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Abstract
GUI has been pervasive today and it has been used in safety-critical applications where failure of the application can have serious consequences. Unfortunately, GUI testing is expensive and currently many of the steps are manual. This paper proposes a model called SNet (for Screen Net) to model screen navigation and presents a technique to develop the initial set of GUI navigation test cases based on various navigation paths and test scenarios. The model also allows coverage analysis such as path coverage and node coverage. In this way, test cases can be generated systematically while  at the same time ensuring  coverage. This paper then presents a user-friendly tool which can help the  user to interactively input the navigation information, check the completeness and consistency of the input, and automatically  generate test cases. 

1 Introduction

GUI (Graphical User interface) is a common feature in most  modern software systems. It is widely used as the front-end control sub-system in many applications  including safety-critical systems. GUI is where the end-users look, feel and interact with the underlying application system. Due to the increasing importance of a  GUI system, GUI testing is gaining attention. But unfortunately, because of the variety of GUI components  as well as  the complexity of GUI construction and user interaction, testing a  GUI is difficult. Currently, GUI testing is expensive and many of steps are done manually.

Many tools are available today to facilitate GUI testing, such as QA Parterner [QA], JavaStar [Star], XRunner [XR], TestMaster [TM] and so on. The basic technique used in these tools is capture-and-replay. Capture-and-replay tools can capture the user's interactions on the GUI objects which are  under test during a test session, store them in a test script which can be interpreted and executed by the tool. Once captured and stored, testing can be repeated at any time, thus addressing  the reusability problem. Even though capture-and-replay is a powerful technique and has been used for testing numerous GUI projects, the initially set of test cases must be developed. All this has to be  possibly  done manually. Furthermore, it is difficult to state the coverage of the GUI  test by using the capture-and-replay mechanism because the coverage is provided with respect to the existing test cases, rather than with respect to other criteria such as navigation.

Test case generation in GUI testing is an issue. This paper presents a technique to automatic generate the initial set of GUI test cases based on a GUI behavior model. In this approach, test cases can be generated systematically thus ensuring proper test coverage. This approach divides testing GUI into two parts:

· Screen navigation: take the top-level container as the basic functional module and test the inter-module GUI behavior. This part ensures that each screen will be visited, as well as all the paths that might be used to traversed from one screen to another

· Widget logic: test the correctness of the behavior of the widgets inside a functional module - the top-level container. This part ensures that the software behind a widget will respond correctly when the corresponding widget is selected or activated by the application

By separating GUI testing into these two parts, the testing effort and complexity can be significantly reduced. This paper  illustrates  the savings in cost and effort  that can be achieved using this approach.  Since widget logic is application dependent, this paper focuses on screen navigation.

Top-level containers, called screens, are the building blocks of a GUI system. As an interactive system, each function in a GUI system is performed by navigation through a set of screens. A screen can take input from users, produce output to display, and consists of all the underlying logic to process user requests based on the user’s direction. Navigation through screens describes the high-level functionality of the system and the inter-relationship among screens.

For large applications, navigation through screens can be quite complex. Each Screen in the GUI system can be in several states depending on the data which it contains in it’s  GUI widgets. There are a set of navigation events which would enable transitions between screens. Pre-condition is the current status of the screen when a particular event is triggered. Post-condition is the expected status of the target screen after it becomes the focus of the GUI system.  Each screen can be navigated to different targets under different combinations of  pre-conditions and the triggering events. The system may also navigate to a particular screen but with different post conditions. 

For example, consider a GUI system with 10 screens. Assume each screen has 3 states and 2 navigation events. Then, at least 60 (
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) test cases are needed. Moreover, these have to be generated manually. With the increase in complexity of the GUI system, the number of  test cases required to test the states grows exponentially.

Therefore, automating the process of test case generation for GUI navigation can significantly save the time and effort involved in testing. This paper presents an approach for automatic test case generation based a model specification of the GUI navigation behavior.

