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ABSTRACT 

This study proposes a multi-pass compiler with 

code optimized abstract syntax tree based on a 

subset of C# as the source and C constructs as the 

target, with the view to enhancing the 

understanding of compiler design, which 

conceptually has been a rather difficult discourse. 

A single-pass compiler allows a single traversal 

over the source code or intermediate form. This 

does not allow for a distributed compilation and 

modular development. On the other hand, the 

proposed scheme decouples the type-checker from 

the abstract syntax tree, thus separating them into 

independent segments that allows a multi-pass over 

the source code; this in turn provides a mechanism 

for modular development, which encourages 

distributed compilation. The proposed scheme 

constructs the abstract syntax tree before the type-

checking, thus allowing another tranversal on the 

intermediate form of the source code. An optimised 

tree was constructed after code optimisation had 

been conducted. The scheme is based on only small 

subset of C# constructs. Further study would be 

focused on adding more constructs. 

Keywords: Compiler, Code optimisation, 

Abstract Syntax Tree, Multi-pass compiler. 

1. INTRODUCTION 

Compiler construction is an essential part of 

applied computer science, which has been 

traditionally regarded as a complex piece of 

software. It is rather worrisome that little or no 

attention is being paid to the relevance and 

knowledge of compiler construction by students 

and young computer scientists nowadays. This 

perception stems mainly from traditional methods 

of teaching compilers as well as the lack of 

available examples of small and functional 

compliers for real programming languages. 

Compiler construction requires a lot of practical 

engagements; however, teachings the course is 

based most times on methods that are too abstract 

for learning, which consequently, reduces the 

interest of the students. In addition, a number of 

students lack classical programming techniques and 

software programming capabilities required for in-

depth knowledge of compiler construction [1]. The 

exclusion of compiler construction and language 

theory in many computing degrees has been 

reported in the literature [2], with the rationale that 

they are now no more vital to modern software 

engineering practice, regardless of the importance 

of compiler to computing in general. Compilers and 

operating systems provide the basic interfaces 

between a programmer and the machine. Compiler 

construction provides an extensively useful 

exercise in software engineering [3]; and hence 

cannot be considered to be irrelevant to modern 

software engineering practice. In view of the 

above, this study proposes a multi-pass compiler 

with code optimized abstract syntax tree (AST) as a 

tool for enhancing the art of learning compiler 

construction.  

2. RELATED WORK 

A couple of efforts seeking to enhance the 

understanding of compiler design have been 

reported in the literature. For instance, [4] designed 

a compilation simulator that could serve as an aid 

to learning compiler design which was composed 

of a virtual machine and its machine language, a 

simple high-level language and its compiler 

simulator. The simulator could recognise, carry out 

and describe the syntax and lexical analysis and the 

code generation phases of compilation. However, 

the language could only recognise digits and accept 
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single lower-case letters as variable names. An 

argument for the inclusion of at least some facets of 

compiler construction and language theory in 

computing degrees was made in [2]. An outline 

curriculum based around the recursive-descent 

methodology was proposed and a toolkit described 

that supports the delivery of this curriculum. Small 

languages, formal methods and object-orientation 

consolidation were identified as evidence of the 

applicability of compiler to teaching in a wider 

software engineering context. In [3] a compiler 

system for an adaptive computing to provide a 

general knowledge about compiler design and its 

implementation was reported. Although the paper 

concentrated on the implementation of a compiler, 

an outline that builds upon the compiler was also 

presented. [5] proposed and implemented a case-

based and project-based learning environment for 

teaching important compiler design concepts. 

Adekoya in (Adekoya, 2011) developed a compiler 

that employed a single-pass compilation where the 

type-checker was an integral component of the 

AST generation process. The compiler does not 

perform any form of code optimisation. The 

proposed system is a multi-pass compiler where the 

type-checker is decoupled from the AST. 

Decoupling the type-checking module from the 

AST makes type-checking independent of the AST. 

