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Supervisor Dr R N Horspool 

Abstract 

The Java environment differs from traditional environments because apphcat1on code can 

be dynamically loaded over a network The application code, contamed m Java class files , 

1s loaded as 1t 1s reqmred If the apphcat10n 1s large, there can be a sigmficant waitmg 

penod for the user One solut10n to this problem 1s to compress the code so that 1t can be 

transmitted more qmckly Ex1stmg general-purpose data compressors tend to perform 

poorly on Java class files We develop a specialized data compression algonthm for Java 

class files that, on average, outperforms general-purpose compressors by 28% Our algo­

nthm 's CPU and memory reqmrements are comparable to ex1stmg general-purpose com­

pressors 
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1 Introduction 

Imagme not havmg to dnve to a computer store to purchase your software products 

Instead, you can simply sit down at your computer, pay a small fee, and use the latest 

version of your favonte program No more mstallat1on hassles, no need to purchase 

upgrades every year, no need to apply bug-fixes, and no need to purchase a separate copy 

of each software package for both your Mac and your PC In theory, this 1s what Sun's 

Java language 1s gomg to do to the software mdustry 

Unfortunately, m practice, there are some problems with the scene descnbed above It 

can take upwards of 15 ffilnutes to download, and start executmg even a moderately sized 

Java program (or Applet) By extrapolatmg, one could expect that a full-blown word 

processmg application wntten m Java could take upwards of an hour to download Clearly 

no user 1s gomg to wait an hour each time they wish to wnte a letter' 

Once a Java apphcat1on has been downloaded, 1t can be executed at almost the same 

speed as natively compiled apphcat1ons The bottleneck 1s transfernng the Java code from 

the network server to the user's local machme With the ever mcreasmg popularity of the 

mternet, 1t seems unlikely that hardware mcreases m bandwidth will keep up with the 

demand 

This research focuses on one of the fundamental problems We propose a compress10n 

algonthm that makes the Java code smaller, thereby reducmg the transfer time over the 

network We have developed an algonthm that, on average, outperforms ex1stmg general­

purpose data compression algonthms by 28% 
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1.1 The Java Environment 

The Java environment consists of two parts, the programrnmg language Java, and the 

runtime environment required to execute compiled Java code Figure 1 1 shows a 

graphical representation of the Java environment 

Java differs from trad1t1onal programrnmg languages hke C and C++ because 1t 1s not 

compiled to native code (the machme-code for the platform 1t 1s runnmg on) Instead, Java 

1s compiled mto a platform mdependent representation, called Java bytecode, which 1s 

executed on each host platform by a Java VIrtual Machme 

Figure 1.1 The Java Envuonment 

Compile-time Environment 

Java 
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Java 
Compiler 

Java 

Bytecode 
( class) 

files or 

Runtime Environment 
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Bytecode 
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Runtime System 
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Hardware 

Java 
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Each class defined m a Java program is compiled mto its own "obJect" file, called a 

class file The class file contams all the mformat1on reqmred by the Java Virtual Machme 

to execute the methods defined m the class 

The Java Virtual Machme was ongmally released as an mterpreter for a simple stack­

based machme However, m recent months, several Just-In-Time (JIT) compiler based 



Java VHtual Machmes have been released A JIT compiler translates the Java bytecode 

mto native code as the code 1s bemg executed These 1mplementat1ons provide anywhere 

from a two to twenty-fold mcrease m execution efficiency 
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There are several good mtroduct10ns to the Java Environment, the mterested reader 1s 

referred to [10][13][17] 

1.2 Goals of this Research 

The mam goal of this research 1s to develop a data compression algonthm to compress 

Java class files with the followmg properties 

• The algonthm need not compress anything other than Java class files, 1t could be a 

specialized algonthm created specifically for class files 

• The algonthm should consistently outperform ex1stmg general-purpose data com­

pressors At present, there are no other algonthms published that are optimized for 

class files 

• The algonthm should compress well on both large and small class files Trad1t10n­

ally, general purpose compressors tend to perform poorly on small files 

• Compression 1s permitted to be slower than decompression, smce 1t will typically 

be performed only once, while decompression will be performed often 

• Decompression speeds must be comparable to ex1stmg general purpose data com­

pressors 

Compression performance 1s the most important Without good compression 

performance, 1t 1s difficult to Justify the overhead of usmg a specialized algonthm over an 

ex1stmg general-purpose algonthm The algonthm developed m this research meets all of 

the reqmrements defined above 

1.3 Thesis Overview 

In Chapter 2 we summanze the format of Java class files We detail the areas of the 

class file that are likely to be compressible In Chapter 3 we give an overview of several 

popular data compression methods, as well as background mformat10n requlfed to 
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understand the data compression techmques applied m later chapters Chapter 4 descnbes , 

m detail, the compress10n algonthm developed m this research We also discuss how 

much each area of the class file contnbutes to the overall size of class files, and Justify the 

compression decisions we made Chapter 5 reports the results of our research, detailing 

the compression performance of our algonthm Chapter 6 summarizes the effectiveness of 

our algonthm, and outlines possible future work 
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2 Java class File Format 

In this chapter we discuss the format of the class file so the reader can understand the 

compression techniques applied m later chapters We discuss the areas of the class file that 

will be important to compression Additionally, we give an overview of Java bytecode, the 

mstruct10ns executed by the Java Virtual Machme 

2.1 Java File Structure 

When a Java program is compiled, each class ( or mterface) defined by the programmer 

1s compiled mto a file which is the class's name with the extens10n" class" If the program 

m Figure 2 2 were to be compiled, the results would reside m the file "Small class" 

The overall structure of the class file is given m Figure 2 1 In the followmg 

discussion, the notat10ns ul, u2, and u4 represent unsigned mtegers of length one, two, 

and four bytes respectively A detailed descnpt10n of the entire class file can be found m 

[ 17] 



Figure 2.1 Class file structure 

ClassF1le { 

} 

u2 
u2 
u2 
u2 
cp_1nf o 
u2 
u2 
u2 
u2 
u2 
u2 
f1eld_1nfo 
u2 
method_1nfo 

magic 
m1nor_vers 1on 
maJ or_v ers ion 
cp_count 
c onstant_poo l[cp_count - 1] 
access_flags 
th1s_class 
super_class 
1nterfaces_count 
1nterfaces[1nterfaces_count] 
f1elds_count 
f1elds[f1elds_count] 
method_count 
methods[method_count] 

u2 attr1butes_count 
attr1bute_1nfo attr1butes[attr1butes_count] 

The class file 1s roughly d1v1ded mto four parts the constant pool, fields defimt1ons, 

method defimt1ons, and attnbutes We will discuss each of these areas m the followmg 

sections Examples will be based on the class file produced from compllmg the Java 

program m shown Figure 2 2 
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Figure 2 2 Example program Small Java 

class Small 
{ 

} 

static final int CUTOFF= 8 , 

public int fo obar ( int a, int b) 
{ 

int val= a+ b, 

if ( val > CUTOFF ) { 

return 4 *val, 
} 

else { 

return 3*val, 
} 

} 

static void main ( String args[] ) 
{ 

Smalls= new Small(), 

System out print ("Return value is "), 
System out println ( s foobar(4,3) ) , 

} 

2.2 The Constant Pool 
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The constant pool is a table of constants reqmred by the Java Virtual Machme dunng the 

execution of the bytecode for the given class It includes not only numenc and stnng 

constants defined explicitly by the programmer, but also many constants generated by the 

Java compiler Figure 2 3 is the constant pool generated by compiling the example 

program m Figure 2 2 



Figure 2 3 Constant Pool for Small Java 

1 
2 
3 
4 

5 
6 
7 

8 

9 
10 
11 

12 
13 
14 
15 
1 6 
17 

String [ 39] 
Integer [ 0x00 
Class [ 42] 
Class [ 23] 
Class [ 35] 
Class [ 32] 
Methodref [ 
Methodref [ 
Methodref [ 
Methodref [ 
Field [ 3, 
Methodref [ 
NameAndType [ 
NameAndType [ 
NameAndType [ 
NameAndType [ 
NameAndType [ 