Extensive research has been done on automatic test cases generation [Clarke 84, Boehm 84, Tsai 88, Weber 94, Paradkar 96, Yin 97]. [Clarke 84]  describes a test case generation method based on symbolic execution technique. [Tsai 88] discusses the automatic test case generation technique for relational algebra specifications expressed as queries. [Yin 97] presents an automatic test generation scheme for black box testing, using checkpoint encoding and anti-random testing schemes. One particular problem in GUI test case generation is that, in addition to generate the test data for each input, we also need to generate the sequence of execution steps.

This paper proposes a model called SNet (for Screen Net) to model screen navigation. It is a directed graph model where a node represents a screen and a link between two nodes represents  a navigation path from one screen to another. The precondition and post-conditions  for traversing from one screen to another are also specified on the link. Each navigation step (NStep) is  a six tuplet  and is defined by 6 components: the ID for the navigation step, the departure screen, the arrival screen, the navigation event, the precondition and the post-condition. conditions are specified  in the states of the screens, which are further specified by the combinations of the values of the input GUI widgets inside the screen container.
Based on the model, test cases can be generated systematically from various navigation paths and scenarios based on certain coverage criteria such  as path coverage, node coverage and state coverage. The navigation paths, test scenarios and test cases construct the three levels of the test elements. They are organized into a tree structure  which can be maintained and reused at different levels.

A user-friendly tool is developed to help user interactively input the navigation information. It will check the completeness and consistency of the input. Once an SNet has been specified and checked, the tool can then generate all kinds of test cases. In the current prototype, the test cases are written in a high-level description language. An example is shown below:
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Figure 1. Test Cases Example

The paper is organized in the following manner:

· Section 2 provides background information by introducing GUI components and the structure of a GUI system

· Section 3 presents the navigation model SNet including the definitions of navigation, navigation step, navigation diagram, and the process of identifying and specifying conditions. It also discusses the completeness and consistency checking  (C & C)of the model.

· Section 4 discusses the technique for test case generation based on SNet, including path, and/or node, coverage based navigation paths generation, state based test scenarios generation and boundary value based test cases generation.

· Section 5 presents the prototype tool, which facilitates the user-interactive model specification and automatic test case generation process. It also provides experiment results.

2 GUI Components and System Structure

A GUI system is built from  GUI components by containment. For example, the containment hierarchy of swing components is illustrated by the following figure [Swing]:
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Figure 2. Swing GUI component structure

Viewed in a top-down  manner , a GUI system is constructed  by following a hierarchical containment structure using  containers and widgets.  

2.1 GUI container

Containers serve  as the carriers of atomic GUI controls . These containers  decompose the complex GUI system into loosely coupled functional modules layer by layer. Containers, such as  (VC), Frame (Java), Form (VB), Dialog, can also be divided into two categories:

· The top-level container

Such containers lie at the outmost  level of the containment structure of the GUI system. They separate GUI widgets into loosely coupled groups, representing relatively independent functional modules. GUI components in this category include Windows (VC), Dialog, Applet (Java), Frame (Java), and Form (VB) and so on.

· The intermediate container 

Components in this category such as menubar, toolbar  and panel (Java) are embedded within  top-level containers and contain atomic GUI components or other intermediate containers. Doing so simplifies  the positioning problem of atomic GUI widgets. Such a container plays a weak role in functional decomposition  compared to the  top-level container.

2.2 Atomic GUI control - GUI widget

In contrast to containers,  atomic GUI controls or GUI widgets such as buttons, textfields and checkboxes  are the simplest  elements inside GUI containers. For example, a logon dialog can be made up of two input text fields for NAME and PASSWORD and two buttons for OK and CANCEL. 

GUI widgets are the real carrier of system functionality. They accept user's interactions as events and associate events with specific program logic. For example, a click event on a button A will trigger the procedure called  onButtonAClicked ().

3 Screen Navigation Model

Each top-level container  is called a screen  and is   a relatively independent functional module in the  GUI system. The current focus of the GUI system shifts from one screen to another by specific events. Such logic is called screen navigation and it   reflects the relationship between the functional modules and integration behavior of the system. Testing the correctness of the navigation logic is an important issue in  GUI system testing. 

A model SNet (screen net) is proposed to model the navigation behavior though all the screens in a GUI system.  It uses  a directed graph model where  nodes represent screens and directed links represent the  navigation logic. Conditions which include  both preconditions  and post-conditions of the navigation are also specified on the link. 

