
a form named checkout. When a request originates 
from checkout, it has a target URI of 
enter_order.screen, and this request is first routed to 
the filter EncodingFilter. The filter invokes method 
setLanguage for this request, then sends it along with 
the same target URI, enter_order.screen. Next the 
request is routed to filter SignOnFilter, and function 
testSignOn is invoked. If the result of testSignOn is 
“yes”, it sends the request along with the same target 
URI (enter_order.screen). Since the diagram does not 
show any subsequent filters or servers for the request, 
at this point enter_order.screen is treated as a 
composite page to be displayed in the user’s browser.  

If instead the result of testSignOn is “no”, the 
diagram shows that composite page signon.screen is 
displayed. In this case SignOnFilter does one 
additional thing: it sets a session variable named 
original_URL with the value “enter_order.screen”. It 
does so because after the user successfully signs on, he 
or she should be returned to page enter_order.screen. 
This is a case where the navigation routing depends on 
the navigation history. 

To continue with the navigation routing we use the 
composite page table (Table 1). This lists all composite 
pages and their constituent parts, typically as JSPs. 
Any constituent part from which a request can 
originate will appear at the left side of a navigation 
routing diagram, since it is the start of a navigation 
path. Thus signon.screen contains signon.jsp, which 



appears in the diagram and contains forms existingcustomer and newcustomer.  

 
Figure 1 Navigation Routing Diagram for Pet Store

If the request originates from the existingcustomer 
form, it has a target URI of j_signon_check. From the 
diagram we see that this request is routed through 
method setLanguage in EncodingFilter, then through 
function validateSignOn in SignOnFilter. When the 
function returns “fail” the composite page 
signon_error.screen is displayed. When it returns “ok”, 
the value of original_URL is used as the composite 
page to be displayed. This should have been set by the 
page that was displayed prior to the signon.screen. 

The last type of request shown in Figure 1 
originates from the newcustomer form. This request is 
treated by EncodingFilter in the same way as the 
others, but SignOnFilter does not do any processing on 
it. SignOnFilter simply sends it along with the target 
URI of createuser.do. Then the request is routed to 
servlet MainServlet, where the composite page 
create_customer.screen or error.screen is displayed 
depending on the result of function createCustomer. 

Table 1 Excerpt of PetStore Composite Page Table 

Composite Page Constituent parts 
signon.screen Banner.jsp, sidebar.jsp, 

signon.jsp, footer.jsp 
enter_order.screen Banner.jsp, sidebar.jsp, 

enter_order_information.jsp, 
footer.jsp 

signon_error.scree
n 

banner.jsp, sidebar.jsp, 
signon_failed.jsp, footer.jsp 

 
2.1. First Maintenance Scenario 

For the first maintenance scenario the customer has 
requested that a new input field, zip code, be added to 
the newcustomer form of the signon screen. With our 

approach for supporting navigation, the developer uses 
the navigation routing model to quickly locate code 
that may be dependent on the change to the form. The 
developer has only the following tasks: 
1. Update signon.jsp with the new field. 
2. Check method setLanguage of EncodingFilter for code 

related to the data in the newcustomer form. No changes 
are needed. 

3. Check function createCustomer of MainServlet for code 
related to the data in the newcustomer form. 

4. Make a number of changes to MainServlet and classes it 
uses, in order to correctly process the new field. 

 
In contrast, to accomplish the same change on the 

application as it was originally written, the developer 
must do the following: 
1. Update signon.jsp with the new field. 
2. Check signon.jsp for the target URI in the newcustomer 

form: createuser.do. 
3. Read web.xml to find the first filter/servlet first for 

createuser.do. The answer is EncodingFilter. 
4. Check EncodingFilter for code related to the data in the 

newcustomer form. No changes are needed. 
5. Check EncodingFilter for navigation-related code. Note 

the target URI: createuser.do. 
6. Read web.xml to find the next filter/servlet for 

createuser.do: SignOnFilter. 
7. Check SignOnFilter for code related to the data in the 

newcustomer form. No changes are needed. 
8. Check SignOnFilter for navigation-related code. Note 

the target URI: createuser.do. 
9. Read web.xml to find the next filter/servlet for 

createuser.do: MainServlet. 
10. Check MainServlet for code related to the data in the 

newcustomer form. 
11. Make a number of changes to MainServlet and classes it 

uses. 
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12. Check MainServlet for navigation-related code. Note 
the target URIs: create_customer.screen and 
error.screen.   

13. Read web.xml to find the next filter/servlet for 
create_customer.screen and error.screen: 
TemplateServlet. 

14. Check TemplateServlet. It simply displays the page, so 
no changes are needed and the navigation path stops 
here. 

 
For this scenario, the biggest benefit of our 

approach is that the developer does not need to figure 
out the routing. An additional benefit is that we put the 
processing a filter or servlet does for an incoming 
target URI into separate methods or functions. Thus 
the developer can go straight to the appropriate method 
or function rather than examining all the processing 
code in the filter or servlet. 
 
