
CS 243: Advanced Compilers Course

Lecture 1

Introduction

I. Why Study Compilers?

II. Use of Mathematical Abstractions

III. Course Syllabus

Chapters 1.1-1.5, 8.4, 8.5, 9.1
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Why Study Compilers? 

Impact!
Techniques in compilers help all programmers
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Compiler Technology: Key Programming Tool
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Programming languages
- High-level programming languages
- Domain-specific languages
- Natural language

Programming
Language

Compilers

Machine

Programmers

Bridge the semantic gap between programmers and machines

Programming Tools
- Security 
- Verification
- Binary translationsComputer architecture

- RISC vs CISC (Reduced/Complex 
Instruction Set Computer)

- Systolic arrays, Multiprocessors, SIMD
- Locality: Caches, memory hierarchy
- Parallelism: 

    Instruction-level parallelism
    Multi-processors



Compiler Study: a Software Engineering Course

• Reasoning about programs makes better programmers

• Tool building: there are programmers and there are tool builders …

• Excellent software engineering case study: Compilers are hard to build

– Input: all programs

– Objectives:

• Correctness

• Run-time performance (includes minimizing code size)

• Compile-time performance

• Implementation complexity

• Methodology for solving complex real-life problems

– Build upon mathematical / programming abstractions
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Trains Good Developers

Many years of research by many people to solve these problems elegantly.



Compilers: Where Theory Meets Practice

• Desired solutions are often NP-complete / undecidable

• Key to success: Formulate the right abstraction / approximation

– Can’t be solved by just pure hacking

• theory aids generality and correctness

– Can’t be solved by just theory

• experimentation validates & provides feedback to problem formulation

• Tradeoffs: Generality, power, simplicity, and efficiency
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Programs

Static statements
Dynamic execution

Generated code

Abstractions

Graphs
Fixed-point solutions
Linear Integer programs
Linear algebra
Logic databases
Binary Decision Diagrams (BDD)
Neural networks

Solutions



Why Study Compilers? 

Impact!

Techniques in compilers help all programmers

Research of 
Programming Languages, Architectures, and Programming Tools

Better Programmer

Reasoning about programs

Mathematical abstractions
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Course Emphasis

• Methodology: apply the methodology to other real-life problems

– Design

• Problem statement: Which problem to solve?

• New programming abstractions (e.g. domain specific languages)

– Theory (mathematical abstractions) 

– Experimentation: Hands-on experience

(Weekly programming/written homeworks)

• Compiler knowledge: 

– Non-goal: how to build a complete optimizing compiler

– Important algorithms

– Exposure to major ideas

– Background to learn existing techniques
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Interactive Instruction

• Goal: teach how to derive the concepts 

– So you can apply to new problems

– Lectures are interactive

– Make sure you come to class

– The slides may miss main points to be emphasized in class!

• You need to take notes on your own

• They are a teaching aid, not a summary

• They are not self contained! 

• They may contain mistakes, which are corrected in class!

• Compilers are not about memorizing facts

– Open-book examinations
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The Rest of this Lecture

• Goal 

– Overview the course

– Explain why I chose the topics 

– Emphasize abstraction methodology
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Outline
Topic Abstraction Impact

Classical Optimizations
Data flow optimizations

Graphs
Recurrent equations
Fixed-point

High-level programming
   without loss of efficiency.

Parallelism and locality
   optimizations

Integer linear programming
Linear algebra

Hide complexity from programmers
Machine independence code. 
Systolic arrays.

Garbage collection
Incremental and partial GC

Remove manual memory 
management

Program analysis 
for correctness

Satisfiability modulo theories (SMT)
Pointer alias analysis

Improve program robustness
Save programmers debugging time.

Auto-Coding with LLMs
(SQL) Computational thinking framework

Non-coders can access DB in NL
Basis for automatic coding
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1970-1980s

1980-1990s

1960-2000s

1990-2020s

Best of time-tested concepts in compilers!

2010-2020s



1. Optimizing Compilers for High-Level 

Programming Languages
• Redundancy elimination

– High-level programming languages introduce a lot of redundancies 

in programs that programmers are not aware of.   

• Example: 

Bubblesort program that sorts array A allocated in static storage

for (i = n-2; i >= 0; i--) {

   for (j = 0; j <= i; j++) {

        if (A[j] > A[j+1]) {

          temp = A[j];

          A[j] = A[j+1];

          A[j+1] = temp;

        }

          }

       }
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Quiz: what is the best way to speed up this task? 