The following sections will introduce the definition of screen navigation, navigation step, navigation diagrams, their identification process and C&C checking on the SNet model.

3.1 Screen Navigation

In a GUI system, at each time frame  there is a particular active screen interacting with the user. Triggered by specific events the current screen will disappear or be deactivated and another one will be loaded in or activated. The two screens are logically connected by the event and such a scenario  where the  screen  focus is shifted is called screen navigation.

For example, consider the login system in the Windows NT workstation 4.0. The first screen is a dialog titled "Begin logon". Triggered by the event "Ctrl+Alt+Delete", the "Begin Logon " disappears and another dialog titled "Logon Information" is loaded in. Then, when the event "click the button Help" is fired, the dialog "Logon Information" is deactivated and another dialog titled "Logon Help" is loaded in and becomes the focus of the system. To specify the relationship between these dialogs, we say that:

· Screen "Begin Logon" is navigated to screen "Logon Information" by event "Ctrl+Alt+Delete"

· Screen " Logon Information " is navigated to screen "Logon Help" by event "Help button click"

3.2 Navigation Step: NStep

Each direct connection between two screens is called a navigation step or NStep. There are usually two kinds of navigation: unconditioned and conditioned. In case of  unconditioned navigation, a screen which is  triggered by the same event  always arrives in the same target screen, no matter what state  the departure screen is in. For conditioned navigation, a screen which is triggered by the same event, will arrive at different target screens depending on the status of  the departure screen .

For example, consider the “Logon Information” screen in the logon system. No matter what name and password the user put in, whenever the “Help” button is clicked, the “Logon Help” screen appears. This is an example of unconditioned navigation. 

For the case of  conditioned navigation ,  consider the "Logon Information" screen. The "OK button click" event will result in different screens under different conditions. In case the user put in the correct name and password, the interface for Windows NT operating system will appear. Otherwise, a dialog "Logon Message" will appear, instructing the user to re-type his logon information. This is a typical example of conditioned navigation. In this case, the status of the departure screen  or the condition  is the key to distinguish navigation steps from each other. 

In general, a navigation step is decided by the following elements:

· The unique identification of the navigation step, called ID

· The screen the navigation departs from, called the departure screen DS

· The screen the navigation arrives at, called the arrival screen AS

· The pre-condition of the navigation, called preCond

· The post-condition of the navigation, called postCond

· The event that triggers the navigation, called navigation event NE

Thus, a navigation step NStep in this model is defined as a 6-tuplet:
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Most navigation steps are conditioned, so conditions are important for navigation specification. Pre-condition is the current status of the screen when a particular event is triggered. Post-condition is the expected status of the target screen after it becomes the focus of the GUI system. Semi-formally, a simplified state machine is used in  the model to specify the conditions. The screen exists as a set of complement states. A condition is a logic operation (“and”, “or”, “not”) on a group of states. For example, the precondition “invalid user” is an “or” operation on following states: 

· An invalid user name, password and domain can be of any value

· A valid user name, but invalid password, domain can be of any value

· A valid user name and password, but an invalid domain

The state of the screen is defined by the combination of the values of the GUI widgets, which accept user’s inputs, inside the screen. A screen reacts to user’s inputs. At each time frame, the external user inputs are the major factors that affect the status and the behavior of the screen. As a container, the screen accepts the input and displays the output through the GUI widgets contained in it. Thus, the input values are represented by the values of those widgets accepting user’s inputs, which in turn define the status of the screen.

The value of the GUI widgets can be specified by either  their actual value or an abstract description of it. For example, an actual value can be used to specify a “Credit Card” input widget in a ATM screen as Credit Card = “Visa”. And an abstract value can be used to specify a “User Name” input widget in a Logon screen as “valid user name”.

A typical scenario to specify an abstract value is to specify its validity with respect to some external data source. For example, a “valid user name” with respect to some data dictionary of user accounts. In addition to the external data source, the validity of a widget value can also be defined by the values of other widgets. In other words , there exist dependencies among the widgets. For example, in  the logon interface, a user name is valid with respect to the domain name and a password is valid with respect to both the user name as well as the domain. 

