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Preface

This document describes version 1.0 of the Java Virtual Machine and its instruction sel. We have written this
document Lo act as a specificalion for both compiler writers, who wish to targel the machine, and as a
specification for others who may wish to implement a compliant Java Virtual Machine,

The Java Virtual Machine is an imaginary machine that Is implemented by emulating it in software on a real
machine. Code for the Java Virtual Machine is stored in . ¢Laas files, each of which contains the code {or at
most one publ ic class,

Simple and elficient emulations of the Java Virtual Machine are possible because the machine’s format is
compact and elficient bylecodes. Implementations whose native code speed nﬁpmxima!es that of compited C
are also possible, by translating the bytecodes to machine code, although Sun has not released such
implementations at this time,

‘The rest of this document is strucrured as follows:
» Chapter 1 describes the architeciure of the fava Virtual Machine.
+ Chaples 2 describes the .claaa file format.
+ Chapter 3 describes the bylecodes.

> Appendix A contains some instructions generated internally by Sun’s implementation of the Java
Virtual Machine. While not strictly part of the specification we describe these here so that this
specification ean serve as a refecence for our implementalion, As more implementations of the Java
irtual Machine become available, we may remove Appendix A from future releases.

Sun will license the Java Virtual Machine teademark and logo for use with compliant an}alemcnlaltuus of this
specification. If you are considering construcling your ows implementation of the Java Virlual Machine please
contact us, af the email address below, so that we can wark together to insure 100% compatiblity of your

implementation.

Send comments on this specification or questions about implementing the Java Virtual Machine to our
electronic mail address: Java@javasun.com.
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1 Java Virtual Machine Architecture

1.1 Supported Data Types

The virtual machine data types include the basic data types of the Java language:

byte /f 1-byte signed 2's complement integer
short /7 2-byte signed 2's complement integer
int // &-byte signed 2's complement integer
leng /f B-byte aigned Z's complement Integer
Eloat /4 d4-byte IEEE 754 single-precision float
double /7 B-byte IEEE 754 double-precision float
char // 2-byte unsigned Unicode character

Nearly all Java type checkinﬁ is done at compile time. Data of the primilive typea shown above need not be
tagged by Ihe hardware lo atlow execution of Java. Instead, the bylecodes that operate on primitive values
inglcale the types of the operands so that, for example, the {add, 1add, £add, and dadd instructions each add
two numbers, whose types are int, long, £loat, and doubl e, respectively

The virlual machine doesn’t have separale instructions for bool ean lypes. Intead, integer instraclions,
including integer retums, are used to operate on boolean values; byte arrays are used for arrays of
boolean.

The virtual machine specifies that floating point be done in [EEE 754 format, with suppart for graduat
underflow. Older computer architectures that do not have support for 1BEE format may run Java numeric
programs very slowly.

Other virtual machine data types include:

object // 4-byte reference to a Java object
recurnhddress /7 4 bytes, used wich jsr/ret/isr_w/ret_w instructiens

Note: Java arrays are lreated as objects,

This specilication does not require any pacticular intemal structure for objects. In our implementalion an
object reference is to a handle, which is a pair of pointers: one to a method 1able for the object, and the other to
the dala allocated for the object. Other implementations ma{\ use inline caching, rather than method table
dispatch; such methods are |ikety to be [aster on hardware that is emerging befveen now and the year 2000.

Programs represented by Java Virtual Machine bytecodes are expected to maintain proper type discipline and
an implementation may refuse to execute a bytecode program thal appears to violate such type discipline.

While the Java Virtual Machines would ap}l)ear to be limited by the bytecode definition to running on a 32-bit
address spate machine, it is possible to build a version of the Java Virtual Machine that aulomalicatly
Iranslates the bytecodes into a 64-bit form. A description of this transfarmation is beyond the scope of this
specilication.

1.2 Registers

At any point the virtual machine is executing the code of a single method, and the pe register contains the
address of the next bytecode to be executed.

Each method has memory space allocated for it to hold:
° a set of local variables, referenced by a vars 1egister,
° an operand stack, referenced by an optop register, and
= a execulion enviranment structure, referenced by & frame register.

At of this space can be allocated at once, since the size of the local variables and operand stack are known at
compila time, and the size of the execution environment structure is well-known to the inlerpreter.

All of these registers are 32 bits wide.
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1.3 Local Variables

Lach Java method uses a fixed-sized set of local variables. They are addressed as word offsets from the vars
register, Local variables are all 32 bits wide.

Long integers and double precision Roals are considered 10 1ake up two local variables but are addressed by
the imndex of the first local variable. (For examgle, a local variable wilh index n contiining a double prcv:isioi\
float actually occupies storage at indices n and n1+1.) The vietual machine specificalion daes not require 64-bit
values fn focal vaniables to be 64-bit aligned. Implementors are free to decide the appropriate way to divide
long integers and double precision foals into two words.

Instructions ate provided lo load he values of local variables onto the aperand stack and store values from the
operand stack inle local variables.

1.4 The Operand Stack

The machine instructions all take operands from an operand stack, operate on them, and retusn results to the
stack. We chose a stack organization so thal it would be easy 1o emulate the machine efficientty on machimes
with few or ircegular registers such as the Intel 485,

The operand stack is 32 bils wide. It is used to pass parameters to methods and receive method results, as wel)
as lo supply parameters for operations and save operalion results.

For example, the {add inslruction adds two integers together. it expects that the integers to be added are the
top two wards on the operand stack, pushed there by previous instructions. Both integers are popped from the
stack, added, and their sum pushed back onto the operand stack. Subcompulnlions may be nested on the
operand stack, and resull in & single operand that can be used by the nesting computation.

Cach primitive dala type has specialized instructions thal know how to ogcmlc on operands of that type. Each
operand requires a single location on the slack, except for 1ong and doubl e, which require fwo locations

Operands must be operated on by operalors apprapriate to their lype. It [s iRegal, for example, to push two
intg and then teeat them as a Long. This restriction is enforced, b the Sun implemeniﬂlion‘?b;’ thu?bylecudc
verifier. However, a smali number of operations (the dup opcodes and swap) operale on runlinme data areas as
raw values of a given width without regard 1o type.

In our descrigl_inn of the virhal machinellnsiructions below, the effect of an instruction’s execution on the
operand stack is representec lextually, with the slack growing from lefi to right, and each 32-bit word
separalely represented. Thus:

Stack: ..., valirel, vatuel =5 .., vahied

shows an aperation that begins by having wive2 on top of the stack with valuel just beneath it. As a result of
the execution of Ihe instruction, unfire! and walue2 are popped from the stack and replaced by vatue3, which has
been calculated by the instruction. The remainder of fhe stack, represented by an eﬁipsis, is unalfected by the
instruction’s execution,

The types tong and doubl e take two 32-bit words on the operand stack:
Stack: ... =2 ..., valne-word], valiee-word?

Thia specification does nol say how the two words are sefected from the 64-bit Long or double value; it is
only necessary that a particular implementation be internally consistent.

1.5  Execution Envirorunent

The information contained in the execution environment is used 1o do dynamic linking, normal methad

teturns, and exceplion propagation. (/_)
1.51 Dynamic Linking ‘_‘g_\

The exeeution environment contains references to the interpreter symbol table for the current method and
current class, in sup‘ferl of dynamic linking of the method cede. The class file code {or a method refess to
methods to be calted and variables to be accessed symbolically. Dynamic linking transiates these symbolic
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method calls into actual mathod calls, loading classes ag necessary 1o resolve as-yet-undelined symbols, and
rranslates variable accesses into appropriate offsels in storage structures associnied with the runlime location
of these variables,

This Jate binding of the melhads and variables makes changes in other classes that a method uses less likely lo
break this code.

1.5.2 Normal Method Relurns

If execution of the current method completes normally, then a value is retumed to the calling method, This
gccurs when the calling method execules a return instruction appropriate to the reluzn lype.

The execution environment is used In this case to reslore Lhe registers of the caller, with the program counter of
the calter ag\propvialcly incremented to skip the methed call instruction. Execution then continues in the
calling method’s execulion environment.

1.5.3 Exception and Error Propagation

An exceptional condition, known in Java as an Error or Exceptlon, which are subclasses of Throwable,
may arise in a program because of:

« adynamic linkage failure, such as a failure to find a needed class file,
« a run-time ecror, such as a reference through a nuil pointer,
+ an asynchronous evenl, such as is thrown by Thread. stop, {rom another thread,

» the program using a throw statement,

When an exception arours:

v A list of ealeh chises associated with the current method is examined, Each catch clause describes
the instruction range for which it is active, describes the type of exception that it is o handle, and
has the address of the code to handle it.

An exception matches a catch clause if the instruction that caused the exceplion is in the
appropriale instruction range, and the exception type is a sublype of the type of exceplion that the
cateh chuse handles. If a matching catch clause is found, the system branches to the specified
handter. if no handler is found, The process is repeated until all the nested catch clauses of the
cutrent method have been exhausted.

The arder of the cat.ch clauses in the list is important. The virtual machine execulion continues at
the first matching catch clause. Because Java code Is structured, it is always possible to sort all the
exception handlets for one method into a single list that, for any possible program counter value,
<an be searched in linear order to find the proper (innermost containing applicable) exception
handler for an exception occuring at that program counter value.

i there is no malching catch clause then the current method I3 sald to have as ils oulcome the
ancaught exception. The execution stale of the method that called this method is restared from the
execution environment, and the propagation of the exception continues, as though the exception
had jus! accurred in this caller. ’

.

1.54 Additional Information

The execution environment may be extended with additional implementation-specific information, such as
debugging information.

