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Visual programming languages (VPLs) have been widely used to support end-user 

programming. However, end users are still not able to reuse code as actively as 

professional programmers, even when given abundant resources such as a large VPL 

program repository. One reason may be that current VPL development environments 

lack features supporting efficient code exploration and program comprehension, thus 

cannot alleviate the hard mental operations during code reuse. To investigate into the 

problem of end-user program comprehension, this thesis focuses on an animation 

scripting language Scratch and presents tool features for assisting novice end users’ 

understanding of animation scripts. For evaluating these features, we built Scratch 

Explorer, a code exploration environment containing visualized program information. 

Our empirical study has shown that Scratch Explorer has significantly helped novice 

Scratch users to answer code comprehension questions: less time and effort are 



 
 

 
 

required for them to find the target information. More specifically, Scratch Explorer 

users’ understanding of control flow and data flow has exceeded those using the 

traditional tool, implying that Scratch Explorer may help novice users successfully build a 

mental model of the program. These empirical results demonstrate that effective 

program visualization has significant advantages over conventional visual program 

displaying techniques in assisting end-user program comprehension, and can be 

embedded as features into end-user animation environments. 
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SCRATCH EXPLORER: A TOOL FOR ASSISTING END-USER PROGRAM  

COMPREHENSION OF ANIMATION SCRIPTS  

 

CHAPTER 1 INTRODUCTION 

End-user software engineering has become a popular research topic in recent years. 

This can be explained by the fact that the number of end users is increasing every year 

[Scaffidi et al. 2005] and the software tools that enable them to complete tasks are 

becoming more powerful and usable. The population of end users has expanded from 

those who need software tools to complete professional tasks (scientific simulation, 

engineering drawing, statistical reporting, etc.) to almost everyone who has access to 

computers. New populations of end users have encouraged new paradigms in end-user 

programming. For instance, visual programming languages (VPLs) and programming by 

example (PBE) have been shown to help kids and teenagers to learn programming 

[Smith et al. 2000]. Mashup tools have enabled people to easily create web pages and 

services [Wong and Hong 2007, Wang et al. 2009]. App inventors on Smartphones are 

encouraging phone users to program their own apps [Magnuson 2010]. End users have 

more choices of languages and platforms (other than spreadsheets and script languages) 

for creating or modifying software artifacts.  

Among all the techniques and methods, VPLs are one of the most common kinds of 

solution to end-user programming problems [Lieberman et al. 2006]. By allowing users 
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to create programs through direct manipulation of programming elements graphically 

instead of specifying the source code textually, visual programming has lowered the 

learning barrier of computer programming. Users do not have to memorize complicated 

syntax, and the semantics of visual languages are usually self-explanatory. More 

generally, visual programming is considered beneficial to end users in the following 

aspects [Nardi 1993]:  

 Its pictorial nature represents a higher level of abstraction; it is hard, in some 

cases impossible, to make syntax errors. 

 Visual languages exploit more dimensions than text languages, which may 

convey more information about program structure. 

 Pictures convey information in a more concise unit of expression and can often 

be understood by people regardless of what language they speak. 

Because of these advantages, visual languages and platforms have been studied 

and designed for all kinds of purposes. For instance, LabVIEW is a data-flow oriented 

VPL widely used in scientific research and education for virtual instrumentation 

[Johnson 1997]. AgentSheets is an animation platform which allows users with no 

programming background to create simulations and games [Repenning 2000]. Alice and 

Scratch are animation languages that follow the object oriented and event driven 

paradigm, focus on the educational aspect of VPL, and encourage kids and teenagers to 

learn programming [Ko and Myers 2005, Resnick et al. 2009].  
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Scratch differs from other VPLs in the way that it not only focuses on programming, 

but also on collaboration and idea sharing [Resnick 2007]. Developed by MIT Media Lab 

in 2007, Scratch now has attracted more than 700,000 users and includes an online 

project repository of more than 1.5 million projects [Scratch Stats]. On the Scratch 

website, users can view and comment on other people's projects; they can also upload 

projects and get feedback or ask questions in forums. Apart from these common 

functionalities, Scratch also allows users to remix projects. Scratch designers defined 

“remix” as “the utilization of someone else’s creative work in the making of a new one” 

[Monroy-Hernández and Resnick 2008]. In practice, registered users are allowed to 

download projects, make changes and upload them again to the repository. Scratch 

keeps track of these changes, embeds them in the project source file, and displays them 

on the website. This way, ideas and source code are shared among users with the 

intellectual property of the original project creator well preserved. Compared with 

professional programmers, end users rely on this kind of collaboration even more [Nardi 

1993]. By effective code sharing and refactoring, they solve existing problems and gain 

new knowledge. Therefore, the remix feature can potentially be a strong driving force of 

Scratch learning. 

However, after looking into the statistics of Scratch website and examining a 

sample of Scratch projects from the repository, we found that the remix feature was not 

playing such a crucial role in this animation programming community as we expected. 

The project create-remix ratio (average number of remixes for each original project) is 



4 
 

 
 

under 0.3. Moreover, most remix projects either introduced bugs or modified the source 

project in a trivial way, such as replacing the image of an animation object. We will 

discuss this problem in more detail in Section 2.2.  

There can be various reasons why end users are unable to successfully remix 

existing projects while given the resources. One possible reason is that it requires a lot 

of learning and reasoning to understand and modify an existing project using the 

current Scratch environment; in our experience, the effort needed is not significantly 

less than the effort required to create a new project from scratch. Similar problems 

were discovered in prior studies of code reuse [Hoadley et al. 1996]: both lack of 

disposition to reuse and difficulties in comprehending code were suggested and proved 

to be barriers in code reuse. Although Scratch is a language much simpler than 

languages examined in previous studies (LISP, Prolog, C, etc.), it has certain language 

features that require hard mental operations, while the current programming 

environment provides little help for Scratch programmers in overcoming these barriers. 

More details of the Scratch language and an evaluation of its environment will be 

discussed in Section 2.3. 

There are a number of approaches available towards solving this code reuse/remix 

problem. The approach we focused on was to embed comprehension-assisting features 

into the programming environment. We designed these features by investigating 

cognitive theories of program comprehension (Chapter 3), developing a prototype 
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containing these features (Chapter 4), and conducting an empirical study of the 

usefulness of the prototype (Chapter 5). Empirical results showed that visualizing 

Scratch program information allowed novice Scratch users to more quickly and correctly 

understand code, especially for a program’s control flow and data flow (Chapter 6). 

After reviewing these features and the study, we conclude by stating the contributions 

of this research and discussing potential application of techniques used in this study to 

other domains (Chapter 7).   
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CHAPTER 2 REMIX PROBLEMS IN SCRATCH COMMUNITY AND AN 

EVALUATION OF SCRATCH PROGRAMMING ENVIRONMENT 

To better understand the remix problem, we studied the behavior of the Scratch 

community, particularly with respect to remixing Scratch projects. To see whether or 

not the remix problem could be attributed to comprehension barriers, we conducted a 

heuristic evaluation of the Scratch language and programming environment. Details of 

these two studies are organized as follows in this chapter:  

 Core concepts in Scratch 

 Statistics on Scratch users, projects and remixes 

 Heuristic evaluation of the Scratch language and environment 

2.1 SCRATCH CONCEPTS 

In this section we introduce a few core concepts in Scratch programming. These 

concepts will be used in later chapters.  

Scratch block: basic visual programming unit (one line of code) in Scratch.  

A Scratch block is a Lego brick style polygon that encapsulates an expression, action 

or control statement. Each block is essentially a line of source code in a Scratch program. 

The text on each block is a description of its semantics. For instance, the block that 

changes the color of an animation object would have text “change color effect by *some 

value+”. Blocks are used to form a piece of program through drag & drop. Table 1 shows 

the eight categories of blocks in Scratch, along with an example of each.  
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Table 1: Scratch Block Categories and Examples 

Block type and usage Example 

motion (move sprite, change direction) 
 

looks (change color, size, costume of sprite) 
 

sound (make a sound, note, drum beat) 
 

pen (put down/up a colored pen, make a stamp of 
sprite) 

 

operators (arithmetic, logic, string operations) 
 

control (event trigger, control logic, message 
broadcast) 

 

sensing (collision detection, read other sprites' 
properties) 

 

variables (declare, query, modify variables and lists) 
 

Scratch hat block: a special type of block in Scratch that listens for an event.  

To define when a piece of code should be triggered, a Scratch hat block is snapped 

to the top of other Scratch blocks. There are 4 types of “hat” event blocks in Scratch: 3 

for user action events, 1 for inner message event. User action hat blocks include the 

following [Table 2]: 

Table 2: Scratch User Action Hat Blocks 

Block usage Example 

Execute the code if Scratch green flag (a special 
button in the Scratch environment which starts the 
animation) is clicked 

 

Execute the code if the specified sprite is clicked 
 

Execute the code if the specified key is pressed 

 

An inner message block is labeled with text "When I receive message [message 

name]" [Figure 1]. It means that the code attached should be executed if some 
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animation object broadcasts a message of the specified message name. This message 

broadcast mechanism will be discussed in more detail in the "Message" part. 

 

Figure 1: Scratch Message Hat Block 

Script: combinations of Scratch blocks defining the behavior of an animation object.  

A script is composed by a number of Scratch blocks, including a hat block as the 

trigger, and some action or control blocks as the “code” to be executed at the triggering 

event. Each script must be attached to an animation object. Scripts with the same hat 

block run in parallel once the triggering event occurs. 

For instance, an animation object can have a script as follows [Figure 2]. This script 

means that, when the object receives a message called "BEGINNING", it will set variable 

"Score" to 0, and then move to the point (-121, -107). 

 

  Figure 2: Scratch Script Example 

Sprite: core animation object in Scratch programming.  

A sprite in a Scratch program is a concrete object with properties and behaviors. 

Properties of a sprite include its coordinates, direction, costumes, color, etc. Behaviors 

of a sprite range from simple actions like "walk to some place" or "say a sentence", to 
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complicated animations containing conditional statement or loop, such as "follow 

another sprite as long as timer has not reached 0". These behaviors are implemented in 

its scripts. Once a sprite is created, it may appear on the animation stage and behave 

according to scripts attached to it. For example, the "guy" in Figure 3 that looks like a 

face is a Scratch sprite. It is displayed in the sprite list area of Scratch environment. Once 

selected, its behaviors, costumes and sounds can be edited in the sprite editing area. 

 

Figure 3: Scratch Sprite Example 

Message: a mechanism for sprites to communicate.   

A message in Scratch program is a string defined in the "broadcast" block. Any 

sprite can broadcast a new or existing message in its script; all sprites, including the 

broadcaster, can choose to respond to the message by including a "When I receive 

message [message name]" script. There is no multicast or unicast in Scratch; all sprites 

are subscribers to all messages. But without a script triggered by that particular message, 

a sprite would not respond at the time the message is broadcast. Therefore it is still 

possible to achieve the effect of multicast or unicast, and have sprites communicate 

with each other in form or one-to-one, or one-to-many.  

Variable: data storing unit in Scratch.  
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A variable in Scratch has no static type. It can either be a single value (holding any 

integer, double, or string), or a list (holding multiple single values). Variables are 

declared in the "variable" panel of Scratch environment; they can either be global or 

private to a particular sprite. Sprites have direct access to global variables, and can read 

other sprites' private variables through a sensing programming block. 

The current Scratch environment looks like Figure 4. The left panel contains all the 

eight categories of blocks. The central panel displays detailed code and multimedia 

information of a sprite; user may edit the source code by drag and drop blocks from the 

left panel, or edit sprite’s costume or sound through embedded painter and recorder. 

The right panel contains a rectangular animation stage, which displays the output of the 

loaded program. The user can run or stop the program through the green flag or red 

button on the top-right corner. Below the animation stage is the sprite list. All sprites 

used in the program are listed with a thumbnail. User can also add new sprites or delete 

existing ones.  
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Figure 4: Scratch Environment 

2.2 SCRATCH COMMUNITY STATISTICS 

To learn more about the users of Scratch and their programming style, we looked 

into some basic statistics of the Scratch community [Scratch Stats]. All the following 

statistics were collected at the beginning of February 2011 from the Scratch website.  

At the time we collected the stats, there were 203,039 project creators in the 

Scratch community, and they created 1,565,418 projects. The programmer number and 

activity level of different age groups are as follows [Figure 5, Figure 6, taken from 

Scratch Stats]: 
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Figure 5: Distribution of Project Creators 

 

Figure 6: Distribution of Activity (Number of Projects Created) 

Both are skewed distributions (long tail on the right side).The majority of project 

creators are teenagers (age 11-18), but there is also a considerable number of adults 

(age 19 - 70) creating projects using Scratch. Teenagers are much more active than users 

of other age groups; they have contributed about half of the projects in the Scratch 

repository.   

We compared the number of projects to the number of remix projects in the 

repository [Figure 7].  The graph illustrates the number of projects (upper line) against 

the number of remixes (lower line) in the Scratch repository, from Jan 2007 to Jan 2011. 

It can be observed that every month, the number of projects created is roughly 3 times 

the number of remixes made, which means approximately about one out of three 

projects has one remix on average. Considering that some popular projects result in a 



13 
 

 
 

huge number of remixes (for example, the "pong" game made by MIT’s 

SampleProjectTeam has more than 6000 remixes), the distribution of remixes is not 

even; most projects in the repository would have remix frequency much lower than 1/3.  

 

Figure 7: Scratch Code Repository’s Create vs. Remix Statistics 

We then looked at the top 25 "most remixed recently" projects on the Scratch 

website [Scratch Remix] to find out what kind of remixes people were making, and we 

obtained the following result [Table 3]. Out of the 25 most remixed projects, only 2 of 

them were remixed through script editing. All other projects were either remixed by 

changing sprite costumes, adding sprites as static characters, or adding new sounds. 

Since Scratch is a programming environment instead of a painting or recording tool, the 

situation here tells us that Scratch users are not making full use of this programming 

tool, the remix feature, and the code repository. 
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Table 3: Remix Types of Top 25 Remixed Projects 

Remix types  Number 
of 
projects 

Averaged 
remixed 
times 

Example projects 

Add new sprites, use their 
costumes as quotes, new 
characters, signatures, or to fill 
up forms 

12 13.4  "scratch quotes",  
"scratch yearbook",  
"Add yourself to a video 
game contest" 

Add sounds, recordings 3 15 "add yourself trying to 
sing the campfire song", 
"voice contest" 

Change existing sprite 
costumes 

6 11.7 "coloring contest" 

Combinations of add sprite 
costumes, variables and other 
remixing not related to script 
change 

2 7.5 "what year did you join 
scratch" 

Add new scripts with non-trivial 
behavior; change existing 
scripts; add new levels to an 
existing game 

2 14 "dragons castle menu", 
"hurt me" 

This finding was consistent with the results from a previous study on Scratch code 

repository [Dahotre et al. 2010]. In that study we randomly collected 100 projects from 

the Scratch repository and looked into the number of views, remixes, comments and 

implementation details of these programs. Out of these 100 projects, 10 were remixed 

once, 3 remixed twice and 1 remixed three times. The create-remix ratio here was about 

1 out of 8 projects, which was much lower than the 1/3 ratio from Figure 5. Among all 

the remixes, 70% included multimedia changes (e.g., changing images) and 40% had 

script changes. However, among the 40% of script remixes, almost half of them have 

introduced bugs (e.g., introducing dead loop to a game). Therefore, the actual 
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percentage of successful code modification was still quite low. This low code remix rate 

problem is the motivation behind our research.  