2.2. Second Maintenance Scenario 

In the second maintenance scenario the client has 
requested a new feature: the ability for a customer to 
look at their past orders. A new order history page is 
needed to support this feature, and its navigation 
should be similar to Cart.jsp. To replicate this 
navigation routing for the new page, the developer 
uses the navigation routing model to understand the 
routing for Cart.jsp and signon.jsp, then modifies the 
code based on this information. 

Using our approach the developer does the 
following: 
1. Create a new OrderHistory page containing a link with 

target URI order_history_info.screen. This will be part 
of a new composite page named 
order_history_info.screen.  

2. Check method setLanguage to see whether it contains 
processing specific to enter_order.screen. There is none. 

3. Check function testSignOn to see whether it contains 
processing specific to enter_order.screen. There is none. 

4. Check the navigation code for filters, located in the 
Filter aspect module. For EncodingFilter there is no 
special processing for enter_order.screen, so no changes 
are needed. For SignOnFilter there is. Based on the 
results of invoking testSignOn, it forwards the request 
either to enter_order.screen or signon.screen. In the 
latter case it sets original_URL to “enter_order.screen”.  

5. Modify the Filter aspect module, copying the processing 
for enter_order.screen but replacing the target URI with 
order_history_info.screen. 

6. Modify TemplateServlet to display the constituent parts 
of order_history_info.screen. 

7. Update the navigation routing model. 
 
To make the change on the application as it was 

originally written, the developer must follow the 
navigation paths originating at checkout, existing-

customer, and newcustomer. Locating the relevant 
code involves approximately three times the number of 
steps as in the first scenario, since three navigation 
paths must be followed. To make the changes the 
developer does the same thing as in our approach; the 
only difference is that the new navigation code is 
located in SignOnFilter rather than in the Filter aspect 
module. 

As in the first scenario, separating the filter and 
servlet code into processing code and navigation code 
in one improvement of our approach. The bigger 
improvement comes from having an accurate model of 
the navigation routing so that the developer can 
quickly understand the routing and locate the relevant 
parts of the implementation. 

 
3. Categories of Navigation Routing 

Before describing the conventions we use to 
support navigation routing at the implementation level, 
we first describe three categories of navigation routing 
that cover the needs of typical applications. These 
describe how a filter or servlet routes an incoming URI 
to an outgoing URI.  

Static routing is when the outgoing URI depends 
only on the incoming URI, and their values are fixed 
by the developer or deployer, e.g. hardcoded in the 
application or in a table. Since nothing needs to be 
decided at the run time, static routing is the simplest 
form of navigation routing. In the maintenance 
example, all navigation routing in the EncodingFilter is 
static routing. JSPs use static routing, except they have 
a form or link instead of an incoming URI. 

Conditional routing is when the outgoing URI is 
selected based on the incoming URI and the result of 
processing, and their values are fixed by the developer 
or deployer. Conditional routing is used frequently in 
web applications. In our maintenance example, 
SignOnFilter uses conditional routing for incoming 
URIs enter_order.screen and j_signon_check, and uses 
static routing for createuser.do.  

Routing depending on navigation history is when 
the outgoing URI depends on the incoming URI, and 
having followed another navigation path prior to this 
one. Again the values of the incoming URI and 
associated outgoing URIs are fixed by the developer or 
deployer. In the maintenance example, this type of 
routing is used in SignOnFilter for incoming URI 
j_signon_check when validateSignOn returns “ok”.  

There are other ways of implementing navigation 
routing, such as when the user enters a target URI that 
is used for navigation. However, we believe the above 
three categories cover most navigation routing in web 
applications. Although within these three categories 



there are still many variations on how navigation could 
be implemented, next we define implementation 
conventions that are sufficient for supporting the three 
categories. In the future we may expand our support to 
cover more categories, if we find others that are 
commonly used. 
 
4. Support at the Implementation Level 

The basic approach for our implementation 
conventions is to separate the navigation routing from 
the rest of the request processing. The approach 
should: support the three categories of navigation 
routing; minimize the performance impact; not dictate 
or overly constrain the application structure. 

We currently use aspect-oriented programming 
(AOP) techniques to separate the navigation concerns. 
AOP is considered a new approach to separating the 
concerns in applications, since techniques in object-
oriented programming and procedural programming do 
not suffice. The basic idea is to define and implement 
the crosscutting concerns in aspect modules and weave 
these aspect modules with other OO modules before 
executing.[9]  Since our platform is J2EE, we use a 
Java-based aspect language: AspectJ. [10] The details 
of our use of aspects is described elsewhere[7]. Here 
we summarize the approach. 

As the example in Section 2 showed, navigation 
routing code is located in JSPs, filters, servlets, and 
web.xml. Because web.xml does not contain 
processing code for requests, we do not apply any 
special conventions to it.  

Inside a JSP the target URI must be specified by 
invoking the function: 

string getTargetURI (string  
pageName, string formOrLinkName); 

 This function returns the appropriate target URI for all 
possible pairs of pageName and formOrLinkName.  