1.6 Garbage Collected Heap

The Java heap is the runtime data area from which class inslances (obEcGLage allocated. The Java language is
designed to be garbage collecled — it does not 7ive the programmer the ability to deallocate objects explicitly.
Java daes not presuppose any particular kind of garbage co tection; various algorithms may be used
depending on system requirements.
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1.7  Method Area

The method area is analogous to the store for compiled code in conventi

| cntional languages or the text segment in
a UNIX process. Il stores method cade {compiled java code) and symbol tables. In |I§e current java &
m?plemcntaluon. method code is not part of the garbage-collected heap, although this is planned for a fuiure
release.

1.8 The Java Instruction Set

An instruction in the Java instruction set consists of a ane-byte opcede specifying the operation to be
erformed, and zero or more pperands supplying parameters ar data that wirl be used by the operation Many
insteuctions have no operands and consist only of an opcode. ’

The inner loop of the virlual machine execution is effectively:

do |

fetch an opcode byte

execute an actlon depending on the value of the opcode
) while (there is more to do);

The number and size of the additional operands is determined by the opcod iti i

nd 51 : AC 2rands e. 1f an additional operand is
than one byte in size, then it is stored in big-endian order — highyorder yte first. For example aplg-l?itl s more
parameler is stored as two bytes whose value is: '

Eirat_byte * 256 + second byte

The bytecode instruction stream is only byte-aligned, with the exception being the tabl eawitch and
lookupswitch instructions, which force alignment to a 4-byle boundary within theic instructions.

These decisions keep the virtual machine code for a comFiIzd Java program compact and reflect a conscious
blas in favor of compaciness at some possible cost In performance. )

1.9 Limitations

The per-class constant pool has a maximum of 65535 entries. This acts as an internal limit on the total
complexity of a single class.

‘The amount of code per method is limited to 65335 byles by the sizes of the indices in i} i i
table, the line numbfr table, and the local variable table, This may be ﬁxe‘z ll::r llcctl]ile?ﬂm code in the exception

Besides this limit, the only other limitation of note is that the number of words of arguments i i
Bosides this li 8 nis in a method call is

10 java Virtual Machine Specification August 7.199%
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2 Class File Format

This chapter documents the Java class (. class) file format.

Each class file containg the compiled version of either a fava class or a Java interface. Compliant Java
interpreters musl be capable of dealing with all class files that conform to the foHlowing specification,

A Java class file consists of a stream of B-bit bytes. All 16-bit and 32-bit quantities are constructed by reading in
two or four 8-bit byles, respectively. The bytes are joined together in network {big-endian} order, where the
high bytes come first. This formai is supporled by the Java java . 1o, Datalnput and .

java. io.DataOutput interfaces, and classes such as java . io, DatalnputStreamand
java.io.pataOutputStream.

The class file format is described here using a structure notation. Successive fields in the structure appear in
the external representation without padding or alignment. Variable size arrays, oflen of variable sized
clements are called tables and are commonplace in these slructures.

The types ul, u2, and us mean an unsigned one-, lwo-, or four-byle quantity, respectively, which ace read by
method such as readUns ignedByte, readUnsignedshort and readInt of the javaio.DataInput
interface.

21 Format
The following pseudo-structure gives a top-tevel description of the format of a class file:

ClassFile |
ud magic;
u2 minor_version;
u2 major_veralon;
u2 constapt_pool_count;:
cp_info constant_pool [constant_pool_count -~ 1];
u? access_flags;
u2 this_class;
ud super_class;
u2 interfaces_count;
u2 interfaces|[interfaces_count]:
u2 fields_count;
field_info Eields{fields_count]:
u?2 methods_count;
method_info methods(methods_count};
u?2 attributes_count;
attribuce_info accrihutes(attribute_count];

maglc
This field musl have the value OxCAFEBABE.

minor_version, major_varsion

These {ields contain the version number of the Java compiler that produced this class file. An
implementation of the virtual machine will normall?r support some range of minor version
numbers 8- of a particalar major version number. It the minor version number is
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incremented the new cade won't run on the old virlual machines, but it is possible to make a
new virtual machine which can run versions up ton + 1.

A change of the major version number indicales a major incompatible ch
requires n different virtual machine that may not support the o

le change, one that
d major version in any way.

The current major version number is 45; the current minor version number is 3.

gonstant_pool_count

This ficld indicates the number of entries in the constant pool in the class file.

conetant_poel

The constant pool is an table of values. These values are the various steing constants, class
names, field names, and others that are referred 10 by the class structure o1 by the code,

constant_pool (0] is always unused by the compiler,

implementation for any purpose.

and may be used by an

Each of lhe constant_pool eniries 1 through constant_pool_count -1 isa variable-
length entry, whose format s given by the first “tag” byte, as described in section 2.3.

accane, _flage

This ﬁelg contains a mask of up to sixteen modifiers used with class, method, and ficld
declarations, The same encoding is used on similar fields in field_info and
method,_ info as described below, Here is the encoding:

Flag Name Value Meaning Used By
ACC_PUBLIC Ox00M Visible to everyone Class, Method, Variable
ACC_PRIVATE 0x0002 | Visible only to the defining class Method, Variable
ACC_PROTECTED 0x0034 | Visible to subelasses Melthod, Variable
ACC_STATIC 0x0008 Variable or method is static Methad, Variable
ACC_FINAL 020010 | No further subclassing, overriding, | Class, Method, Variable
or assignment after initialization
ACC_SYNCHRONIZED | 0x0020 | Wrap use in monitar lock Method
ACC_VOLATILE 0x0040 | Can'tcache Variable
RACC_TRANSIENT 0x0080 | Notto be writien of read by a per- | Variable
sistend object manager
ACC_NATIVE 0x0160 | Implemented in alanguage other | Malhod
than Java
ACC_ INTERFACE 0x0200 Is an interface Class
ACC_ABSTRACT x0400 | No body provided Class, Method

this_claecs

This field is an index inlo the constanl pool; constant_pool{this_class) mustibe a

CONSTANT _class.

fava Virlual Machine Specification
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guper_clase The field signature represents the value of an argument 1o a function ar the value of a variable. It is a series of

This lield is an index into the constant pocl. If the value of supex_class is nonzero, then bytes generated by the foltowing grammar:
constant_pool {super_claas) must be a class, and gives the index of this class’s

superclass in the constan! pool. <field signatures i:= <tield type>
1f the value of super_class is zero, lhen the class being defined must be <field_rype> ;1= <base_type>|<object_type>f<array_type>
java.lang.oObiect, and it has no superclass., <hase_type» c:= B|C|DIF|Y|a|8|%
interfaces_count <object _kype> t:= Le<fullclassnames;
This field gives the number of interfaces that this class implements. <array_type> i1 [<optional_size><field_type>
<optional_size» trm [Q-9¢

intarfaces
Gach value in this table is an index into the constant pool. If an table value is nonzero

The meaning of the base types is as follows:

(interfaces[f] =0, where 0 <= i < interfaces_count), then B byte signed byle
constant_pool {interfacea (il ) mustbe an interface that this ¢lass implements. C cﬁar character
. . D double doubl tston IBEE
estion: How could one of these entries ever be 07 : touble precision IZEE float

Qu o E‘ f 1céa t single precision IEEE float
fields_count ) lgng :rollt'legsieliteger

This field gives the number of instance variables, both static and dynamic, defined by this Edul]classnamw; an object of the given class

class. The £ields table includes only those variables that are defined explicitly by this class. short signed short

It does not include those inslance variables tHhat are accessible from this class but are inherited [<icld sig> boolean trae or false

array

from superclasses.
A rehumn-type signature represents the retum value from a methad. It is a seri i i
£lalde grammar: P i a series of byles in the loliowing

Each value in this table is a more complete description of a ficld in the class. See section 2.4 for o .
more information on the £1eld_info structure, ! <return_signature>  ;:= <field_ types | Vv
The character V indicates that the method returns no value. Otherwise, the signature indicates the type of the

mathods, count redim vatue,

This field indicates the number of methods, both static and dynamic, defined by this class. An argument signature represents an argument passed 1o a :
This table only includes those methods that are explicitly de!md by this class. {I does not 8 8o b B passe method:
include inherited methads. | <argument_signature> ::= <field_ type>
nathoda A method signature represenls the arguments that the method expecis, and the value that it retums.
Each value in this table is a more complete description of a method In the class. See seclion 2.5 <method_signature>  ::= {<arguments_signature>) <return_signature>

for more information on the method_info structure.
<ax‘gumen\:s_sigr\ature> rrs  <argument_signatures*

attributes_tount

This field indicates the number of additional attributes about this class.

attributeas

A class can have any number of optional atiribules associated with it. Currently, the only class
attribute recognized is the “SourceFile” attribute, which indicates the name of the source file
from which this class file was compiled. See section 2.6 {or more information on the
attribute_info structure.

2.2 Signatures

A signature {5 a string representing a type of a method, field or array.
B )
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2.3 Constant Pool

Each item in the constant pool begins with a 1-byte tag:. The table below lists the valid tags and their values.

Constanlt Type Value

COMSTANT Class
CONSTANT _Fieldref
CONSTANT _Methodref
CONSTANT_InterfaceMethodref
CONSTANT_String
CONSTANT_Integer
CONSTANT_Float
CONSTANT_LOng
CONSTANT_Double
CONSTANT, NameAndType
CONSTANT UL F8
CONSTANT Unicode

—
B e B O O et OO bt DD

-

Lach tag byle is then followed by one or more bytes giving more information about the specific constant.

2.3.1 CONSTANT_Class

CONSTANT_Class is used to represent a class or an interface.
CONSTANT_Class_info {

ul tag:
u? name_index;

tag
The tag will have the valug CONSTANT. Class

name_Jindaex
constant_pooliname_index] is a CONSTANT_Ut £8 glving the string name of the class.