2.3 HEURISTIC EVALUATION OF THE SCRATCH ENVIRONMENT 

As described in Chapter 1, Scratch is designed for kids and is supposed to be easy to 

learn and understand. Looking at its large user community and project repository, we 

believe Scratch has achieved part of this goal. But on the other hand, the low remix rate 

and remix project quality suggest that Scratch, in either its language or environment, or 

both, may not be so powerful in supporting reuse and adaptation of code. We 

suspected that difficulties in comprehending code could be one of the reasons for the 

low remix rate. In this section, we evaluate Scratch from the perspective of cognitive 

dimensions, and we try to find potential comprehension barriers that may explain the 

code remix problem.  

Cognitive dimensions have been used widely to evaluate the usability of 

programming languages and environment [Green and Petre 1989, Green and Petre 

1996]; the following discussion will focus on some dimensions in the context of Scratch 

programming. 

Abstraction gradient:  Sprites are the core elements in Scratch programming. For 

sprites to communicate, either message broadcasting or a global variable could be used. 

Thus both message and variable are elements of programming. Ideally, up to 4 levels of 

abstraction can be used in Scratch. At the highest level, sprites and their relationships 
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are displayed; at the second level, scripts and their relationships. Then we move on to 

the source code, and present the abstractions inside of a script (for instance, finding 

frequently used code patterns and chunking them up); at the lowest level, the actual 

blocks can be viewed and edited.  

The current Scratch programming environment has a sprite list and a script editing 

panel, so the only abstraction level users may access is the source code. (Sprites are 

listed but no relationship between them is shown.) The advantage of this design is that 

users can directly reach the lowest level of program (i.e., source code). The 

disadvantage is that users may have difficulties seeing how sprites or scripts are related, 

which is a crucial step in the cognitive process.  

Closeness of mapping: The basic programming unit in Scratch is the block. Since 

Scratch program is mainly about animations, certain blocks (e.g., motion, look, sound, 

pen and sensing) correspond to the problem domain quite well. For instance, if the user 

wants to check if SpriteA collides with SpriteB, the only primitive block he will need is 

the "SpriteA touching SpriteB?" block from the "sensing" category.  

On the other hand, primitives in the "control" category are not so closely related to 

the problem world. For instance, in many cases, all the user wants is to make one sprite 

to send a message to the other sprite; this can only be done using the broadcasting 

blocks. But because of the "broadcast" semantics, all the other sprites can potentially 

receive this message. Therefore, to make sure other sprites do not act on this message, 
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the user needs to check that they do not have such a script with this message event 

trigger. For this kind of problem, the gap between the notation and the problem world 

may increase the gulf of evaluation. Another common problem in Scratch is passing a 

message with parameter. The message mechanism is not like a function call: there is no 

way to embed an argument in a message. Since Scratch does not support function call, 

two possible solutions for this problem would be: a) create a message for each possible 

parameter value; b) store the parameter in some global variable before the message is 

broadcast, then the triggered script can read that variable. This is clearly a twist of the 

real problem, thus may increase the gulf of execution and also comprehension overhead.  

Hidden dependencies: In the current Scratch environment, the user cannot see the 

message broadcast between sprites directly. To find such a dependency, users need to 

first locate the broadcaster of a message, and then find the receivers. This control flow 

based dependency is not indicated by the environment in either direction. 

Another type of hidden dependency is the read/write of global variables. Sprites 

whose behavior is dependent on the value of a variable are going to be affected by the 

execution of those scripts modifying this variable. Similarly as the message case, it is not 

straight-forward to view the read/write of all variables in Scratch script panel. Although 

the color conventions in Scratch may help here, quickly identifying uses of a variable is 

still difficult.  
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Visibility & Juxtaposability: Currently users can view the source code attached to a 

sprite by one click. But to access to the source code related to messages or variables, 

they have to read through all sprites' scripts, as there is no indication whether a sprite 

sends/receives a message, or reads/writes a variable. The visibility of message and 

variable use is quite low. Also, the current environment only allows programmers to 

explore one sprite’s source code at a time. It is not possible to juxtapose multiple sprites’ 

scripts and compare their behavior. This could increase the difficulty in reasoning about 

sprites’ roles and relationships.  

In summary, for retrieving information related to multiple sprites’ interactions, 

messages or global variables, the current Scratch environment may not be able to 

provide high visibility or juxtaposability of the information. Hidden dependencies 

between these objects in source code could lead to confusion. Certain language features 

are not very closely mapped to real problems and could not be searched for efficiently. 

The single abstraction level provided by the current environment might not effectively 

assist users in building a high-level understanding of the program. All these problems 

may become comprehension barriers. 
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CHAPTER 3 COGNITIVE THEORIES AND TOOL RESEARCH OF PROGRAM 

COMPREHENSION 

To help Scratch users in overcoming the comprehension barriers discussed in 

Chapter 2, we first need to understand the process of program comprehension. In this 

chapter, we will review important cognitive theories and tool research related to 

program comprehension, and we will use the implications from these theories and 

research as guidelines for designing Scratch program comprehension assisting tools.  

One definition for program comprehension is as follows [Pennington and Grabowski 

1990]:  

“Understanding a program involves assigning meaning to program text. A 
programmer must understand not only what each program statement does, 
but also the ‘execution sequence (control flow), the transformational effects on 
data objects (data flow), and the purpose of groups of statements (function)’. 
In order to do this, the programmer will employ a comprehension strategy that 
coordinates information 'in the program text' with the programmer's 
knowledge about programs and the domain. This results in a mental 
representation of the program meaning.”  

Several important concepts were introduced in this definition. We will briefly 

discuss these concepts first because they are commonly used in the cognitive theories 

reviewed in this chapter.  

Mental model/representation of program: programmer's current state of 

knowledge about the program [Good 1999]. Programmers gather information from a 

program and combine this with their domain knowledge to form this dynamic and 

evolving model.  
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Comprehension process: the temporal process by which programmer extracts 

information [Good 1999]. The comprehension process can be top-down, where the 

programmer starts by making hypotheses about how the program should be 

implemented using domain knowledge, and then studies the code to verify the 

hypotheses. Or it can be bottom-up, where the programmer starts from the lowest level 

code and gradually build up his understanding of the program based on the elements in 

code. It can also be a mixed process where the programmer switches between top-

down and bottom-up approaches. 

In the following sections we will first investigate the three important cognitive 

models of program comprehension. Since our research focuses on novice end users, we 

will also review previous studies on novice programmer’s strategies in code 

comprehension. We look into current techniques for assisting end user comprehension, 

and then apply theories and current research results to the problems we have 

mentioned in Chapter 2 to propose a solution. The sections are organized as follows: 

 Cognitive models of program comprehension process 

 Implications for tool design from cognitive models & end-user comprehension 

assisting techniques 

 An approach to address comprehension barriers in Scratch 
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3.1 COGNITIVE MODELS OF PROGRAM COMPREHENSION PROCESS 

A cognitive model describes the cognitive process and information structure used 

by the programmer to form the mental model of program [Storey et al. 1999]. The three 

cognitive models described in the following sections are the key models resulting from 

the past research. All of them rely on the programmer's domain knowledge together 

with the source code to create a mental representation of the program.  These cognitive 

models not only provide insight into how the programmer's mental model changes 

during the comprehension process, but also give theoretical support for designing 

comprehension assisting tools for programmers with different levels of experience or 

types of thinking pattern.  

3.1.1 TOP-DOWN PROGRAM COMPREHENSION 

Brooks proposed one of the first top-down comprehension models [Brooks 1983]. 

He described program comprehension as a reconstruction process, where programmers 

build a mapping between their knowledge about the different domains of program and 

the actual code. Viewed as a temporal process, here program comprehension is 

hypothesis-driven where programmer starts with a high-level hypothesis concerning the 

general purpose of the program, and then refines the initial hypothesis by making a tree 

of subsidiary hypotheses in a top-down manner. Hypothesis verification or rejection is 

done by searching for beacons (defined by Brooks as "typical indicators of the use of a 

particular operation or structure"). When such a beacon is recognized in code, the 
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programmer will have some confirmation supporting one hypothesis, and the lines of 

code in this beacon will be bound mentally to that hypothesis. Similarly, a hypothesis 

will be rejected if certain beacons cannot be found in program text. This verification-

rejection process will continue until all leaf nodes in the subsidiary hypothesis tree have 

corresponding code segments.  

One determining factor required for this top-down process to build complete and 

correct comprehension is the existence of domain knowledge. If a programmer is not 

familiar with similar programs or has no experience in the program domain, it is unlikely 

that he would form the correct hypotheses in the first comprehension stage, or build 

appropriate subsidiary hypothesis sub-trees using beacons. Therefore, the top-down 

model is more common in expert or professional programmers' comprehension, but less 

likely to occur in novice or inexperienced end users.  

3.1.2 BOTTOM-UP PROGRAM COMPREHENSION 

Bottom-up comprehension theory assumes that programmers start understanding 

program by reading code and gradually chunking up code into higher level abstractions 

[Shneiderman and Mayer 1979]. Pennington has observed that when a program is new 

to programmers, they first develop an understanding of the program "in terms of its 

procedural episodes” *Pennington 1987]. This is referred to as the program model, 

which is constructed by chunking up microstructures in code (single statement, control 

constructs, etc.) into more abstract macrostructures; the result is a control flow 
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abstraction of the program. After the  program model is successfully built, the sequence 

of code operations is now in programmer's mental model, so now they may further 

investigate the data objects and functions which connects or run through code 

segments; at this stage, a situation model containing knowledge of data flow abstraction 

and functional abstractions is developed through chucking and cross-referencing.  

3.1.3 INTEGRATED METAMODEL 

The integrated code comprehension model, proposed by von Mayrhauser and Vans, 

combines top-down and bottom-up models and predicts that programmers would 

continually switch between program model, situation model and top-down model using 

their knowledge base ("Beacons, goals, hypotheses and strategies determine the 

dynamics of the cognitive tasks and the switches between models") [von Mayrhauser 

and Vans 1995]. The key feature of this integrated model is that any of the three sub-

models could be evoked any time during the comprehension process, so the whole 

direction of code understanding is not monotonically top-down or bottom-up. 

Programmers may recognize beacons during the process of program model construction, 

or they may find unfamiliar code in beacons and switch back to understanding operation 

sequences.  

3.1.4 DO EXPERT AND NOVICE PROGRAMMERS USE DIFFERENT COGNITIVE MODELS? 

Many studies have been done to find out the difference between expert and novice 

program comprehension. According to Mayer and Bayman's findings on how expert and 
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novice differ on four types of programming knowledge, experts take a more top-down, 

breadth-first approach in comprehending code, and are more likely to understand the 

abstract goals of a program than novices [Mayer and Bayman 1981]. This suggests that a 

top-down model would be less suitable for novice program comprehension, since 

novices lack the programming knowledge and experience which are required in the top-

down model for building the hypotheses hierarchy. Novices are more likely to be better 

with bottom-up or integrated comprehension, although chucking (global search and 

replace) of microstructures and switching to situation model would still be demanding. 

This assumption is verified by a number of empirical studies [Vessey 1985]  

In summary, previous studies suggest that bottom-up or integrated model would 

work better for novice programmers, not only because top-down model works on the 

information novices generally do not possess, but also because bottom-up or integrated 

approach would prevent novices from using an opportunistic strategy and missing 

important causal knowledge.  

3.2 IMPLICATIONS FOR TOOL DESIGN AND CURRENT TOOL RESEARCH 

3.2.1 TOOL REQUIREMENTS SUGGESTED BY COGNITIVE MODELS 

Now that we know about programmers' mental model during their code 

comprehension, it is possible to build tools with features directly present to support the 

building of such cognitive model, and in such a way assisting the understanding of code. 

Depending on which cognitive model we are supporting, the assisting tool should have 
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different features. Storey et al. proposed 14 cognitive design elements to support the 

construction of a mental model, which addresses tool requirements for all three types 

of cognitive models [Storey et al. 1999]. Von Mayrhauser and Vans also described the 

tool capabilities for their integrated metamodel, which contains both top-down and 

bottom-up models [von Mayrhauser and Vans 1993]. The two sets of tool requirements 

overlap in a few aspects, but are essentially from two different perspectives and both 

inspire this thesis work, therefore we will discuss both of them in the following sections.  

3.2.1.1 STOREY’S 14 COGNITIVE ELEMENTS 

The study of Storey focused on one class of code comprehension assisting tool: 

software exploration ("presents graphical representations of static software structures 

linked to textual views with the goal of helping a maintainer form a mental model of the 

software") [Storey et al. 1999]. (The prototype developed in this thesis also belongs to 

this class.) According to their research, software visualization is coherent if the 

maintainer can construct a mental model from the given visualization. Based on this 

definition, they propose a hierarchy of cognitive design elements. The upper branch of 

this hierarchy (E1- E7) considers all three cognitive models and suggests features 

intending to capture the essential process programmers may employ during 

comprehension. The lower branch (E8 - E14) focuses on reducing comprehension 

overhead and tool usability, which is also important but will be discussed in fewer 

details here.  
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The seven upper branch design elements and their tool implications are listed in 

Table 4.  

Table 4: Cognitive Design Elements - Program Comprehension Branch 

Cognitive Design 

Element 

Supported Model Tool Implication 

E1: Indicate syntactic 

and semantic relations 

between software 

objects 

Bottom-up Provide direct access to lowest level 

units in the program 

Use graph to present semantic 

relationship between objects 

E2: Reduce the effect of 

delocalized plans 

Bottom-up Multiple views of the program (source 

code listing, call-graph, variable cross-

reference) 

Program slicing 

E3: Provide abstraction 

mechanism 

Bottom-up Subsystem identification 

Facilities allowing 

programmer/maintainer to create 

their own abstractions 

E4: Support goal-

directed hypothesis-

driven comprehension 

Top-down Design pattern identification 

Hypotheses recording and verification 

E5: Provide overview of 

system architecture at 

various level of 

abstractions 

Top-down Use tree or nested graph to represent 

hierarchical structure of program 

E6: Support the 

construction of multiple  

mental models 

Integrated Multiple graphical views of call graph, 

variable usage diagram, source code, 

program slice, etc. 

E7: Cross-reference 

mental models 

Integrated Synchronize views by updating all 

views when one of them is altered 

Link multiple views by highlighting 

instances of the same object in all 

views 
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The design elements can then be categorized by their functionality. For instance, 

graphs and multiple views are for browsing and exploration support; program slicing can 

be considered as an instance of searching tool; subsystem and design pattern 

identification are one type of backstage static analysis tool.  