0x00 0x00 0x08 ] 

6, 13] 
5, 13] 
4, 16 l 
6, 17] 
14] 
4, 15 l 

40, 43] 
33, 41 l 
20, 34 l 
18, 19] 
36, 22] 

18 Utf8 [ 
19 Utf 8 [ 
20 Utf8 [ 
21 Utf8 [ 
22 Utf8 [ 
23 Utf8 [ 
24 Utf8 [ 
25 Utf8 [ 
26 Utf 8 [ 
27 Utf8 [ 
28 Utf8 [ 
29 Ut f 8 [ 
30 Utf 8 [ 
31 Utf8 [ 
32 Utf8 [ 
33 Utf8 [ 
34 Utf 8 [ 
35 Utf 8 [ 
36 Utf8 [ 
37 Utf8 [ 
38 Utf8 [ 
39 Utf8 [ 
40 Utf8 [ 
41 Utf8 [ 
42 Utf8 [ 
43 Utf8 [ 

7] "println" 
4] "(I)V" 
5) "print" 

13) "ConstantValue" 
5) "(II) I" 

19) "Java / io / PrintStrearn" 
10) "Exceptions" 
15 J "LineNurnberTable" 

l ] "I" 

10 ] "SourceFile" 
1 4] " LocalVariables" 

4] "Code" 
10] "Small Java" 

6 ] "CUTOFF" 
5] "Smal l" 
3] " out" 

21 ] "( LJava/lang / String, )V" 
1 6] "Java / lang / ObJect" 

6] "foobar" 
4] "main" 

22 ] "( [LJ ava/ lang / String, )V" 
1 6 ] "Return value is" 

6 ] "<init>" 
21] "LJava / io / PrintStream, " 
16] "Java / lang / System" 

3 ] " ( )V " 
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It is important to note that even a small program has a constant pool of significant size 

In the example, only two constants (one mteger constant, and one stnng constant) were 



defined by the programmer These constants are represented by entnes 2 and 39 m the 

constant pool The other 41 entnes m the constant pool were generated by the compiler' 

2.2.1 ConstantPool Entries 
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Entnes m the constant pool are vanable length structures prefixed by a tag byte which 

designates the type of the entry Table 2 1 shows the vahd constant pool entry types, and 

what type of mformat10n they contam Each entry contams either raw data (such as stnng 

or numenc constants) or references to other constant pool entnes 

Table 2 1 Constant Pool Entry Types 

Entry type Type of Informat10n 

Utf8 data 

Unicode data 

Integer data 

Float data 

Long data 

Double data 

Class reference 

Stnng reference 

Fieldref reference 

Methodref reference 

InterfaceMethodref reference 

NameAndType reference 

Consider entry 16 from Figure 2 3, a NameAndType entry This entry contams two 

mteger parameters 18 and 19, which are references to the Utf8 entnes "pnntln" and 

"(I)V" Entry 16 defines the method "pnntln", which takes a smgle mteger argument and 

has a void return type 



By way of companson, entry 2 reflects the declaration of the mteger constant 8 For 

more mformation on method signatures and the constant pool see [ 17] 

2.2 2 Utf8 Entries 

Utf8 entnes are similar to Pascal stnngs They contam an exphc1t 2-byte length indicator 

as well as the actual stnng data All stnng constants requlfed m a class are stored as Utf8 

entnes Figure 2 4 shows the structure of a Utf8 entry 

Figure 2.4 Utf8 Entry 

Utf8 { 

ul tag 
u2 length 
ul data[length] 

} 

There is an abundance of Utf8 entnes m the constant pool because the Java compiler 

doesn't compile references to vanables, funct10ns, and structure members down to 

numenc offsets m the same way as tradit10nal compilers [l] Instead all references to 

fields and methods are symbohc The compiler generates a Utf8 entry for each class, 

method, and field referenced m the source program 

In addition, field and method references generate a Utf8 entry for thelf "signatures" A 

method signature defines the type and number of arguments for the method, and a field 

signature defines the type of the field 

Symbolic references enable Java to avoid the "Fragile Superclass problem", where 

adding a field or method to a class can reqmre complete recompilation of all classes that 

reference that class [ 13] 

2.3 Fields and Methods 

The structures for fields and methods are very similar Figure 2 5 shows the structure of a 

method 



Figure 2 5 Structure of a method definition 

Method_info { 

} 

u2 access_flags 
u2 name_index 
u2 s1gnature_1ndex 
u2 attribute count 
attribute i nfo attributes[attribute_count] 
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The method definition contains only very basic information about a method, including 

its access flags, type, and signature Much of the information about a method is contamed 

m its attnbutes Attributes are discussed m the next section 

2.4 Attributes 

Excludmg the constant pool, most of the information contained m a class file resides m 

what Sun has called Attributes The general structure of an attribute is shown m Figure 

2 6 The attribute_name field is a reference to a Utf8 entry which contains a textual 

representation of the attribute's name 

At present, Sun has defined six attributes They are SourceFlle, ConstantValue, Code, 

Exceptions, LmeNumberTable, and LocalVanableTable In Figure 2 3 we see that entries 

21, 24, 25, 27, and 29 correspond to attnbute names The only attnbute not present m the 

example program is LocalVanableTable 

Figure 2.6 A Generic Attribute 

GenericAttribute { 
u2 attribute_name 
u4 attribute_length 
ul info[attribute_length ] 

} 
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D1scuss1on of all defined attnbutes 1s beyond the scope of this paper We discuss the 

LmeNumberTable attnbute m Section 2 4 1, the LocalVanable attnbute m Section 2 4 2, 

and the Code attnbute m Section 2 5 Complete d1scuss1ons of all defined attnbutes can be 

found m [17) 

2.4 1 LmeNumberTable 

This attnbute 1s used by debuggers and except10n handlers to determme which source 

code Imes correspond to which bytecode mstruct1ons This attnbute 1s associated with the 

Code attnbute discussed m Section 2 5 The LmeNumberTable attnbute 1s not always 

present ma class file Specifically, Sun's J avac compiler does not mclude 1t when the -0 

flag 1s used (optmuzation), but guavac [ 8] always mcludes the LmeNumberTable 

attnbute The structure of the attnbute 1s shown m Figure 2 7 

Figure 2.7 The LmeNumberTable Attnbute 

LineNumberTable_attribute { 
u2 attribute_name 
u4 attribute_length 
u2 line_number_table_length 
{ 

u2 start_pc 
u2 line_number 

} line_number_table[line_number_table_length] 
} 

The entnes m the LmeNumberTable are not necessanly one-to-one with source hne 

numbers That 1s, there may be more than one entry per physical source lme [ 17] 

It 1s mterestmg to note that there 1s exphc1t redundancy m this attnbute The fields 

attribute_length and line_number_table_length both provide the same 

mformat10n That 1s 

attribute_length = 2 + 4*line_number_table_length 

This type of exphc1t redundancy 1s present m many of the attnbutes and will be 

elmunated m our compressed format for the class file 
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2 4 2 LocalVanableTable Attnbute 

The LocalVanableTable attnbute is used by debuggers to deterrrune the value of a given 

local vanable dunng the execution of a method This attnbute 1s associated with the Code 

attnbute, discussed m Section 2 5 Figure 2 8 shows the structure of the 

LocalVanableTable attnbute 

Figure 2 8 The LocalVanableTable Attnbute 

LocalVariableTable_attribute { 
u2 attribute_name 
u4 attribute_length 
u2 local_variable_len 
{ 

u2 start_pc 
u2 length 
u2 narne_index 
u2 descriptor_index 
u2 index 

} local_var1able_table[local_variable_table_len] 
} 

The table defines the regions of the bytecode where the local vanable named by 

narne_index contams a value The value of the given local vanable can be found at 

index index in the current method's local vanables There can be a LocalVanableTable 

attnbute for each local vanable defined in the method 

2.5 Code Attribute 

The Code attnbute contains information about a specific method, constructor, class 

constructor, or interface implemented by a class The compiler determines the maximum 

stack size, the number of local vanables, and the exception handlers for this method This 

information 1s stored with the bytecode for the method in a Code attnbute, whose structure 