Because arrays are objecls, the opcodes anewarray and multisnewarray can reference array “classes” via

CONSTANT._Claas items in the constant pool. In this case, the name of the class i3 its signature. For example,
the class name for

ine 11}

{
The class name for
Threadl()

*{Ljava.lang.Fhread; "

2.3.2 CONSTANT_{Ficldref,Methodref, InterfaceMethodref}

Fields, methods, and interface methods are represented by similar struclures.

August 12,1995
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CONSTANT_Fieldref_info {
ul tag;
u2 class_index;
u? name_and_type_index;
¥

CONSTANT_Methodref _info
ul tag:
u2 class_index;
u? name_and_type_lndex;
)

CONSTANT_InterfaceMethodref_info {
ul tag;
u2 clasa_index;
u2 name_and_type _index:
}
tag

The tag will have the value CONSTANT_Fieldref, CONSTANT Methodref, or
CONSTANT_InterfaceMethodref.

clana_index

constant_pool [class _index} will be anentry of lype CONSTANT_ Class giving the
name of the class or interface containing ihe field or metﬁod.

For CONSTANT _Fieldref and CONSTANT_Methodref, the CONSTANT _Class item must be
an aclual class, For CONSTANT_Inter faceMethodref, the [tem must be an interface which
purports to implement the given methed.

name_and_type_index
constant _pool (name_and. type_index) will be an entry of type
CONSTANT_NameAndType . This constant pool entry indicates the name and signature of the
field or method.
233 CONSTANT String
CONSTANT _String is used to represent constant objects of the built-in type String.
CONSTANT_String_info |

ul tag;
u2 string_index;

tag
The tag will have Lhe value CONSTANT_String

string lindex

congtant, paol {string_index) is a CONSTANT UL £8 string giving the value to which
the String object is initialized.

2.3.4 CONSTANT_Integer and CONSTANT _Float
CONSTANT_Integer and CONSTANT_Float represent four-byte constants.
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:

name_lndex

CONSTANT_Integer_info [ 1 constant_pool {name_index) is a CONSTANT_UL £ 8 string giving the name of the field
u; gag; or method.
ud bytea:

] signature_index

CONSTANT_Flost_info - i constant_pool (signature_index} isa CONSTANT _UL L8 string giving the signalure
ul tag; of the field or method,
ud bytes;

2.3.7 CONSTANT_UI£8 and CONSTANT _Unicode

tag CONSTANT_Ut£8 and CONSTANT_Unicode are used {o represent constant string values.
The tag will have the value CONSTANT_Integer or CONSTANT_Float R " " .
CONSTANT_Ut £8 strings are “encoded” so that strings containing only non-null ASCH characters, can be

bytoa represented using only one byte per character, but charactera of up to 16 bits can be represented:
For integers, the four bytes nre the integer value. For floats, they arc the IEEE 754 standard All characters in the range 0x0001 to 0x007F are represented by a single byte:
representation of the floating point value. These byles are in network (high byte first) order.
LEE R R EEER EREE T
0f7bit
2.3.5 CONSTANT_Long and CONSTANT_Double 10]7bits of datal

ight-| ts.
CONSTANT_Long and CONSTANT_Double represent eight-byie conslanis The null character (0x0000) and characters in the range 0x0080 to 0x07FF are represented by a pait of hwo bytes.

CONSTANT_Long_info |

ul tag: P R R L L Lt IR I S S SRR
' , |111{0] S bitar 1{0] 6 bits
ud high bytes; +-¢-0-4—+-p-0-0-! !-—!-!-0-0-;-4-‘-!

ud low_bytes;

} Characters in the range 0x0800 to 0xFFFF are represented by thice bytes:

CONSTANT Double_info {

ul tag; [ e R R o T L LR R ] R AL ]
S oh [111f1}0]4 bits | [V]0} 6 bits 1{0| 6 bits
ud hlgh“byte"' IR R R LR LE AR RN ] t-!-i—t-f—o—r-f-! 1-1—!-4~0-0-0-+-!

ud low_bytes;
}
There are two differences between this format and the “standard” UTF-8 format. First, the nult byte (0x00) is

. s 1y« + A 0
All eight-byte constants take up two spots in the constant pool. If this is the n'" item in the constant pool, then encoded in two-byte format cather than one-byte, so that our strings never have embedded nulls. Second, only
the next iten will be numberad n+2. the one-byte, two-byte, and three-byle formats are used. We do not recognize the longer farmats.
tag CONSTANT _Utf8_info {
ul tag;

The tag wiil have the value CONSTANT,_Long or CONSTANT_ Double. u2 length;

ul byteai{langth):

high _bytes, low _bytes )
For CONSTANT_Long, the 64-bit value is (high_bytes << 32} + iow_bytes. CONSTANT_Unicode_ fnfo {
For CONSTANT_Double, the 64-blt value, high_bytes m:\d low_bytas together represent ul tag;
the standard JEEE 754 representation of the double-precision floating point number. u2 length;
u2 bytes(lengthl];
}
2.3.6 CONSTANT_NameAndType i
CONSTANT_NameAndType is used 1o represent a field or method, without indicating which class it belongs lo. tag

The tag will bave the value CONSTANT_UL£8 or CONSTANT_Unicode.
CONSTANT_NameAndType_info {

ul tag; length
u2 name_index; . ) . )
u2 signature_index: | The number of bytes in the string. These sirings are not null terminated.

bytaes M
£ ] The actual bytes of the string. -
The tag will have the value CONSTANT_NamehndType .
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2.4 Fields

The information for each field immediately follows the ficld_count field in the class file. Each ficld is described
by a varinble length field _info structure. The format of this structure Is as follows:

field_info {
u2 access_f[lags;
u?2 name_lndex;
u2 signature_index;
u? attributes_count;
attribute_info attributeslattribute_count];

)
acgesa _flaga

This is a sel of sixteen flags used by classes, methods, and fields to describe various properties
and how they many be accessed by methods in other classes. See the table "Access Flags” on
page §2 which indicates the meaning of the bits in this field.

The possible fields that can be set for a lield are ACC_PUBLIC, ACC_PRIVATE,
ACC_PROTECTED, ACC..STATIC, ACC_FINAL, ACC_VOLATILE, and ACC_TRANSIENT.

At most one of ACC_PUBLIC, ACC_PROTECTED, and ACC_PRIVATE can be sct for any
method,
name__index
conatant_pool {name_index} is a CONSTANT_UL £8 string which is the name of Ihe
field.
aignaturs_index
constant, pool [signature_index) isa CONSTANT_UL £8 string which is the signature
of the field. See the section “Signatures” for more informatlon on signatures.
attributes_count
This value indicates the number of additional attributes about this field.

attributes

A field can have any number of optional attributes assaciated with It. Curzently, the only field
atiribute recognized is the “ConstantValue” attribute, which indicates that this field is a static
numeric constant, and indicales the constant value of that field.

Any other attribuies are skipped.

2.5 DMethods

The information for each method immediately follows the method_count field in the glass fite. Each melhod
is described by a variable lenglh method_info structure. The structure has the following format:
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method_into {
u2 access_flags;
u2 name_index;
w2 slgnature Index;
u2 actributes_count;
attribucte_lnfo attributeslactribute, count);:

)

acceoe_flags

This is a st of sixteen fiags used by classes, methods, and ficlds 1o describe various propersies
and how [hey many be accessed by methods in other classes. See the table " Access Flags” on
page 12 which gives the various bits in thig field.

The possible fields that can be set for a method are ACC_PUBLIC, ACC_PRIVATE,
ACC_PROTECTED, ACC_STATIC, ACC_FINAL, ACC_SYNCHRONIZED, ACC_NATIVE, and
ACC_ADSTRACT.

At most one of ACC_PUBLIC, ACC_PROTECTED, and ACC_ PRIVATE can be sel for any
melthod.
name_4index
constant_pool (name_index] is a CONSTANT_UE £8 string giving the name of the
method,
signature_Iindex
constant_pool[signature_indexjisa CONSTANT_ULEB string giving the signature of
the field, Sce the section "Signatures” for more information on signatures.
attributes_count
This value indicates the number of additionak attributes about tys field,

attributes

A field can hdve any number of optional attribules nssociated with it, Each attribute has a
name, and olher additional Information. Curmu!ly, the only field attributes recognized are the
“Code" and "Exceptions” attributes, which describe the bytecedes ihat are executed to
perform this method, and the Java Exceptions which are declared to result from the execution
of the method, respectively.

Any other attributes are skipped.

2.6 Attributes
Auributes are used at several different places in the class formal. All attributes have the following format:

GenerlchAttribute_info {

u2 attribute_name;

ud attribute_length;

ul infolattribute_length);
)

The attribute_name is a 16-bit index into the class's constant pool; the value of
congtanc_poolfattribute_name) isa CONSTANT_ULES string giving the name of the attribute. The
field attribute_lengthindicates the length of the subsequent information in bytes. This length does no
include the six bytes of the attribute_name and attribute_length.

In the following text, whenever we allow attributes, we give the name of the attributes that are currentl}[gn
lgnore

understood. In the future, more attributes will be added. Class file readers are expected to skip over and
the information in any altribute they do not understand. m

=
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2.6.1 ScurceFile
The "SourceFile” attribute has the following format:
SourceFile_attribute |
u2 attribute_name_index:
ud attribuce_length:
u2 sourcefile index;
|
attribute name_index

constant_pool {attribute_name_index] Is the CONSTANT Ut £8 string
-SourceFile”.

attribute_length .
The length of a SourceFile_attribuie must be 2.

sourcoflle_indax

constant_pool [sourcefile_index| isa CONSTANT UL 8 siring giving the source file
from which this class file was compiled.