With AOP we use a dummy function getTargetURI 
in every JSP. Then the Page aspect module catches the 
execution of getTargetURI and returns the target URI. 

For filters and servlets there are two conventions. 
The first is that any processing needed for an incoming 
target URI must be wrapped in a function or method. 
The second is that the doGet/ doPost/ doChain 
methods do nothing more than route incoming target 
URIs to outgoing URIs, invoking no more than one 
function or method for each incoming URI. 

With AOP this is done by leaving the doGet/ 
doPost/ doChain methods empty. The routing that 
belongs in the filters in put into a Filter aspect module, 
and the routing that belongs in servlets is put into a 
Servlet aspect module. The Filter aspect module 
catches the execution of doChain methods of the filters 

and inserts the routing code. The Servlet aspect 
module does a similar thing with the doGet and doPost 
methods. 

The last step is to weave the Page aspect module, 
Servlet aspect module, and Filter aspect module with 
the JSPs, servlet classes, and filter classes.  The only 
catch is that JSPs are not written in Java, so they do 
not work with AspectJ. As a workaround the developer 
has to weave the generated Java classes for the JSPs 
with the aspect module.  

It should be clear that it is possible to separate the 
navigation code without using AOP. AOP has the 
advantage that the code in the aspect modules can be 
written as if it were physically located inside the 
corresponding JSP, filter, or servlet. Thus for example 
the Servlet aspect module can contain references to 
private attributes of a servlet. With AOP we can not 
only separate the navigation code, we can gather it 
together, confining it to the three aspect modules and 
web.xml. 

It is also possible to use a table-driven approach for 
separating the navigation code. One table-driven 
approach is to separate the navigation concern of page, 
servlet and filters into XML files and read the XML 
tables at runtime. However, this adds complexity 
because the programmer has to write many extra lines 
of code to retrieve data from the XML tables in web 
pages, servlet classes and filter classes. 

The use of the ActionServlet class from the Struts 
library can alleviate this burden: by using this class the 
developer need only fill in the file struts-config.xml. 
The disadvantages are that this forces a front-controller 
structure on the application, and that only static and 
conditional routing are possible. 

 
5. The Navigation Routing Model 

For a formal representation of our navigation 
routing model we use the Z notation[23]. As the 
maintenance example shows, the model is used by the 
developer in order to understand the navigation routing 
and to locate code that implements the routing or 
processes a request. Depending on tool support, the 
developer could make navigation routing changes in 
the model and have the implementation automatically 
updated. Tool support is discussed in Section 6. In 
addition, the developer can apply analysis on the 
model in order to produce complexity metrics, estimate 
the impact of a proposed maintenance task, check the 
correctness of the navigation routing, etc. 

The following tables describe the schemas we 
defined in Z to represent the navigation routing. In 
Table 2, all but the last two are set explicitly, e.g. by 



extracting them from the implementation. Navigation 
and Connection are computed from the others.  

There are four kinds of nodes, to represent the 
components involved in the navigation. PageNodes are 
the JSPs from which a request can originate, thus they 
are at the beginning of a navigation path. 
CompositePageNodes are at the end of a navigation 
path; they represent the web page that is displayed as a 
response to the request. FilterNodes and ServletNodes 
are internal nodes in a navigation path.  

For each target URI used by a node we create a 
unique port. Entry ports are for incoming target URIs, 
and exit ports are for outgoing URIs. We use 

InNodeConnections to record which exit port(s) are 
associated with each entry port in a node. A method or 
function can also be associated with one or more of the 
InNodeConnections, when the node does some 
processing of the request. 

The schema Navigation records connections 
between nodes; these are determined by connecting 
exit and entry ports with matching URIs according to 
the sequencing of nodes. The sequencing of nodes 
dictates that PageNodes precede FilterNodes; 
FilterNodes are in a strict sequence; FilterNodes 
precede ServletNodes; and ServletNodes precede 
CompositePageNodes. 

Table 2 State Schemas 

Schema Name and Description Variables used for 
storing state 

Sample contents from maintenance 
example 

PageNodes: JSPs from which a 
request can originate 

PNodes { cart.jsp, signon.jsp } 

FilterNodes: Sequence of Filter classes FNodes < EncodingFilter, SignOnFilter > 
ServletNodes: Set of Servlet classes SNodes { MainServlet } 

CPageNodes { signon.screen, enter_order.screen…} CompositePageNodes: Names and 
constituent parts of composite pages CPageNodesContent { (signon.screen, {banner.jsp, 

sidebar.jsp, signon.jsp, footer.jsp}), …} 
URIVariables { original_URL} 
URIVarsValue {(original_URL, {enter_order.screen})} 

URIVarsandValues: Target URIs, 
including values of URI variables 

URIValues {enter_order.screen, j_signon_check…} 
Ports  { port1, port2, port3, port4, port5…} 
AttachedNode { (port1, cartjsp), (port2, signonjsp) …} 
PortType { (port1, EXIT), (port2, EXIT) … } 
PortURIVar { (port16, original_URL) } 
PortURIValue { (port1, enter_order.screen)…} 