1s shown in Figure 2 9 



Figure 2.9 Code Attnbute 

Code_attribute { 

} 

u2 attribute_narne 
u4 attribute_length 
u2 rnax_stack 
u2 rnax_locals 
u4 code_length 
ul code[code_length] 
u2 exception_table_length 
{ 

u2 start_pc 
u2 end_pc 
u2 handler_pc 
u2 catch_type 

} exception_table[exception_table_length] 
u2 attribute_count 
attribute info attributes[attribute_count] 

There are over 200 opcodes used by the Java Virtual Machme, and a detailed 

descnption of each can be found m [ 17] We will cover several "classes" of mstructlons 

here, so that the reader has enough understandmg to appreciate the compression 

techniques applied m later chapters Figure 2 10 shows the bytecode for one of the 

methods m the example program "Small Java" 

The Java Virtual machme is a simple stack based machme The simplicity of the 

underlymg machme 1s reflected m the bytecode mstruct10ns 

14 



Figure 2 10 Bytecode from Small Java 

public int foobar (int, int 
0 iload_l 
1 iload_2 
2 iadd 
3 istore 3 -
4 iload_3 
5 bipush Ox08 
7 if _icmple 7 ( 14) 

10 iconst 4 -
11 iload_3 
12 irnul 
13 ireturn 
14 iconst 3 -
15 iload_3 
16 irnul 
17 ireturn 

2 5 1 Instructions that affect control flow 

15 

There are 27 bytecode mstructions that can affect control flow Table 2 2 shows several 

of the mstructions and their purpose All mstruct10ns that affect the flow of execution have 

program counter (pc) relative operands If the branch 1s taken, the value of the operand 1s 

added to the current program counter, and execution proceeds from the mstruction at the 

new program counter location The operands are signed numbers, so branches can be both 

forwards and backwards 
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Table 2 2 Control-flow Instructions 

Instruct10n Operands Purpose 

ifeq 16-bit offset if the value on the top of the stack is zero, add offset 
to the current pc and continue execution from there 

ifge 16 bit offset if the value on the top of the stack is greater than or 
equal to zero, add offset to the current pc and con-
tmue execution from there 

if _icmpeq 16-bit offset compare the two mteger values on the top of the 
stack If they are equal add offset to the current pc 
and continue execution from there 

goto 16-bit offset always add offset to the current pc and continue 
execution from there 

In Figure 2 10, the instruction 1f_1cmple has an operand of 7 (the value in 

parentheses is computed by the disassembler, and shows the destination instruction) This 

means that if the companson is true, 7 is added to the contents of the program counter and 

execution continues from that new address In this case, execution would continue from 

location 14 

2 5 2 Switch Instructions 

Other mstruct10ns that affect control flow are the opcodes lookupswi tch and 

tableswi tch, shown m Figure 2 11 Unlike other opcodes that affect control flow, the 

switch opcodes have 32-bit operands 

The switch opcodes are generated m response to the switch language feature, which is 

similar to that of C, and the Pascal case statement These two opcodes are the only 

vanable length opcodes m the Java VIrtual Machine instruction set The lengths of the 

instructions are determined by their operands 



Figure 2.11 Switch Bytecodes 

lookupswitch tableswitch 

0-3 byte padding 0-3 byte padding 

num pairs low value 

val 1 I off set 1 high value 

offset 1 

valnum I off setnum 

off set high - low 

The switch opcodes reqmre the1r operands to start on a 4-byte boundary There is, 

therefore, a zero to three byte padding field between the opcode and the operands to 

guarantee this alignment 

2 5 3 Instructions that access the Constant Pool 
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Several instruct10ns obtain additional mformat10n from the constant pool These include 

all the instruct10ns for mvoking methods, creatmg new objects and arrays, and instructions 

for transferring constants from the constant pool to the Java Vlftual Machme stack These 

instructions have 16-bit references to the constant pool as operands 

2 5 4 Other Instructwns 

There are many other classes of mstructions that are not discussed here In particular there 

are mstruct10ns for pushing constants onto the stack, transfernng data between the stack 

and local vanables, accessmg arrays, mampulatmg the contents of the stack, arithmetic 

and logical mstructions, convers10n operations, and field mampulation instructions 
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A complete understandmg of the vanous mstruct10ns 1s not reqmred to understand the 

remamder of this d1ssertat1on The mterested reader 1s referred to [ 17] 
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3 Existing Work 

Java is a fa1rly recent language, with the first release of a development environment 

occurnng only in 1995 There are no other published compression algonthms that work 

exclusively on Java class files Java enabled Web-browsers from Netscape and Microsoft 

support compression of class files using existing general-purpose lossless compression 

techniques 

Perhaps the closest compressors in the literature to our compression algonthm are 

those that are designed to compress the source code for a specific programming language 

These compressors parse a syntactically correct program, and perform compress10n using 

the abstract syntax tree generated from the source code These type of compressors 

generally outperform general purpose compressors, but, in some cases, at the expense of 

losing information such as whitespace and comments [4][6] 

In this chapter we will give an overview of several existing general-purpose data 

compressors Additionally, we discuss variable length coding of mtegers, used in later 

chapters There are several comprehensive references for the general subJect of data 

compression, the interested reader is referred to [2][ 19] [20] 

3.1 Entropy 

Entropy is a measure of how much information is contained in a message The entropy of 

a message is related to the probability the message can occur If the probability that a 

given message will occur is p1 the entropy, E1 , of that message is defined to be 
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A perfect representation of mformat1on would use as many bits as its entropy The 

defimt1on of entropy makes mtmt1ve sense In the average conversation, the message "I 

had a burger for lunch" has much less mformat1on content than the message "I was 

abducted by aliens last mght" simply because the probab1hty of the latter occurnng 1s very 

small 

3.2 Arithmetic Coding 

Usmg anthmetlc codmg, a message 1s represented by an mterval of real numbers between 

0 and 1 As each successive symbol of the message is transmitted, the mterval becomes 

smaller The less hkely the symbol, the smaller the mterval becomes, thus requmng more 

bits to distmgmsh it from other mtervals Anthmetlc codmg has been discussed at length 

m the hterature [2], and there are several implementations available m source code foim 

We will not elaborate on it here because we haven't used it m our compression algonthm 

The most mterestmg property of anthmetic codmg is that it has been shown to be 

optimal with respect to the entropy That 1s, 1f the entropy of a message 1s n bits, anthmet1c 

codmg encodes that message usmg exactly n bits, where n 1s a real number In practice, 

1mplementat10ns of anthmet1c codmg tend to be Just slightly less than optimal for 

efficiency reasons 

Accordmg to Bell, Cleary and Witten, the fact that arithmetic codmg 1s optimal 

reduces the problem of data compression to findmg an appropnate model for the mput 

data This model predicts , at each stage of compression, the probab1ht1es of all possible 

mput symbols, and anthmetic codmg is used to encode the symbol that occurs[2, Section 

6 O] 
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3.3 Modeling for Compression 

Many models used for data compression mamtam counts of how often each symbol m 

the mput alphabet has followed the current context A context 1s defined to be the symbols 

precedmg the current symbol m the mput stream Some models have a maximum context 

length, but several compressors have been published recently which allow for an 

unbounded context length That 1s, the model can predict usmg all previously seen 

symbols m the mput stream [3][5] 

Probab11Jt1es for the anthmet1c coder are obtamed from the counts mamtamed by the 

model Figure 3 l shows the model for the context "abbc" We can see that the model pre­

dicts the symbol "d" with probab1hty 5/16, the symbol "c" with probab1hty 3/16, the sym­

bol "f' with probabI11ty 7 /16, and all other symbols with probab1l1ty 1/16 

For every context, the model must be able to predict all possible symbols m the mput 

alphabet If a symbol hasn't followed the current symbol, there will be a zero count 

associated with 1t, and hence the model would predict 1t with probab1hty zero This 1s 

called the "zero-frequency problem", and there are several methods of dealmg with 1t The 

solution we have illustrated 1s to reserve a count of one for all previously unseen symbols 