2.6.2 ConslantValue
The “ConstantValue” attribute has the following format:
ConstantValue_attribuce
u2 attribute_name_index;
ud attribute_length;

u? constantvalue_index:
i

attribuce_name_index
constant_pool {attribute _name_index| is the CONSTANT _Ut £8 string
“ConstantValue”

attribute_langth
The leagth of a ConstantValue_attribute must be 2.

constentvalue_index
constant_pool [constantvalue_index]gives the constant value for this field.
The constant pool entry must be of a type appropriate io the field, as shown by the following

table:
long . CONSTANT_Long
float CONSTANT_Float
double CONSTANT, Double
int, short, char, byte, boolean CONSTANT_Integer
2,63 Code

The “Cade” attribule has the following format:
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Code_attribute {
u2 attribute_name_index:
ud attribute_length;
u2 max_stack; -
uz max_locals;
ud code_length:
ul codefcode_length];
u2 exception_table_length;
{ wu2 start_pe;
u2 end_pc;
u2 handler_pc;
u catch_type;
}  enception_tablel{exception_table_lengthl;
u2 attributes_count;
attribute_info attributesfattribute_count];

}

attribute_nemma_indexn
constant_pool [attribute_name_index| is the CONSTANT UL 8 siring "Code™.

attribute_length
This field indicates the total lengih of the "Code" attribule, excluding the initial six bytes.

max_atack
Maximum number of entries on the operand stack that will be used during execution of this
method. See the other chapters in this spec for more information on the operand stack.
max_locale
Number of local variable slols used by this method. See the other chapters in this spug lor
more infarmation on the local variables,
vode_length
The number of bytes in the virlual machine code for this methad.

code

These are the actual bytes of the virtual machine code that implement the method. When read
into memory, if the first byte of code is aligned onto a multiple-of-four boundary he the
tableswitchand tablelookup opeode entries will be aligned; see their escription for
more information on alignment requirements.

exception_tablae_length

The number of enlries in the {ollowing exception table.

axception_table
Bach entry in the exception table describes one exceplion handlee in the cade.

start_pec, end_peo
The Iwo.!iefds start, _pe and end_pc indicate the ranges in the code at which the exception
handler is active. The values of both fields are offsets from the start of the code. start_pc is
in¢lusive. end_pe is exclusive,

handlar_pe

This field indicales the starting address of the exception handler. The value of the ficld is an
offset frony the starl of the code.
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cetch_type

If carch_type is nonzery, then constant_pool fcatch_type) will b_e the class of
exceptions that this exception handler is designated (o cateh. This exception handler should
only be called if the thrown exception is an instance of the given class.

ii catch_type is zero, this exceplion handler should be called for ali exceptions.

attributen_gcount

This field indicates the number of additional attributes about code. The “Code” attribute ¢can
itsell have attributes.

actributes

A "Code” attvibule can have any number of optional altribules assoclated with il. Each
attribute has a name, and other additional information. Currently, the enly code atiributes
defined are the “LineNumberTable” and “LocalVariableTable,” both of which contain
debugging information.

2.6.4 Exceptions Table
This 1able is used by compilers which indicate which Exceptions a method la declared to throw:

Exceptions_attribute {
u2 attribute_name_index:
ud attribute_length;
u2 number_of_exceptlions;
u? exception_index_tablelnumber of_exceptionsa);

)

attribute_name_index

constant_pool [attribute_name_index} will be the CONSTANT_UL E8 string
“Exceptions”,

sttribute_length
This fiele indicates the total length of the Exceplions_sttribute, excluding the initinl six bytes.

number_of_exceptions
This field indicates the number of entries in the following exception index table.

exception_index_table

Each value i this table is an index into the constant pool, For each table element
{exception_index_table(f] =0, where @ <= i < numhar_qf_excepgions),_ then
constant_pool [exception_index+tablelil} is a Exception that this class is declared

to throw.

2.6.5 LineNumberTable

This attribute is used by debuggers and the exception handier to determine which part of the virtual machine
code corresponds to a given location in the source, The LineNumberTable_attribute has the following format:
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LineNumberTable, attribute {

uz attribute_name_index;
ud attribute_length:
u? line_number_table_length;
[TV start_pec,
w2 line_number;
1 line_number_table[line_number_table_lengthi:

t

attribute_name_index
{ constant_pool {attribute_name_index} will be the CONSTANT Ut £8 string

"LineNumberTable”

sttribute_length
'tt"his {ield indicates the tolal length of the LineNumberTable_atiribute, excluding the initial six

ytes,

line_numbar_table_length

This field indicates the number of entries in the following line number lable

line_numbar_table

Each entry in the line number table indicales that the line number in the source file changes at
a given point in the code.

atark_pc

This field indicates the place in the code at which the code for a new line in the source begins.
source_pec <<SHOULD THAT BE starkt_pc?>> is an offsel from the beginning of the code.

Iine_number
The line number that begins at the given location in the file.

2.6,6 LocalVariableTable

This attribute is used by debugpers lo determine the value of a given local variable during the dynamic
execution of a method, The format of the LocalVariableTable_attribule is as follows:

LocalVariableTable_attribute {
uZ attribute_name_index;
ud attribute_length;
u2 local_varlable_table_length;
[ u2 start_pc;
u2 length;
u2 name_index;
u2 signature_index;
u2 alot;
) local_variable_table{local_variable_table_length};
)

attribute_name_Iilndex

| constant_pool [attribute_name_index] will be the CONSTANT Ut £8 string
“LogalvariableTable”.

attribute_length

g‘his field indicates the total lenglh of the LineNumbersTable_attribute, excluding the initial six
yles.
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local variable_table_length
This field indicates the number of entries in the following local variable table,

local_variable_table

Each entry in the local variable table indicales a code range durin% which a local variable has a
vakie. It also indicates where on the stack (he value of that variable can be found.

atart_pc, length
The given locat variable will have a value at the code between start_pec and start_pe s
length. The two values are both offsets from the beginning of the code.

name_index, signature_Aindex

‘constant _pocl [name_indexland constant_poel(signature _index] are
CONSTANT_Ut £ 8 sirings giving lhe name and signature of the focal variable.

alot
The given variable will be the stot™ lacal variable In the method's frame.

A
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3 The Virtual Machine Instruction Set

3.1 Format for the Instructions

Java Virtual Machine instructions are represented in this document by an entry of the foltowing form.

instruction name
Shori description of the instruction

Syntox:

upcode = number
operand]
uperand2

Stack: ...., valnel, vlwe2 = ..., value3

A fenger deseription that explains the functions of the instruction and indicales any exceptions that
might be thrown during execution.

Each line in the syntax diagram represents a single 8-bit byte.

Operations of Ihe Java Virtual Machine most often take theis operands from the stack and put theis resulls
back on the stack. As A convention, the descriptions do not usually mention when the stack is the source or
destination of an operation, but will always mention when it is not. For instance, the 1 1oad instruction hag the
short description “Load integer from local variable.” Implicitly, the integer Is loaded onto the stack. The iadd
instruction is described as "Integer add”; both ils source and destination ace the stack.

Instructions that do not affect Ihe control flow of a computation may ba assumed to always advance the virtual
machine pe to the oﬁcode of the following instruclion. Only instructions that do affect control flow will

explicitly mention the effect they have on pc.

3.2 Pushing Constants onto the Stack

bipush
Push one-byte signed integer
Syntax:
bipush = 16
byte!

Stack: ... => .., vnlue

bytel is inlerg‘reted as a signed B-bit valtte. This valire is expanded to an integer and pushed onto the
operand stack.
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sipush

idcl

1dc2

1

Push two-byte signed integer
Syntax:
stpush = 17
byiel
Iyre?

Stack: ... = ..., flen

bytel and byte2 are assembled into a signed 16-bit vaine. This vafue is expanded 10 an integer and
pushed onto the operand stack.

Pust item from constant pool
Syntox:

fdel = 1B
indexbyrel

Stack: ... => ..., ileni

fndesbyfel is used as an tmsi%nerl B-bit index into the constant pool af the current class. The ten al il
index i5 resolved and pushed onto the stack. Il a String is being pushed and there isn't enough
memory 1o allocate space for it then an QutOfMemor yError is throws.

Nate: A String push results in a reference 1o an object; what ather constants do, ane explam this
somewhere here.

Push item from constant pool

Symux:

llc2=19
indexbytel
indexbyre2

Stack: ... =5 .., item

fudextytel and indexbyte are used to conslruct an unsigned 16-bit index into the constant pool of the

current class, The itesi at that index is resolved and pushed onto the stack. If a Stx i ng is bein

ﬁ:nshed and there isn't enough memary 1o allocale space for it then an QULOEHemoryEr ror is
rown,

Note: A String push resulls in a reference 1o an object; what other constants do, and explain this
somewhere here,

N
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ldc2w
Push long or double from constant pool
Syntax:
lde2w = 20
indexliyre ]
indexbytel

Stack. .. => ..., constant-twerd], conslant-word2

unifexbytel and indexbyte2 are used to construct an unsigned 16-bit index into the conslani pool of the
current class. The two-word constant at that index is resolved and pushed onto the stack.

aconst_null
Push null object reference

aconst_niil = |

Stack: ...=>.., mnll

Syntux:

Push the null object relerence onto the stack.

fconst_<f>

Push single foat

Stack: .. => ., <f>

Syntax:

Forms: fconst_0 = 11, fconst_1 = 12, const_2 =13
Push the single-precision floating puint number <f> unto the stack

dconst_<d>

Push deuble Roat

—*dcarm_cd >

Stack: ... => ..., <d>-wordl, <d>-word2

Syntox:

Forms: dconat _0 = 14, dconst_1 = 15
Push the double-precision floating point number <d> onto the stack.