Therefore, there can be multiple transversal on the 

intermediate form of the source code. This makes 

for the modularity of the system and allows 

distributed compilation. It also allows for 

modularized development. This study also allows a 

type of code optimisation on AST during type-

checking. Further related work includes [6] which 

reported a large verification effort in constructing 

an initial fully trusted bootstrap compiler 

executable for a realistic system programming 

language and real target processor. The 

construction and verification process contain three 

activities: the verification of the compiling 

specification with respect to the language semantics 

and a realistic correctness criterion. Second, the 

implementation of the specification in the high-

level source language following a transformational 

approach, and finally, the implementation and 

verification of a binary executable written in the 

compiler's target language. For the latter task, a 

realistic technique has been developed, which is 

based on rigorous a-posteriori syntactic code 

inspection and which guarantees, for the first time, 

trusted execution of generated machine programs. 

3. METHODOLOGY 

The proposed system is a multi-pass compiler 

where the type-checker is decoupled from the 

Abstract Syntax Tree (AST). Decoupling the type-

checking module from the AST makes type-

checking independent of the AST. Thus, there 

could be multiple transversal on the intermediate 

form of the source code. Figure 1 shows the 

process flow of the prosed scheme. 

 
Fig 1: Process flow of the proposed scheme 

3.1 Abstract Syntax Tree   

The syntax tree is a critical data structure for 

storing the intermediate form of the source 

programs. Figure 2 shows the Abstract Syntax Tree 

of the proposed system. 

 

 
Fig 2: AST Design 

3.2  Generating the Abstract Syntax Tree   

To illustrate the algorithm for generating the AST, 

an example grammar was employed as follows.  

Grammar:  Start Symbol = E 
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  E : = E + T | T                                          

  T: = T * F | F 

  F: = i | (E) 

Given the input (i*i+i), a bottom-up parse of the 

input would typically proceed as in Table 1. 

Table 1: AST Generation Procedure 

(i*i+i) 

 Parsing 

action 

AST Generation 

Procedure 

(F*i+i) Reduce by 

F: =i 

F. node = new leaf (id, 

id.entry) 

(T*i+i) Reduce by 

T: =F 

T. node = F. node 

(T*F+i) Reduce by 

F:=i 

F. node = new leaf (id, 

id. entry) 

(T+i) Reduce by 

T:=T*F 

T. node = new node 

(*,T.node, F.node) 

(E+i) Reduce by 

E:=T 

E. node = T. node 

(E+F) Reduce by 

F:=i 

F. node = new 

leaf(id,id.entry) 

(E+T) Reduce by 

T:=F 

T. node = F. node 

(E) Reduce by 

E:=E+T 

E. node = new node 

(+,E.node, T. node) 

F Reduce by 

F:=(E) 

F. node = E. node 

T Reduce by 

T:=F 

T. node = F.node 

E Reduce by 

E:=T  

E.node = T.node 

Accept 

The generation procedure in Table 1 explains the 

fact that terminals (operators and operands) are the 

only nodes that would ultimately reflect on the tree. 

The non-terminal nodes are used as temporary 

pointers only. The leaf nodes are the operands 

(identifiers, numbers, literals) and the internal 

nodes of the tree are the operators (+,*).Traversing 

the abstract syntax tree involves starting with the 

node for the start symbol, E.  

We use a sample C# program to illustrate the 

compilation and building of the tree as follows:   

 

Sample Program: 

public class Example{ 

  public int main(){   

   int x;  

   x = 8 - 1; 

  } 

} 

 

The runtime sequence of how the tree is built and 

the order in which operators are added to the tree 

for are as follows: 

1. addOperatorNode(“param-list”,  null).  

2. addOperatoreNode(“var-declaration”, unary).  

3. addOperatorNode(“-”, binary). 

4. addOperatorNode(“:=”, binary). 

5. addOperatorNode(“statements”, binary). 

6. addOperatorNode(“method-definition”, nary). 