 The other branch of this hierarchy addresses the problem of cognitive overhead.  

Elements like directional or arbitrary navigation, orientation cues, switching views by 

zoom in/out are suggested to alleviate cognitive overhead so that user would not feel 

overwhelmed by the amount of information given.  

3.2.1.2 VON MAYRHAUSER AND VANS' TOOL CAPABILITIES FOR INTEGRATED METAMODEL 

In their study of integrated metamodel, von Mayrhauser and Vans also gave a list of 

tool requirements for assisting the construction of cognitive models. They deduced the 

tool capabilities by first examining the sub-tasks need to be finished in each cognitive 

model, figuring out the information needed in these sub-tasks, and at last deciding 

which types of features would map to the information [von Mayrhauser and Vans 1993]. 

Some representative features they identified are listed as follows [Table 5]. 

Table 5: Cognitive Models and Tool Capabilities  

Cognitive 

Model 

Tasks Information Tool Capability 

Top-down 

model 

Gain high-level view Call graph Pruned call tree 

Determine the module to 

examine 

Organize functions 

 

Function classification 
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Generate hypothesis Display relevant 

information  

Full system display 

Evaluate program 

segments 

Domain concepts Domain keyword 

searching 

Program 

model 

Chuck/store Code chunks Chunker 

Examine data structure Definition, use of 

variables 

Variable cross 

reference reports 

Determine and examine 

next program segments 

Block delimiters 

Browsed locations 

Key-word search 

Highlight blocks 

Function count 

Situation 

model 

Domain questions Knowledge of 

domain functions 

Visual representation 

of domain sources 

Domain expert 

The tool capabilities listed above are mainly from a static analysis perspective and 

thus very different from Storey’s 14 cognitive design elements. However, a lot of them 

can be converted into design elements. For instance, keyword search is a type of 

program slicing; call tree and variable cross reference can be implemented using graph 

or diagrams and presented as one of the multiple views.  

3.2.1.3 TOOL REQUIREMENTS IMPLICATED BY REAL PROBLEMS 

Other studies have revealed the need for similar features to address real problems 

found in code debugging or maintenance [Storey 2005]. For instance, Biggerstaff 

observed that mapping code to requirements is one of the main difficulties in 

understanding, and found that features like queries (program slicing), graphical views 

(visualization) and hypertext may address this problem [Biggerstaff et al. 1993]. Singer 

and Lethbridge suggest features like searching, displaying relationship between items, 
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and keeping track of searches [Singer et al. 1997]. These again, can be found in the 

cognitive elements and tool capabilities discussed in the two sections above.  

3.2.2 CURRENT TOOL RESEARCH AND POPULAR COMPREHENSION ASSISTING TECHNIQUES 

Survey papers have described features that actually present in deployed tools. In 

“Coming attractions in program understanding” *Tilley and Smith 1996], researchers 

categorized program comprehension support mechanisms into three reverse 

engineering activity areas: data gathering (including finding proper data sources and 

data filtering), knowledge organization (modeling data for efficient retrieval and analysis) 

and information exploration (providing navigation through hyperspace that represents 

the information, analyzing and filtering the information with respect to domain-specific 

criteria).  Program comprehension support tools may have features belonging to one or 

more categories of these mechanisms, depending on the problems they are trying to 

address. For instance, SHriMP [Storey et al. 2001] is a software exploration tool 

concentrating on information presentation. The nested graph, fisheye viewer and 

“pan+zoom” approaches it has employed all serve to create more interactive code 

viewing interface assisting comprehension in integrated metamodel. It is demonstrated 

that SHriMP contains all designed elements supporting the integrated metamodel 

[Storey et al. 1999]. For tools focusing on knowledge organization, PECAN [Reiss 1985] is 

a representative program development system which analyzes source code from the 

syntax, semantics and execution perspectives. It provides multiple graphical views (code 

editor, symbol table, data type view, expression view, and control flow view) based on 
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the analysis results. Besides tools developed in research studies, most development 

environments (Eclipse, Visual Studio, etc.) for general programming languages have 

already integrated some features suggested in previous text, such as object and method 

outline, type and call hierarchy views, cross-reference of variables and methods, class 

diagram and system structure diagrams. Most, if not all, of these tool features are 

missing in the Scratch environment. 

3.2.3 COMPREHENSION ASSISTING TOOLS FOR END-USER PROGRAMMING 

There are few comprehension assisting tools specially designed for end users, but 

there are tools addressing other problems, which may provide insight into 

comprehension assisting tools. From the perspective of end-user programming language 

design, techniques like tactile programming, form-based programming and other types 

of visual languages are designed to lower the learning barrier and also make the 

language easy to understand. These visual languages are easier to understand than text 

languages not only because they carry explore more dimensions, but also because they 

support comprehension by manipulation. For example, the designers of AgentSheets 

proposed that by allowing users to drop commands to concrete objects, it makes the 

rule applying process easier to understand. Also because any rule can be executed at 

any time, users are likely to better understand the local behavior of an agent 

[Repenning et al. 2000].  
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From another perspective, a lot of research has been done in supporting end-user 

debugging; it is closely related to code comprehension because understanding a 

program’s behavior is a prerequisite to debugging it.  A number of techniques have been 

developed and evaluated to support end-user debugging, including conventional ones 

like program slicing, and new ideas like interrogative debugging and WYSIWYT [Ko and 

Myers 2004; Rothermel et al. 1998]. 

In interrogative debugging, programmers ask "why did" and "why didn't" questions 

about the program's behavior, and the debugging tool gives answers in terms of 

relevant runtime data. This technique is applied in Alice Whyline, where a debugging 

interface is embedded in the Alice programming environment and visualizes answers to 

the programmer's questions. Although the "question asking" is a new concept 

introduced to end-user debugging from natural programming, interrogative debugging 

can still be decomposed into static and dynamic analysis of code (or more abstract 

program model), program slicing and visualization. Effective combination of these 

conventional techniques results in this helpful new tool. According to Ko and Myers, 

Whyline reduced debugging time by nearly a factor of 8 [Ko and Myers 2004]. 

WYSIWYT (What You See Is What You Test) is a methodology proposed by 

Rothermel et al. [Rothermel et al. 1998], and has also been applied to assist end-user 

debugging. By embedding low-cost and incremental visualization devices into end-user 

programs, such as a spreadsheet, it is demonstrated that this technique efficiently 
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communicates the "testedness" of programs and helps with fault localization 

[Rothermel et al. 2000].  

All of these tools might indirectly support code understanding during debugging. 

However, few features have been developed or evaluated yet to support code 

understanding of animation programs during reuse.  

3.3 AN APPROACH TO ADDRESS COMPREHENSION BARRIERS IN SCRATCH 

Summarizing the problems mentioned in Chapter 2, and mapping them to the 

cognitive models tied to theories, we construct the following problem-model-solution 

table [Table 6] for Scratch program exploration:  

Table 6: Scratch Environment Barriers and Possible Solutions 

Problem in 

language / 

environment 

In cognitive model Possible solution / features 

P1: Limited 

support for 

visualizing 

abstraction 

Users may not be able to 

think in system terms 

(abstraction generation) 

Instead of showing code directly, 

display relationships between sprites, 

scripts, and then code 

P2: No 

sprite/script 

dependency 

information 

(message 

broadcasting) 

Users may have trouble 

following the control flow 

(program model) 

Display a call-graph like message 

broadcasting diagram. Allow users to 

view the broadcaster/receiver of each 

message. Allow users to interactively 

follow program flow by simulating the 

broadcast of messages. 

P3: Low 

visibility of 

variables 

Users may have trouble 

construct data flow 

(situation model) 

Display variable read/write graph or 

cross-reference diagram and provide 

program slicing with keyword highlight 
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CHAPTER 4 SCRATCH EXPLORER PROTOTYPE DESIGN 

To help Scratch users cope with the potential comprehension barriers, we 

developed Scratch Explorer, which implemented some cognitive design elements and 

features suggested by cognitive theories and tool design elements (Chapter 3). Most 

importantly, we would like to use graph representations of program information to 

alleviate the comprehension overhead for Scratch users and help them with 

understanding important parts of a Scratch program better. In this chapter, the design 

and some implementation details of our prototype will be discussed.  

Following the three categories of comprehension support mechanism proposed in 

previous research [Tilley and Smith 1996], this chapter is organized in the following way: 

 Data gathering: turn raw source code into a structured format 

 Static analysis: model information with graphs 

 Program visualization: explore information from multiple perspectives 

 Prototype architecture: combine everything together 

 

4.1 DATA GATHERING 

4.1.1 LANGUAGE PROPERTIES OF SCRATCH  

The programming paradigm of Scratch is event-based. By dragging & dropping an 

event trigger hat block and attaching action and control blocks to the trigger, the user 

defines the behavior of a sprite when such an event happens. Corresponding to the 
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types of hat blocks, the flow of a Scratch program is determined by two categories of 

events: user actions and messages. To capture the control flow of a program, all the 

events and their partial orderings should be kept track of. Table 7 shows some basic 

types of Scratch program flows.  

Table 7: Types of Scratch Program Flows 

Basic types of Scratch 
program flow 

Example Flow Chart 

User action (one script 
triggered by a user 
action event) 

 

User Script AAction A

 

User action (multiple 
scripts triggered by a 
user action event) 

 

Script A

Script B

User
Action A

 

Message unicast (one 
script triggered by a 
message) 

 

Script A Script BMessage A

 

Message multicast 
(multiple scripts 
triggered by a message) 

 

Script A

Script B

Script 0
Message A

 
Message broadcast to 
self 

Script A

Message A

 
 

4.1.2 STRUCTURE AND RECONSTRUCTION OF SCRATCH SOURCE CODE 

According to a brief documentation on Scratch website, "Scratch projects use a 

binary object serialization formation called 'object store' that records an arbitrary 
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network of objects with interconnecting pointers." [Scratch File Format 2007]. Figure 8 

shows a Scratch script and its "object store". This is a rather unconventional format for 

program source code, but for Scratch it is a reasonable one since there are a lot of 

multimedia data (images, sounds) that need to be embedded in the source. Since our 

prototype is focusing on scripts instead of multimedia files and we need to do static 

analysis on code, storing everything in byte code would cause problems. To simplify the 

analysis part, we looked into the "object store" of Scratch project and wrote a program 

that converts it into an XML file, where we kept all important multimedia data and also 

structured scripts for every sprite. During this conversion, we first defined the document 

structure of Scratch XML, retrieved the object arrays from “object store” using MIT’s 

Scratch interpreter, and then extracted objects we need (including all sprites’ scripts and 

costumes) and built them into predefined XML elements. Figure 9 shows an example of 

document structure of a Scratch XML file and part of the parsed script in Figure 8.  

 

EventHatMorph “take”

changeVariable “time” setVar:to: 15

doForeverIf

=

0

readVariable

“time”

doIfElse

doBroadcastAndWait “end”

> 0

wait:elapsed:from: 1

changeVariable “time” changeVar:by: 1

doIf

Else

Play

Sound

Play

Sound

“beep” “tick”

<

6

readVariable “time”

Read

Variable
“time”

 
Figure 8: Scratch Object Store Example 
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<?xml version="1.0"?>

<root>

   <author>…</author>

   <thumbnail>…</thumbnail>

   <scratchSprite>

      <property>

          <motion> … </motion>

          <look> … </look>

          <private_variable>

            ...

          </private_variable>

      </property>

      <scratchScript>

          <block>

             primitiveA

             <args>…</args>

          </block>

          <block>…</block>

      </scratchScript>

   <scratchSprite>

   <scratchSprite> ... </scratchSprite>

   <scratchImage>

       …… (image byte code)

    </scratchSprite>

</root>
 

Figure 9: Scratch XML Structure and Example 

4.1.3 SPRITE AND EVENT INFORMATION GATHERING 

After the source file was parsed into XML, our tool scanned the XML document tree 

to retrieve sprite and event information. At this stage, the basic entities our tool 

extracted were sprites and their associated events. During the scanning of program XML, 

the tool first retrieved all sprite elements and constructed concrete objects for them. 

Then it parsed the code sections of each sprite element, recorded all script triggers, 

message broadcast, variable query and change, and other interesting events. When all 

these data were gathered, our tool was able to construct objects for these events with 

properties such as the broadcaster and receivers of a message, or readers and writers of 

a variable. At last it associated events with related sprites.  
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For instance, the simple script introduced in Chapter 2 [Figure 3] would be parsed 

into an XML tree and sprite-event model as Figure 10. 

(Sprite) guy

Costume

Scripts

… (other properties)

[E0, E1 …(other events)] 

(Event) event1

Name = “BEGINNING”

Broadcaster = x

Receivers = [guy, ...]

Conditions = [ … ]

(Event) event2

Type = VARIABLE_EVENT

Name = “Score”

Reader = [ x … ]

Writer = [guy, ...]

Type = MESSAGE_EVENT

 

Figure 10: Scratch XML and Sprite-Event Model Example 

In summary, our tool models sprites and events as shown in Figure 11 by building 

concrete sprites and registering events for them during the parsing of program XML. The 

output from this stage is a sprite-event model (a collection of sprites with events 

registered) which serves as the base data structure for future analysis.  
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Figure 11: Class Diagram of Sprite-Event Model 
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4.2 CODE ANALYSIS 

Our goal of reconstructing a Scratch program and extracting sprite and event 

information is to present useful program information graphically to programmers. 

Between the sprite-event model constructed from a program’s XML and the final 

visualization, we need to further analyze the code, then retrieve and store analysis 

results in a proper structure so they are ready to be visualized. In this section, we 

discuss what types of program information are extracted in the analysis process and in 

what kind of structure they are stored.  

4.2.1 OBJECTS AND THEIR RELATIONSHIPS 

As discussed in Section 3.3, the behavior of sprites, the functionality of messages 

and the usage of global variables are the three fundamental things to comprehend for a 

given Scratch program. We consider them the core “relationships” in Scratch programs. 

To help programmers quickly reason about these relationships and gain useful remixing 

knowledge, the program visualization should be able to present information 

concentrated on any of these relationships. In the sprite-event model, we have 

extracted all important events associated with sprites, but the connections between 

sprites, messages and variables are still not clear. Also, the sprite-event model stores 

information in a flattened structure (arrays), which is not suitable for reconstructing 

program flow or object relationships. To address these problems, our tool creates an 

abstract graph model (object relationship graph) by analyzing the dependencies and 
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relationships implicated by the sprite-event model; this graph will hold information for 

further analysis and visualization.  

4.2.1.1 STRUCTURE OF OBJECT RELATIONSHIP GRAPH  

Object relationship graph (ORG): a directed graph storing information about the 

relationships between Scratch sprites/scripts, messages, variables and user actions.  

Node in ORG: a node in an object relationship graph can be a script node, an action 

source node or a variable node. An action source node simply represents the device of 

user action. It can be Scratch green flag, mouse or keyboard. A script node represents a 

particular script of a sprite. It can be connected with any node in the graph (including 

itself).  Its incoming edge represents the trigger event of this script, and its outgoing 

edges represent the messages broadcast from this script. A variable node represents a 

global variable in Scratch program. It can be connected with any script node. The 

incoming edge represents variable write, and outgoing edge represents variable read. 