iconst_m1i
Push integer constant 1 3.3 Loading Local Variables Onto the Stack
Syatan:
iload
Stack: . =» .. ~1 ' Load integer from local variable
. Syntun:
Push the integer -1 onto the stack. e
. vindex
iconst_<n>
Push integer constant Stack: .. => ..., vnlue
Syntox: The vnlue of the local variable at vindex in the current Java frame is pushed onto the operand stack.
Stack: ... =3 ..., <H> itoad_<n>
) Load integer from local variable
Forms: iconst 0 =3, tlconst 1 =4, iconst 2 =5 iconat_31=6, iconst 4 =7, iconst _5=4 ol
yniax:
I'ush the integer <n> onlo the stack.
lconst <i> Stack: ... ==, tlue
Push long integer constant Forms: iload_0 =26, itoad _1=27,iload_2=28, iicad_31 =29
Syntax: ‘The vafite of the local variable at <ir> in the current Java lrame is pushed onto e operand siack.
i This inslruction is the same as i 1oad with a vindex of <it>, except thal the operand <n> is implicit.
Stack: ... =» .., <I>-tvord], <I>-word?
Forms: lconst_0=9, leonst_1 =10
Push the lang integer <{> onto the stack. ﬂ
L_—-'\\
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Hoad

Load tong integer from local variable

Synlax:

Houd =22
vindex

Stack: .., => ..., vatue-word], value-tword2

The wilne of the local variables at vindex and vindex+1 in the current Java frame is pushed onte the

operand stack.
lload_<n>

Load long integer from Jocal variable

Syntax:

Stack: ... => ..., value-word?l, valine-word?

Forms: ! toad_0 =130, 11oad_1 =31, 110ad_2=32, 110ad_3=33

The vahie of the local variables at <> and <n>+1 in the current fava frame is pushed onto the operand

stack.

This instruction is the same as } Load with a vindex of <n>, except that the operand <> is implicit.
fload

Load single float from local variable

Synlax:

floud =23
vindex

Stack: .. => ..., uelue

The valire of the local variable at vindex in the current Java frame is pushed onlo the operand stack,
fload_<n>

Augusl 12, 1995

Load single float from local variable

Stack: .. => ..., valug

Forms: £load_0 =34, fload_1 =35, fload_2 =36, fload_3 =37

The valut of the local variable at <n>in the current Java [rame is pushed onto the operand stack.
This instruction is he same as £1oad with a vimdex of <n>, except that the operand <> is implicit.

Syntax:

fava Virtaal Machine Specilication 3
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dload

Load double Moat from local variable
Syntox:
diond =24
virdex

Stack: .. = ., valie-word1, value-word2

The valte of the local variables at vindex and vindex+1 in the current Java frame is pushed onto the
operand stack.

dload_<n>

aload

Load double float from local variable

Syneix:

Stack: ... => ., vnlue-tvordl, value-word?2

Forms: dload_@ = 38, dload 1 = 39, dload_2 = 40, dioad_1 = 41

Thc;nhre of the tocal variables at <it> and <n>+1 in the current Java frame is pushed onte the aperand
stack.

This instruction is the same as dload with a vindex of <n>, except that the vperand <n> is implicii.

Load object reference from local varinble
Synlax:
awload = 25
vitnlex

Stack: ... => ..., vnltie

The vafne of the local variable at vindex in the current Java frame is pushed onto the operand stack.

aload_<n>

3

Load object reference from local variable

Syniux:

Stack: .. => .., valie

Forms: aload_0 =42, aload_ 1 =43, aload 2 =44,alcad_1 =45

The walue of the tocal variable at <n>in the current Java frame is pushed onto the operand stack.
This instruction is the same as a1oad with a vifex of <>, except that the operand <n> is implicit.
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3.4 Storing Stack Values into Local Variables | fstore
Store single float into local variable

istore Syntax:

Stare integer into Jocal variable fsm.re =36

vindex
Synsix:
istore = 34 Stack: ..., valiw => ...
vineex | - . ; . .
l value must be a single-precision Noating point number. Local variable uindex in the current java frame

Stack: ..., vahie => .. is set to value.

b st be an integer. Local variable vindex in the curzent Java frame is set to vnfie.
rafue mt an integ Javi fstore_<n>

Store single float into local variable
istore_<n>
istore,_ Synlax:

Store integer into local variable
Syntix:
Stack: .., ualiie => .

Stack: value => . Forms: fatore_0 =67, fatore_1 = 68, fstore_2 =69, £store 3 =70

valie must be a single-precision floating point number. 1. i “n> i v
Forms: istore_0 =59, lstore_1 =60, istore 2 =61, istore_3 = 62 H iAol gle-p &P ber. Local variable <n> in the currend Java frame is
vlice must be an integer. Local variable <n> in the current Java frame is set to valure. This instruction is the same as £store with a vindex of <>, except that the operand <> is implicit
This instruction is the same as istore with a vindex of <1r>, except thal the operand <> is implicit.
dstore
Istore Stare double float inlo tocal variable
Store long integer into lecal variable Syntox:
Sy“mx: dyore = 57
Ittore = 55 T vindex
virrdex
Stack: ..., valiee-word1, value-tword2 => ...
Stack: ..., walie-wordl, unlue-word2 => ... unhite must be a double-precision floating point number. Local variables vindex and misdex+ ¥ i the
vafite must be a long integer. Local variables vindex and vittdex+1 in the curcent Java frame are set to current Java ftame are sel to value.
value.
dstore_<n>
Istore_<n> ) Store double float inlo local variable
Store long inleger inta local variable Syntan:

Stack: ..., value-wordl, valve-tword2 => ...

Stack: .., value-wordl, value-word2 => ... Forma: dstore._0 = 71, dstare_1 =72, datore_ 2 73, dscore_3 =
Forms: 1store_0 = 63, Istore_1 =64, 1store_2 =65, Istore_3 =66 | value must be a double-precision floating point aumber. Local variables <u> and <u>+1 in the curren
valire must be a long integer. Local varlables <n> and <i>+1in the current Java frame are set to wafte. Java frame are set 10 wafuc.

This instruction is the same as Latore with a vindex of <i>, except that the operand <n> is implicit, | This instruction |s the same as dstore wilh a vimdex of <>, except that the operand <n> is imphict

N
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astore

Store object reference into local variable

Syntax:

ustore = 5§

vittdex

Stack: ..., valie => ...

vale must be a return address or a reference to an object. Local variable vindex in the current jJava

frame is sel to valre,

astore_<n>

Store object reference into local variable

Syntox;

ustore_<n>

Stack: ., mlue =>»

forms: astore_0 « 75, astore_) =76, astore 2 =77, astore_) = 7B

walue must be a return address or a reference to an object. Local varinble <n> in the current Java frame

is sel 1o talne.

This instruction is lhe same as astore wilh a vindex of <n>, except that the operand <n> is implicit.

ithe

Increment lacal variable by constant

Syniax:

ifne = 132

vindex

canst

Stack: no change

Local variable vindex in the current Java frame musi contain an integer, Its value is incremented by the
value const, where const is treated as a signed 8-bit quantity.

3.5 Wider index for Loading, Storing and Incrementing

wide

Wider mden for accessing local varfables inload, store and increment.

Syntax:

wide = 196

vindex2

Stack: no change

This bytecode must precede one of the following bytecodes: i1oad, 11oad, £load, dioad,
aload, istore, lstore, fstore, dstore, astore, i ine. The uinder of the following
bytecode and vindex2 from this bytecode are assembled inlo an unsigned 16-bit index to a local

variable in the current fava [rame. The following bytecode operates as normal excep! for the use of this

wider index.
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1

sfze must be an integer. 1t represents the number of elements in the new array.

:’m{‘re is an inlernal code that indicates the type of array to allocate. Possible values for afypre are as
o

T_BOOLEAN
T_CHAR
T_FLOAT
T_DOUBLE
T_BYTE
T_SHORT
T_INT 10
T_LONG i1

b~ - T ST - = T -4

A new array of alype, capable of holding size elements, is allocated, and resull is a reference 1o this new
object. Allocation of an array large enough to contain size items of afype is allempied. Al elements of

If size is tess than zero, a Negat iveArraySizeExcept Lon is thrown. [f there is not enough

memory 1o allocate the array, an OutOfHemoryErr ot is hrown,

3.6 Managing Arrays
newarray

Allocate new array

Syntax:

newurruy = 188
diype
Stack: ..., sfze => resuit
ows:

the array are initalized to zeto.

3
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anewarray « [l represents the number of elements that are popped off the stack. All must be integers greates
Allocate new array of references to objects than or equal to zero. These are used as the sizes of the dimension. For example, 1o create

new int{6]{3][}

Synlox:
anewarrdy = 189 : the following code Is used:
indexbyrel bipush 6
indexhyted bipush 3
multianewarray <Class “{[{{1"> 2
Stack: ..., size=> result if any of the size arguments on the stack is less than zero, a NegativeArraySizeExceptionis

thrown. If there is not enough memory lo allocate the array, an OutOfMemor yError is throwa.

size must be an integer. It represents the number of elements in the new array. th Wi f to1h b]
e result is a reference to the new array object.

indexbytel and intdexbyte2 are used 1o construsct an index into the constant pool of the current class. The .
item at that index is resolved, The resulting entry must be a class. : Nate: More explanalion needed about how this is an array of arrays.

A new array of the indicated class type and capable of holding size elements is altocated, and resirll is a Note: 1t is more efficient 1o use newarray or anewarray when creating a single dimension
refergince to this new object. Altocation of an array large enough to contain size items aof the given class
type is attempted. All elements of the array are Initialized to null.