When the algorithm encounters a symbol 1t cannot predict with the current model, 1t 

switches to a different model 



Figure 3.1 Modeling for Compression 

d(5) 

abbc/c(3) 

~f(7) 

p (d ) = 5 / 16 

p (c) = 3 /1 6 p (unseen) = 1 /16 

p ( f) = 7 /1 6 

This model shows all the symbols that have followed the context "abbc", 
and their correspondmg probabilities 
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Some of the best data compressors available today tend to use this style of modelmg 

and anthmet1c codmg The pnncipal drawback to these compressors 1s thelf speed and 

memory requirements Mamtammg the statistics used to estimate the next mput symbol 

tends to require a lot of memory and CPU time Encodmg values with anthmetic codmg 

also tends to be slower than other techniques However, with hardware speeds ever 

mcreasmg, we are startmg to see these types of compressors become more common 

We chose not to implement a compressor that uses arithmetic codmg because we 

considered Its decompression speed to be unacceptable for our application 

3.4 Dictionary Compressors 

D1ct10nary compressors work by replacmg sequences of characters (phrases) by an mdex 

mto a dictionary The dictionary contams phrases that are hkely to occur frequently, and 

the mdices are chosen so that, on average, the mdices take less space than the phrases they 

represent 

Dictionary compressors tend to be outperformed by compressors usmg statistical 

modellmg and anthmet1c codmg Indeed, the current "best" general-purpose data 
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compression algonthm m the literature 1s PPM* [5] However, d1ct1onary based 

compressors are still commonly used m practice because they run faster and reqmre less 

memory 

Almost all general-purpose d1ct1onary compression techmques used today are denved 

from one of the two key papers by Jacob Ziv and Abraham Lempe!, published m 1977 and 

1978 D1ct1onary compressors have come to be known as either LZ77-, or LZ78-based 

We discuss these styles of compressors m the followmg sections 

3 4.1 LZ77 

LZ77 1s commonly referred to as "shdmg-wmdow" data compression The compressor 

has a fixed sized "wmdow" that slides over the mput file Text that has been compressed 1s 

contamed m the wmdow, and uncompressed text 1s m the lookahead buffer 

The compressor searches the previously seen text for a match to the text m the 

lookahead buffer If a match 1s found, the compressor outputs a representation of how far 

back m the buffer the match was found, and the length of the match found Variations on 

the LZ77 algonthm differ m how they represent these matches, and how they deal with the 

case where no match 1s found In most cases, 1f a match 1s not found, the first character m 

the lookahead buffer 1s output m its raw form A comprehensive survey of LZ77 vanants 

can be found m [2] We will use the common LZ77 vanant LZSS for our examples 

Figure 3.2 Shdmg Wmdow Compression 

1 

0 9 8 7 6 5 4 3 2 1 0 

t I h I e I e I n I d I I 0 

' _____ __,/ \'"""--....,,I 
window lookahead 
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Consider compression at the stage m Figure 3 2 The current text m the lookahead 

buffer is "thei" The longest match m the wmdow is "the", which occurs at offset 10 The 

LZSS algonthm would output this match as the length-offset pau <3, 10> If a match is not 

found, LZSS outputs the first character m raw format The compressor uses a smgle bit to 

d1stmgmsh between length-offset pairs and raw characters 

Decompression is simple and extremely fast The decompressor marntams the same 

buffer as the compressor When it encounters a length-offset pau, it simply looks mto the 

buffer and outputs the characters at that position Raw bytes are output duectly 

Several well known general purpose data compressors are LZ77-based, mcludmg 

zip, gzip, Stacker, and DoubleSpace 

3 4 2 LZ78 

LZ78-based compressors mamtam explicit dictionaries, agamst which phrases m the 

uncompressed text are matched Instead of allowmg pomters to reference any text 

previously seen, text seen so far 1s parsed mto phrases and the compressor outputs 

d1ct1onary mdices correspondmg to the longest phrase matched Unlike LZ77, phrases 

must be expl!c1tly added to the LZ78 d1ct1onary 

The differences between LZ78 vanants mclude how new phrases are added to the 

d1ct1onary, and how d1ct1onary mdices are represented LZ78-based compressors are 

generally more difficult to implement than LZ77 compressors, while compression 

performance tends to be similar One of the first LZ78-based compressors, an LZW based 

1mplementat10n, was the UNIX program "compress" 

LZW m1tiahzes the d1ct1onary to contarn every possible smgleton m the source 

alphabet, ensunng that a match can always be made After each match is made, a new 

phrase 1s added to the d1ct1onary that 1s the concatenation of the last phrase matched and 

the first character of the current phrase matched This method of addmg new phrases to the 

dictionary 1s somewhat arbitrary, although 1t tends to perform well m practice Any 

method of updatmg the d1ct1onary can be used, as long as the decompressor can mimic the 

addit10ns made by the compressor Figure 3 3 shows an example of LZW compression 
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Figure 3 3 LZW compression .-------------------------------, 
Input Stnng = "wed web wee" 

Step Match 
Phrase 
Added 

1 ''w" -

2 "e" "we " 

3 "d" "ed" 

4 " 
,, "d ,, 

- -

5 "we" " _w" 

6 "b" "web" 

7 \\ w" "b_ ,, -

8 \\ell \\ _we" 

9 ''e" "ee" 

LZ78-based compression algonthms are m common use m modems, graphics formats 

(GIF), and many other applications 

3.5 Coding Schemes for Integers 

The most common codmg scheme for mtegers 1s "fixed width" codmg This style of 

codmg 1s most often dictated by the underlymg hardware The hardware has a word size w, 

which is typically 32 or 64 bits Integers rangmg from Oto 2w-l are represented usmg w 

bits This discussion applies equally to floatmg pomt numbers, which are commonly 

represented as a pair of signed mtegers 

Fixed width representations are used pnmarily because bmldmg the hardware to 

operate on this style of numbers 1s simple and cheap 

In many cases, a fixed width codmg wastes space, smce 1t imphc1tly assigns equal 

probability to each of the mtegers bemg represented In practice, certain YalUC5 arc much 
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more likely to occur than others Assigning those values shorter codes would reduce the 

space reqmrements For general-purpose operat10ns, other coding schemes have 

questionable worth, but for data compression, fixed width coding 1s often wasteful 

This section discusses two alternatives to fixed-width codmg Huffman coding and 

start-step-stop codes 

3 5 1 Huffman Codmg 

Given a set of symbols and the probability that each symbol will occur ma given message, 

we can construct Huffman codes for those symbols which will give a mm1mal coding over 

the message Huffman codes are generated by constructing a Huffman tree The tree 1s 

constructed by the following algonthm 

• All symbols are inserted into a pnonty queue, ranked by probab1lit1es 

• We repeatedly extract the two symbols with the smallest probab1lit1es from the 

queue These two symbols become the children of a new node whose probability 1s 

the sum of its children's probabilities We insert the new node into the pnonty 

queue 

• Huffman codes are constructed by walkmg the tree from the root to the leaf of the 

symbol When traversing a left branch output a 0, when traversing a nght branch 

output a 1 

Huffman coding can be performed by makmg two passes over the input, the first pass 

counts the number of occurrences of each symbol and then forms the Huffman codes from 

those probabilities The second pass then encodes the input, using the codes constructed in 

the first pass 

The term "rmmmal-coding" 1s somewhat rmsleading, since Huffman codes are always 

an integral number of bits Unless the probabilities of all the input symbols are a power of 

2, one could obtain better coding using arithmetic coding, which, in effect, can use 

fract10nal bits 

Huffman codes are well discussed in the literature There are numerous discussions of 

how to construct the codes and we will not reproduce them here A d1scuss1on can be 
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found in [2], while source code and examples can be found in [19] 

3.5.2 Start-Step-Stop Codes 

A start-step-stop code 1s a sequence of fixed width codes for the integers, phased in 

according to the parameters (start, step, stop) The fixed width codes are prefixed by a 

unary code, which enables the decoder to determine which fixed width code 1s to follow 