AllPorts: Entry and exit ports, 
associated nodes, associated URIs 

PortFormOrLink { (port1, checkout)…} 
InNodePort 
Connections 

{ (port4, port7), (port5, port8), … 
(port10, port13)…} 

InNodeConnection: Entry ports and 
their associated exit ports within a 
node GlobalVarSet { ((port10, port13), (original_URL, 

enter_order.screen)) } 
Methods { setLanguage} 
Functions { testSignOn, validateSignOn…} 
MethodPorts { ((port4, port7), setLanguage) … } 

MethodsAndFunctions: Methods or 
functions associated with an 
InNodeConnection 

FunctionPorts { ((port10, port13), (testSignOn, 
“no”))…} 

Navigation: Connections between the 
exit port of one node and the entry 
port of another 

Links { (port1, port4), (port2, port5), … , 
(port7, port10), …} 

ConnectedPorts { (port1, port13), (port1, port4), …} Connection: Directly and indirectly 
connected ports ConnectedNodes { (cart.jsp, signon.screen), (cart.jsp, 

EncodingFilter), …} 
 

The schemas in Table 3 are computed on demand 
and have no state of their own. These are used to 

update the other schemas that do have state, and to 
provide some additional analysis of the navigation 
routing. For example, UnusedNodes and UnusedPorts 



can help the developer determine the correctness of the 
navigation routing. The number of paths in 
EndToEndConnection gives an indication of the 
complexity of the navigation routing of an application, 
as does the length of these paths. Another indication of 
navigation routing complexity is the size of 
PortURIVar and GlobalVarSet, which indicates how 
many places the navigation routing depends on the 
navigation history. EndToEndConnection, Depending, 
and Depended could be useful in estimating the impact 
of a proposed maintenance task. As a last example, the 
developer can surmise the use of the front controller 
design pattern when a servlet or filter node has as its 
Depending nodes all the PageNodes and no other 
nodes. 

Table 3 Operation Schemas 

Schema and Description 
UpdateNavigation: Calculate and update 
Navigation 
GenerateNavigationMap: PageNodes and the 
CompositePageNodes that appear in Connection 
Depending: For each node, the set of nodes that 
precede it in some Connection 
Depended: For each node, the set of nodes that 
follow it in some Connection 
UnusedNodes: The set of nodes not involved in any 
Connection 
UnusedPorts: The set of ports not involved in any 
Connection 
EndToEndConnection: The set of paths from a 
form or link to a composite page, stored as the 
sequence of ports on the path.  

 
 The navigation routing model supports the three 

categories of navigation from Section 3 as follows: 
• Static routing: A pair of ports that appears in 

InNodePortConnections, does not appear in 
FunctionPorts, and where the exit port appears in 
PortURIValue. 

• Conditional routing: A pair of ports that appears in 
InNodePortConnections, appears in FunctionPorts, 
and where the exit port appears in PortURIValue. 

• Routing depending on navigation history: A pair 
of ports that appears in InNodePortConnections, 
appears in GlobalVarSet, and where the exit port 
appears in PortURIVar. 

We use navigation routing diagram (NRD) as a 
visualization of the model. A node is shown as a box 
with ports attached on the sides. One exception is that 
in the NRD composite web pages are shown as the 
page name at the end of a navigation path. The white 
ovals represent entry ports and the black ovals 

represent exit ports. The URI value associated with a 
port is noted next to the port, but port names do not 
appear in the diagram. InNodeConnections and 
Navigation links are shown as lines between ports. If 
there is a method or function associated with one in-
node connection, it is shown as a box or a diamond 
shape in the middle of the connection. The global 
variables used for exit port URIs are shown in a 
dashed-line box, with dashed arrows from an in-node 
connection for setting the value or from a port for 
getting the value. 
 
6. Related Work 

Our research belongs to the research area of web 
engineering.  Deshpande et al. discuss the idea of web 
engineering as “the application of systematic, 
disciplined and quantifiable approaches to 
development, operation, and maintenance of web-
based applications”.[3][4]  

It is clear that researchers believe navigation 
concerns are an important part of web applications. 
Rossi [21] identifies a number of common navigation 
patterns used in web applications. Reina [19] states 
that it is necessary to separate the navigation concerns 
into aspect modules but does not present a specific 
solution. 

There is no one standard notation for a navigation 
model. Some of the discussion occurs in the context of 
web application modeling. These approaches focus on 
navigation models that contain conceptual objects and 
show how the conceptual objects connect. Examples 
are the “navigation space model” and “navigation 
structure model” used by Koch[12], the navigation 
schema in Autoweb system[6], and the navigation 
diagram in RMM[8]. In our work we want the 
navigation model or representation to correspond much 
more closely to the source code.  