If size is less than zero, a NegativeArraySizeExcept Lon is thrown. If there is not enough

See CONSTANT_Class in the “Class File Formatl” chapter for information on arsay class names.

memory to allocate the array, an OutOfMemor yExxor is thrown. arraylength

snewarray is used 10 create a single dimension of an array of object refecences. For example, to create Get length of array
new Thread|?} Syntax:

the {ollowing code is used:
bipush 7 Stack: ..., abjectref => ..., length

anewarray <Class “java.lang . Thread*> bieciref Tbe ; b el X
A ) alijeciref mus a reference to an array object. i i
anewarray can also be used to create the first dimension of a multi-dimensional array. For example, ubffec!refon the top of the stack. ' Y ob) c iength of the array is determined and replaces
the following array declaration: .
new intf[6&)1]

is created with the foliowing code:

If the objecirefis null, a NullPolnterExceptionis thrown.

iaload
bipush & i
anewnrray <Class - [I*> Load integer from array
See CONSTANT_Class in the “Class File Format” chapter for information on array class names, Syntax: Tl =18
mullianewarray Stack: ..., arrayref, imdex => ..., value
Allocale new multi-dimensional array arrayref raust be a reference to an acray of inlﬂ;ers. index must be an integer. The integer valti al
Syntax: position number index in the array is retrieved and pushed onto the top of the stack.
multiunewarray = 197 {farrayrefisnull aNull PointerExcept ion is thrown. i index is not within the bounds of the
Tidexbyre] . array mv ArrayIndexQutOfBoundsExcept ion is thrown.
indexbyle2
dinensions laload

Stack: ..., sizel sized...sizen => residl Load tong inleger from array

Syntax:

Each size must be an integer, Each represents the number of elementsina dimension of the array. Tl a7

indexbytel and indexbyte2 are used to canstruct an index into the constant pool of the current class. The

jtem at that index Is resolved. The resulting entry must be an array class of one or more dimensions. Stack: ..., trrayref, index => ..., value-ward}, vafue-word2
dimensions has the following aspects: arrayref must be a reference 1o an array of lang infegers. imdex must be an integer. The Jong integer mlue
+  Ttmust be an integer 2 1. at position number index in the array is retrieved and pushed onto the lop oFlhe stack.

b imensions being created. It must be 5 the number of dimensions of ifarmyrefisnull aNullPointerExceprion is thrown. if index is not wilthin the bounds uf the
. E;?frﬁus;ﬂ:;;‘.e number of di eing cr array an Array LndexQutOfBoundsEXception is thrown.

SN
o
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faload caload
Load single float from array Lond character from array
Syntax: Syntax:
Jaloud = 48 caloud = 52
Stack: .., armyref, index => ..., value Stack: ..., arrayref, index => ..., vnhie
arrayref must be a reference to an array of single-precision ﬂoalin'g point numbers. fudex must b_c an nrmyn'f must be a reference to an array of characters. index must be an integer. The character value al
integer. The single-precision floating point number velie at position number fudex in the array is position number iidex in the array is relrieved, zero-extended 1o an integer, and pushed anto the lop
retrieved and pushed onto the {op of the stack. of the stack. )
Ifarmyrefis null a NullPolinterExcept lon is thrown. If index is not within the bounds of the lorrayrefisnull a NullPolinterException is thrown, If index is not within the bounds of the
array an ArrayIndexOQutOfBoundsExceptionis thrown, array an ArrayIndexOutOfBoundsExcept ion is thrown,
daload saload
Load double float from array Load short from array
Syntox; Syniux:
deloud = 49 sulaud = 53
Stack: ..., arrayref, index => ..., valiwe-word?, valne-word2 Stack: ..., arrayref, index => ..., value
arrayref must be a reference to an array of double-precision floating point numbers. iudex must be an nrrayref must be a reference to an array of short integers. index must be an inleger. The ;signed short
integer. The double-precision floatin Euml number wlie at position number fldex in the array is integer value at Eosiiion number fdex in the array is retricved, expanded to an integer, and pushed
tetpieved and pushed onto the top of the stack, onto the lop of the stack.
Yarrayrefis null a HullPointerException is thrown. If jitdex is not wilhin the bounds of the farrayrsfis null, a NullPointerExcept ion is thrown. I irdex is not within the bounds of the
array an ArrayIndexOutQfBoundsExcept ion is thrown. array an ArrayIndexOutOfBoundsException is thrown.
aaload iastore
Load object reference from areay Store into integer array
Syntax: Syntax:
[0
Stack: ..., arrayref, index => ..., wlue Stack: ..., arrayref, index, value => ...
drragref must be a reference 1o an array of references 1o objects. irdex must be an integer, The object arrayref must be a reference to an array of integers, iudex must be an integer, and valie an integer. The
relerence at position number index in the array is retrieved and pushed onto the top of the stack. integer vafne is stored at position index in the array.
farrayrefis null a NullPointerException is thrown. If fidex is not within the bounds of the Harmyrefisnull, aNullPointerExcept ion is thrown. [f fudex s not within the bounds of the
areay an ArrayIndexOutOfBoundsExceptionis thrown. array an hrrayiIndexOutOfBoundsExcept ion is thrown.
baload lastore
Load signed byle from array. Store into long inleger array
Syntax: Syniox:
[ Faked =57
Stack: ..., arrayref, index => ..., value Stack: ..., arrayref, index, valie-word], value-word2 => .,
arrayref must be a reference to an array of signed byles. irdex must be an integer. The signed byle valuc arrayref must be a reference to an array of long integers, index must be an integer, and value a long
al position number index in the array is retrieved, expanded to an Integer, and pushed onto the top of integer. The long integer value (s stored at posilion midex in the array.
the stack. Harmprefisnull, a NullpointerExcept ion is thrown. I index is not within the bounds of the
Warrayrefisnull a Null PointerException is thrown. I fudex is not within the bounds of the arcay, an ArrayIndexOutOfBoundsException is thrown.

array an ArrayIndexOucQfBoundsException is thrown.
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fastare

Store into single float array

Syntisx

Jusinre = 8} !

Stack: ... arrayref, index, value => ...

arrtyref must be an array of single-precision floating point numbers, index must be an integer, and
galtie 2 single-precision floating point number. The single float value is stored at position index in the

arsay.

Uarrayrefis null, aNullPointerExcept ionis thrown. If (itdex is not within the bounds of the
array an ArrayIndexOutQfBboundsExcept Lon is thrown.

dastore

S1ore into double float array

Syntux:

dugtore = 82

Stack: ..., arrayref, index, value-word1, valie-word2 => ..,

arrayref must be a relerence to an array of double-precision floating point numbers, index must be an
Y I‘T 4 3

integer, and valiie a double-precision

oating paint number, The double float salie is stored at position

index in the array.

[ arrayref

isnull, a NullPolinterException is thrown. If index is not within the bounds of the

array an ArrayIndexoutOfBoundsExceptionis thrown.

aasfore

Siore into object reference array

Synlux:

unstore = 83

Stack: ..., arrayref, index, vahie => ...

arrayref must be a reference to an array of references to abjects, index must be an integer, and value a
teference (o an object. The object reference walue is stored at pasition index in the array.

Warrayrefis null, aNull PointerExcept ion is hrown. I index is nol within the bounds of the
array, an Array IndexOutOfBoundsExcept ionis thrown,

The actual type of vafue must be confarmable with the actual type of the elements of the array. For
expmple, it is legal 1o store an instance of class Thread in an array of ciass Object, but not vice
versa. (See {he Java Langunge Specificalion for information an how to determline whether a object
relerence §s an instance of a class.) An ArrayStoreExcept {on is thrown If an attempl is made to
slore an incompatible object refesence.

Note: Mustn't refer to the Jaua Language Specification: give semantics here.
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bastore

Store into signed byle nrray
Synipx:

| busture = 84 |

Stack: ..., arrayref, index, value => ...

arrayref must be a relerence to an array of signed bytes, index must be an integer, and waltie an teger
"I'hu m:eﬁer valuee is stored at position fndex in the array. If vakue is too large Yo'be a signed byle, it is
rupcated.

1 arrayrefisnull, a NullPolnterException is thrown. If index is not within the bounds of the
array an ArrayIndexOutOfBoundsException is thrown.

caslore

Store ino characler areay
Syntax:

[ castore w 85 ]

Stack: ... arrayref, index, value => ...

arrayref must be an array of characters, index must be an integer, and valie an integer. The inlteges valu
is stored at position fndex in the array. If valie is too arge Lo be a character, it is truncaled.

I€arrayrefisnull, a NullPointerException is thrown. If index is not within th
. . ¢ bounds of
array an Array IndexOutOEBoundsException is thrown. unds af |the

sastore

3.7

nop

42

Slore into short array

Stack: ..., array, index, valve => ..

Syntox:

arrayref must bie an array of shorts, index must be an integer, and valire an integer. The integer vafur is
stored at position index in the array. 1f valiie is loo large to be an shost, it is 1ru:g\calcd. ¢

If arrayrefis null, a NullPointerException is thrown. If index is not within the bounds of
' 2 n it . thy
array an ArrayIndexQutOfBoundsException is lhrown. sorihe

Stack Instructions

Do nothing
Syninx:
Stack: no change

Do nothing.

g
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pop

pop2

dup

. dup2

Pop top stack word

Siack: ..., any => ..

Syntax:

Pap the top word {rom the stack.

Pop top two stack words

Stack: ..., mty2, miyl => .,

Syntax:

fop the top two words from the stack,

Duplicate top stack word

Stack: .., iy => ANy, any

Synlax:

Duplicate the top word on the stack.

Duplicate top 1wo slack words

dup2 = 92

Synlax:

Stack: .., any2, iyl => ..., any2, anyl, auy2, any!