To summarize,  the state of the screen in this model is specified by the following elements:

· The combination of the values of the GUI widgets that are contained in the screen and that accept user inputs.

· For abstract values, the external data sources  serve as the evaluation criteria to the values

· For dependent values, the dependencies among the GUI widgets would serve as the evaluation criteria .

3.3 Navigation Diagram: SNet

Navigation steps link  with each other to construct the whole network of navigation logic in a GUI system. The directional diagram called the  Snet  is used to model the network of the connected steps. 

In a  Snet  the  nodes represent screens  and the directional links represent navigation steps. Thus, a SNet is defined as a set of screens and a set of navigation steps:
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Each screen is defined by the following elements:

· A unique identification, ID

· A set of atomic GUI widgets

· A set of states

· A set of navigation events
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The corresponding class diagram of the SNet definition is depicted  in  figure 3.1 :
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For example, the logon system of the Windows NT workstation 4.0 can be considered to be  made up of 5 dialog screens : "Begin Logon", "Logon Information", "Logon Message", "Logon Help", and "Shutdown Computer". The following figure gives a visual illustration of the SNet for the example GUI system.
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3.4 Completeness and Consistency Checking

Software specification is a highly human-interactive process. Thus, it is prone to errors. It is also subject to continuous modifications  due to the changes in the requirements and design. A  specification such as SNet is bound to have   gaps and contradictions  and sometimes might be inconsistent or  incomplete. In this section, we discuss some general rules for the completeness and consistency checking of SNet model.

Completeness and consistency checking for Snet involves checking whether each screen and navigation is represented properly in  the SNet model . In other words , there should be no leakage and  conflict amongst them. Since  the SNet is basically a directed graph with conditions attached, the C&C (Completeness and Consistency) checking of SNet includes  two parts: 

· C&C check on screens (nodes) 

· C&C check on navigation steps (links), including conditions

3.4.1 Screen C&C Checking 

In Screen C&C checking we need to  ensure that all screens are represented in the  Snet Model  and that each node in SNet uniquely represents a screen. 

[rule 3.1]. Each screen has and only has a node representation in SNet. 

Also, we need to make sure that each screen is not a seperate node in the diagram. That is to say , there exists at least one path to reach the screen from the entry points of the GUI system and  there also exists at least one path to exit the system from that screen. 

[rule 3.2]. Let Entries = {en
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3.4.2 NStep C&C Checking

NStep represents the navigation logic. C&C checking on NStep ensures that there is no conflict in the definition of states and conditions  and that for every  screen , each combination of pre-condition and navigation event  uniquely decides  the target screen. 

Assume that:

· W = {w
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} be the set of the widgets that are contained in the screen 

· S = {s
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· L = {l
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· PreC = {prec
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[Definition 3.1]. Let s
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The rule 3.2 ensures that there are no conflicting and duplicate states defined in the Snet. 

[rule 3.3]. For each screen, there is no such pair of states s
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[Definition 3.2]. Let prec
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The following rule (rule 3.3) ensures that there is no conflict in the  definition of navigation steps:

[rule 3.4]. For each screen, there is no such pair of navigation steps l
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And the following rule (rule 3.4) ensures a complete identification of states and navigation preconditions.

[rule 3.5]. For each state s
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 in S, there exists some precondition prec
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4 Test Case Generation in the SNet model

Currently, most of the test cases are generated manually. Since a lot of  scenarios are possible, it is hard to gain the  assurance of coverage and reliability. It is also hard to maintain and reuse test cases. This paper introduces a  systematical level-by-level test case generation approach for the SNet model based on certain coverage criteria  . The goal is to generate  test cases  such that it becomes easier to maintain and later  reuse them. This would also help us  to gain certain assurance on coverage and reliability.  

There are three levels of  test case generation:

· Navigation Paths: These  provide the first level abstraction of the screen execution sequences.

· Test Scenarios: These help in  replacing  conditions on each step in a navigation path with concrete states

· Test Cases :  This specifies  the real testing data and activities. The test cases  are generated by concretizing the states  i.e substituting the abstract state specification in each test scenario with a set of real data values. 