Code Generated by the Front End

(t4=*t3 means read memory at address in t3 and write to t4:
  *t20=t17: store value of t17 into memory at address in t20)
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  i := n-2

S5:  if i<0 goto s1

   j := 0

s4:  if j>i goto s2

   t1 = 4*j

   t2 = &A

   t3 = t2+t1

     t4 = *t3      ;A[j]

  t5 = j+1

   t6 = 4*t5

   t7 = &A

   t8 = t7+t6

   t9 = *t8     ;A[j+1]

   if t4 <= t9 goto s3

   t10 = 4*j

   t11 = &A

  t12 = t11+t10

   temp = *t12   ;temp=A[j] 

 t13 = j+1

  t14 = 4*t13

  t15 = &A

  t16 = t15+t14

  t17 = *t16     ;A[j+1]

  t18 = 4*j

  t19 = &A

  t20 = t19+t18  ;&A[j] 

 *t20 = t17     ;A[j]=A[j+1]

  t21 = j+1 

  t22 = 4*t21

  t23 = &A

  t24 = t23+t22

 *t24 = temp     ;A[j+1]=temp

s3: j = j+1

  goto S4

S2: i = i-1

  goto s5

s1:
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After Optimization

Result of applying:

 global common subexpression

 loop invariant code motion

 induction variable elimination

 dead-code elimination

to all the scalar and temp variables

These traditional optimizations can 

make a big difference!

CS243: Introduction 13

i = n-2

t27 = 4*i

t28 = &A

t29 = t27+t28

t30 = t28+4

S5: if t29 < t28 goto s1

t25 = t28

t26 = t30

s4: if t25 > t29 goto s2

t4 = *t25 ;A[j]

t9 = *t26 ;A[j+1]

if t4 <= t9 goto s3

temp = *t25 ;temp=A[j]

t17 = *t26 ;A[j+1]

*t25 = t17 ;A[j]=A[j+1]

*t26 = temp ;A[j+1]=temp

s3: t25 = t25+4

t26 = t26+4

goto S4

S2: t29 = t29-4

goto s5

s1:
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DataFlow Framework

• High-level programming languages 

– Need many optimizations to be efficient

• Data flow

– A general framework 

• Finds fixed-point solution to a set of recurrence equations

– Theory: prove correctness properties once and for all

– Implementation: same code reused
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Outline
Topic Abstraction Impact

Classical Optimizations
Data flow optimizations

Graphs
Recurrent equations
Fixed-point

High-level programming
   without loss of efficiency.

Parallelism and locality
   optimizations

Integer linear programming
Linear algebra

Hide complexity from programmers
Machine independence code. 
Systolic arrays.

Garbage collection
Incremental and partial GC

Remove manual memory 
management

Program analysis 
for correctness

Satisfiability modulo theories (SMT)
Pointer alias analysis

Improve program robustness
Save programmers debugging time.

Auto-Coding with LLMs
(SQL) Computational thinking framework

Non-coders can access DB in NL
Basis for automatic coding
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Best of time-tested concepts in compilers!

2010-2020s



2. Parallelism and Locality

• High-performance machines rely on having many parallel units

• Key research problem in parallel computing: hardware and software codesign

– What should the machine architecture be? 

– How do we generate code for the machines?  
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Core function in 

Machine learning:  

Matrix Multiply

NVIDIA GPUs

Evolved from graphics processing

Tensor cores: 4x4 matrix multiply

Google TPUs

Systolic arrays: 256 x 256 matrix multiply 

Algorithm  Code  Architecture  



Matrix Multiplication

 
   for (i = 0; i < n; i++) { 

     for (j = 0; j < n; j++) {

    for (k = 0; k < n; k++) {

         C[i,j] = C[i,j] + A[i,k]*B[k,j]; 

    }}}

– n3 computation

– n2 threads of parallelism

– 2 memory operations per multiply-add operation 

– Bottleneck: memory operations
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Multiprocessor Architecture

• Memory accesses are much more expensive than multiply-add

• Interconnect becomes a bottleneck – scalability!
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Systolic Arrays
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• Introduced by Kung and Leiserson in 1978