The unary coding for the integer n 1s nones followed by a zero (or, equivalently, n 

zeros followed by a one ) For example, the unary code for 7 1s 11111110 

In a start-step-stop code, the first fixed width code is start bits wide, and each 

successive code is step bits larger than the previous one The last code is stop bits wide 

The unary code prefixing the last fixed width code in the farruly can orrut the final zero, 

since there are no larger codes 

By varying the parameters of the start-step-stop code, we can tune the implicit 

probability d1stnbut10n of the code to match the data we are representing Note that if the 

stop parameter is not mfimte, there is a maximum integer than can be represented 

Table 3 4 shows the ( 1,2,5) code For presentation purposes only, the fixed width codes 

are separated from the unary code by a colon The first fixed width code is one bit wide, 

the second is three bits wide, and the final code 1s five bits wide 

Source code for generating start-step-stop codes can be found in [9] The algonthm is 

both simple and efficient We make extensive use of start-step-stop codes in our 

compression algonthm 
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Table 3 4 Start-Step-Stop code (1 ,2,5) 

Integer Code 

0 00 

l 0 l 

2 10 000 

3 10 001 

4 10010 

5 10 011 

6 10 100 

7 10 101 

8 10 110 

9 10 111 

10 11 00000 

11 11 00001 

12 11 00010 

40 11 11110 

41 1111111 



4 Approach 

A key ms1ght that allows our algonthm to produce better compression 1s that the 

decompressed file does not have to be a byte-for-byte copy of the ongmal class file We 

only reqmre that the same result 1s obtamed when executmg the code contamed m the 

decompressed class file This 1s a luxury that general-purpose data compressors do not 

have We have to preserve the semantics of the class file, not the content 
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In several respects we are able to make changes to the structure of the class file that 

helps to mcrease the compress1b1hty of the file Rather than treat the class file as a stream 

of bytes, our compressor parses the class file, rearranges the parsed data and then encodes 

1t The compressor works only on correct class files That 1s, the behavior of the 

compressor 1s undefined 1f the contents of the class file do not match the spec1ficat1on 

found m [ 17] 1 

The stat1st1cs shown m this chapter were gathered from approximately 1000 class files 

taken from vanous sources, mcludmg Sun's class hbranes, the Java Genenc Library 

(JGL) class library [ 15], and several graph1cal applications wntten by the author 

4.1 The Constant Pool 

The constant pool is the largest contnbutor to the class file's size We have therefore spent 

the greater part of our compress10n efforts on the constant pool 

Surpnsmgly there was one file m the Sun d1stnbut10n which contarned an mvahd LmeNumber 
Attnbute, causing our compressor to fail 
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As Figure 4 1 shows, m the vast maJonty of class files, the constant pool makes up 

over 50% of the file In some cases, it accounts for 90% of the class file 

4.11 Reordermg 
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The crucial idea that allows many of our compression techmques to function is that the 

entnes m the constant pool can be reordered Entnes are mserted mto the constant pool as 

the Java compiler encounters vanous entities m the Java source code We are free to 

reorder the constant pool entnes, provided that we update the entire class file to reflect the 

new ordenng 

We chose to reorder the constant pool entnes so that entnes of the same type are 

grouped together Figure 4 2 shows the before and after ordenng of an example constant 

pool 

Reordermg the constant pool entnes yields several immediate benefits, as discussed m 

the followmg sections These benefits do not come without cost Updatmg the constant 

pool references is conceptually simple, but the implementation can be difficult to get nght 

Also, reordenng requues two passes over the constant pool 



Figure 4.2 Reordering the Constant Pool 

1 
2 
3 
4 

5 
6 
7 

8 

9 
10 
11 
12 
13 
14 
15 
16 
17 
1 8 

Before 

Integer [0x08] 
"Small" 
Class [ 2] 
"<init> " 
II ()V" 

NameAndType 4, 5] 
Method [ 3, 6] 
"Java / lang / System" 
Class [ 8] 

"out " 
"LJava / io / PrintStream," 
NameAndType [ 10, 11] 
Field [ 9, 12 J 

"Return value is" 
String [ 14] 
"Java / io / PrintStream" 
Class [ 16 l 
"print" 

19 "(LJava /lang / String,)V" 
20 NameAndType [ 18 , 19] 
121 Method [ 17, 20] 
22 "foobar" 
23 "(II)I" 

24 NameAndType 22, 23) 
25 Method [ 3, 24) 
26 "println" 
27 11 (I)V" 
28 NarneAndType 26 , 27) 
29 Method [ 17, 28) 
30 "Java / lang / ObJec t" 
31 Class [ 30 J 

32 Method [ 31, 6] 
33 "CUTOFF" 
34 "I" 

35 "ConstantValue" 
36 "Code" 
37 "LineNumberTable" 
38 "main" 
39 11

( [LJava / lang / String , )V" 
40 "SourceFile" 
41 "Small Java" 

After 

1 NameAndType 27, 
2 NameAndType 20, 
3 NameAndType 25, 
4 NameAndType 28, 
5 NameAndType 30, 
6 Method [ 13, 1] 
7 Method [ 15, 3] 
8 Method [ 13, 4) 

9 Method [ 15, 5] 
10 Method [ 16, 1) 
11 Field [ 14, 2] 
12 String [ 36] 
13 Class [ 24] 
14 Class [ 35] 
15 Class [ 38) 
16 Class [ 3 7) 

17 Integer [0x08) 
18 "I" 
19 11 

( )V" 
2 0 "out" 
21 11 (I)V" 
22 "Code" 
23 "main" 
124 "Small" 
25 "print" 
26 "(II)I" 
27 "<init>" 
28 "foobar" 
29 "CUTOFF" 
30 "println" 
31 "SourceFile" 
32 "Small Java" 
33 "ConstantVal ue" 
34 "LineNumberTable" 
35 "Java / lang / System" 
36 "Return value is " 
37 "Java / lang / ObJect " 

19] 
39] 
40] 
26 l 
21] 

38 "Java / io / PrintStream" 
39 "LJava / io / PrintStream," 
40 " (LJava / lang / String, )V" 
41 11

( [LJava / lang / String, )V" 

31 
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4.1 2 Ehmmation of Tag Bytes 

As discussed m Section 2 2 1, each entry m the constant pool is prefixed by a smgle byte 

which denotes its type Because we have reordered the entnes so that hke entnes are 

grouped together, we can replace the tag bytes for a class of entnes by a simple count 

The maximum number of entnes m the constant pool is 65535 Obviously there must 

be fewer than 65535 entnes of any given type It would be sufficient to use a 16-bit count 

for each entry type This gives us compression improvement when there are more than 

two entnes of each type However, m many cases there are no entnes of a given type, 

which would cause an expansion of 2 bytes 

We chose to use a (1,3, 16) code (see Section 3 5 2), which could at worst cause an 

expansion of two bits per class of entry That 1s, 1t requues two bits to represent the fact 

that there are no entnes of a given type The possible compression improvement over a 

fixed width codmg 1s negligible for large files, but can give an improvement for smaller 

files 

4.1 3 Utf8 Entries 

By far the most common entnes m the constant pool are Utf8 entnes In fact, as Figure 4 3 

shows, the Utf8 entnes contnbute a sigmficant fraction of the overall size of the class file 

We chose to split compression of the Utf8 entnes mto two d1stmct stages We encode 

the lengths of all the Utf8 entnes first, and then follow these by the actual Utf8 data By 

separatmg the two byte length md1cators from the actual stnng data, we simplified our 

1mplementat10n 
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Figure 4 4 shows the lengths of Utf8 entnes m our test data Short stnngs are more 

hkely to occur than long ones We can exploit this property by choosmg a codmg for stnng 

lengths that reflects this property 

Rather than exphc1tly encode the lengths, the Utf8 entnes are sorted by length, as 

shown m Figure 4 2 We therefore can use delta codmg for the stnng lengths That 1s, for 

each length, we encode the difference between the prev10us length and the current length 