More typically a navigation model is quite similar 
to the “Architecturally Significant Navigation Map” in 
Pearl Circle[18], which contains request page, 
response page, an arrow to connect them, and a label 
on the arrow to explain why the user wants to go to the 
response page. Similar ones include the “site design 
diagram” in Microsoft InterDev[15], the ADM-d 
model for “dataintensive” web sites in the Araneus 
approach[14], the navigation diagram in WebML[2] 
and W3DT[1], “Navigational Contexts Schema” in 
OOHDM[22], and “WebApp Top-Level Navigational 
Charts” by Enguix[5].  

Another type navigation model is presented by 
Leung et.al.[13]. They use statecharts to describe 
navigation. Each page is a state and a link between 
pages is represented by a transition between states.  



These navigation models and diagrams contain only 
the request and the response pages but not the 
intermediate processing modules and target URL, as 
our model does. Our model provides enough 
information that developers do not need to trace the 
navigation each time there is an update requirement in 
the web application.  

Others have applied AOP to web applications but 
not for separating navigation concerns. Reina et.al. 
[20] follow the proposals of Kilesev [11] to use AOP 
to address security, design by contract, exception 
handling, logging, tracing, profiling, pooling and 
caching concerns in web application development, but 
they only present a solution for authentication.  

 
7. Tool Support 

There are a number of tools that are useful for 
support the navigation routing model. The first is 
essential, because it implements the Z specification for 
the model. Thus it supports the input of data for a 
navigation model and the execution of operations on 
this data. A general-purpose Z animator could serve 
this purpose, but we have found no suitable animator. 
Thus we have written NavR, a program that 
implements the specification described in Section 4. 
NavR accepts the sample data input in ASCII format, 
and it executes the part of the executable schemas that 
describe the operations. Developers can use NavR to 
enter, examine, and analyze a navigation routing 
model. Currently we have implemented all schemas 
described in section 4, and will continue to update 
NavR as new schemas for additional analysis 
operations are specified. 

The next most important tools are those that support 
traceability between a navigation routing model and 
the corresponding implementation. One of these, 
NavRExtract, performs reverse engineering, extracting 
the navigation model from the source code. The input 
for NavRExtract includes the three aspect files and 
web.xml file, and the output is state data for the NavR 
tool. The navigation information related to web pages 
(page nodes, ports, and URIs) is extracted from the 
page aspect module. The navigation information for 
filters (filter nodes, ports, URI values and variables, in-
node connections, methods, and functions) is extracted 
from the filter aspect module and web.xml. The 
navigation for servlets (servlet nodes, ports, URI 
values and variables, in-node connections, methods 
and functions) is extracted from the servlet aspect 
module and web.xml.  

The current version of NavRExtract uses flex and 
bison to parse Page, Filter, and Servlet aspect modules. 
It does not yet extract information for the composite 

page nodes; this would come from the composite page 
table. We require the aspect modules to be written in a 
certain style so the tool can parse the files. We support 
the use of wild cards (*) in web.xml, but not currently 
in the aspect modules. The developer is thus 
responsible for expanding the wild card to explicit 
target URIs. In the next version of NavRExtract we 
plan to support wild cards also in the aspect modules. 
Then the tool will perform the expansion of target 
URIs. So far we have used NavRExtract on PetStore, 
the most complex of the examples we describe in the 
next section.  

To accomplish the forward engineering we plan to 
use a NavRGen tool, which will generate source code 
from a NavR specification. This functionality may be 
combined with NavR instead of being a standalone 
tool, since much of the code it needs already exists in 
NavR. 

Finally, there are two additional tools that would 
help the developer interact with model. A visualizer 
would be very useful. We currently use navigation 
routing diagrams such as that shown in Figure 1 to 
visualize a navigation routing model, but we create 
these by hand. A diagram editor that can be used to 
directly create and update a model would also be very 
useful, but would require a large investment. 
 
8. Evaluation and Discussion 

We have applied this approach to a number of 
existing applications. Some of them are small 
applications provided with the J2EE server 1.4, 
including four Hello applications and two Duke’s 
Bookstore applications. Other applications are 
comprehensive ones: Duke’s Bank[24] and PetStore 
[25] from Sun’s tutorial and Virtual Shopping Mall 
[17] from Oracle’s tutorial. Duke’s Bank is a 
comparatively small on-line banking application which 
uses the front controller pattern, static routing, and 
some conditional routing. Virtual Shopping Mall is a 
medium-size on-line retail store application which also 
has a front controller, but it is the ActionServlet from 
the Struts library. It uses an XML table for navigation 
and mostly conditional routing. Pet Store is another 
medium-size on-line store application, and it uses all 
three types of navigation routing. Table 4 shows some 
statistics for these three applications as they were 
originally written. 

Our approach worked well on all of these examples. 
For Virtual Shopping Mall, since the generic Struts 
ActionServlet is used, much of the navigation-related 
code in the servlet is already separated into XML files. 
The ActionServlet also contains some navigation-
related code, since it handles the routing based on data 



it reads from the XML file. Thus for this application 
we chose not to apply the AOP approach to the servlet, 
and we used it only for the web pages. With the help of 
the NavRExtract tool we created the navigation model 
for these three applications partially automatically. 
Table 5 shows some statistics for these applications 
after our approach was applied. 