Edge in ORG: an edge in an object relationship graph can either be a message event 

edge or a variable edge. A message event edge contains a message; the edge direction is 

the message broadcast direction. A variable edge contains the actual read/write action 

(for instance, a variable read can be simply retrieve the value of a global variable, or 

retrieve the  th item of a global list). The direction of a variable edge stands for read or 

write.  
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Figure 12: Class Diagram of Object Relationship Graph 

An ORG contains a list of nodes and a list of edges; the adjacency information is 

stored in the structure of edge. The class diagram of ORG is illustrated by Figure 12. 

To demonstrate how ORGs are constructed, we apply it here to a demo program 

“Bug” which we used later in the tutorial of the empirical study. This program 
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implements a game where players control the “Bug” sprite to eat the “Fruit” sprite 

(which may appear at a random position on the animation stage) to gain points. 

Constraints in this game include a time limit (implemented by the “Clock” sprite) and a 

trace collision detection (the “Bug” cannot touch the path it has already traveled). The 

source code of this demo program can be found in Appendix A, and its ORG looks like 

Figure 13.  

ORG of Bug Demo

Green 

Flag

Mouse

Key

board

Stage

Script:0

click

Bug

Script:2

Clock

Script:0

Fruit

Script:3

ready

ready

ready

Stage

Script:2

click

Bug

Script:0

start

start
start

Fruit

Script:4

take

take

Stage

Script:1

Bug

Script:1

Fruit

Script:1
Fruits

Script:0

end

end
end

end

ready

ready

ready start

start
start

Bug

Script:3

Bug

Script:5
Bug

Script:6

left arrow
right arrow

down arrow

up arrow

Bug

Script:7

step stepstepstep

take

take

end
end

end

end

time

score

game

over

write

write

read

write

write

write
write

write

read

read

read

read
read

read

read

read

Fruit

Script:0

Clock

Script:1

Bug

Script:4

Fruit

Script:2 write

 
Figure 13: Object Relationship Graph of the Bug Demo 
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4.2.1.2 CONSTRUCT ORG FROM SPRITE-EVENT MODEL 

To build an object relationship graph from the sprite-event model, our tool scanned 

the sprite array twice. During the first scan it added graph nodes for each script, variable 

and user action; on the second scan, it retrieved events from each sprite and inserted 

corresponding edges to the graph [Figure 14]. All the sprites in the original model would 

become script nodes and all events, depending on their event types, would be 

converted into nodes and edges connected with script nodes. 

Sprite-Event Model

Sprite 1

Sprite 2

Sprite 3

Sprite k

.

.

.

.

Event 1

Event 2

Event 3

Event 4

Event 5

Event 6

Event n

Event n+1

Event n+2

ORG

First scan

Create graph nodes

[script nodes, variable

nodes, user input nodes]

ORG

Second Scan

Create graph edges

[message edge, 

variable read/write edge, 

user action edge]

 
Figure 14: Constructing Object Relationship Graph from Sprite-Event Model 
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4.2.1.3 RETRIEVE RELATIONSHIP CENTERED STATIC INFORMATION FROM ORG 

For the three types of relationships in Scratch program, namely, interactions of 

sprite, use of variable and use of message, our code analysis model should be able to 

gather information oriented towards each one of them to support further visualization 

and query.  

o Gather sprite centered information 

The most fundamental question on a sprite is what its behavior is. This question 

can only be answered by looking into its scripts and understanding what the sprite 

does when certain event occurs. Given a sprite, it is possible to retrieve a sub-

graph from the original ORG. This graph will only contain script nodes owned by 

the specified sprite, all the incoming and outgoing edges of these nodes, and all 

the nodes directly affected by these edges (i.e., adjacent to the sprites’ script 

nodes in the ORG).  

Let         be the original ORG and    be the sprite centered graph of 

spriteA; Figure 15 gives the algorithm of constructing the sprite’s sub-graph. 

Besides direct access to SpriteA's scripts, this sub-graph    also contains the 

following relationship information: 

a. How is one script triggered (denoted by incoming edge)  

b. How is the execution of one script affecting others (denoted by outgoing 

edges) 
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c. Execution groups of spriteA's scripts (denoted by weakly connected 

component in   ) 

 

 

 

 

 

 

 

 

 

Relationship (c) is not as straightforward as (a) and (b). By execution group we 

mean a set of scripts that are either triggered by the same event, or trigger or be 

triggered by each other directly or indirectly through messages. By visualizing or 

querying on these weakly connected components, we can find out how these 

scripts cluster during the whole program's execution. This kind of information 

could be useful when a sprite has a lot of scripts that are grouped by their 

activities in different stages of program execution.  

Figure 15: Pseudocode for Sprite Sub-Graph Construction 

GetSpriteSubGraph(𝐺, 𝑠𝑝𝑟𝑖𝑡𝑒𝐴) 
 𝑉𝑠      
 𝐸𝑠      
 for each node 𝑣 in 𝐺 
  if 𝑣 is a script node and 𝑣. 𝑠𝑝𝑟𝑖𝑡𝑒    𝑠𝑝𝑟𝑖𝑡𝑒𝐴 
   add 𝑣 to 𝑉𝑠 

 for each edge 𝑒 in 𝐺 

  if 𝑒 has end point v in 𝑉𝑠 

   add 𝑒 to 𝐸𝑠 

 for each edge 𝑒 in 𝐸𝑠 

if any end point 𝑢 of 𝑒 is not already in 𝑉𝑠 

    add 𝑢 to 𝑉𝑠 

 return 𝑮𝒔   𝑽𝒔, 𝑬𝒔) 
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Sub-graph of Clock

Stage

Script:0

Clock

Script:0

ready

take

Stage

Script:1
Bug

Script:1
Fruit

Script:1

Fruits

Script:0

end
end

end

end

ready

Bug

Script:7

take

time

game

over

write

write
read

read

Clock

Script:1

Fruit

Script:2

 
Figure 16: Example of Sprite Sub-Graph  

Run the above algorithm on the ORG graph for sprite "Clock", and we will have 

the above sub-graph [Figure 16]. From this sub-graph, it can be observed that 

Script0 of “Clock” is triggered by message “ready”, which could be sent from either 

Script0 or Script1 of “Stage”. Script1 is triggered by message “take” which is 

broadcast by sprite “Fruit” or “Bug”. Script1 would further broadcast a message 

“end” which would trigger some other scripts of “Fruit”, “Bug” and “Stage”. Both 

scripts of “Clock” would modify global variable “time”. 

o Gather variable centered information 

For a given variable, the first thing programmers might like to know is how it is 

initialized, modified or queried during program execution. This information is easy 

to obtain from the object relationship graph.  
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Again let         be the original ORG and    be the variable centered graph 

of varA; Figure 17 describes the algorithm that collects variable related data: 

 

 

 

 

 

 

 

 

     contains the following information: 

a. Which script / sprite modifies the variable (denoted by adjacent nodes on 

incoming edges) 

b. Which script / sprite uses or queries the variable (denoted by adjacent nodes 

on outgoing edges) 

Run this algorithm on the ORG of Bug demo, and the sub-graph for variable 

"score" would look like Figure 18: 

GetVariableSubGraph(𝐺, 𝑣𝑎𝑟𝐴) 
 𝑉𝑣      
 𝐸𝑣      
 for each node 𝑣 in 𝐺 
  if 𝑣 is a variable node and 𝑣. 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒    𝑣𝑎𝑟𝐴 
   add 𝑣 to 𝑉𝑣 

 for each edge 𝑒 in 𝐺 

  if 𝑒 has end point v in 𝑉𝑣 

   add 𝑒 to 𝐸𝑣 

   add the other end point 𝑢 to 𝑉𝑣 

 return 𝑮𝒔   𝑽𝒗, 𝑬𝒗) 

Figure 17: Pseudocode for Variable Sub-Graph Construction 
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Sub-graph of “score”

Stage

Script:0

Bug

Script:

0

Fruits

Script:0

Bug

Script:7

score

write

write
read

write

 
Figure 18: Example of Variable Sub-Graph 

o Gather message centered information 

Important things about a message include its broadcaster, its receivers and 

broadcast time. In the ORG, one message may be broadcast by several different 

sprites and thus becomes event edges scattered in the graph, thus substructures in 

the original ORG may need to be merged to form a complete message graph. 

Given the ORG, it is possible to search all the event edges and find the ones 

associated with the specified message. By extracting the adjacent nodes of these 

edges, we will have two arrays of script nodes (only script nodes can broadcast or 

receive message), representing broadcasters and receivers. Figure 19 describes the 

algorithm for this process.  
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For instance, the graph for message "end" in the Bug program looks like Figure 

20: 

Sub-graph of “end”

Bug

Script:7

Clock

Script:1

Stage

Script:1

Bug

Script:1

Fruit

Script:1

Fruits

Script:0

end end

end end

 
Figure 20: Example of Message Graph 

GetMessageSubGraph(𝐺, 𝑚𝑠𝑔𝐴) 
 𝑉𝑏      
 𝑉𝑟      
 𝐸𝑚      
 for each edge 𝑒   𝑢 𝑣  in 𝐺 

  if 𝑒 is a message edge and 𝑒.𝑚𝑒𝑠𝑠𝑎𝑔𝑒    𝑚𝑠𝑔𝐴 

   add 𝑒 to 𝐸𝑚 

   if 𝑢 is not already in 𝑉𝑏 

    add 𝑢 to 𝑉𝑏 

   if 𝑣 is not already in 𝑉𝑟 

    add 𝑣 to 𝑉𝑟 

 return 𝑮𝒔   𝑽𝒃 ∪ 𝑽𝒓 , 𝑬𝒎) 

Figure 19: Pseudocode for Message Graph Construction 
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4.2.1.4 RETRIEVE PROGRAM FLOW FROM ORG 

Given an ORG, it is possible to simulate the program execution by specifying a 

certain source event and following the triggered scripts. This program flow discussed 

here is basically a high-level control flow; we are focusing on the order by which scripts 

are executed, and ignoring detailed control flow inside of a script. This program flow can 

be constructed by breadth-first searching the ORG. According to the semantics of 

Scratch program, the root of this breadth-first search tree can only be the hat block for a 

user action event source (green flag, mouse, and keyboard). Therefore we start the flow 

construction from one of these nodes, and see if it leads to any message broadcast 

event that can further trigger other scripts. The algorithm for constructing the flow is as 

Figure 21. 

 

 

 

 

 

 

 

 

GetDynamicProgramFlowForTrigger(𝐺, 𝑡𝑟𝑖𝑔𝑔𝑒𝑟𝐸𝑣𝑒𝑛𝑡) 
 𝑉𝑓      

 𝐸𝑓      

 𝑄𝑢𝑒𝑢𝑒𝑛𝑜𝑑𝑒𝑠   𝑡𝑟𝑖𝑔𝑔𝑒𝑟𝐸𝑣𝑒𝑛𝑡  
 while 𝑄𝑢𝑒𝑢𝑒𝑛𝑜𝑑𝑒𝑠 is not empty 

  𝑐𝑢𝑟𝑟𝑒𝑛𝑡 = 𝑄𝑢𝑒𝑢𝑒𝑛𝑜𝑑𝑒𝑠. 𝑑𝑒𝑞𝑢𝑒𝑢𝑒   

  add 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 to 𝑉𝑓 

  for each outgoing edge 𝑒 of 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 

   if 𝑒 is a message edge 

    add 𝑒 to 𝐸𝑓 if it’s not already in it 

add the other end point 𝑢 to 𝑄𝑢𝑒𝑢𝑒𝑛𝑜𝑑𝑒𝑠 if 
it’s not already in it 

 return 𝑮𝒇   𝑽𝒇 , 𝑬𝒇) 

Figure 21: Pseudocode for Program Flow Graph Construction 
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If we run this algorithm on the Bug Demo scripts using "Mouse Clicking Sprite 

‘Stage’" as the event trigger, then Figure 22 will eventually be retrieved; all the scripts in 

this graph will be executed in a certain order once this mouse event happens.  
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Figure 22: Example of Program Flow Graph 
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4.2.1.5  CODE SLICING 

Our tool also implemented a simple code slicing mechanism. It is not a fully 

developed code slicer for querying arbitrary program behavior; instead, it serves to 

provide primitive highlighting so that programmers may find target code faster within 

one of the subjects produced by the algorithms above. For instance, if the user wants to 

retrieve code associated with a script node in a message graph (or variable read/write 

graph), the “broadcast” block (or those with variable read/write semantics) would be 

the target code and the tool would slice the target out in the form of highlighting the 

block. Also, in the currently implemented program flow simulation graph, the tool has 

embedded some cross references from each script node to the data flow by allowing the 

user to retrieve all blocks reading/writing global variables and ignore other primitives 

inside of that script. Here the tool cuts common animation blocks out while keeping the 

interesting blocks related to data flow and also logic control structures like “if-else” and 

loops.  

The algorithm behind this code slicing mechanism is straightforward. We 

predefined for message graph and variable graph the blocks which may relate to target 

code. When source code needs to be retrieved, the code slicer scans the script’s XML 

and removes elements which are not listed in interesting blocks. Then the trimmed XML 

is passed to the block visualizer to be displayed.  
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4.2.2 SPRITE/SCRIPT CLUSTERING 

As discussed in Chapter 3, providing clustering information of program objects may 

assist users to think in more abstract terms. In the current Scratch environment, sprites 

are listed in the order they were created. For small animations this kind of navigation is 

sufficient, but for complicated games or applications, where sprites belong to certain 

groups based on their role or functionality (e.g. a group of enemy sprites in a game, or a 

group of buttons in an application), simply listing sprites might not be enough. 

Therefore, one feature in the prototype is to cluster sprites by their similarity in scripts. 

When users navigate through sprites, similar sprites always come together in Scratch 

Explorer; when user reasons about the behavior of a certain sprite, sprite cluster can 

serve as a cue or beacon informing him whether or not there exist sprites with similar 

behavior, and this kind of information could be helpful during code maintenance or 

remix. 

Also, because this prototype provides code exploration at the script level, one 

potential problem is that for complicated programs, the ORG sub-graphs would become 

too large to be converted into readable visualization. To simplify the visualization and 

also to convey "similar behavior" information, clustering is also applied to the scripts 

inside of a certain graph. It will be discussed in the next section how the clustered 

sprites/scripts are visualized; here we first look into the code analysis process of 

retrieving the "similar behavior" information. 
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4.2.2.1 SIMILARITY CALCULATION 

Studies of code clone detection and code recommendation suggest a number of 

techniques of comparing two pieces of source code [Roy et al. 2009]. Most popular 

methods include token-based and structure-based similarity calculation. The former 

focuses on the programming primitives and constructs used in the source code [Kamiya 

et al. 2002], while the latter depends on structure information like the abstract syntax 

tree [Baxter et al. 1998]. Both then require some form of transformation and pattern 

matching process to determine the final similarity value. More advanced techniques can 

even detect similar semantics or concepts in source code [Marcus and Maletic 2001]. 