7. addOperatorNode(“class-definition”, ternary). 

 

Figure 3 shows the structure of the AST for the 

above sample program before type-checking. 

 
Fig 3: The AST of a sample program before 

type-checking 
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As shown in Figure 3, the type of the nodes is null 

before type-checking was done. Figure 4 shows the 

structure of the tree after type-checking. 

 
Fig 4: The AST of a Sample program after type-

checking 

During type-checking, the data types are checked 

for type-compatibility. Figure 5 shows the structure 

of a code optimised AST after type-checking. 

 
Fig 5: The AST of a sample program after type-

checking and code optimisation 

 

After type-checking, a code optimised AST is 

produced. 

3.2 The structure of an AST tree with type error 

Consider the program below which is syntactically 

incorrect,  

 

public class Example{ 

 public int main(){   

 int x;  

   x = 8 – “1”; 

  } 

} 

 

The structure of the AST is shown in Figure 6. 

 

Fig 6: The AST of a sample program with type-

error 

The tree above shows the AST of a program with a 

type error. The error is propagated upward and it 

returns error. 

4. IMPLEMENTATION AND RESULTS 

This section presents the implementation and result 

of the proposed scheme. 

4.1 Implementation 

There are two main parts to the system: the 

frontend and backend. The frontend of the system 

is the user-interface. The input from the users are 

entered via the frontend while the output from the 

system are also displayed to the user via this part. 

Other components in the user interface includes the 

menu structure, the program editor and the I-O 

Window. The backend, on the other hand, consists 
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of the computational logic of this system. The 

scanning code and the module that parses source 

programs are included in this unit. The backend 

also contains the Abstract Syntax Tree (AST) 

generation module, type-checker, 3-address code 

generation module and the C++ code generator. 

The backend also incorporates the functional 

modules involved in assembling, linking and 

execution of programs. The backend houses a 

number of third-party software libraries such as 

GOLD parser, GNU compiler collection and Java 

Runtime library. The key user-interface elements of 

this implementation are the menu structure, the 

program editor and the I/O window. Figure 7 

depicts the user interface elements. 

 

 
Fig 7: IDE of the proposed scheme 

 

The File menu contains menu items needed to 

perform routine file management functions such as 

printing, opening and saving of files.  With the file 

menu also comes an option for exiting the IDE – 

Integrated development environment. 

 

Users of the system need an interface for writing 

programs before proceeding with compilation and 

execution.  The centrally located editor within the 

IDE provides this function. Below is a sample C# 

program written and typed using the editor. 

 

 
Fig 8: System Editor 

 

The I/O window displays message from the system. 

Some of these messages could be as a result of 

errors in the compilation process while some could 

be debugging messages from the system. Where 

debugging is turn on, other media could be used to 

send message to the users besides this window.  

The input-output window may also be used to get 

data inputs from the users of the system.  

 

 
Figure 9: Input-Output Window 

 

4.1.1 Type-checker 

The type-checker implemented in this system tests 

simple types. Type compatibility is enforced in 

every construct found in the source. Unlike the 

existing one, type-checking is decoupled from the 

abstract syntax tree construction. The philosophy 

behind this system of typing is partly to simplify 

implementation and also exploit the simplicity of 

syntax-directed translation. Figure 10 depicts a type 

checking for relational operators.  

+-

*

 
Fig10: Type-checking for relational operators 

 

Figure 10 was extracted from the code-base of 

type-checking module. It shows how the type-

checker can be invoked to check the type 

compatibility of the two operands for relational 

operators. 
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4.1.2 Code optimisation. 

This system allows a type of code optimisation on 

the AST. This code optimisation performed on the 

AST is embedded in the type-checking module. 

The Figure 11 was extracted from the code-base of 

the type-checking module. It shows how the code 

optimisation can be performed on numerical 

literals. 