The results obtained from  the three levels are organized into a tree structure.  Each screen sequence corresponds to a group of test scenarios and each test scenario corresponds to a group of test cases as shown in the following figure (figure 4.1). This organization provides the possibility to reuse the results  at different levels.
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4.1 Path Coverage Based Navigation Path Generation

Navigation path generation is defined as the  process of  finding all the possible paths between the starting and ending  screens. A navigation path is defined by the following elements:

· The screens that are involved in the path

· The navigation steps between these screens that help in navigating from one screen  to another

To identify the paths between two screens is in fact a search problem on a directed graph (digraph). A depth-first algorithm  used in the model is illustrated in the following figure (figure 4.2):
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4.2 State Coverage Based Test Scenario Generation

Test scenarios are derived from navigation paths by concretizing the condition specification on each navigation step with states. A navigation path is made up of a set of navigation steps. Each step is defined by certain pre and post conditions. Each condition is made up of a set of states. A test scenario is  thus a navigation path in which the navigation steps are specified by states rather than conditions. 

For example, consider  two screens A and B. Under any state, A can be navigated to the default state of B on the occurrence of event E. Suppose A has 3 states: s1, s2, s3 and the default state of B is s0. Then, the 3 scenarios corresponding  to the navigation path A ( B, is  illustrated in  figure 4.3:


The algorithm for test scenario identification is shown in figure 4.4.

4.3 Test Case Generation

In the SNet model a test case for testing GUI navigation is defined by the following elements:

· Initiate the starting screen of the navigation path

· For each navigation step:

a. Set the precondition

b. Activate the navigation event

c. Check the post condition, including the screen that should be invoked and the status of the screen

In the test scenario,  pre and post conditions  in the navigation step are replaced by their respective  state specifications. Test cases here are derived from the test scenarios by concretizing the abstract state specification with actual data values.

Test data are generated based on different situations, including:

· Different widget type, such as a text field which allows users to input whatever they want, a combo box which enumerates all the possible input values

· Different data types, such as integers for which boundary value based test data generation technique can be used, strings for which random test data generation technique can be used

· Different data source, such as data defined by database

· Different data attributes, such as independent or dependent

Figure 4.5 gives an example of the test cases generated from a test scenario. 
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5 Tools and Experimentation

A user-friendly tool is constructed to facilitate the user-interactive specification process and to automate the test case generation process. This  prototype has been applied to some real GUI applications and  encouraging  results were achieved.

5.1 Testing Tool Prototype

The prototype is made up of three parts: 

· Data dictionary: Store the general information of the GUI system structure: the screens, their widgets and navigation events.

· SNet Manager: Provide an interface for user to interactively build, store and maintain the navigation diagram.

· Automatic Test Case Generator: Based on the SNet constructed, the test case generator  generates the navigation paths, test scenarios and test cases and outputs them in a high level description language

The overall structure of the prototype is shown in the following figure:


5.2 Experimental  Results

Experiments on some small systems show that the SNet model is very helpful for understanding  the GUI system and simplifying the   process of automatic test case generation thereby improving  it’s reusability and manageability. Two examples are illustrated below.

Let us consider the Windows NT logon system  as an example. Two additional nodes are added to it to make  the diagram complete:

· Exit: This  node represents that the system is shutdown.

· Internal: This  node represents the GUI state  after entering the system

Assume that there are 4 valid users in 2 domains. The following table specifies the number of states and navigation links of each screen.   

Screen
Number of States
Number of Navigations

Begin Logon
1
1

Logon Information
5
5

Logon Message
1
1

Logon Help
1
1

Shutdown Computer
2
3

It takes about 10 minutes to build the data dictionary and another 10 minutes to build the SNet model. The following table lists number of scenarios and test cases generated from the screen “Begin Logon” to each of the other nodes (loops are bypassed).

Destination 

Screen
Number of Scenarios
Number of Test Cases

Logon Information
1
1

Logon Message
3
9

Logon Help
5
15

Shutdown Computer
5
14

Exit
10
28

Internal
1
4

Total
25
71

In another experiment, a Simple Automatic Teller Machine (SATM) is taken as the example system. This version (Appendix A) is a revision  of that found in [Paul 95]. It is  a greatly reduced system built around 12 screens. The following table specifies the system in terms of number of states and navigation links.