Duplicate the top two words on the stack.

dup_x1
Duplicale top stack word and put two down

Syntax:

Stack: ..., aity2, anyl => .., anyl, any2, aniyl

Duplicate the top word on the stack and insert the capy two words down in the slack.
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dup2_x1

Duplicale top two stack words and put two down

dup? xi =93

Stack: ...anyd, any2, anyl => .., any2, anyl, anyd, anyl, anyl

Synatax:

Duplicate the top two words on the stack and insert the copies wo words down in the stack.

dup_x2

Duplicate top stack word and put three down

diup_x2 = 91

Stack: ... any3, any2, anyl => . anyl, any3, anyl, anyl

Syntix:

Duplicate the top word on the stack and insert the copy three words down in the stack.

dup2_x2
Duplicate top two stack words and put three down

dipd_x2 = 9

Stack: ..., anyd, quiy3, any, anyl => ., any2, anyl, anyd, anyd, any2, anyl

Syniax:

Duplicate the top two words on the stack and insert the coples three words down in the stack.

swap
Sways tap tvo stack words

Stack: ..., any2, auyl => ..., any2, anyl

Syninx:

Swap the lop twa elements on the stack,

3.8 Arithmetic Instructions

iadd
Integer add
Syntix:
fwdd = 96
Stack;: .., vatuel, valued => ..., resulf
| valuel and valie2 must be integers. The values are added and are replaced on the stack by theis inieper
EHTAN
\5
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ladd
Long integer add

luadd = 97

Stack: ..., afuel-wordl, valicel -word2, value2-word L, value2-word2 => ..., result-word1, restft-iord2

Syntax.

walie] and voine? must be long integers. The values are added and are replaced on the slack by their
long inleger sum.

fadd
Singfe floats add

Jodd = 98

Stack: .., ualuel, vatue2 => ..., resubt

Syntax;

vafitel and wie2 maest be single-precision floating point numbers. The values are added and are
replaced on the stack by their single-precision floating point sum.

dadd
Double floats add

Syntax:
dudd = 99

Stack: ..., valiel-word], vatuel-word2, valie2-word1, vatued-word2 =5 .., result-word1, resiit-word?2

valirel and walie2 must be double-ﬁrecisim\ floating point numbers. The values are added and are
replaced on the stack by their double-precision fleating point sum,

isub
Inveger subiract

Stack: ..., valnel, valie => ..., resnlt

valuel and value2 must be integers. valire2 s subtracied from vafuel, and both values are replaced on
the stack by their integer difference.

Syntax:

lsub

Long integer subtract

s = 101

Stack: ..., valiel-toordi, vatuel-word2, vaitte2-word 1, vahuel-word2 = .., restilt-word1, result-ward2

Syntax:
palue! and valie? must be long integers. vatue? is subtracied from wilie], and both values are replaced

on the stack by their long integer diflerence.
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faub

dsub

imul

Imul

fmul

Single float subiract

Saub = 102

Stack: ..., tnfueld, vnlie2 => .., resuelt

Syntax:

vehitel and vafue2 must be single-precision Aloating point numbers. vatie? is subtracted from safiel,
and both values are replaced on Lhe stack by their single-precision floating point difference

Double foal subtract

danb = 103

Stack: ..., valuel-wordl, valnel-word?, value2awordF, vatue2aword2 =» ..., result-oord1, result-word 2

Syntox:

vafuel and valiue2 must be double-precision floating point numbers. valie? is subtracted e
and both values are replaced on the stack by their tc,i(1):’ubk:vpn:clsicn Noating point ‘diffet:rcrr\‘::.‘ vt

Integer multiply

Synlox:

Stack: ..., valnel, walue => ..., result

vnliel and valre2 must be integers. Both values are replaced on the stack by their integer produc

Long integer multiply

fmul w 105

Stack: ..., tthied-1ornd ], valuel -word2, value2-toordl, valte2-word2 =» ..., resudt-word !, residi-nord 2

Syniax:

valieet and tafue? must be tong inlegers. Both values are replaced on the stack by their long integer
product.

Single float multiply

Jmud = 106

Stack: ..., vnlieel, walue2 => ..., result

Syntax:

valiel and valiie2 must be single-precision floating point numbers. Both values are replaced on the
stack by their single-precision floating point product.

X
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dmui
Boubie floal multiply

Syntax.
doml = 107

Stack: ..., valieel-word?, valtiel-word2, valined-word 1, valuel-word2 => ..., result-tvord1, resull-word?2

vatuel and valie2 must be double-precision floating point numbers. Dolh values are replaced on the

stack by their double-precision floating

idiv
[nteger divide

idiv = 108

Stack: .., vainel, vnhie2 => ..., resnll

Syntax:

vahrel and vafite2 must be integers. uliee is divided by vatie2, and both values are replaced on the

stack by their integer quotient,

The sesull is runcaled 1o the nearesl integer thal is between it and 0. An atlempt to divide by zero

poinl product.

tesults in a ”/ by zero” Arithmet icExcept Lon being thrown.

ldiv
Long integer divide

! Miv = 109 _J

Syntax:

Stack: ..., tainel-iord, whiel-word2, value2-word1, valte2-word?2 => .., result-word1, reswit-word2

unftiel and patue2 must be long integers. vafuel is divided by vefie2, and both values are replaced on

the stack by their tong integer quotient.

The result is truncated to the nearest integer Ihat is between it and 0. An attempt lo divide by zero

results in a “/ by zero” AxithmeticExceptlon being thrown.

fdiv
Single Noat divide
Syntua:
fdiv=110

Stack: ... uainel, value2 => ..., restll

walie] and paine2 must be single-precision ftoating poinl numbers. vafnel is divided by valuel, and
both values arc replaced on the stack by their single-precision floaling point quotient.

Divide by zero results in the quotient being NaN.
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15

ddiy

irem

lrem

frem

18

Pouble Noat divide
Syntax:

Stack: ..., vafuel-wordl, valiel -tvord2, value2-werdl, valne2-word?2 => ., resall-woard, resodi-word2

wnlire] and valire2 must be double-precision floating point numbers. valuel is divided by wiwe2, and
both values are replaced on the siack by theis double-precision floating point quotient

Divide by zero results in the quotient being NaN.

Inleger remainder

frem = 112

Stack: ..., unliel, value2 => ..., resull

Syntax:

valuel and valie? must both be integers. ualiel is divided by vafie2, and both values are replaced un
the stack by their integer remainder.

An attempt to divide by zeco results in a "/ by zero” Arithmet icExcept Lon being thrown
Note: need a description of the integer remainder semantics

Long integer remainder

W frem= 13

Stack: ..., vtdiel-wordl, valel -word2, valie2-word1, value2-word? => ..., resull-wword, result-ord2

Syntax:

vnfiel and vatne must both be long integess. waluel is divided by vafue2, and both values are replaced
on the stack by thelr long Integer remainde.

An attempt to divide by zero results in a “/ by zero” Ardithmet icException being thrown.
Naote: need a descriplion of the inleger remainder semanlics

Single Moal remainder

frem=114

Stack: ..., valuel, value => ..., resnlt

Syntax:

valire] and valte2 must both be single-precision Noating point numbers, aliel is divided by wlie2,
and Lhe quotient is truncaled to aninteger, and then multiplied by value2. The product is subtracted
from walriel. The result, as a single-precision floating point number, replaces both values on the siack
result = vafnel - (imcgmt_parl(mludlvahreZ) * wnlue?), where integral_part() rounds o the neares!
integer, with a tie going o the even number.

An attemp lo divide by zero resulis in Nai. ]

Nate: gis to provide a better definition of the fAoating remainder semantics
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drem

ineg

Ineg

fneg

dneg

Augusi 11, 1995

Double floal remainder

drem =115

Stack: ..., tafuel-vard I, weluel-word?, value2-tvord!, valtie2-word2 => ..., result-tvord, resull-tvord2

Syninx:

valuel and wafue2 must both be double-precision floating point numbers, valtiel is divided by valie2,
and the quotient is truncated to an integes, and then multiplied by valie2. The producl is subtracted
from vahiel. The result, as a double-precision ﬂomin§ point numbet, seplaces both values on the stack.
resteit = valuel - (inlegral part{vafuel fualue) * ualuel), where integral_part(} rounds to the nearest
integer, with a tie going lo the even number :

An attempt to divide by zero results in NaN.
Nole; gls 1o provide a better definition of the floating remainder semantics

Integor negate

ineg = 116

Stack: ..., value => ., result

Syntax:

walne must be an integer. It is replaced on the stack by its arithmetic negation,

Long integer negate
Syalax:

Ineg

Stack: ..., vilie-twordl, valie-word2 => ..., reswlt-word 1, resulf-tord2

wilie must be a long integer. It is replaced on the stack by its arithmelic negalion.

Single float negate

| fireg = 118 I

Stack: .., talie => ..., resedi

valtte must be a single-precision floating point number, [t is replaced on the stack by ils arithmelic
negation.

Syntas:

Double Moat negate

Syntax:
direg = 119

Stack: .., watue-word I, value-word2 => ..., result-word I, resul-tvord2

wilne must be a double-precision floating point number. It is replaced on the stack by its arithmetic
negation.
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3.9

ishl

ishr

iushr

lshi

Ishr

Logical Instructions

Integer shift left
Syntnx:

Stack: ..., valuel, waine2 => ..., resuif

valtel and valie2 must be integers, vnfueT is shifted left by the amount indicated by the low five bits
valne2. The integer result replaces both values on the slacyk. v indiealed By the fow fivebits of

Integer arithmetic shill right

ishr = 122

Stack: ..., valirel, vahee2 => ..., resull

Syniax;

valiel and pafire2 must be integers, vahiel is shifled right arithmelically (with sign extension) by the
amount indicated by Lhe low five bits of wlne2. The integer result replaces both values on the stack

Imeger logical shift right

Stack: ..., valiel, valne? = ..., result

Syntnx:

vatuel and valie2 must be integers. vatued is shifted right togicatly (with no sign extension) by the
amount indicaled by the tow five bils of wilie2. The integer result replaces bogth values an )ihgsmck.