For our prototype, since Scratch programs are relatively small-scale when compared 

with libraries and frameworks developed in professional languages, it is possible to use 

the structure-based approach without hurting the performance significantly. But real 

cases show that most of the times the token-based approach can also provide correct 

and useful clustering, and require little time to run; therefore we use a token-based 

clustering algorithm in our prototype. It is possible that this algorithm will sometimes 

give inaccurate clustering information because no program structure is considered here, 

but for the task programs used in evaluating the prototype, this algorithm works well, 

and it is ready to be extended to include more advanced code structure comparison, for 

instance by constructing a code suffix tree [Koschke et al. 2006]. 

The tokens in Scratch code are the primitives on Scratch blocks. In the XML 

representation, tokens are the text nodes inside each "block" elements. For instance, in 
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the following script fragment, tokens will be "wait:elapsed:from:" and "changeVariable". 

We do not include "args" elements in Scratch tokens because they can only cause minor 

difference in program behavior.  

 

 

 

 

By scanning the XML tree, we extract all the tokens and build a token vector for 

each script. Each index in this vector corresponds to a Scratch primitive, and the value 

stored at that index indicates the number of times that primitive appears in the code. 

During the XML scanning, we can maintain a simple hash table to keep track of primitive 

counts, and later convert it to a vector. For each Scratch program, primitive vectors are 

constructed for all the scripts. Considering an N-dimensional space, where N equals the 

number of different types of primitives in Scratch, then each script, with its primitive 

vector as signature, can be represented by a point in the space.  

Then for all the vectors we have, we apply tf-idf weighted cosine similarity 

calculation. If script   is originally represented by vector   , and script   by vector    , 

and they are both from program   whose total primitive vector is    

∑             ,then  

 Term frequency of primitive   in script   is: 

<block> 
wait:elapsed:from:   <args>1</args> 

</block> 
<block> 

changeVariable   <args>time</args> 
<args>changeVar:by:</args> 
<args>-1</args> 

</block> 
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‖  ‖
 

 Document frequency of primitive   in program   is: 

          
∑                 

‖  ‖
 

 tf-idf weight of primitive   in script   is: 

                 
 

        
 

 Weighted vector of script   is:  

             [                          ] 

 Similarity between script   and script   would be:  

             
                         

‖            ‖‖            ‖
 

This process can be illustrated as Figure 23. 

 
Figure 23: Computation Process of Sprite Clustering 
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4.2.2.2 Simple hierarchical agglomerative clustering of scripts  

The tf-idf weighted cosine measure gives the similarity between any pair of scripts. 

From here, a similarity threshold is set and a bottom-up hierarchical agglomerative 

clustering (HAC) is applied to determine how scripts should form clusters. This threshold 

is a configurable parameter. In the prototype, we set the similarity threshold to 0.9, 

meaning that we will consider two sets of scripts to be similar to each other if the 

average cosine similarity link between them is above 0.9.  

To make the computing process more straight-forward, we store the similarity 

values between scripts into an N*N symmetric matrix S, where S[i][j] = S[j][i]= 

   (      ). This matrix will then be the input to the HAC algorithm.  

On the topmost level, function ClusterScripts [Figure 24] is invoked where we 

continuously check if the current “most similar” scripts reach the predefined similarity 

threshold; if so, we merge these two script sets by assigning them the same cluster ID, 

otherwise we stop looking for similar scripts. 

To find the “most similar” scripts and also their similarity value, we call function 

FindMaxSim [Figure 25], which checks the average link similarity between each pair of 

clusters and returns the pair with max similarity value. 

Average link similarity between two clusters of scripts is calculated by function 

CalculateAverageLink [Figure 26]. It records the number of pairs of scripts between two 

clusters and the sum of similarities of these pairs, and returns the average value. 
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ClusterScripts(𝑠𝑖𝑚𝑀𝑎𝑡𝑟𝑖𝑥, 𝑠𝑖𝑚𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑) 
 𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝐼𝐷      
 while (𝑡𝑟𝑢𝑒  

   𝑠𝑐𝑟𝑖𝑝𝑡𝑆𝑒𝑡𝐴 𝑠𝑐𝑟𝑖𝑝𝑡𝑆𝑒𝑡𝐵 𝑠𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦    

FindMaxSim 𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝐼𝐷 𝑠𝑖𝑚𝑀𝑎𝑡𝑟𝑖𝑥  

  if (𝑠𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦 >  𝑠𝑖𝑚𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑) 

   Merge (𝑠𝑐𝑟𝑖𝑝𝑡𝑆𝑒𝑡𝐴 𝑠𝑐𝑟𝑖𝑝𝑡𝑆𝑒𝑡𝐵) 

  else break 

 return 𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝐼𝐷 

𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝐼𝐷 𝑗  𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝐼𝐷 𝑠𝑖𝑚𝑀𝑎𝑡𝑟𝑖𝑥  

FindMaxSim(𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝐼𝐷, 𝑠𝑖𝑚𝑀𝑎𝑡𝑟𝑖𝑥) 
 𝑚𝑎𝑥𝑆𝑖𝑚   −  
 𝑠𝑐𝑟𝑖𝑝𝑡𝑆𝑒𝑡𝐴   −  
 𝑠𝑐𝑟𝑖𝑝𝑡𝑆𝑒𝑡𝐵   −  
 for 𝑖    ∶  𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝐼𝐷. 𝑙𝑒𝑛𝑔𝑡ℎ 

  𝑐𝑢𝑟𝑟𝑒𝑛𝑡  𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝐼𝐷 𝑖  

  for 𝑗  𝑖 +  ∶  𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝐼𝐷. 𝑙𝑒𝑛𝑔𝑡ℎ 

   if 𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝐼𝐷 𝑖  !   𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝐼𝐷 𝑗  

    𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = CalculateAverageLink  𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝐼𝐷 𝑖   

  if 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 >  𝑚𝑎𝑥𝑆𝑖𝑚 

   𝑠𝑐𝑟𝑖𝑡𝑝𝑆𝑒𝑡𝐴   𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝐼𝐷 𝑖  

   𝑠𝑐𝑟𝑖𝑝𝑡𝑆𝑒𝑡𝐵   𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝐼𝐷 𝑗  

   𝑚𝑎𝑥𝑆𝑖𝑚   𝑎𝑣𝑒𝑟𝑎𝑔𝑒 

 return  𝑠𝑐𝑟𝑖𝑝𝑡𝑆𝑒𝑡𝐴 𝑆𝑐𝑟𝑖𝑝𝑡𝑆𝑒𝑡𝐵 𝑚𝑎𝑥𝑆𝑖𝑚  

Figure 24: Pseudocode for Function ClusterScripts 

 

Figure 25: Pseudocode for Function FindMaxSim 
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The final clustering results are stored in the           array, where similar scripts 

share the same cluster ID.  

4.3 PROGRAM VISUALIZATION 

The previous section discusses the middle-level model our tool uses to store Scratch 

object information. Since the model is an object relationship graph, it is to some extent 

ready to be visualized. In this section, we will briefly introduce how the visualization 

module is implemented, and the functionality and visualization results of different 

comprehension assisting features. 

4.3.1 JGRAPHX FOR PROGRAM VISUALIZATION
 

CalculateAverageLink(𝑐𝑙𝑢𝑠𝑡𝑒𝑟_𝑖, 𝑐𝑙𝑢𝑠𝑡𝑒𝑟_𝑗, 𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝐼𝐷 𝑠𝑖𝑚𝑀𝑎𝑡𝑟𝑖𝑥) 
 𝑠𝑢𝑚𝑆𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦  0 
 𝑝𝑎𝑖𝑟𝐶𝑜𝑢𝑛𝑡   0 
 for 𝑖    ∶  𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝐼𝐷. 𝑙𝑒𝑛𝑔𝑡ℎ 

  if (𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝐼𝐷 𝑖    𝑐𝑙𝑢𝑠𝑡𝑒𝑟_𝑖) 

   for 𝑗   ∶  𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝐼𝐷. 𝑙𝑒𝑛𝑔𝑡ℎ 

    if (𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝐼𝐷 𝑗    𝑐𝑙𝑢𝑠𝑡𝑒𝑟_𝑗) 

     𝑝𝑎𝑖𝑟𝑒𝐶𝑜𝑢𝑛𝑡 + + 

     𝑠𝑢𝑚𝑆𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦 +  

       𝑠𝑖𝑚𝑀𝑎𝑡𝑟𝑖𝑥 𝑐𝑙𝑢𝑠𝑡𝑒𝑟_𝑖  𝑐𝑙𝑢𝑠𝑡𝑒𝑟_𝑗  

 return 
𝑠𝑢𝑚𝑆𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦

𝑝𝑎𝑖𝑟𝐶𝑜𝑢𝑛𝑡
 

Figure 26: Pseudocode for Function CalculateAvergageLink 
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The Scratch Explorer prototype is developed in Java, and for the program 

visualization module, we chose to use a Java swing library, JGraphX [JGraph], as the base 

of the development. JGraphX is capable of "producing Swing applications that feature 

interactive diagramming functionality" [JGraph], which is what we looked for in 

implementing the program visualization module. 

To embed our own definitions for graphs, color conventions and general layout 

principles, we have defined several classes inherited from core classes in JGraphX library. 

Figure 27 is a general framework for converting an abstract graph model to swing 

visualization using JGraphX.  

 

Figure 27: Mapping Between Object Graph and JGraphX Elements 

4.3.2 DEMO OF PROGRAM VISUALIZATION 

1. Object relationship graphs 
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Taking the Bug demo as an instance, the following graphs are some of the 

visualization results generated by the prototype [Figure 28, Figure 29, and Figure 30]: 

     

Figure 28: Sprite Graphs of Bug Demo (Left: "Clock"; Right: "Fruit") 

   

Figure 29: Message and Variable Graphs for Bug Demo  

(Left: Message "end"; Right: Variable "score" in “variable write” mode) 
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Figure 30: Program Flow Graph for Bug Demo  
(Starting Event: Click Right Arrow Key; Order: Left->Right, Up->Down) 

 

 



63 
 

 
 

2. Block visualizer 

The code displayed in the script area is in the same style as Scratch blocks. By 

clicking a sprite, message or variable button in the navigation area, or by clicking a 

node in the visualized object relationship graph, the user can view the scripts 

associated with the selected object. Given a particular context, certain blocks will be 

highlighted [Figure 31], as discussed in Section 4.2.3. For instance, if a variable node 

is clicked, all the scripts associated with reading/writing this variable will be 

displayed, with variable read/write blocks highlighted in yellow. For another 

example, Figure 32 shows the sliced scripts from the interactive program flow graph. 

By clicking the orange dot on the right-top corner of a script node, users may see 

how this script is affecting the data flow with all the other blocks hidden. 

 

Figure 31: Scripts Associated with Variable "time" in Bug Demo 
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Figure 32: A Piece of Script Which Affects Data Flow (Left: Unsliced; Right: Sliced) 

3. Clustered sprites/scripts 

Visualized sprite / script clusters only show in more complicated programs where 

sprites share similar behaviors. The Bug demo does not have large clusters of sprites. 

Therefore to demonstrate this technique we run the prototype on another Scratch 

program which implements the Tetris game. 

 Sprites navigator 

    In this game all the Tetris block sprites (T shape, L shape, etc.) have the same 

behavior: they can be triggered by arrow keys; they rotate and make stamp 

when receiving certain messages, and broadcast the same messages. The only 

exception is the squared shape block sprite, which does not respond to up arrow 

key and doesn’t rotate either. In the sprite navigation panel, these sprites are 

organized as Figure 33. It can be easily observed that sprites "reverseL", 

"long", …, "L" are in the same cluster, while "square" is in a separate cluster 

which indicates it may have some different behavior. 
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Figure 33: Sprite Navigation Panel with Clustering For Tetris Demo 

 Sprite graphs with clustered scripts 

    In Scratch program, one sprite may broadcast a group of messages (under 

different conditions) that trigger a group of sprites. The scripts that run on these 

messages may share almost the same behavior and only differ by a few 

parameter values. Therefore, the sprite graph clusters these scripts so that the 

user can instantly tell that the execution effects of these scripts are similar. For 

instance, in the Tetris game, "background" sprite broadcasts messages to all 

types of blocks, asking them to rotate (by messages like “reverseL”, “long”) or 

stamp (by messages like “squareStamp”, “LStamp”). The sprite graph for 

"background" looks like Figure 34; the two groups of scripts are cleared shown in 

clusters in the graph.  
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Figure 34: Sprite Graph with Clustering For Tetris Demo 

4.3.3 FEATURES FOR ALLEVIATING COGNITIVE OVERHEAD 

Although a graph is a natural model for describing object relationships, simply 

displaying a graph is not always the best way for presenting this kind of information. 

One disadvantage of graph is that it takes much more space than text for showing the 

same amount of data. Therefore, in the prototype, instead of visualizing the complete 

object relationship graph in one screen, we focus on individual relationship and control 

flow, and allow user to query or interact with object relationship graphs or dynamic 

program flow graphs. This way, we provide useful cues so that programmers would not 

be lost in a complete but also complicated graph. 

Besides this, assisting features in the visualization module include: 
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 Two levels of visualization.  

In the default mode, source code nodes in ORG visualization represent scripts. By 

clicking a node, user can directly view the script associated with the node in the 

code panel. But we also allow users to switch to a higher level of visualization, where 

graph nodes represent sprites. In this mode, the graph is generally of smaller size 

and hides more details, and the user can view all the scripts bound to a sprite in one 

click.  

 Links between graphs 

Graphs generated by the prototype usually contain multiple types of nodes and 

edges. For instance, in a sprite centered graph, there are nodes corresponding to 

that sprite's scripts, nodes of other sprites' scripts, message edges, etc. In case the 

user becomes interested in a message edge or a script node belonging to another 

sprite, and wants to explore that particular object, it would be ineffective if he has to 

go to the navigator and find the object. To alleviate the cognitive overhead in this 

process, we embed direct links between graphs of different objects. By double 

clicking an edge or a node, user may directly switch to another object's graph. 

 Graph history 

Because of the direct link feature, the user has the freedom to move very quickly 

from one graph to another. One potential problem is that they may lose track of 
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how they reach a certain graph, or simply want to go back by one step. To support 

this, we maintain a stack of graphs user has viewed, and allow forward/backward 

exploration.  

4.4 PROTOTYPE ARCHITECTURE 

Combining the modules described in the previous sections, we have the following 

diagram [Figure 35] illustrating the overall architecture of Scratch Explorer.  The three 

main modules of the prototype include parser, analyzer and visualizer. The parser builds 

XML documents for input Scratch file and constructs a sprite-event model; the analyzer 

generates abstract object relationship graphs, and also handles source code clustering, 

slicing and transformation. Finally the visualizer displays a complete user interface 

which contains controls for exploring Scratch program and all types of program 

visualizations.  