Screen
Number of States
Number of Navigations

Screen 1
1
1

Screen 2
4
3

Screen 3
1
1

Screen 4
4
3

Screen 5
3
2

Screen 6
4
4

Screen 7
1
1

Screen 8
1
1

Screen 9
1
1

Screen 10
2
2

Screen 11
1
1

Screen 12
1
1

Compared with last example, this system has more screens and   hence the  navigation logic is complex. For a user account database with 4 accounts information, it takes about 15 minutes to create the data dictionary and another 20 minutes to build the SNet model. The prototype generates 27 scenarios and 105 test cases from screen 1 (the start point for all scenarios) to screen 12 (the end screen for all scenarios).

6 Conclusion

This paper presents an initial attempt on automating test case generation for GUI testing based on a model specification. Specification-based test case generation is an old and new research topic. The effectiveness of this approach depends on the power of the specification as well as the generation strategy. The feasible model SNet proposed in the paper uses a condition-attached directed graph to model the dynamic navigation behavior of GUI system. Research and experiment show the following advantages of this technique:

· Taking consideration of the specific features of GUI system, the model shows its great potential power to extract, specify and organize the useful information for automatic test case generation. It is also possible to check the completeness and consistency of the model by certain rules. Test cases can be generated automatically based on the model, which will greatly save the time and effort for testing.

· Since test cases are generated systematically level-by-level, the process of test case generation is thus manageable. All the intermediate results (navigation paths, test scenarios, test cases) can be reused at different levels and are easy to maintain in case of changes are made to application. 

· Based on the model, test cases can be generated based on different coverage criteria, providing the possibility to gain certain assurance of reliability.
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8 Appendix A: the SATM system

8.1 The screens for the SATM system

There are 12 screens in the system, as shown in the following figure.
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8.2 Screen Navigation Diagram for the SATM system

The navigation logic through these 12 screens are illustrated in the following figure:


[image: image115.wmf]Screen 1

Screen 2

Continue

clicked

Screen 6

Screen 5

Screen 4

Screen 3

Screen 12

Screen 10

Screen 11

Screen 9

Screen 8

Invalid input

OK clicked

Valid input

OK clicked

Withdrawal /

balance selected

OK clicked

Cancel

clicked

Deposit Selected

OK clicked

Cancel clicked

Withdrawal

OK clicked

Cancel

clicked

Sufficient

balance

OK Clicked

OK Clicked

Screen 7

Invali input

OK clicked

Insufficient balance

OK clicked

Balance

OK clicked

Cancel

clicked

Cancel

clicked

OK

clicked



Figure 3.1 Class Diagram of SNet Definition











Figure 3.2: An Example of SNet





Figure 4.1: Tree of Three-level Test Case Generation





Data Structure:





PathArray    arrPaths;


LinkArray    aPath;





Algorithm:





1. Diagram::Search (CString from, CString end)





Remove all elements in arrPaths


Create a new LinkArray aPath


Get the node object by the ID from and end, store in pFrom and pEnd


Call RecursiveSearch (pFrom, pEnd, aPath)





2. Diagram::RecursiveSearch (CNode* pFrom, CNode* pTo, LinkArray* aPath)





if pFrom = pEnd


    Copy the elements in aPath to aNewPath and add it to the arrPaths


else {


    for each link that starting from pFrom do {


        get the node the link ends at pNextNode;


            if pNextNode is not in aPath {


                add the link to aPath;


                RecursiveSearch (pNextNode, pEnd, aPath);


                Remove the last element in aPath;


            }


        }


}





Figure 4.2: Depth-First Algorithm for Navigation Path Generation
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Figure 4.3: Deriving  Test Scenarios  From the Navigation Path





Figure 4.4: Algorithm for Test Scenario Generation





Figure 4.5: Examples  of Test Cases Generated From a Test Scenario
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Figure 5.1: The system structure of the prototype





Figure 8.1 Screens for the SATM system





Figure 8.2: Screen Navigation Diagram for SATM System
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