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ABSTRACT 
 

One of the major areas of research in software engineering is program dynamics

i.e., the run-time behavior of a computer program. In this thesis, we propose a novel 

scheme for analyzing run-time behavior of programs. Our proposed method is strongly 

linked to visualization.  

The dynamic evolution of a program resembles a tree with the main function as 

the root and other block / function invocations as branches. L-systems are mathematical 

models to generate trees and in our thesis we develop an approach that models a program 

as a stochastic L-system. The probabilities associated with generators are derived from 

knowledge of input distributions.  

We illustrate our approach on the well-known quick-sort algorithm. Its time-

complexity and other features are related to both qualitative ( such as branching factor, 

symmetry and size ) and quantitative measures ( such as probabilities and lengths ) on the 

tree-like visualizations. Specifically, we demonstrate that our tree visualization is capable 

of capturing the different behaviours of quick-sort on randomly-ordered and already 

sorted input lists.  

One of the major contributions of our work is the quantitative analysis possible in 

our visualization scheme. We derive quantitative solutions to the following three 

questions: 

1) Given an L-system, what are the minimum and maximum sizes of the 

trees generated for specific input sizes? 

2) Given an L-system and a tree obtained by visualizing the program 

behaviour for a specific input, what is the probability of obtaining such 

a tree? 

3) Given a specific L-system and an input distribution which functions/ 

blocks are likely to be called more often? 

We also propose and demonstrate a preliminary approach to derive L-system rules 

from observed outputs of a program. Such an approach is useful in analyzing the dynamic 

behaviour in the absence of source code or static structure of the program.    
 

 
 



  

 

CHAPTER 1 
 

INTRODUCTION 

One of the major areas of research in software engineering is program dynamics i.e., the 

study of run-time behaviour of a computer program. Program dynamics indicates the 

flow of control in a program, what values are computed, the memory usage, the execution 

time of a program and others [44, 81]. 

A typical program consists of several branch and loop control structures resulting 

in hundreds of paths between input and output. For example, even an extremely simple 

program that converts a letter grade (such as ‘A, B, C, D’ or ‘F’) into grade point average 

has a switch statement inside a double loop structure. The switch statement has as many 

branches as there are grades, and the loops iterate over the number of students and the 

number of subjects. The actual paths taken by inputs depend on the specific grades 

awarded and their distribution.  

A complete analysis of the run-time behaviour is possible only in simple 

programs. As the dynamics depend on inputs, any analysis requires knowledge of inputs. 

Even for a simple program, it is not possible to consider all the input data combinations. 

A way out is to assume different distributions such as Normal, Poisson, Uniform etc., for 

inputs and perform a statistical analysis. 

Any program starts with a main function and takes different branches depending 

on the input values. Each branch leads to further computations, modifications of 

intermediate data and further branching. The end result is that the program evolution 

resembles an inverted tree that starts at a root (the main function) and then grows into a 

large, complex tree. Loop statements are unraveled as the program evolves and contribute 

to larger sub-patterns within the complete tree structure. Note that tree refers to the 

arboreal variety and not the tree data structure. 

 L-Systems, proposed by Lindenmayer [85], were originally designed to replicate 

the wide variety of trees, plants and shrubs seen in nature. L-systems comprise a set of 

rewriting rules that are interpreted as instructions in turtle graphics [11,12,95,113]. 

Various types of L-systems are available. Of particular interest are stochastic L-systems 



  

that allow introduction of variations in the rigid tree structures ‘grown’ by pure L-

systems [34,137]. 

 In this thesis, a novel scheme is proposed for analyzing the program dynamics 

that is strongly linked to visualization. Here stochastic L-systems are mapped to program 

dynamics for both visualization and analysis. The visualized tree behaviour is 

qualitatively analyzed. Qualitative analysis of the tree-like run-time structure reveals 

useful information about the program. A tree of narrow branching indicates that the data 

path traversal is through only a portion of the program. A tree of wide branching means 

all the blocks of the program have been traversed uniformly. Similarly, a left or right 

heavy tree indicates that only subsets of functions are executed.  

The qualitative features of the tree like structure of the visualized program can be 

analyzed mathematically in our approach because of their basis in L-systems. L-systems, 

offers several advantages over other visualization tools such as like Hot Wired [76], JA 

Vis [97], Rigi [102] and ALMA [114] etc. The central idea in this thesis is to model the 

programs’ tree growth mathematically so that it is amenable to qualitative and 

quantitative analysis. The aim is to analyze qualitatively and quantify the observed 

features of program dynamics through the use of visualization techniques.  

 

1.1 Scope  

The use of mathematically rigorous and well-researched L-systems in visualizing 

program dynamics permits us to measure certain aspects of program’s behaviour. For 

example, the general shape of the tree, whether it is left or right heavy or symmetric 

indicates which subset of functions or blocks is exercised.  

 The length of a branch indicates the complexity or repetition of a particular block 

where as the height indicates the number of invocations of various blocks/ functions. The 

tree complexity may thus be estimated from the size of the tree.  

 Our research develops a methodology for mapping L-systems to block-structured 

programs and their subsequent visualization as trees. We describe various qualitative 

features and derive quantitative measures using L-systems theory for assistance in 

developing test sets and computing time complexities. We also suggest that the tree like 

visualizations may help reorganize programs for better performance.   