Connecting features in the prototype with cognitive theories, Figure 36 shows the 

prototype interface as well as mapping between prototype features and the problem it 

is supposed to address. 
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Figure 35: Scratch Explorer Prototype Architecture 
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Figure 36: User Interface and Purposes of Tool Features 



71 
 

 
 

CHAPTER 5 EXPERIMENTAL DESIGN FOR EVALUATING SCRATCH EXPLORER 

We conducted a random-assignment controlled experiment to evaluate the extent 

to which the tool features described in Chapter 4 aid program comprehension. 

Participants were randomly assigned a set of program comprehension tasks along with a 

program viewer (either Scratch Explorer prototype or a traditional Scratch viewer). We 

then compared subjects’ performance on these tasks to determine whether or not 

Scratch Explore had helped with program understanding. Details of the experiment are 

organized as follows: 

 Experiment structure 

 Sampling process 

 Experiment tutorials 

 Comprehension tasks 

 Experiment environment 

 Post-session questionnaires 

 Measures of success 

 Hypotheses 

5.1 EXPERIMENT STRUCTURE  

A three-factor mixed design was used:  1) Program viewer was a between–subjects 

factor. Subjects in control group were given a traditional Scratch environment (denoted 

as Scratch Viewer in the following text); those in the treatment group were given our 
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prototype (Scratch Explorer). 2) Task program was also a between-subjects factor. 

Subjects in both control and treatment group could get either of the task programs we 

prepared. 3) Question information type was a within-subjects factor. All subjects were 

given five questions related to their task program corresponding to five basic 

information types. 

For this controlled experiment, we recruited subjects, collected their background 

information in the sign-up process, and conducted one-on-one experiment sessions. 

Because we need the combination of program viewer and task program to be fully 

counterbalanced, a bowl of tickets labeled with treatment and task program name were 

prepared before the experiment, and for each subject we drew a ticket to decide his 

treatment group and task program.  

Subjects were then given tutorials on the Scratch language and the tool they 

received. After that they answered 5 comprehension questions related to a Scratch 

program using the tool. The order of questions was partially randomized; the first 

question subjects received was from the “function” information type category to help 

them build a general view of the program, while the order for questions of the other 

four information types was randomized to counterbalance potential learning effect. 

When they completed their tasks, they reported their experiment experience and 

opinions on tool usability through a post-session questionnaire. The general structure 



73 
 

 
 

can be illustrated by Figure 37. We will describe each step of this process in more detail 

in the following sections.  

Randomly assigned 

treatment and task

Participants

Treatment Group Control Group

Tutorial Scratch 

Language

Introduction & 

Consent Form 

Tutorial Scratch 

Language

Introduction & 

Consent Form 

Tutorial Scratch 

Viewer

Tutorial Scratch 

Explorer

Task questions

(using Scratch 

Viewer)

Task questions

(using Scratch 

Explorer)

Post-session 

Questionnaire

Post-session 

Questionnaire

 

Figure 37: Experiment Procedure 
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5.2 SAMPLING PROCESS 

Sixteen subjects were recruited through email advertisement. In the sign-up 

process, we posted the pre-study questionnaire and asked 3 questions about subjects’ 

programming background (how many years of experience for general programming 

languages, web authoring languages and tools, animation scripting languages and tools 

respectively, under context of undergraduate class, graduate research or professional 

setting). We filtered out people without any programming experience and also those 

who have programmed professionally. Statistics of programming experience of subjects 

in two groups are shown in Table 8. All subjects were reimbursed $10 per study session 

to participate. 

Table 8: Programming Experience of Subjects 

Group Treatment Control 

Average experience (years) on general programming 
languages (Java, C, etc.) 
 

2.125 2 
 

Average experience (years) on web authoring languages 
/ tools (HTML, JavaScript, Flash, etc.) 
 

0.75 1.125 

Average experience (years) on animation programming 
tools (Scratch, Alice, AgentSheets, etc.) 

0 0 

5.3 EXPERIMENT TUTORIALS 

Three tutorials were used in this experiment [Figure 38]. One general tutorial on the 

Scratch language was given to all subjects. Based on the treatment picked for him, 

subject either received a tutorial on Scratch Viewer or a tutorial on the Scratch Explorer.  
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Language

Tutorial 

Scratch Viewer

Tutorial 

Scratch Explorer

Tutorial 

Task using 

Scratch Viewer

Task using

Scratch Explorer

Control group

Treatment group

 

Figure 38: Structure of Tutorials 

All three tutorials were interactive ones where we taught subjects language 

concepts and tool features based on a non-trivial but also not too complicated Scratch 

project (the Bug Demo).  In Scratch Viewer Tutorial and Scratch Explorer Tutorial where 

the tools were introduced, we also included three sample task questions related the 

demo program and led subjects to find answers using the given tool. Tutorials for both 

treatment and control groups took around 15 minutes.   

In the Language Tutorial given to all subjects, we covered the following aspects and 

checked to make sure that subjects were comfortable reading and understanding a 

simple Scratch script after the tutorial:  

 Concepts of sprites and scripts 

 Blocks inside of a script (how scripts are triggered and executed) 

 Message broadcast mechanism (how sprites broadcast and receive messages) 

 Variable use in Scratch (how to read and write single-value variables and lists) 

 Color conventions and block semantics in Scratch 
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In the Scratch Viewer Tutorial given to users of the traditional system, we 

demonstrated how to use a conventional environment to run Scratch program and 

explore source code. The standard desktop Scratch environment contains many features 

that may cause confusion. So we used instead the Scratch Experimental Viewer, which is 

a flash program from the Scratch researchers for running Scratch program and 

displaying source code online. It has a very similar interface as Scratch [Figure 39], and 

we have hidden unrelated features (the block drag & drop toolbox) so that subjects can 

focus on their task. Since the Scratch Viewer displays scripts as they are, and the 

interpretation for scripts was already talked about in the Language Tutorial, this tutorial 

covered three main aspects: 

 How to run the program 

 How to get to the source code associated with a sprite 

 Answer sample questions using the code viewer 

 

Figure 39: Scratch Experimental Viewer User Interface 



77 
 

 
 

In the Prototype Tutorial given to users of our prototype, we explained to subjects 

how to use features in Scratch Explorer. Because experiment sessions were set to be 

around 30 minutes, we evaluated only the object relationship graph feature of the 

prototype and removed the interactive program flow simulation. Also, the sprite/script 

cluster feature worked only for 2-3 scripts in each task program, so we do not expect 

this feature to be fully evaluated. The tutorial included the following parts: 

 How to run the program 

 How to access each program object and interpret information provided by the 

tool 

 Answer sample questions using the code explorer 

5.4 COMPREHENSION TASKS 

Two Scratch programs (Germ World, Overheated) downloaded from the online 

code repository were used in the experiment. Both programs and the demo program 

used in the tutorial are real projects created by Scratch users. Both of them are 

“featured” projects which have appeared on the home page of Scratch website. We 

believe they are representatives of high-quality projects that are likely to be remixed. At 

the time we downloaded these projects, “Overheated” has been remixed 7 times and 

“Germ World” has been remixed 10 times.  

We made a few changes (deleting 2-3 sprites with helper functions) to the two task 

projects so that one is not much more complicated than the other. Some statistics of the 
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two projects are in Table 9. Compared to the 100 randomly selected projects in 

[Dahotre et al. 2010], which contain 110 programming blocks on average, the two task 

programs used in the experiment belong to the group of more complex and difficult 

animation projects.  

Table 9: Statistics of Task Programs 

 Task Program A 
(Germ World) 

Task Program B 
(Overheated) 

number of sprites 13 9 

number of scripts 33 26 

average number of scripts 
per sprite 

2.54 2.89 

number of messages 5 7 

average number of 
receivers per message 

1.6 2.7 

number of variables 5 6 

average number of 
variable read per sprite 

3 0.83 

average number of 
variable write per sprite 

3 2.83 

Unlike previous studies [Good 1999] where comprehension questions were 

designed to accommodate program language theories, the motivation behind our task 

design was that questions should be about things that do need to be understood in real-

world Scratch program remixing process. Therefore, the method we used was to first 

identify the core "remix questions" in Scratch program through a source-remix study, 

then for each task program, we came up with a large question pool (containing 20-30 

questions) and then formatted and labeled candidate task questions based on “remix 

questions” templates and program information types [Pennington 1987]. Details of the 
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source-remix study can be found in Appendix B. Table 10 contains some sample task 

questions we used, including their information type labels and remix questions they 

concern. The complete set of task questions as well as source file locations for the two 

task programs can be found in Appendix C. 

Table 10: Sample Task Questions 

Task question Remixing question  Information 
type 

What events may change the value of 
variable "showing?"? Through which 
sprite? 
 

Variable use Data flow 

How many different sprites may reset 
the position of sprite 'Mr. Goo' by 
broadcasting 'restart' message to it? 
 

Message use 
 

Control flow 

What is the general function of Sprite6 
in this program? 

Sprite behavior and 
interaction 

Function 
 

At the moment before "game" is 
broadcast, what is the coordinate of 
Sprite4? 

Sprite behavior and 
interaction 

State 

Mr. Goo will bounce back if it touches 
an obstacle. How is the 'bouncing back' 
effect implemented? Through which 
sprite? 

Sprite behavior and 
interaction 

Operation 

5.5 EXPERIMENT ENVIRONMENT 

To allow subjects to quickly connect task questions with the task program they 

were given, we set up the experiment environment in the following way: the bottom 

part of the screen (about 80% in height) was occupied by the tool loaded with the task 
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program, and the top part contained task questions. Figure 40 gives a screenshot of 

experiment environment for Scratch Explorer.  

 

Figure 40: Experiment Environment of Scratch Explorer 

5.6 QUESTIONNAIRE DESIGN 

For each group, we had one post-session questionnaire. Here we asked about the 

subject's general experience participating in that session of study, whether or not 

certain questions are too hard or too easy, and whether the tool given in the session 

helped them solve the problems. All the subjective data was collected through 10-point 

scale questions or 5-point Likert scale items. 
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In order to obtain subjects’ opinions on how useful the tools are in assisting them 

answering each question, we gave a post-task questionnaire after they answered each 

task question. This questionnaire was embedded in the environment they used and 

contained only one question: “which was most helpful when you were answering the 

previous question: running program, reading code, reading graph?” (“Reading graph” 

appeared in Scratch Explorer prototype session only). Subjects may choose one or any 

combination of the options.   

5.7 MEASURES OF SUCCESS 

The analysis of subjects’ code comprehension performance was based on the 

correctness, time spent (in minutes) and total objects viewed in answering questions. 

Time was retrieved and calculated from screen recording and system logger. Number of 

objects viewed was counted manually based on screen recording and logger. 

Correctness was determined by comparing subjects’ answers with keys. Most of the 

questions have only one correct answer; we gave 1 point to correct answer and 0 to 

wrong ones. For those whose answers concern multiple sprites, variables or other 

objects, we also gave partial credit (0.5 point) to the answers which were partially 

correct but not precise. For the Scratch Explorer, the objects subjects viewed include 

both graphs and scripts. For the Scratch Viewer, the number of objects viewed is the 

same as the number of scripts read.  
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Since we did not limit the time for subjects to finish tasks, it is possible one subject 

may spend more time or read more scripts on one question to reach the correct answer 

than another subject, and we consider the latter to have performed better. Therefore, 

based on these measurements, we gave each subject two scores representing 

performance:  

                                                      

                                                    

To interpret these two scores, the higher        or        a subject got, the 

better his performance. Most statistical tests we did in Chapter 6 were based on these 

two scores.  

During a pilot study we noticed that subjects tended to get stuck on questions they 

could not figure out and thus spent a lot time without achieving results. In order to find 

out the amount of effort required to get to a correct answer using different tools, we 

did a follow-up analysis where we ignored the questions subjects could not answer 

correctly; here instead of comparing        and       , we focused directly on how 

much time they need and how many graphs/scripts they read to reach a correct answer. 

Tool functionality and usability were measured by subjects’ post-session 

questionnaire responses. Subjects’ answers to 5-point Likert scale items were converted 

into tool usability scores (1 = strongly disagree, 5 = strongly agree). Higher score 

indicates higher usability and functionality.  
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5.8 HYPOTHESES 

The main objective is to test whether Scratch Explorer helps novice Scratch users 

better understand a non-trivial unfamiliar Scratch program. By "better", we mean that 

subjects reach more correct answers in less time and with less clicks or interactions with 

the tool. All the other constraints (novice user, non-trivial unfamiliar program) were set 

during the recruitment and task design process.  

According to the match-mismatch theory [Gilmore and Green 1984], the major 

performance difference should come from questions on interactions between sprites, 

messages and variables, because the prototype was particularly designed to provide 

visualization of the information. Here users’ browsing of scripts should be less random 

and more concentrated on source code related to the correct answers. For questions 

concerning detailed operations of sprites, users would have to look into the source code 

in both environments, therefore are not likely to gain significant advantage by using the 

prototype.  

Based on this theory and our objective, we formulate the hypotheses as follows: 

Hypothesis A: Novice users using Scratch Explorer prototype, compared with those 

using the traditional Scratch Viewer, will achieve higher overall        and        for 

their program comprehension questions (i.e. they get more correct answers per minute 

and per script/graph read).  
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Hypothesis B: Ignoring all questions they fail to answer, novice users using Scratch 

Explorer prototype, compared with those using the traditional Scratch Viewer, will need 

less time and fewer script/graph reads to reach one correct answer.  

Hypothesis C: When using Scratch Explorer, novice users will perform better (in 

terms of        and       ) on questions where they can get additional support from 

the tool. Based on information types, these questions generally correspond to those 

labeled with control flow and data flow. Based on the number of program objects 

(sprite/message/variable), the questions correspond to those where multiply objects 

were involved.  

Hypothesis D: In post-session questionnaires, users in treatment group will report 

higher tool functionality and usability compared with those in the traditional tool 

session (i.e. Scratch Explorer will get higher overall usability scores).   
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CHAPTER 6 RESULTS AND DISCUSSION 

In this chapter we first analyze the data and try to answer the research questions 

listed in Chapter 5. Corresponding to our hypotheses, the analyses focus on subjects’ 

overall performance, performance on different categories of questions, and subjective 

data from questionnaires. We then looked into the actions subjects took in answering 

each question in order to see if there existed any pattern or strategy for using different 

tools. In the end we discuss the possible explanations for the results and threats to 

validities.  

6.1 RESULT ANALYSIS 

6.1.1 OVERALL PERFORMANCE 

Figure 41 gives the boxplots of overall        and        between treatment 

group and control group. To test hypothesis A, a two-way mixed model Analysis of 

Variance was run with treatment and task program as factors. There is strong evidence 

that different treatment caused different        ( (1, 12) = 13.38,  -value < 0.01). 

       obtained by subjects using Scratch Explorer was estimated to be 0.19 higher 

than that obtained by Scratch Viewer group (95% confidence interval: 0.08 – 0.30), 

which means subjects in treatment group were able to get 0.19 more correct answer 

per minute. . For       , the effect of task program was not significant ( (1, 12) = 1.50, 

 -value = 0.25), nor was the treatment × task interaction ( (1, 12) = 0.039,  -value = 

0.85).        of treatment group was estimated to be 0.048 higher than that of control 
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group (95% confidence interval: 0.013 – 0.083), meaning that subjects using Scratch 

Explorer can get 0.048 more correct answer per script/graph read. Again the treatment 

× task interaction was not significant ( (1, 12) = 0.31,  -value = 0.59), while the effect of 

treatment caused significant difference (( (1, 12) = 10.44,  -value < 0.01). The effect of 

task was marginally significant ( (1, 12) = 4.37,  -value = 0.059), but still accounted for 

16% of the variance (partial    0.   . This would be considered as a “large” amount 

of variance according to Cohen’s guidelines [Cohen 1977]. We will try to explain this in 

the discussion section.  