• Special-purpose computer architecture for specific algorithms

• The processor interconnect minimizes communication

– Focus shifts from finding independent operations (parallelism)

to finding dependent operations (locality)

for (i = 0; i < n; i++) { 

   for (j = 0; j < n; j++) {

 for (k = 0; k < n; k++) {

     C[i,j] = C[i,j] + A[i,k]*B[k,j];}}}

= x

= x

1000 1000 1000

1000

= x

32 1000 32
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Data
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1002000
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From Systolic Arrays to Compilation Techniques
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Hundreds of papers on systolic arrays for many algorithms 

Affine framework (linear algebra)

To maximize parallelism and minimize communication 

for dense matrix computations on uni- and multi-processors

Generalization



Outline
Topic Abstraction Impact

Classical Optimizations
Data flow optimizations

Graphs
Recurrent equations
Fixed-point

High-level programming
   without loss of efficiency.

Parallelism and locality
   optimizations

Integer linear programming
Linear algebra

Hide complexity from programmers
Machine independent code. 

Garbage collection
Incremental and partial GC

Remove manual memory 
management

Program analysis 
for correctness

Satisfiability modulo theories (SMT)
Pointer alias analysis

Improve program robustness
Save programmers debugging time.

Auto-Coding with LLMs
(SQL) Computational thinking framework

Non-coders can access DB in NL
Basis for automatic coding
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3. Garbage Collection

• Automatic memory management

– Hugely improves program robustness and developer productivity

• Original: Naïve stop-the-world garbage collection

– Stops the program to trace the reachability of all the objects

• Key optimizations → greatly reduce pause time

– Incremental: break up GC in time 

– Partial: break up GC in space
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Outline
Topic Abstraction Impact

Classical Optimizations
Data flow optimizations

Graphs
Recurrent equations
Fixed-point

High-level programming
   without loss of efficiency.

Parallelism and locality
   optimizations

Integer linear programming
Linear algebra

Hide complexity from programmers
Machine independent code. 

Garbage collection
Incremental and partial GC

Remove manual memory 
management

Program analysis 
for correctness

Satisfiability modulo theories (SMT)
Pointer alias analysis

Improve program robustness
Save programmers debugging time.

Auto-Coding with LLMs
(SQL) Computational thinking framework

Non-coders can access DB in NL
Basis for automatic coding
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4. Pointer Alias Analysis Example: SQL Injection Errors

DatabaseWeb App Browser

Give me Bob’s credit card #

Delete all records

Hacker

Lam & Whaley CS243: Pointer Analysis 27



SQL Injection Pattern

User supplies text

Text controls the database

p1 = req.getParameter();

…

stmt.executeQuery(p2);

Lam & Whaley CS243: Pointer Analysis 28

Pointer analysis: can p1 and p2 point to the same object?  



In Practice

ParameterParser.java:586

String session.ParameterParser.getRawParameter(String name)

public String getRawParameter(String name) 
        throws ParameterNotFoundException {
        String[] values = request.getParameterValues(name);

        if (values == null) {
            throw new ParameterNotFoundException(name + " not found");
        } else if (values[0].length() == 0) {

            throw new ParameterNotFoundException(name + " was empty");
        }
        return (values[0]);

     }

ParameterParser.java:570

String session.ParameterParser.getRawParameter(String name, String def)

public String getRawParameter(String name, String def) {

   try {
 return getRawParameter(name);
   } catch (Exception e) {

 return def;
   }
}
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In Practice (II)

ChallengeScreen.java:194
Element lessons.ChallengeScreen.doStage2(WebSession s)

String user = s.getParser().getRawParameter(USER, "");
StringBuffer tmp = new StringBuffer();
tmp.append("SELECT cc_type, cc_number from user_data WHERE 
userid = '");
tmp.append(user);
tmp.append("'");
query = tmp.toString();
Vector v = new Vector();
try 
{ 
  ResultSet results = statement3.executeQuery(query);
...
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Automatic Conservative Analysis Generation

with Context-Sensitive & Flow-Insensitive Pointer Analysis 

Datalog

BDD operations
1000s of lines 
1 year tuning

bddbddb 
(BDD-based 
deductive database)
with 
Active Machine Learning

BDD (Binary Decision Diagrams): 10,000s-lines library

Compiler Writer:
Ptr analysis in 10 lines

PQL
Programmer:

Security analysis
in 10 lines
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SMT (Satisfiability Modulo Theories)

Example: Out-of-Bound Array Access

1 void ReadBlocks(int data[], int cookie) 

2 {

3   int i = 0;

4  while (true)

5   {

6      int next;

7      next = data[i];

8      if (!(i < next && next < N)) return;