Figure 4 5 shows the frequencies of delta stnng lengths for our test data Ideally we 

would hke to find a codmg scheme optirruzed for a probab1hty d1stnbut1on that matches 

that of Figure 4 5 For s1mphcity and execut10n efficiency, we chose the start-step-stop 

code that most closely approximates that curve 
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Figure 4 4 Stnng Lengths 
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Figure 4.5 Delta Stnng Length 
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As shown m Figure 4 6, the (0, 1, 16) code provides a good match to the actual 

distnbutlon of delta stnng lengths The exact choice of code has httle effect on overall 

compression efficiency, provided the code favors short rntegers over long ones 

Expenments with a (0,2, 16) code decreased compression efficiency by less than 1 % 



Figure 4.6 Delta Stnng Lengths with a (0,1,16) Code 
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Utf8 String Data 

The Utf8 data, which 1s composed mamly of ASCII stnngs, can be compressed usmg 

any of the existing general purpose data compressors 

Some effort was put mto mvestigating the possibility of constructing an optimal 

dict10nary for dictionary compression, since we would be willmg to expend more CPU 

time at the compress10n stage provided decompression speed was not adversely affected 

However, it has been shown that construction of an optimal dict10nary is an NP-complete 

problem [20] 

We investigated constructing a "nearly-optimal" d1ct10nary using suffix trees [18] In 

the end this was also disffilssed as being too difficult to implement for the estimated 

compression improvement 

We decided to compress the Utf8 entnes using an LZ77 variant There are several 

advantages of LZ77 over LZ78 for this application First, LZ77 is able to expl01t all 

substnngs previously seen m the input, whereas LZ78 1s restncted to strmgs exphc1tly 



added to the d1ct10nary Also LZ77 decompression 1s extremely fast, and 1s easier to 

implement than LZ78 
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We are able to preload the LZ77 wmdow with stnngs that are hkely to occur with no 

penalty to compress10n performance 1f they do not occur Specifically, we have preloaded 

the d1ct1onary with all the Attribute names This provides only a small compression 

improvement, but comes at no cost 

If we preload an LZ78 d1ct1onary and the stnngs do not occur, we have wasted 

d1ct1onary md1ces 

A straight forward 1mplementat10n of LZSS provided adequate compression 

performance However, smce there are several other LZ77 vanants which consistently 

outperform LZSS [2, Section 9 3), we spent some time mvestigatmg them The highly 

efficient LZ77 denvauve used m zip and gzip 1s available as a library called ZLIB [7] 

Usmg ZLIB rather than LZSS improved overall compression by up to 10% 

4.1.4 Other Entries 

Other entry types are less common than Utf8 entnes They tend to contnbute less to the 

overall size of the class file Still, we would hke to compress them whereever possible As 

discussed m Section 4 1 2, we have ehmmated the tag byte for all constant pool entnes 

Some constant pool entnes contam references to other constant pool entnes (see 

Section 2 2 1) Smee we always know the type of entry bemg referenced [17) , we can 

replace the absolute reference with a relative one Usmg this representation, an entry that 

previously reqmred 16-bits, now reqmres 

1log (entrycount) 7 bits 

The pnnc1pal advantage to usmg this fixed-width representation 1s speed Indeed, fixed 

width codmg 1s rarely optimal m terms of compression efficiency A more soph1st1cated 

codmg scheme, such as Huffman codmg, would likely provide better compress10n at the 

expense of speed and implementation difficulty 
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The least common constant pool entnes are those that specify integer and floating 

point constants In the over 1000 class files analyzed, there were only 15 floating point 

constants, 757 integer constants, 220 long integer constants, and 19 double floating point 

constants With such a small sample to work with, and with the presence of "bit-field" 

constants, special coding techmques for the constants as in [14] are unlikely to provide 

any sigmficant compression We have emitted these constants as 1s 

4.2 Coding of Attributes 

Attnbutes can contribute a significant portion to the overall size of the class file However, 

m most cases they are dominated by the constant pool Nevertheless, we have provided 

specialized coding for all the attributes presently defined by Sun 

The Java Virtual Machine specification reqmres that compliant virtual machmes 

ignore attributes that they do not recognize Similarly, our compressor must preserve those 

attributes that it doesn't recognize Attnbutes we don't specifically recognize are encoded 

usmg the LZ77 based compression provided by ZLIB This 1s unlikely to provide optimal 

compression, but at worst will cause a mimmal expansion [7] 

All attnbutes have had explicitly redundant information removed, as discussed in 

Section 2 4 1 Add1t10nally, constant pool references have been coding using the fixed 

width representation discussed in Sect10n 4 1 4 

4.2.1 Code Attnbute 

The Code attnbute contams information about the methods that a class implements The 

maJor portion of this attnbute 1s the bytecode for the method Figure 4 7 shows the relative 

contnbut1on of bytecode to the overall class file size In the maJonty of files, the bytecode 

compnses only a small portion of the file 
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As mentrnned in Section 2 5 1, all Jump offsets are program counter relative There is 

a certain amount of redundancy in this coding, since we also know the size of all the 

instruct10ns It is therefore possible to change the program counter relative Jump offsets to 

instruction relative Jump offsets See Figure 4 8 for an example 

We are also able to change any reference to a program counter to a reference to an 

instruction number For example, the exception table portion of the Code attnbute lists 

ranges of bytecode addresses where exceptions are handled These can be changed to 

ranges of instructrnns where exceptions are handled 

Because the maJonty of instruct10ns have operands that are more than 1 byte in length, 

the change from program counter to instruction relative addressing reduces the 

magnitudes of the operands This reduction in magnitude throughout the bytecode can 

lead to better compression 

There are two instructions for accessmg items m the constant pool ldcl and ldc2 

The ldcl mstruct1on has a one byte operand, and is used to access constant pool entnes 

less than 255 The ldc2 mstruct1on has a two byte operand, and can therefore be used to 

access items up to 65535 As a result of reordenng the constant pool, we may have to 
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change ldcl instructions into ldc2 instructions Conversely, we may be able to change 

ldc2 instructions into ldcl instructions Our current implementation uses ldc2 

mstruct1ons exclusively This can cause the decompressed file to be slightly larger than the 

onginal class file If this is deemed to be undesirable, the 1mplementat1on could be 

modified to use ldcl instructions where appropnate 

Figure 4 8 Changing Jump Off sets .-----------------------------, 

pc opcode operands 

0 aload_l 

' I Iload_2 

2 b1push 0x30 

4 castore 

5 iinc 0x02 0x0l 

8 Iload_2 

9 bipush 0x0a 

/ 11 if_icmplt -11 

PC relative offset is - 11 

Instruction relative offset is -7 

Jump 
backwards 
7 instructions 

A further, unexpected, benefit has been obtamed by converting all operands to 

mstruction relative addressmg Before executmg the bytecode, the bytecode venfier 

port10n of the Java Virtual Machme must satisfy a number of secunty cons tram ts [ 17] 

Among other thmgs, It must venfy that 

• The targets of all control-flow mstructions are the starts of mstructions 

• For each exception handler, the startmg and endmg pomts are the begmnmgs of 

mstructions 



As a by-product of our codmg technique, these reqmrements are guaranteed to be 

satisfied by any class file decompressed from our representation 
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It was ongmally hoped that a special-purpose codmg scheme could be discovered that 

could take advantage of the structure of the bytecode Compressing the bytecode and then 

operands separately did not provide any compression improvement After evaluatmg 

several opt10ns, we decided to compress the bytecode usmg ZLIB 

In add1t10n to changmg the Jump offsets to bemg mstruct1on relative, all the bytecode 

m a class is concatenated together and compressed as one block This mcreases the chance 

of the shdmg wmdow algonthm findmg good (long) matches 

Changmg offsets from mstruct1on relative 1s a time consumrng process for the 

compressor, and the reverse transformat10n is equally time consuming for the 

decompressor The mcrease m compression is typically less than 10% for the bytecode 

bemg compressed Unless the decompressor 1s integrated mto a class loader it 1s hkely to 

not be worth the effort 

4 2 2 LmeNumberTable Attnbute 

The size of the LmeNumberTable attnbute is obviously proportional to the amount of 

bytecode m a method For large methods, this table can be qmte large The program 

counter relative port10ns of the LmeNumberTable have been converted to mstruct10n 

relative See Section 2 4 1 for a descnption of this attribute 

Our coding of the hne number table exploits two thmgs 

• the s tart_pc field 1s always mcreasmg, and 

• lme numbers tend to be locahzed 

We have employed delta codmg for both fields m the l1ne_number_table The 

delta values are coded usmg a (2,2, 16) code 
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4 2 3 LocalVanableTable Attribute 