 

Figure 41: Boxplots for Score1 and Score2 between Two Groups 

To test hypothesis B, the follow-up analysis on overall performance after ignoring 

all the questions subjects were not be able to find answers. Figure 42 contains the 

boxplots illustrating the average time (in minutes) and the number of objects read in 

answering a question correctly for the two groups. 



87 
 

 
 

 

Figure 42: Boxplots for Average Time Spent and Average Number of Objects Read for 
Reaching One Correct Answer between Two Groups 

It can be observed that subjects in the treatment group generally need less time 

and read less graphs/scripts. A two-way ANOVA showed that for the amount of time 

required, there was moderately convincing evidence that Scratch Explorer allowed 

subjects to get to a correct answer faster ( (1, 12) = 6.14,  -value = 0.029); subjects in 

treatment group were estimated to spend 1.10 minutes less than those in control group 

(95% confidence interval: 0.028 – 2.17 minutes). The effect of task program was also 

significant ( -value = 0.035); again we will try to analyze the reason for this in the 

discussion section. The treatment × task interaction was not significant ( -value = 0.75). 

For the number of objects read, there was strong evidence that the treatment group 

browsed less scripts/graphs to get a correct answer ( (1, 12) = 10.04,  -value < 0.01); 

the average number of scripts/graphs read by treatment group was 11.76, which was 

12.62 less than the number of scripts read by control group (95% confidence interval: 
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1.49 – 23.75). Task program also caused significant difference ( -value < 0.01); subjects 

doing the “Overheated” program was estimated to read 14.83 less objects than subjects 

doing the “Germ World” program (95% confidence interval: 4.49 – 25.16). The task × 

treatment interaction was not significant ( -value = 0.40).  

A summary of test results for hypothesis A and B is listed in Table 11.  

Table 11: Test Results of Hypothesis A and Hypothesis B 

Hypothesis Factor  -value 

Hypothesis A on 

       

treatment <0.01 

task 0.25 

task × treatment 0.85 

Hypothesis A on 

       

treatment <0.01 

task 0.059 

task × treatment 0.59 

Hypothesis B on time 

spent 

treatment 0.029 

task 0.035 

task × treatment 0.75 

Hypothesis B on 

number of objects read 

treatment <0.01 

task <0.01 

task × treatment 0.40 

6.1.2 PERFORMANCE ON QUESTIONS OF DIFFERENT CATEGORIES 

6.1.2.1  DID SUBJECTS PERFORM DIFFERENTLY ON DIFFERENT INFORMATION TYPES?  

To look into subjects’ performance on questions of different information types 

using different tools, we followed the convention [Linton and Gallo 1975] of drawing 
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lines connecting the five means of        and         on five information types 

obtained by the Scratch Explorer group and Scratch Viewer group [Figure 43, Figure 44]. 

 

Figure 43: Average Score1 for Each Question Information Type between Two Groups 

 

Figure 44: Average Score2 for Each Question Information Type between Two Groups 
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It can be observed that treatment group exceeded control group in all types of 

questions on both        and       . To more precisely answer our research 

questions, we need to compare subjects’ performance on each category of questions 

and try to decide if our prototype has helped with extracting data regarding each 

information type. Since the boxplots of        and        [Figure 45, Figure 46] 

indicated unequal variances between treatment and control groups on a per-question-

type basis, we switched to nonparametric tests for statistical analysis.  

 

Figure 45: Boxplots of Score1 on Each Information Type 
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Figure 46: Boxplots of Score2 on Each Information Type 

In our hypothesis C, we claimed that Scratch Explorer would help subjects with 

questions on control flow and data flow. The data provided strong evidence that 

treatment group achieved higher        and        on control flow questions than 

control group. (Two-sided  -value from rank sum test with continuity correction for 

       = 0.0052, for        = 0.0025).        of treatment group was estimated to be 

0.96 higher than that of control group (95% confidence interval: 030 – 1.40); Score2 was 

estimated to be 0.48 higher than control group (95% confidence interval: 0.067 – 0.50). 

For data flow questions, the data again provided moderately convincing evidence that 

using Scratch Explorer resulted in higher        (Two-sided  -value from rank sum test 
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with continuity correction = 0.031); the average        was 0.44 higher than that 

obtained by control group (95% confidence interval: 0.066 – 0.77). 

However, the difference of        was not significant (Two-sided  -value = 0.10), 

indicating that treatment group subjects did not read significantly less scripts/graphs 

than subjects using conventional Scratch viewer. This is not consistent with our 

hypothesis; we will provide possible explanations in the discussion section below.  

Because the prototype does not provide explicit support for extracting program 

information on detailed operation, general function, or program state transition, 

according to match-mismatch theory, performance difference on questions of other 

information types may not be significant. This hypothesis was verified by the following 

test results [Table 12], except for        on information type of function, where 

treatment group got a higher score (p-value = 0.039).  

Table 12: Rank Sum Test Results for Each Information Type 

Performance  Information 
types  

Rank sum test  -
value  

As Expected 

Score1 Control <0.01 Yes 

Score2 Control <0.01 Yes 

Score1 Data 0.03 Yes 

Score2 Data 0.10 No – not as helpful as 
expected 

Score1  Function 0.15 Yes 

Score2 Function 0.04 No – more helpful than 
expected 

Score1 Operation 0.15 Yes 

Score2 Operation 0.15 Yes 

Score1 State 0.54 Yes 

Score2 State 0.40 Yes 
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6.1.2.2  DID SUBJECTS PERFORM BETTER ON QUESTIONS INVOLVING MULTIPLE PROGRAM OBJECTS? 

Since the major difference between our prototype and conventional Scratch 

environment is that our new features focus on the relationships between multiple 

program objects, including sprites, messages and variables, instead of showing a single 

sprite alone, we expected that subjects would perform better on questions concerning 

multiple objects. To test this part of hypothesis C, we excluded questions like “what’s 

the general function of sprite X?”, kept all the “multiple objects” questions and 

compared subjects’ scores on them.  

Figure 47 shows the boxplots of        and        of treatment group and control 

group. A one-way analysis on variance was applied to the results and the data provided 

convincing evidence that treatment group obtained higher        ( (1, 64) = 14.22,  -

value = 0.00036). The average difference was estimated to be 0.4 with 95% confidence 

interval 0.25 – 0.66. For       , treatment group again got higher score ( (1, 64) = 8.85, 

 -value = 0.0041). Using Scratch Explorer, the average        obtained was 0.11 higher 

than using Scratch viewer (95% confidence interval 0.037 – 0.15). Clearly the treatment 

group outperformed control group in both measurements.  
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Figure 47: Boxplots of Score1 and Score2 on Multiple-Object Questions 

6.1.3 SUBJECTIVE DATA FROM POST-SESSION QUESTIONNAIRES 

Subjects all reported their opinions in post-session questionnaires on task difficulty 

through a 10-point scale (1 = very easy, 10 = very difficult) and tool usability through a 5-

point Likert scale (1 = strongly disagree, 5 = strongly agree). None of treatment, task 

program or treatment by task interaction caused significant difference in reported task 

difficulties. For six Likert items on tool usability (listed in Table 13), subjects’ averaged 

responses are illustrated by the radar plot [Figure 48].  

Table 13: Post-Session Questionnaire Likert Items 

Category Likert Item 

Navigation I can easily navigate through the code and components 

Execution I can easily find out the sequence of execution of the scripts 

Interaction I can easily find out how different sprites communicate with each other 

Trigger I can easily find out how the scripts are triggered 

Message I can easily find the messages being passed between two sprites  
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Variable I can easily identify all the scripts where a given variable has been used 

 

 

Figure 48: Radar Plot of Post-Session Questionnaire Scores on Each Category 

As can be seen, treatment group reported higher usability and functionality of tools 

but the two sets of scores are still very close. To test the results statistically, we first 

measured the internal consistency of the six Likert items. A Cronbach’s alpha equal to 

0.83 indicates the reliability of the questionnaire; therefore we combined the responses 

from the six Likert items and conducted an analysis of variance on the average response 

from each subject, with treatment and task as factors (boxplot as Figure 49). The effect 

of treatment was significant (two-way mixed ANOVA:  (1, 12) = 6.17,  -value = 0.029). 

Scratch Explorer users’ average response was estimated to be 0.58 points higher than 

the other group (95% confidence interval: 0.098 – 1.15 points). Neither the task 

program nor the task × treatment interaction caused significant difference. 
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Figure 49: Boxplots of Average Post-Session Questionnaire Responses  

between Two Groups 

Although this difference was small on the 5-point scale, the data still demonstrated 

that treatment group subjects felt that their tool was easier to use.  

We also asked Scratch Explorer users in their questionnaire whether or not each 

type of graph helped them extract corresponding information; the 5-point Likert scale 

responses are as Figure 50. Wilcoxon rank sum test results show that for all three types 

of graphs, average responses were significantly greater than 3 (neutral). Two-sided p-

values are listed in Table 14. Additionally, we verified the significance from t-tests by 

running a binomial test on the usefulness of graph; a response score greater than 3 was 

counted as a successful trial. For sprite and variable graphs, two-sided  -values from 

binomial tests are about 0.0079; for message graph, two-sided  -value equals 0.07, 

indicating marginally significant result.  
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Figure 50: Radar Plot of Scratch Explorer Graph Usefulness from 8 Subjects 

Table 14: Rank Sum Test Results for Graph Usefulness Questions 

Graph Type  -value Average score 

Sprite Graph 0.0083 4.875 

Message Graph 0.018 4.5 

Variable Graph 0.011 4.625 

6.1.4 ACTION PATTERNS 

6.1.4.1  PATTERNS FROM POST-TASK QUESTIONNAIRE 

By collecting feature usefulness information after each question, we were able to 

analyze subjects’ macro-level action patterns during the tasks. Here an action pattern 

refers to the approach subjects most favored. For the control group, most subjects 

claimed that “reading the scripts” was the most helpful way of answering questions. The 

bar charts for each question category are as Figure 51. Running program alone was 
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rarely selected as most helpful, except for one subject in answering a question in the 

function category.   

For treatment group, subjects had one more approach: reading graphs. According 

to the bar chart of their post-task questionnaire responses [Figure 52], “reading graph”, 

as well as “reading graph along with reading code”, was most helpful when they 

answered questions in control, data and state categories. For questions on detailed 

operations “reading code” dominated other options. For questions on general 

program/sprite functions, subjects had different strategies and did not favor one 

particular approach.  

 

Figure 51: Post-Task Questionnaire Responses from Control Group (the Number of 
Subjects Choosing Each Approach as Most Useful) 
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Figure 52: Post-Task Questionnaire Responses from Treatment Group (the Number of 
Subjects Choosing Each Approach as Most Useful) 

We can conclude from these two charts that subjects’ actions during program 

comprehension did change after they were given new tool features. Their problem 

solving strategy relied more on the visualization of object relationships, especially for 

control flow and data flow oriented questions.  

6.1.4.2 PATTERNS FROM EXPERIMENT LOGS 

Log files and screen recordings were two other sources we used to analyze subjects’ 

action patterns. We qualitatively studied the log files collected from all experiment 

sessions and tried to generalize subjects’ action for questions on different information 

types. This result was consistent with the match-mismatch conjecture. For function 

related questions, there were no clear patterns in control group subjects or in treatment 
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group subjects. This is not unexpected, as the question on function was always the first 

question subjects received. At that stage they were still new to the environment; most 

subjects spent some time getting familiar with tool features, browsing through source 

codes or running the program. Their actions became more consistent for control flow 

and data flow questions. There, questions usually had “keywords”, such as a message 

name or variable name.  Almost all subjects in treatment group managed to find the 

correct object relationship graph given the “keyword”; after that they read scripts 

suggested by the graph to get the answer, or switched to other graphs or scripts. Usually 

they found correct answer from the graph of “keyword” and seldom read scripts 

unrelated to keyword or correct answer. Their actions can be described by Figure 53.  

Keyword

ORG sub-graph 

for keyword

Answer

Experiment 

Group

Script not related to 

correct answer

Script related to 

correct answer

Trace for reading 

scripts

 

Figure 53: Treatment Group’s Action Pattern on Control and Data Flow Questions 

In contrast, control group subjects can only read scripts, and their actions were 

more random and diverged a lot from the target scripts related to correct answers. As 

shown in Figure 54, subjects using conventional Scratch viewer usually had to browse 

through all scripts to find the ones related to “keyword”, otherwise they would miss 
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part of the answer. For programs with relatively large number of scripts, sometimes the 

subject had to go back to visited script to verify their answer.  

Script not related to 

correct answer

Script related to 

correct answer

Trace for reading 

scripts

Keyword Answer

Control

Group

 

Figure 54: Control Group’s Action Pattern on Control and Data Flow Questions 

For the operation question, both groups were able to locate the target scripts once 

the keyword was identified. Usually operation questions were about some sprite; it took 

about the same amount of work to reach the scripts associated with given sprite in both 

environments. The program state related question had less obvious patterns; but if 

program state change had something to do with message broadcast or global variable 

change, treatment group subjects could still take advantage of program visualization as 

they did for control and data flow questions.   

6.2 DISCUSSION 

6.2.1 POSSIBLE EXPLANATIONS OF EXPERIMENT RESULTS 

1. Match-mismatch conjecture 

Gilmore and Green made the hypothesis that across the spectrum of information 

structures, users’ performance was at its best when the structure of the information 
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they were seeking matched the structure of the notation, while a mismatch would lead 

to poor performance [Gilmore and Green 1984]. This conjecture directly explains why 

treatment group subjects did much better in questions on control and data flows; the 

visualizations provided by the prototype matched the structures of these types of 

information. For instance, there was one question “Which sprite(s) are triggered by 

message 'BEGINNING'?”; all subjects using Scratch Explorer viewed only one or two 

objects, including the message graph for ‘BEGINNING’, to get the correct answer. 

Treatment group also got higher scores for the other three categories of questions, 

although the difference was not significant. By the definitions of “match-mismatch”, the 

prototype did not provide visualization matching the structures of the information, but 

there was not “mismatches” either. The treatment group could not benefit directly from 

the tool, but the tool did not prevent them from discovering the information they need. 

On the contrary, by combining the graphs and source code, subjects may be able to 

build a mental model for the program faster according to the tool design guidance 

discussed in Chapter 3.  