4.2 Result 

When a program is compiled as shown Figure 12, 

at the backend, the GOLD parser which is scanner 

generator and parser generator scans the source 

language to obtain tokens. This is traditional 

function of a scanner generator. Figure 12 

illustrates the compilation of a typical source 

program in C#. 

 
Fig 11: Code optimisation 

 

 
Fig 12: Compiling a program on the sum of N 

numbers 

 The first segment of Figure 12 shows the source 

program in C# and the next segment indicates that 

the compilation using the developed compiler 

compiles successfully. Figure 13 shows the output 

of the scanner and parser. 

 

 
 

Fig 13: Output of the Scanner and Parser. 

 

The system returns “a new token found” whenever 

the scanner successfully finds a new token as 

shown in Figure 13. 

After scanning, parsing is also done by parser 

generator. Parsing is done by reduction of tokens 

by rules to get to the start symbol, since the parser 

generator is a bottom-up parser. When parsing has 

been successfully carried out, the system returns 

the rule that has been applied in reduction of that 

particular token. For example, in Figure 13, the 

parser reduces the token “public” and “class” by a 

rule called “Access-Modifier”. We note that the 

operation of the scanner and the parser are 

interleaved. Parsing of the program takes place 

incrementally. The parser will depend on the 

scanner for inputs which are tokens. After parsing, 

the compiler built an intermediate form of the 

source code. One intermediate form is the Abstract 

Syntax Tree (AST).  

The existing system builds the Abstract Syntax 

Tree and performs type-checking while building 

the tree. This is shown in Figure 14. 
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Fig 14: The output of the existing system 

performing type-checking while building the 

AST 

 

The modified system constructs the Abstract 

SyntaxTree first, then begins type-checking after 

the tree has be constructed. This is allows another 

tranversal on the intermediate form of the source 

code. An optimised tree is later built after code 

optimisation has been done. The output of 

compilation where the type-checking module 

begins after the AST has been generated is shown 

in Figure 15. 

 

 
Fig 15: Output of the new system while building 

the AST tree 

 

As depicted in Figure 15, the token is pushed into 

the stack and a method in the AST generation 

module called “addOperatorNode” is called to add 

new nodes to the tree. Figure 16 shows the result of 

the new proposed scheme performing type-

checking after building the AST. 

 

 
 

Fig 16: Output of the new system performing 

type-checking after building the AST 

 

The system returns “Operands are type compatible” 

if there is type-correctness. After type-checking, a 

code optimised tree is built. Then, another 

intermediate form of the source code is formed 

which is the three-address code, depicted in Figure 

17.  

 
Fig 17: Generating the three-address code 

 

After the three-address code has been generated, 

the target code which is a managed C language is 

generated. Figure 18 shows the paths to the target 

code generated.  
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Fig 18: The path to the target code generated 

The Figure 18 shows the path to the generated 

target code. If an incorrect program with a type 

error is compiled, the output depicted in Figure 19 

presenting a source program with an incorrect type 

is displayed. 

 
Fig 19: A source program with an incorrect type 

The scanner generated the tokens successfully and 

the parser successfully reduced the tokens. The 

AST was also built successfully. However, on 

getting to type-checking, the type-checker 

prompted an error which was propagated to the top 

of the tree. Hence, compilation gets terminated at 

this phase (Figure 20).  

 

 
Fig 20: Output of an incorrect program 

5.  CONCLUSION  

A multi-pass compiler was designed, implemented 

and tested. The type-checker is independent of the 

Abstract Syntax Tree. A form of code optimisation 

on the AST was incorporated into the type-checker. 

The significance of this study is that it allows for 

modular development. This supports distributed 

compilation. Code optimisation helps in providing 

an optimised form of the source program and also 

helps in memory storage. However, the 

scanner/parser generator only simplifies the lexical 

and syntax analysis and accept only LALR [can 

this term be explained?] (1) grammars. The study 

only considered a very small subset of C# 

programming language. Future work would ideally 

focus on adding more constructs.  
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