This attnbute didn't occur many of the class files we used for testmg These files were 

compiled with a vanety of compilers, but none seemed to produce this attnbute We have 

employed a scheme similar to the LmeNumberTable attnbute, but have been unable to test 

its effectiveness 
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5 Implementation and Results 

In this chapter we discuss our implementation, compression performance, and possible 

improvements to our algonthm The implementation discussed m this chapter embodies 

the ideas presented m Chapter 4 

There are several ways to state the compression statistics In the followmg sect10ns, 

we define compression ratio as compressed size / original size 

Usmg this defimt10n, a 1000 byte file compressed to 200 bytes, would yield a 

compression ratio of 0 20 Better compression is mdicated by a lower compression rat10 

5.1 Implementation 

A compressor and a decompressor have been wntten m C++ The compressor consists of 

approximately 4000 Imes of code The compressor is large because it needs to parse the 

class file, and the class file has a non-tnvial structure The decompressor consists of 

approximately 1000 Imes of code Compression 1s more complicated than decompression, 

and this is reflected m the complexity of the code 

Our implementation 1s a prototype for research purposes Little effort has been 

expended to opt1m1ze the program for either speed or memory utilization efficiency 

Indeed, we have tned to keep the implementation as simple as possible When there was a 

ch01ce between ease of implementat10n and efficiency, we almost always chose ease of 

1mplementat10n The programs have been wntten to demonstrate that the ideas presented 

m Chapter 4 provide good compression, not to be used m any practical application 
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There are several areas where the implementation could be improved We are currently 

sortmg the Utf8 entnes by length usmg simple msert1on sort For small class files, this 1s 

acceptable, but an nlog (n) 1mplementat1on would clearly be better There are areas 

where two passes are made over the mput whereas a more sophisticated 1mplementat10n 

should be able to compute the same results m a smgle pass 

5.2 Compression Results 

The compression performance of the algorithm 1s excellent compared to general-purpose 

data compressors There would be little pomt m 1mplementmg our ideas 1f the 

compression performance were not s1gmficantly better than existing general-purpose 

compressors 

Table 5 1 shows the performance on selected class files drawn from a vanety of 

applications For companson purposes, we have mcluded gzip, one of the best Lempel­

Z1v based compressors commonly muse, and bred Bred has been shown to be 

eqmvalent to the best statistical compressor m the literature, PPM* [5][3][22] We have 

denoted our 1mplementat10n as c laz z 
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Table 5.1 Compression of Selected Class Files (results m bytes) 

Filename 
Ongmal 

gzip bred clazz 
Size 

Agent 25714 13477 13703 9165 

Applymg 798 512 463 331 

Assembler 9663 4894 4907 3409 

Aud10Chp 233 217 182 123 

Bytelterator 1879 909 805 672 

CacheEntry 461 332 295 195 

DrawmgCanvas 1756 1031 961 678 

Kmg 646 509 466 329 

State 3056 1721 1635 1169 

TTY 28055 14143 14337 9631 

Total 72261 37745 37754 25702 

General-purpose compressors tend not to perform as well on small files They 

typically need a few kilobytes of data to work with before they can discover and then 

exploit the redundancy m the data In most applications, this 1s acceptable, smce the 

absolute compression gam for smaller files 1s small However, most Java class files are 

small because they contam the mformat10n for a smgle programmer defined class In a 

trad1t1onal environment a large program consists of one mam "executable image", but m 

the Java envuonment an application is made up of many small class files In contrast to 

general-purpose compressors, our algonthm performs qmte well on both small and large 

class files 

Table 5 2 shows the performance of our algorithm over two large Java hbranes These 

results are obtamed by compressmg each md1v1dual file m the library, and then suffiffilng 

the size of the compressed files We can see that bred 1s outperformmg gz1p, but both 

are sigmficantly outperformed by our algonthm 
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Table 5.2 Compression of Vanous L1branes 

Library 
Total Size 

bred clazz Improvement 
(bytes) 

gz1p 

JGL Vl 1 233408 0 51 048 0 34 28 % 

Sun's Class 1358044 0 53 0 51 0 36 29% 
Library 

5.3 Analysis of Compression Performance 

In the following sect10ns, we analyze each of the key areas of our compression algonthm 

to determine where compression performance 1s coming from Almost all the techniques 

depend on the constant pool being reordered, so we don't discuss the overall affect of that 

portion of the compressor 

5.3.1 Elimmahon of Tag Bytes 

Tag bytes in constant pool entnes contnbute between 2% and 6% to the total file size in 

our test data As such, the tag bytes do not constitute a maJor pornon of the class file By 

replacing these tag bytes with a counter, we are able to obtam excellent compression 

We use a ( 1,3 , 16) code to represent the number of entnes of each type in the constant 

pool Table 5 3 shows selected values of the ( 1,3, 16) code Each entry in the table reflects 

the number of bytes m the ongmal file we are able to replace with the number of bits 

md1cated m the third column 



47 

Table 5 3 Select Values for a (1 ,3,16) Code 

Integer Code Bits 

0 l 0 2 

2 10 0000 6 

18 110 0000000 10 

274 1110 0000000000 14 

2322 11110 0000000000000 18 

From the table, 1t 1s clear that when there are more than a few entnes of a given type 

we are getting excellent compression I We chose not to report these results usmg a 

compression ratio because the ratios work out to be much less than 1 % The d1scuss1on 

above should give the reader a better understandmg of what compression 1s achieved 

5 3 2 Utf8 Entries 

As discussed m Sect10n 4 1 3, the Utf8 entnes are the most common of all constant pool 

entnes We spht the encodmg of Utf8 entnes mto two d1stmct phases encodmg the 

lengths, then encodmg the data Table 5 7 shows statistics gathered about compressmg the 

Utf8 entnes for our test data 

Table 5.4 Compress10n of Utf8 Entnes 

Compress10n Utf8 Length Utf8 Data 

maximum 0 07 0 21 

mm1mum 0 28 0 63 

average 0 17 0 41 

median 0 16 0 41 

As Table 5 7 shows, we are ach1evmg excellent compression of the length fields for 

the Utf8 entnes On average, the length fields are compressed to 17% of their ongmal size 
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Compression of the Utf8 data is not nearly as good However, it is consistent with 

what we would expect from an LZ77 vanant compressing ASCII text Better compression 

of the Utf8 data 1s clearly an area where this algonthm could be improved We are faced 

with the trade-off between compress10n performance and speed We chose speed and ease 

of implementation over compression m this particular case 

5 3 3 Other Constant Pool Entries 

As mentioned m Section 4 1 4, we have spent little effort compressmg the remammg 

constant pool entnes Indeed, we have performed no compression on the mteger and 

floatmg pomt constants other than the removal of tag bytes 

Table 5.5 Compression of the Constant Pool 

Compression Constant Pool Entnes 

maximum 0 15 

mm1mum 0 79 

average 0 24 

median 0 24 

With an average compression rat10 of O 24, the current method of compressmg the 

remammg constant pool entnes is acceptable We could achieve better compression 1f we 

were w1llmg to expend the CPU time to do so One obv10us improvement would be to 

replace the fixed-width codmg of constant pool references with Huffman codmg 

Given that the overall performance of the algonthm is already quite good, we decided 

to accept this coqipression 

5 3.4 Code Attribute 

Overall, compression of the bytecode is not nearly as good as other areas of the class file 

This is to be expected, smce the bytecode is smular to traditional object code, and object 

code tends to be less compressible than textual data [2, Appendix B] 



In fact, as Table 5 7 shows, we can expand the bytecode by trymg to compress it 1 