9      i = i + 1;

10     for (; i < next; i = i + 1){

11        if (data[i] == cookie)

12          i = i + 1;

13        else

14          Process(data[i]);

15     }

16   }

17 }

Program

32M. Lam

Assume data array bound is [0, N-1]

(0 ≤ i ∧ i < N)

When is the array access in line 7 out of bound?
 -- after data[i] == cookie, i = I + 1



Satisfiability Modulo Theories (SMT) 

• Satisfiability

– the problem of determining whether a formula has a model

(an assignment that makes the formula true)

• SAT: Satisfiability of propositional formulas

– A model is a truth assignment to Boolean variables

– SAT solvers: check satisfiability of propositional formulas

• Decidable, NP-complete

• SMT: Satisfiability modulo theories

– Satisfiability of first-order formulas 

containing operations from background theories 

such as arithmetic, arrays, uninterpreted functions, etc. 

• SMT Solvers: 

– check satisfiability of SMT formulas with respect to a theory
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Outline
Topic Abstraction Impact

Classical Optimizations
Data flow optimizations

Graphs
Recurrent equations
Fixed-point

High-level programming
   without loss of efficiency.

Parallelism and locality
   optimizations

Integer linear programming
Linear algebra

Hide complexity from programmers
Machine independent code. 

Garbage collection
Incremental and partial GC

Remove manual memory 
management

Program analysis 
for correctness

Satisfiability modulo theories (SMT)
Pointer alias analysis

Improve program robustness
Save programmers debugging time.

Auto-Coding with LLMs
(SQL) Computational thinking framework

Non-coders can access DB in NL
Basis for automatic coding
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Auto-Coding with LLMs

• Large language models (LLMs) e.g. GPT, Gemini, Claude, Deepseek

• Generative AI is based on next-word prediction 

– Trained on writing and code on the internet

– Useful as assistants for many tasks: Writing, planning, ideating

– Not completely trustworthy: hallucination

• Can improve factuality through Retrieval Augmented Generation (RAG)

• Useful as assistants in coding: Cursor, Co-pilot, … 

– Code-editor with contextual understanding for writing, editing, debugging

– Suggestions can improve the productivity of (esp. expert) programmers

– May introduce subtle bugs that are hard to detect and fix

• Can LLM agents write trustworthy code automatically?
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Not Yet!

LLMs currently are incapable of Computational Thinking



COMPUTATIONAL  THINKING

A L GO RI TH M S

D A TA  R E P RE S E N T AT IO N  ( P A TT E RN  R E C OG NI T IO N )

A BS T RA C T I ON  ( G E NE R AL I ZAT I ON )

D E C OM P O S IT IO N



Computational Thinking Engine: Language Technology + AI
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Natural Language Query

Database Schema Database

Query

LLM (primitive NLP reasoning steps)

Computational Thinking Engine 
• Handles composition, recursion for Turing completeness
• Automates implement – debug – refine step 
• Accepts human-designed class abstractions

Example: Natural Language Query → DB Query



Outline
Topic Abstraction Impact

Classical Optimizations
Data flow optimizations

Graphs
Recurrent equations
Fixed-point

High-level programming
   without loss of efficiency.

Parallelism and locality
   optimizations

Integer linear programming
Linear algebra

Hide complexity from programmers
Machine independent code. 

Garbage collection
Incremental and partial GC

Remove manual memory 
management

Program analysis 
for correctness

Satisfiability modulo theories (SMT)
Pointer alias analysis

Improve program robustness
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Basis for automatic coding
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Tentative Course Schedule
1 Course Introduction

2 Data Flow Optimizations Data-flow analysis: introduction

3 Data-flow analysis: theoretic foundation

4 Optimization: constant propagation

5 Optimization: redundancy elimination

6 Machine Dependent Optimizations Register allocation

7 Instruction scheduling

8 Software pipelining

9 Loop Transformations Parallelization

10 Loop transformations

11 Pipelined parallelism

12 Locality + parallelism

13 Satisfiability Modulo Theories Static single assignment & SMT intro

14 SMT solvers

15 Garbage Collection Advanced techniques

16 Pointer Analysis Context-sensitive & flow-insensitive analysis

17 AI-Based Auto-Coder Natural language → SQL
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Homework

• Due Wednesday (no need to hand in)

• Read Chapter 9.1 for introduction of the optimizations

• Work out the example on pages 10-12 in this handout. 
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