Table 4 Statistics for the original applications 

 Duke
s 
Bank 

Mall Pet 
Store 

Total LOC 7133 19248 34048 
# web pages 10 35 16 
# filters 0 0 2 
# servlets 1 7 2 
# composite pages 10 35 19 
# navigation paths 14 113 48 
Avg. length nav. 
path 

3 3 4 

# nav. paths related 
to nav. history 

0 0 6 

# modules with nav. 12 44 21 
LOC modules with 
nav. 

1015 6154 9059 

Table 5 Statistics for the modified applications 

 Duke
s 
Bank 

Mall Pet 
Store 

# modules with nav. 3 4 4 
LOC modules with nav. 200 518 370 
# func. and methods 3 27 11 
LOC func. and methods 120 3175 2016 
 
Since the aspect modules are woven into the other 

source code before executing, the performance is not 
affected. Also applying our approach does not restrict 
how the application is structured with respect to other 
concerns. Some table-driven approaches force the 
application to use front controller pattern, such as 
when the ActionServlet from Struts is used. With our 
AOP approach the only constraints on application 
structure are that the navigation concerns are separated 
into up to three aspect modules. 

As evidence that our approach improves 
maintainability, we first look at the number and size of 
files that contain navigation concerns before and after 
applying our approach. These are shown in the two 
tables above. For example, in PetStore originally there 
were 21 files containing navigation concerns: 16 web 
pages, 2 filters, 2 servlets, and web.xml. After 
applying our approach there are only the three aspect 

files (Page, Filter, and Servlet aspect modules) and 
web.xml. Since the developer can focus on few, 
smaller files, the maintenance work related to 
navigation should be easier to perform. Duke’s Bank 
and Virtual Shopping Mall have similar improvements: 
from 12 to 3 (there are no filters, so no Filter aspect) 
and from 44 to 4 (including the original XML table for 
the ActionServlet). 

However, maintainability is improved primarily 
because the model can be used to understand and 
analyze the navigation routing. With the two 
maintenance scenarios in Section 2 we described the 
reduced effort required by the developer when the 
model is used to follow navigation paths. We have also 
begun providing operations that perform analysis on 
the model, and more can easily be added. An alternate 
way of handling the first maintenance scenario in 
Section 2 is for the developer to use the Depended 
operation. This finds all filters, servlets, and composite 
pages that follow signon.jsp, and then the developer 
can go directly to those files to examine all functions 
and methods for code related to the newcustomer form. 

We can also use the navigation model as an 
indication of the complexity of an application’s 
navigation routing, without even looking at the source 
code. Looking at the number of navigation paths 
(EndToEndConnections) and the average length of 
these paths, we see in Table 4 that Duke’s Bank has 14 
navigation paths, which is many fewer than the 113 in 
Virtual Shopping Mall. Since the average length of 
these paths is the same for both applications and 
neither has navigation paths that depend on the 
navigation history, we conclude that the navigation 
routing in Duke’s Bank is simpler than in Virtual 
Shopping Mall because there are so many fewer paths. 
PetStore has an intermediate number of navigation 
paths, but with a longer average length, and a number 
of these depend on the navigation history. Thus its 
navigation routing is potentially the most complex. 

Currently our implementation conventions are 
based on AOP, but other kinds of conventions are 
possible. Although our conventions improve the 
maintainability of the implementation, another 
important purpose is to reduce the variability for how 
navigation routing can be encoded, so that a tool can 
readily extract the navigation routing model from the 
code. If other conventions are used, they should be 
easy to understand for typical developers, and of 
course they must cover all three categories of 
navigation routing. Automatic generation of source 
code from a model helps the developer properly follow 
the conventions. New forward and reverse engineering 
tools would be needed to support another set of 
implementation conventions, but the tool that supports 



the model (NavR) and any visualization and editing 
tools would need no changes. 
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10. Appendix: Formal Description of Navigation 
 
[NODE] 
 
»_PageNodes__________________________________ 
ÆPNodes: P NODE 
–_______________________________________ 
 
»_CompositePageNodes _____________________________ 
ÆCPageNodes: P NODE 
ÆCPageNodesContent: NODE f P NODE 
«_______________ 
Ædom CPageNodesContent = CPageNodes 
–_______________________________________ 
 
»_FilterNodes_________________________________ 
ÆFNodes: iseq NODE 
–_______________________________________ 
 
»_ServletNodes ________________________________ 
ÆSNodes: P NODE 
–_______________________________________ 
 
»_AllNodes __________________________________ 
ÆPageNodes 
ÆCompositePageNodes 
ÆFilterNodes 
ÆServletNodes 
«_______________ 
ÆPNodes I CPageNodes = 0 
ÆSNodes I CPageNodes = 0 
ÆPNodes I SNodes = 0 
ÆSNodes I ran FNodes = 0 
Æran FNodes I PNodes = 0 
Æran FNodes I CPageNodes = 0 
–_______________________________________ 
 