  

1.2 Motivation 

Until now, little quantitative analysis of program dynamics was done using visualization 

techniques. In this regard we made a successful initial attempt in visualizing and 

quantifying the program dynamics using stochastic L-systems.  

 

1.3 Contributions 

Our contributions are 

• Visualizing program dynamics using L-systems. 

• Qualitative and quantitative analysis of program dynamics. 

• L-systems based parameters for software testing. 

 

1.4 Organization of the thesis 

The rest of this Chapter is an overview of the thesis. In section 1.5, we present the 

highlights of the approach described in Chapter 3. Section 1.6 is about obtaining the 

original rule set given two successive stages of program evolution. This reverse approach 

is explained in detail with the help of an algorithm in Chapter 4. Section 1.7, deals with 

the properties of the trees generated by our approach. The strings generated by L-systems 

are visualized as trees. Throughout this thesis, we treat strings and trees synonymously. 

The strings are qualitatively analyzed for their properties such as length, distributions and 

symmetry etc. These and other string properties are discussed in Chapter 5.  

 

1.5 Program dynamics through stochastic L-systems  

The runtime behaviour of a program resembles that of an evolution of a tree. L-systems 

and stochastic L-systems are well studied by scientists and mathematicians alike. A 

significant amount of research has gone into the field of mathematical properties of L-

systems and quantified by scientists like Doucet P., Rozenberg G., Saloma A and Vitanyi 

etc. [135–137,139,140,163,164]. This has prompted us to choose stochastic L-systems for 

modeling tree-like representations of program dynamics. 



  

 In our method of program visualization there is a mapping of given program to 

stochastic L-systems. The basic block of a program is visualized using L-systems turtle 

graphics. 

Analysis of quick-sort is used as a case study to illustrate our approach. There are three 

main operations in each recursive invocation of quick-sort algorithm function. We 

visualize these three operations using L-system rules and turtle graphics.  The first 

operation, which increments the lower bound of the list, is drawn as a branch to the right. 

The second, which decrements the upper-bound, is drawn as a branch to the left. The 

third, which swaps the pivot element, is a straight-line.   

The visualization of quick-sort program yields tree like structures as shown in Figure 1.1.  

 

 

Figure 1.1: Various trees generated for quick-sort program. 

  

 Figure 1.1 shows the resulting trees from different runs of quick-sort program on 

three sets of inputs. Figure 1.1(a) is the result from running the program on a list that is in 

descending order. It is obvious that the lower and upper bounds are updated alternately. 

In Figure 1.1(b), the input is randomly generated and it may be seen that there is no clear 

pattern in the branching. In Figure 1.1(c), the tree contains only left branching (i.e., only 

the upper bound is changed) and is the result of an input that is already sorted. Further, it 

may be noticed that both the height and width of the trees Figure1.1 (a) and Figure 1.1(c) 



  

Stri 

 

Stri+1 

are larger than that of  Figure 1.1(b), and is indication of greater time-complexity, ( )2nΟ , 

in such cases as opposed to the average time complexity of ( )nn logΟ  as is the case of 

Figure 1.1(b). Detailed analysis is described in Chapter 3. 

 

1.6 Generating L-systems to model the program dynamics  

In the above analysis of quick-sort program, the L-system was derived from the 

program structure given to us. When such information is lacking, the program may be run 

repeatedly for any given input. The output observations are captured. Then we devise an 

algorithm to estimate the equivalent L-system rules that could have resulted in the 

observed sequence of outputs. 

In our approach given two successive stages of a program output, an attempt has 

been made to get back the L-system rule-set which is responsible for program 

visualization. This is illustrated in Figure1.2. For this purpose we have taken two 

successive strings Stri and Stri+1 generated in forward approach.  

 

 

                                                                                                          Rule Set 

 

Figure 1.2: Block diagram of reverse approach 

Let us consider the two strings ‘abbab’ and  ‘bababbab’. These two strings were 

given as input to the ‘Reverse Approach’ process. After successful processing we get the 

rule set responsible in generating the above strings. The rule set thus obtained is given 

below. The process of obtaining the rule set, given successive strings is discussed in 

detail in Chapter 4. 

 

 This approach of finding the ‘rules’ responsible for generation of strings(objects), 

helps us in better understanding of the source code.  

 

Reverse Approach 



  

1.7 String Properties  

The strings generated in the forward approach using stochastic L-systems were 

analyzed. Given an L-system and a particular level of string (tree) generation, properties 

such as string length at a specified level, string distribution at that level, probability of 

arriving at a string and any symmetric property of the generated trees are computed.  

 The quantitative analysis of strings is carried out with the help of a mathematical 

model, Multinomial Distribution, which is a generalization of Binomial distribution 

[149,151]. Unlike Binomial theorem, which deals with two variables, Multinomial 

theorem handles more than two variables. 

 Using the above model, an attempt has been made to analyze the tree behaviour. 

The string properties are quantified in Chapter 5. 

 In the next chapter, a detailed description of evolution of program dynamics and 

various types of visualization techniques that are significant to our approach are 

discussed. 
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