Further analysis showed that while the relative expansion can be qmte large (up to 3 4 

times), the size of the bytecode m these cases was well under 20 bytes Part of the 

expans10n 1s due to the eight byte header mserted by ZLIB So, while the percentage 

expansion 1s large, the effect on the size of the compressed file 1s small 

Table 5 6 Compression of Bytecode 

Compression Bytecode 

maximum 0 26 

rrummum 3 40 

average 1 07 

median 0 81 
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In a production compressor, one could check to see If compression 1s performed, and 1f 

none occurs, store the data m raw form This reqmres the add1t1on of only a smgle bit to 

distrngmsh between the compressed and uncompressed formats Table 5 7 shows 

compression performance we could have achieved 1f we had performed this opt1m1zat1on 

Table 5.7 Improved Compression of Bytecode 

Compression Bytecode 

maximum 0 26 

rrummum 1 03 

average 0 79 

median 0 80 
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5.3.5 LmeNumberTable Attnbute 

Table 5 7 shows the compression attained for LmeNumberTable attributes over our test 

data Compression of this attribute is of quest10nable worth, since It is used for debugging 

purposes and will likely not be present in release quality code 

Table 5.8 Compress10n of LmeNumberTable 

Compression LineN umberTable 

maximum 020 

rrummum 049 

average 029 

median 028 

5.4 CPU Requirements 

In this section we detail the CPU reqmrements for our algorithm All measurements were 

performed on an otherwise unloaded 486-DX/4 100 MHz machine running Linux 2 0 8 

Times reported are the sum of system and user times 

It is worth noting that both g z 1p and bred are heavily opurruzed for efficiency, 

while our algorithm has had no speed optlrruzations performed As expected, both bred 

and gz 1p consistently compress and decompress faster than our algorithm 

Table 5 9 shows that compress10n with gz 1p is approximately three times faster than 

our algorithm Compression with bred is approximately twice as fast As noted earlier, 

there are several areas where compression could be sped up, most notably the insert10n 

sort used to sort Utf8 entries by length 
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Table 5.9 Compression Times (m seconds) 

Filename Size gzip bred clazz 

Agent 25714 0 17 0 41 0 57 

Applying 798 0 04 0 04 0 15 

Assembler 9663 007 0 16 0 26 

Aud10Chp 233 0 04 0 03 0 14 

Bytelterator 1879 0 05 005 0 15 

CacheEntry 461 0 03 0 03 0 14 

DrawmgCanvas 1756 004 0 04 0 15 

Kmg 646 004 0 04 0 14 

State 3056 0 04 007 0 16 

TTY 28055 0 18 048 0 61 

Table 5 9 shows decompression times Agam our algorithm is consistently 

outperformed by g zip However, on larger files, our algorithm sometimes outperforms 

bred 
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Table 5.10 Decompression Times (m seconds) 

Filename Size gz1p bred clazz 

Agent 25714 0 06 0 37 0 34 

Applymg 798 0 03 0 04 0 12 

Assembler 9663 0 04 0 13 0 20 

Aud10Chp 233 0 03 0 03 0 12 

B ytelterator 1879 002 0 03 0 15 

CacheEntry 461 003 0 03 0 12 

DrawmgCanvas 1756 004 004 0 15 

Kmg 646 0 03 003 0 12 

State 3056 0 06 006 0 16 

TTY 28055 0 18 0 36 0 37 

As we discussed m the mtroduct1on, one can 1magme that compression will be 

performed once at the server side, and decompress10n will be performed many times by 

clients accessmg the server For this reason, we consider decompression times 

s1gmficantly more important than compression times 

While 1t 1s possible to 1magme speedmg up our compression algonthm, 1t 1s unlikely 

that 1t will ever be faster than gz ip Our algonthm requtres that two passes be made over 

both the constant pool and the bytecode, whereas gz ip reqmres only a smgle pass over 

the entire file 

It 1s, however, likely that the decompressor could be sped up s1gmficantly by a careful 

1mplementat10n and by mtegrat1on mto the Java Vlftual Machme's class loader The 

decompressor would no longer be duplicatmg work that must be performed by the 

bytecode venfier when it converts mstruction relative addressmg to program counter 

relative addressmg (see Section 4 2 1 ) It is wasteful for the decompressor to convert our 

compressed format mto the class file format Ideally, the compressed class file would be 

loaded directly mto the Java Virtual Machme 
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6 Conclusions 

The mam contnbution of this thesis is a compress10n program that outperforms existmg 

general purpose data compressors on Java class files On average, our program is 28% 

better than general-purpose compressors In a research area where a few percent mcrease 

m compress10n performance is considered good [5][6], a 28% mcrease should be 

considered exceptional 

We obtarned our results by careful apphcat10n of existmg data compression methods 

to specific areas of the class file, and by transformmg regions of the class file to make 

them more compressible 

Smee Java class files tend to be small, performance on small files is important Our 

program performs well on small files, whereas this is usually a weakness of general­

purpose compressors Indeed, we have yet to find a smgle class file where our algonthm 

didn't outperform both bred and gzip by at least 15% 

Many of the methods we used to obtam our compression results are considered "ad 

hoc" by the authors of [2] Indeed, they go so far as to say 

techmques tailored to take advantage of id1osyncrat1c repetitions and regulant1es 
are - or should be - a thmg of the past Adaptive models discover for themselves 
the regulanties that are present, and do so more reliably than people 

Perhaps rn theory this is true, but srnce our algonthm outperforms these "adaptive 

models" by a s1gmficant amount, it appears the "ad hoc" methods are still useful m 

practice 
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6.1 Future Work 

Perhaps the most practical extension to this research would be to mcorporate our program 

mto an existmg Java environment The compression algonthm could be mcorporated 

directly mto a Java compiler Given the appropnate flag, the compiler would produce class 

files m the compressed format, rather than the native class file format Dependmg on how 

the compiler is implemented, this could be quite easily accomplished If this isn't possible, 

a command lme compressor would still be useful 

As mentioned earlier, the decompression algonthm should be mcorporated mto a class 

loader This would ehmmate the redundant work be performed by the decompressor and 

the ex1stmg class loader, and would allow the Java envuonment to support compressed 

files nat1 vel y 

Further expenments are needed to determme if 1t 1s mdeed faster to transffilt the 

compressed files and decompress them versus transffilttmg uncompressed files and 

loadmg those files 

We are left with the feelmg that better compression of bytecode could be obtamed 

LZ77 compression is not perforffilng except10nally, and there surely must be an algonthm 

more smted to compressmg the bytecode One poss1b1lity might be to use a parametenzed 

encodmg scheme s1ffillar to that descnbed by Franz m [12] The algonthm is a variation 

on LZ78 which allows "templates", or mexact matches The algonthm isn't directly 

applicable to compressmg bytecode, but a Siffillar algonthm should exist for bytecode 

Consider the two fragments of bytecode shown m Figure 6 1 



Figure 6.1 Parametenzed Matchmg of bytecode 

aload_O 

getfield OxOO Ox09 

invokevirtual OxOl Ox2d 

aload_O 

invokevirtual OxOl Ox42 

invokevirtual 

aload_O 

getfield OxOO Ox03 

invokevirtual OxOO OxfO 

aload_O 

invokevirtual OxOO Oxfl 

These two sequences of bytecode differ only by a few operands, the 

circled areas could be matched usmg templates 

Usmg a convent10nal LZ77 or LZ78 based codmg scheme, the two fragments 

wouldn't provide a match of more than the opcodes mvolved, since matches must be 

consecutive m the mput However, if we allowed for "templates", or "parametenzed" 

matches, we could match the sequences of mstruct1ons as shown in the figure, and then 

specify the operands separately Perhaps this type of parametenzed matching could be 

applied m a more general sense It 1s definitely a problem that warrants further research 
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The algonthm descnbed in [11) performs this style of parametenzed matching 

(although it is descnbed as tree-matching) The algonthm descnbed can reqmre significant 

amounts of CPU time, while compression ratios approach only O 50 Results are reported 

for only two programs, both of which are quite large It 1s uncertain how the algonthm 

would perform on the small amount of bytecode typically present m a class file For our 

purposes, a simpler, faster implementation 1s needed 
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