2. Effect of task program 

In task design, we tried to balance the complexity and difficulty level of the two task 

programs. But because both of them are real projects from online repository and we did 

not make major modifications to them, experiments showed that there was still a slight 

difference between them. Task program marginally affected subjects’        and 
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significantly affected       ; for both measurements, subjects doing “Overheated” task 

achieved higher scores than subjects doing “Germ World” task. According to Table 9, 

this result is likely to be caused by the higher number of sprites and scripts in “Germ 

World”. Subjects doing this task had to read more scripts and explore more sprites. This 

directly affected their        and could also increase the time cost.  

3. Similar        for data flow questions 

The error rates for data flow questions were similar for the two groups; therefore 

similar        implies that subjects had to read approximately the same number of 

scripts or graphs. Figure 55 shows the boxplots of Score2 for data flow questions 

between the two groups: clearly there was an outlier in the control group (2.3   away). 

We did the Wilcoxon rank sum test again ignoring this outlier; this time the difference 

was significant ( -value = 0.028). This suggested that the average Score2 of control 

group was highly influenced by the outlier. The action sequence of that subject showed 

that he was already exploring the target script when the question was given, and read 

only 5 scripts (which were mostly scripts related to the correct answer) before 

answering the question. The same thing, however, did not happen to the other subjects 

when they answered the same question.  
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Figure 55: Boxplots of Score2 on Data Flow Questions 

4. Large variance in performance 

Figure 45 indicates that treatment group subjects’ performance varied a lot for 

questions on control flow and operation. This kind of variance was unexpected, 

especially for control flow questions, since the prototype was designed to directly assist 

message flow exploration and subjects were supposed to behave consistently. We 

looked into experiment logs and found that the variances mainly came from two 

participants; for the same question, subject A took 27 seconds and read 6 objects to find 

the correct answer, while subject B took 296 seconds and read 37 objects. Their action 

sequences showed that subject A opened the message graph at his first click, while 

subject B seemed to have made a wrong assumption about the question and spent most 

time exploring the scripts of two unrelated sprites. Subject B reached the correct scripts 

at last; however he did not make use of the message graph. This is not what we 
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expected, but according to test results on message graphs described in Section 6.1.2, 

most of the subjects did not have the problem.  

6.2.2 THREATS TO VALIDITY 

1. Construct validity 

A number of approaches of measuring how well people understand program have 

been adopted in previous studies. Besides asking program related questions, we could 

also ask subjects to write a short program summary or implement a new functionality. 

Due to the time constraint of the controlled experiment, we followed the 

comprehension question approach to reduce noise and simplify the grading process. 

However, there are no standard or validated guidance in design comprehension 

questions, especially for the Scratch language which has not been studied from the 

program comprehension perspective before; we cannot claim that the task questions 

we have used are exactly the ones which demonstrate subjects’ comprehension level. 

This may threaten the construct validity of our experiment unless further study shows 

that these questions are really measuring what they are supposed to measure.  

2. Internal validity 

Subjects all attended a one-on-one experiment session instead of participating in 

one session together. Although all sessions were conducted by the same experimenter 

and configured in the same way on one machine, there could be other confounding 

variables that we did not analyze, such as the experiment time of day. Also we did not 
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collect information other than programming experience during recruitment; therefore it 

was not possible to make sure that subjects in the two groups were alike in all aspects 

other than the independent variable (treatment). Sex, major, motivation or other 

variables could also have affected experiment results.  

3. External validity 

Our ultimate goal of designing this tool is to help end users with maintaining and 

remixing Scratch programs.  But in the controlled experiment, we gave subjects a 

program comprehension task instead of maintenance or remix task. Therefore we can 

only claim that the tool helped users in this given context of programming 

comprehension. To really see whether the tool can help with maintaining or remixing 

Scratch program, features could be embedded in the real development environment 

and deployed to real users. This kind of experiment or field study would allow us to find 

out if the tool works in the real world.  

4. Conclusion validity 

The conclusions of this research are about novice Scratch end users. We conducted 

a randomized experiment to justify the causality in our conclusions; however we were 

not able to do a random sampling from the worldwide novice Scratch user population. 

The ideal way of sampling subjects would be randomly selecting Scratch community 

members and then adding a pre-test to determine if they are novice or expert. Due to 

the constraints of experiment conditions, we recruited from university students who 
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had certain programming experience. Since Scratch is easy to learn, after the tutorial all 

subjects appeared comfortable with reading Scratch scripts (none of them expressed 

difficulty in understanding source code during tasks). Therefore we can claim that all 

subjects were novice Scratch users, but they may not belong to the population of novice 

Scratch end users for other reasons. 
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CHAPTER 7 CONCLUSION AND FUTURE WORK 

7.1 CONCLUSION  

This thesis focused on the code reuse problem of Scratch animation scripts and 

tried to solve it from the perspective of assisting program comprehension for novice end 

users. One of our main contributions was employing the program analysis and 

visualization techniques which have been used for general programming languages to 

the design of an end-user program comprehension assisting tool, Scratch Explorer 

(Chapter 4). For questions important related to remixing, Scratch Explorer provided 

direct support for extracting information about message use, variable use and multiple 

sprite communication and interaction. Empirical study on the tool prototype has shown 

that given interactive visualizations of program structures, novice Scratch users need 

less time and tool interaction to build a mental model (Chapter 5 and Chapter 6). Our 

prototype was demonstrated to have significantly improved users’ comprehension on 

control flow and data flow questions (as hypothesized Chapter 6). All these experiment 

results show that effective Scratch program exploration features would enable novice 

end users to quickly build up a mental program model through a bottom-up or 

integrated comprehension process (Chapter 3). Visualizations of software structures are 

already used widely in professional programming environments for design, testing and 

software maintenance, and our research shows that same techniques would also work 

for end-user programming and software engineering.  
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7.2 FUTURE WORK 

In summary, this work has empirically shown the need for assisting end user 

animation script comprehension, has presented an approach for designing a program 

exploration tool for visualizing high-level Scratch program structures, and has 

empirically demonstrated significant advantages of program structure visualization over 

traditional animation script displaying techniques in supporting end-user program 

comprehension. However, our ultimate goal is not merely helping end users understand 

programs, but assisting them to reuse other users’ code and also to maintain their own 

code after obtaining a good comprehension of programs. This research has implicated 

the following future studies which could be done for achieving this goal.  

7.2.1 EVALUATION OF CURRENT PROTOTYPE  

The current Scratch Explorer prototype was only evaluated partially. Features like 

interactive program flow simulation and script clustering were not tested by the 

empirical study. We did not emphasize these features in the experiment because they 

were more complicated than other types of visualizations and would require more 

tutorial time, which was hard to accomplish in a short 30-minute experiment session. 

Also, they are designed to support more advanced structure visualization for more 

complicated programs. For instance, interactive program flow simulation can be 

evaluated for comprehensions of animations which contain multiple story lines or 

sequential game levels. Simulating and visualizing code execution, as well as exploring 
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scripts step-by-step would be effective ways for constructing control flow models of 

these types of programs. Script clustering can be empirically tested on complicated 

game programs where sprites could be conceptually categorized by their roles. The 

clustering feature in visualization would allow users to quickly see how objects interact 

by groups and also reduce some comprehension overhead by extracting common 

behavior of multiple sprites.  

7.2.2 FEATURE IMPROVEMENT OF CURRENT PROTOTYPE 

Not all elements we considered in designing the prototype were eventually 

implemented. Features for building situation model (recall the bottom-up model in 

Chapter 3) and decreasing gaps in abstraction levels can certainly be improved to 

enhance usability and support better code displaying. Currently data flow exploration 

was assisted by variable graph. This graph structure is one-dimensional in that it shows 

only the use of one variable and did not connect it with control flow or sprite interaction 

network. Also, it does not include sequential information; users can figure out how 

variables are used by each sprite, but they had to read the scripts to find out when the 

variables were used. Embedding a data flow interactive simulation (corresponding to 

control flow simulation) and allowing cross-reference between the two models, users 

would be able to view source code on multiple dimensions and switch easily between 

program model and situation model. 
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The abstraction levels provided by current prototype concerned only sprites and 

scripts. Users can switch between these two levels, but the actual source code was 

separated from visualizations and displayed in another area. This is not the ideal way of 

moving through abstraction levels. A better implementation would be combining all 

three levels in one graph, and allowing users to switch level by zoom-in / zoom-out. This 

idea was already used in previous studies [Storey et al. 2001] and was proved to be an 

effective way for navigating source code.  

7.2.3 APPLICATION TO OTHER LANGUAGES 

Techniques used in Scratch Explorer prototype are not limited to the Scratch 

language. The idea of visualizing code structure can be applied to almost every language. 

More specifically, since Scratch is an event-driven language, the sprite-event model and 

abstract graph derived from this model can be used for other event-driven languages by 

simply replacing language objects and events. For instance, event-driven is a common 

paradigm used in GUI design languages, agent-based simulations and hardware 

programming. It is not hard to imagine a similar visualization applied to program written 

in these languages, such as diagrams for event-action of interface controls, 

communications between agents, or signal change.  

7.2.4 EMBEDDING FEATURES FOR CODE DEVELOPMENT, MAINTENANCE AND REMIXING 

Finally, to support end user program reuse and maintenance, features that are 

successfully evaluated in empirical studies can be embedded in the real Scratch 
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environment. Combining the visualizations with code editing environment, we may help 

end users with the early design of programs and prevent bugs related to inconsistencies 

between design and implementation. In the maintenance and reuse stage, visualizations 

could be used as documentation and serve as a design manual to guide the 

development of new programs.   
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APPENDICES  

APPENDIX A: SOURCE CODE OF BUG DEMO  

 

Figure 56: Source Code of Bug Demo (Sprite: Stage) 

 

Figure 57: Source Code of Bug Demo (Sprite: Fruits) 
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Figure 58: Source Code of Bug Demo (Sprite: Fruit) 

 

Figure 59: Source Code of Bug Demo (Sprite: Clock) 
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Figure 60: Source Code of Bug Demo (Sprite: Bug) 

APPENDIX B: SOURCE-REMIX STUDY FOR IDENTIFYING COMPREHENSION QUESTIONS  

In a non-trivial Scratch program remix, existing scripts are modified or deleted, and 

new scripts are added, so that the remix program's code logic is different from the 
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source program in a certain way. To identify the things that Scratch programmers need 

to know during code remix, we collected pairs of source-remix programs from the 

Scratch repository, compared these pairs and marked the changes made in the remix. 

For each (non-buggy) modification, objects involved in the change were identified. From 

here we formulated the comprehension questions which could rise in implementing the 

change and meanwhile preserving logical behavior of all the objects.  

For instance, "Virtual Farm" (source) and "Farm Simulator" (remix) was one of the 

source-remix pairs we have compared. The following modifications were found in the 

remix [Table 15]: 

Table 15: Modifications Found in Source-Remix Study 

ID Modifications Objects involved 

Mod 1 New sprite "down 
arrow" 

This new sprite responds to 2 existing messages 
(Show, Hide) 

Mod 2 New sprites "Sprite1", 
"Sprite2" 

These new sprites read/write 2 existing variables 
($, Lost$) 

Mod 3 New variable (temp 
money manager) 

This new variable is read by a group of existing 
sprites (Potato, WaterMellon...)  

Mod 4 Change the name of 
several existing 
messages  

Message names used in both broadcasting and 
receiving should be modified 

Mod 5 New messages "set1", 
"set2" 

These new messages are received by existing 
sprites 

As can be observed from the table, when new objects (sprite/message/variable) 

were added to an existing program, they affected program logic in one way or another. 

For example, when a newly added sprite responds to some existing message (Mod 1), 

programmer needs to know the meaning of that message (who broadcast it, when it is 
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broadcast, are there any other sprites that will be receiving this message) to make sure 

that the new sprite is triggered in a correct way. Similarly for Mod 2, to reuse existing 

variable in the scripts of new sprite, the programmer needs to understand what value 

that variable is storing, or what flag that variable is representing. Otherwise, the new 

scripts may damage the data flow of current program. Another possibility is that the 

new objects are used by existing sprites (Mod 3, Mod 4). This requires an even more 

detailed understanding of existing sprites, because responding to a new message or 

reading a new variable will change their behaviors.  

We summarize the mapping between real world remixes and comprehension 

questions as follows: 

Table 16: Comprehension Questions from Source-Remix Study 

ID  Things need to be understood Comprehension question 

Mod 1, 
Mod 4 

General usage of existing 
message; broadcast conditions, 
broadcasters and receivers 

Who broadcast message X? 

What's the trigger condition of message 
X? 

What sprites are triggered by message X? 

What's the trigger effect of message X? 

What is the message that changes 
program state [e.g. brings game into new 
level]? 

Mod 2, 
 

General usage of existing 
variable; possible value, 
reader/writer 

Is variable X used to control program 
flow? 

Which sprites initialize/modify variable X? 

What are the possible values of variable 
X? 

Mod 3, General logic or behavior of What would sprite X do after event Y? 
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Mod 5 existing sprites What messages/variables will be affected 
if sprite X is removed from program? 

How is sprite X's behavior Y 
implemented?  

What’s the value of sprite X’s property Y 
at a certain point of program execution? 

Our conclusion from this study is that message flow, variable usage, interaction 

between sprites and other program objects, and also certain detailed behaviors of 

sprites that affect control or data flow should be well understood before complicated 

modifications could be made. There may be other things that are important in program 

comprehension (e.g. a sprite's detailed behavior inside of one script), but these are 

more likely to center on local changes on one sprite and are thus less tricky than those 

that involved multiple objects. 

APPENDIX C: PROGRAMS AND TASK QUESTIONS USED IN CONTROLLED EXPERIMENT  

The source code of the two task programs and one demo program for the 

controlled experiment can be found at the following location: 

Germ World.sb: http://scratch.mit.edu/projects/ScratchExperiment/1382950 

Overheated.sb: http://scratch.mit.edu/projects/ScratchExperiment/1690913 

Task questions for these two programs are shown in Table 17. 

Table 17: Task Questions 

Task Question Information Type 

Germ World How many levels does this game have? Function 

http://scratch.mit.edu/projects/ScratchExperiment/1382950
http://scratch.mit.edu/projects/ScratchExperiment/1690913
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How many different sprites may reset 

the position of sprite 'Mr. Goo' by 

broadcasting 'restart' message to it? 

Control 

What are the possible values of variable 

'screen'? Which sprites modify it? 

Data 

Mr. Goo will bounce back if it touches an 

obstacle. How is this 'bouncing back' 

effect implemented? Through which 

sprite? 

Operation 

Which sprites may modify variables each 

time 'new level' message is broadcast? 

State 

Overheated What is the general function of Sprite6 Function 

Which sprite(s) are triggered by message 

'BEGINNING'? 

Control 

What events may change the value of 

variable 'showing?'? Through which 

sprite? 

Data 

How does sprite 'stage' generate the 

initial grid? Is it by random or is it 

determined? 

Operation 

At the moment before 'game' is 

broadcast what is the coordinate of 

Sprite4? 

State 
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