[PORT] 
 
PORTTYPE ::= ENTRY | EXIT 
 
[URIVAR] 
 
[URIVALUE] 
 



»_URIVarsandValues ______________________________ 
ÆURIVariables: P URIVAR 
ÆURIVarsValue: URIVAR f P URIVALUE 
ÆURIValues: P URIVALUE 
«_______________ 
Ædom URIVarsValue = URIVariables 
–_______________________________________ 
 
[FORMLINK] 
 
»_AllPorts __________________________________ 
ÆPorts: P PORT 
ÆAllNodes 
ÆURIVarsandValues 
ÆAttachedNode: PORT f NODE 
ÆPortType: PORT f PORTTYPE 
ÆPortURIValue: PORT ß URIVALUE 
ÆPortURIVar: PORT ß URIVAR 
ÆPortFormOrLink: PORT ß FORMLINK 
«_______________ 
ÆPorts = dom AttachedNode 
ÆPorts = dom PortType 
ÆPorts = dom PortURIVar 
ÆPorts = dom PortURIValue 
ÆPorts = dom PortFormOrLink 
Æran PortURIVar = URIVariables 
Æran AttachedNode z PNodes U CPageNodes U ran FNodes U SNodes 
ÆAa: Ports | PortType a = ENTRY • AttachedNode a ‰ PNodes 
ÆAa: Ports | PortType a = EXIT • AttachedNode a ‰ CPageNodes 
ÆAa: Ports | Eb: URIVariables • PortURIVar a = b 
Æ   • ! (Ec: URIValues • PortURIValue a = c) 
ÆAa: Ports | Eb: URIValues • PortURIValue a = b 
Æ   • ! (Ec: URIVariables • PortURIVar a = c) 
ÆAa: Ports | ! (Eb: URIVariables • PortURIVar a = b) 
Æ   • Ec: URIValues • PortURIValue a = c 
ÆAa: Ports | ! (Eb: URIValues • PortURIValue a = b) 
Æ   • Ec: URIVariables • PortURIVar a = c 
ÆAa: Ports | PortType a = ENTRY • Eb: URIValues • PortURIValue a = b 
–_______________________________________ 
 



»_InNodeConnections______________________________ 
ÆAllPorts 
ÆInNodePortConnections: PORT j PORT 
ÆGlobalVarSet: PORT x PORT ß URIVAR x URIVALUE 
«_______________ 
ÆAa: InNodePortConnections 
Æ   • first a e Ports 
Æ     ¶ second a e Ports 
Æ     ¶ AttachedNode (first a) = AttachedNode (second a) 
Æ     ¶ PortType (first a) = ENTRY 
Æ     ¶ PortType (second a) = EXIT 
–_______________________________________ 
 
 
[METHOD] 
 
[FUNCTION] 
 
[FUNCTIONRESULT] 
 
»_MethodsAndFunctions_____________________________ 
ÆInNodeConnections 
ÆMethods: P METHOD 
ÆFunctions: P FUNCTION 
ÆMethodPorts: PORT x PORT ß METHOD 
ÆFunctionPorts: PORT x PORT ß FUNCTION x FUNCTIONRESULT 
«_______________ 
ÆMethods = ran MethodPorts 
–_______________________________________ 
 
 
»_Navigation _________________________________ 
ÆAllPorts 
ÆLinks: PORT j PORT 
«_______________ 
ÆAa: Links 
Æ   • first a e Ports 
Æ     ¶ PortType (first a) = EXIT 
Æ     ¶ second a e Ports 
Æ     ¶ PortType (second a) = ENTRY 
Æ     ¶ PortURIValue (first a) = PortURIValue (second a) 
Æ     ¶ AttachedNode (first a) Î AttachedNode (second a) 
–_______________________________________ 
 
 



»_Connection _________________________________ 
ÆNavigation 
ÆInNodeConnections 
ÆConnectingPorts: PORT j PORT 
ÆConnectingNodes: NODE j NODE 
«_______________ 
Æ(Aa, b: Ports | (a, b) e Links v (a, b) e InNodePortConnections 
Æ    • (a, b) e ConnectingPorts) 
Æv (Aa, b: Ports 
Æ      | Ec, d: Ports 
Æ           • (a, c) e ConnectingPorts 
Æ             ¶ (d, b) e ConnectingPorts 
Æ             ¶ (c, d) e InNodePortConnections • (a, b) e ConnectingPorts) 
ÆAa: ConnectingPorts 
Æ   • AttachedNode (first a) Î AttachedNode (second a) 
Æ     ¤ (AttachedNode (first a), AttachedNode (second a)) e ConnectingNodes 
–_______________________________________ 
 
»_Init ____________________________________ 
ÆAllPorts 
«_______________ 
ÆPNodes = 0 
ÆCPageNodes = 0 
ÆSNodes = 0 
ÆFNodes = „Ò 
ÆPorts = 0 
–_______________________________________ 
 
»_EmptyNavigation_______________________________ 
Æ∆Navigation 
«_______________ 
ÆLinks' = 0 
ÆPorts' = Ports 
ÆPNodes' = PNodes 
ÆFNodes' = FNodes 
ÆCPageNodes' = CPageNodes 
ÆSNodes' = SNodes 
ÆAttachedNode' = AttachedNode 
ÆPortType' = PortType 
ÆPortURIValue' = PortURIValue 
ÆPortURIVar' = PortURIVar 
–_______________________________________ 
 



»_SequenceFun_________________________________ 
Æbefore: PORT j PORT 
ÆAllPorts 
«_______________ 
ÆAa: before • first a e Ports ¶ second a e Ports 
ÆAa, b: Ports | AttachedNode a e PNodes ¶ AttachedNode b ‰ PNodes 
Æ   • (a, b) e before 
ÆAa, b: Ports | AttachedNode a ‰ CPageNodes ¶ AttachedNode b e CPageNodes 
Æ   • (a, b) e before 
ÆAa, b: Ports | AttachedNode a e SNodes ¶ AttachedNode b e SNodes 
Æ   • (a, b) e before 
ÆAa, b: Ports | AttachedNode a e ran FNodes ¶ AttachedNode b e SNodes 
Æ   • (a, b) e before 
ÆAa, b: Ports 
Æ   | AttachedNode a e ran FNodes 
Æ     ¶ AttachedNode b e ran FNodes 
Æ     ¶ (Ei, j: N | FNodes i = AttachedNode a ¶ FNodes j = AttachedNode b 
Æ           • i < j) • (a, b) e before 
–_______________________________________ 
 
»_UpdateNavigation ______________________________ 
Æ∆Navigation 
ÆSequenceFun 
«_______________ 
ÆAa, b: Ports 
Æ   | (a, b) e before 
Æ     ¶ PortURIValue a = PortURIValue b 
Æ     ¶ PortType a = EXIT 
Æ     ¶ PortType b = ENTRY 
Æ     ¶ (Ac: Ports 
Æ           • ((a, c) e before 
Æ              ¶ (c, b) e before 
Æ              ¶ PortType c = ENTRY 
Æ              ¶ PortURIValue c Î PortURIValue a)) 
Æ     ¶ (a, b) ‰ Links • Links' = Links U {(a, b)} 
–_______________________________________ 
 
 
»_NavigationMapGeneration___________________________ 
ÆΞConnection 
ÆNavigationMap!: NODE j NODE 
«_______________ 
ÆAa: PNodes; b: CPageNodes • (a, b) e ConnectingNodes ¤ (a, b) e NavigationMap! 
–_______________________________________ 
 
NavigationMap Í EmptyNavigation ; UpdateNavigation ; NavigationMapGeneration 
 
 



»_CalculateDependingNodes___________________________ 
ÆConnection 
ÆthisNode?: NODE 
ÆdependingNodes!: P NODE 
«_______________ 
ÆAa: dependingNodes! • (a, thisNode?) e ConnectingNodes 
ÆAa: ConnectingNodes | second a = thisNode? • first a e dependingNodes! 
–_______________________________________ 
 
Depending Í EmptyNavigation ; UpdateNavigation ; CalculateDependingNodes 
 
»_CalculateDependedNodes ___________________________ 
ÆConnection 
ÆthisNode?: NODE 
ÆdependedNodes!: P NODE 
«_______________ 
ÆAa: dependedNodes! • (thisNode?, a) e ConnectingNodes 
ÆAa: ConnectingNodes | first a = thisNode? • second a e dependedNodes! 
–_______________________________________ 
 
Depended Í EmptyNavigation ; UpdateNavigation ; CalculateDependedNodes 
 
 
»_FindUnusedNodes_______________________________ 
ÆConnection 
ÆunusedNodes!: P NODE 
«_______________ 
ÆAa: PNodes U ran FNodes U SNodes U CPageNodes 
Æ   • (Ab: ConnectingNodes • a Î first b ¶ a Î second b) ¶ a e unusedNodes! 
ÆAa: unusedNodes!; b: PNodes U ran FNodes U SNodes U CPageNodes 
Æ   • (a, b) ‰ ConnectingNodes ¶ (b, a) ‰ ConnectingNodes 
–_______________________________________ 
 
UnusedNodes Í EmptyNavigation ; UpdateNavigation ; FindUnusedNodes 
 
»_FindUnusedPorts_______________________________ 
ÆConnection 
ÆunusedPorts!: P PORT 
«_______________ 
ÆAa: Ports 
Æ   • (Ab: Ports • (a, b) ‰ ConnectingPorts ¶ (b, a) ‰ ConnectingPorts) 
Æ     ¤ a e unusedPorts! 
–_______________________________________ 
 
UnusedPorts Í EmptyNavigation ; UpdateNavigation ; FindUnusedPorts 
 
 