Long integer shilt left

Synnx:
{thi = 121

Stack: ..., valuel-wordl, valuel-word2, vatned => ..., result-wvordl, result-tord?

uninel must be a long integer and valie2 must be an integer. value] is shifted left by the amount
indieated by the low six bils of valiee2. The long integer result replaces both values on the stack

Long integer nrithmetic shiff right

I tshr = 123 |

Stack: ..., valuel-wordl, valiel-word2, value? => ..., result-word1, resuit-word?

Syntax:

valiiel must be a lang integer and tatue2 must be an integer. vahrel is shified right arthmetically (with
sign extension} by the amount indicated by the fow six bils of valie2. The long integer result replaces
both values on the stack.
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lushr ixor
{.ong integer logical shift right Integer boolean XOR
Syntax: Syntaxn:
Tk =123 |
Stack: ..., vafuel-wordl, valirel-word2, vatue2-word1, value?-word2 =» ..., resnll-word1, residt-word2 Stack: ..., valuel, valine? => ..., resull
valiee] must be a tong integer and value2 must be an integer. valie? is shifted right logieally {with no vafirel and vatue2 must both be integers. They are replaced on the stack ir bi iv
sign exlension) by the amount indicated by the low six bgfls of wafue2. The long%mcger resull replaces {excluaive disjunction). 8 y are repiaced onthe stack by their bitwise exclusive or
both values on the stack.
. Ixor
iand Long integer boolean XOR

Integer boolean AND Syntox:

Jyntax; fxor = 131
fuird = 126

Stack: ..., vaheel, vahie? => ..., resull

Stack: ..., valuel-word], valuel-1word2, value2-tword), salied-tward2 =» wg TESUN-t0ORA ], restlt-toorid2

vainel and valie? must both be long integers, They are replaced on the stack by their bitwise s
vafnel and vn,!u:Z musl both be integers. They are replaced on the stack by their bitwise logical and or {exclusive disjunction). g inies 4 P ck by their bitwise exclusive
{conjunction).

land . .
Long integer beolean AND 3.10 Conversion Operations

i2l

Stack: ..., valucl-word], valied -word2, vale2-wordl, vatueZ-word => ..., resufi-tord I, result-word2 Syntax:

vafiel and value2 must both be fong Integers. They are replaced on the stack by their bitwise logical i2f =133
and {conjunction}.

Syntax:

Integer to long Integer conversion

Stack: .., valie => ..., restull-wordl, resull-word2

ior { valtiz must be an Integer. It is converted to a long integer. The result replaces wfne on the stack
Integer boolean OR
Syntax: i2f
Integer Lo single floal
Siack: ..., valnel, vatue2 => ..., resull Syntax;
. i2f =114
vzl and vafue2 must both be integers. They are replaced on the stack by their bitwise logical or
{disjunction). Stack: ..., valie => ..., result
los H :::::i :;';:nlsrtu?gl:?kinlcger. ltis converted to a single-precision Roating point number. The result replaces
Long integer boolean OR
Syntux: i2d
for =129 Integer to double float I
Stack: .., wluel-wordl, valuel -word2, valiue2-wordl, value2-word2 => ..., resuli-word1, resull-word2 Syntax: TS
value] and waine2 must both be long integers. They are replaced on the stack by their bitwise logical or
(disjunction). Stack: ..., vnlne => ..., result-word, resull-word? 3
| ugs;:gsumm 2?‘ il?\fgte; 1l(t is converted to a double-precision floating point number. The result
repl ck. (j\
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12i
Long integer to inleger

Stack: ..., vatue-word, vale-word2 => ..., resuft

Symax:

unfie must be along inteier. It is converted to an integer by taking the low-order 32 bils. The result
replaces value on the stack.

12f

l.ong integer to single Moal

T2/= 137

Siack: ., valie-wordl, unlie-tword2 => ..., resuft

Syatax:

value must be a long intcier. It is converled to a single-precision Roating point number. The result
replaces vatue on the stack.

f2d

Long inleger to double float

Stack: ..., le-wardl, vahue-word2 => .., resuli-twordl, resuli-word?

Symax;

alire must be a long inteier. It is converted Lo a double-precision Roating point number. The result
replaces valie on the slack.

f2i
Single floal fo integer

J2i =139

Stack: ..., talue => ..., resuft

Syntax:

pfire mus| be a single-precision floating point number. It is converted to an integer. The result replaces
valire on the stack, Ecc g‘he Jaua Language Specification {or details on converting I’E:mtmg point numbers

to integers.
Note: Musin't cefer to the fava Langirage Specification; give semantics here.
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f21

fad

d2i

d2t

Single float {o long integer

Stack: ..., ualie => ..., vesnlt-wordl, resuli-word?

Syntax:

vafie must be a single-precision floating point number. It is converted to a long integer. The resull
replaces valite on the stack. See The Java Langnage Specifiention for details on converting floating poini
numbers to inlegers.

Note: Musin’t refer to the fava Language Speciftcalion; give semantics here.

Single ficat to double float

Syntox:
fil = 4}

Stack: .., value => ..., resitll-tword1, resuit-ward?

value must be a singte-precision floating point number. It is converted to a double-precision floating
point number. The result replaces wlire on the stack.

Double Aoat to integer

21 = 142

Stack: ..., talue-twordl, value-word2 => ..., resull

Syntox:

vafue must be a double-precision ﬂoalin?ﬂpeim number, It is converted 10 an integer. The resull
seplaces vilite on the stack. See The Jaur Language Specification for delails on converting floaling point
numbers to integers.

Note: Mustm't refer lo the Jova Langnnge Specification; give semantics here,

Doubte float 10 long integer

(2l =143

Stack: ..., vnlue-wordl, valnesword2 > ..., resull-word 1, resnll-word2

Syntox:

vithiee rust be a double-precision ﬂoaiinEnpoinl number. It is converled to a long integer. The result
replaces utliee on the stack. See The Jaun Langrnge Specification for details on converting Noating point
numbers to inlegers,

Note: Musin't refer to the favwa Langunge Specificalion; give semantics here.

i
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d2f 3.11 Control Transfer Instructions
Double Noat to single float
Symax. ifeq
Branch if equal o 0
Stack: ..., wlue-wordl, valte-word? => ..., resull Synfax:

. . Ifeq =153
value must be a double-precision floating point number. 1L is converted 1o a single-precision floating b:;:clb 7
puint number, If overflow occurs, the result must be infinity with the same sign as valire. The result 1uxte
replaces value on the stack.

branchbyre2

Stack: ..., vthre => ...

int2byte
. | value must be an Inleger. It is popped from the stack. If value is zero, branclbyte] and branchbyte? are
Integer lo signed byte used to construct a signed 16-bit offset. Execution proceeds at that offset Iro?n the address o ”1“_5 '
Syntax: instruclion. Otherwise execution proceeds ai the instruction following the § feq.

inr2byte = 145

Stack: ..., urhue => ..., result
value must be an integer. It is truncated to a signed 8-bit result, then sign extended to an integer. The

ifnull
Branch if null
Syninx:

result replaces vehie on the stack. | il = 198
. branchbyief
int2char hranchbyted

Integer lo char
Srack: .., wrlue => .,

int2char = 146 | valle musi be a reference to an obfect. 1 s {Jgﬁpcd from the stack. If vafue is nul 1, branchbyre] and

branchbyle? are used to conslruct a signed it offset. Execution proceeds at that oifset from the
address of this instruction. Otherwise execution proceeds at the instruction following the 1 £null

Synlax:

Stack: ..., olue => ., resull
wifiee must be an integer. It is truncated 1o an unsigned 16-bit result, then zero extended to an Inleger.
The result replaces palne on the stack. iflt
Branch if tess than 0
int2shorl Syninx:
Integer to short

ifir= 155
hranchbyrel

intdshor = 147 branchbyte?

Stack: ..., value =» ..,

Symax:

Stack: ..., wthie =5 ..., resull

interer. It is truncated to a signed 16-bit sesult, then sign extended 1o an Integer. The | valie must be an inleger. it is popped from the stack. If walne is less than zero, brachibylel and
:h:;llﬁlTeu;;at:sall;ﬂ}::eeCﬁ?;hc 'suc‘:l g 3 8 branclibyie2 are used lo_conslrucra signed 16-bit offset, Execution proceeds at that oﬂgct from the
address of this instruction. Otherwise execution proceeds at the instruction following the 1£1¢t.

.
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ifte
Branch i less than or equal to 0
Syntux:

ifle = 158
branchbyie!
branchbyie2

Siack: ..., value =>» ...

waltie must be an integer. It is popped from the stack. If vafuc is less than or equal te zero, branchbyle]
and branchbyle? are used to construcl a signed 16-bit offset, Exccution proceeds at that offset from the
address of Lﬁis instruction. Otherwise execution proceeds at the instruction following the § f1e.

ifne
Branch if not equal to 0

Syntun:

ifite = 154
branchbyel
frrunchibyted

Stack: ..., ltee => ...

palue must be an integer. it is popped from the stack. If value Is not equal to zero, branchbylel and
branclibyte2 are used to conslrucrn signed 16-bit offset. Execution proceeds at that offset Irom the

address of this instruction, Otherwise execution proceeds at the inatruction fullowing ihe i £ne.

ifnonnuil
Branch if not null
Syntax:
ifttennull = 199

branchbye!
bruimchbylel

Stack: ..., titftee => ...

unlue must be a reference Lo an object. Itis popped from the stack. If value is not nul 1, brtiehbilel and
branchbyte? are used to construct a signed 16-bit offset. Execution praceeds at that offsel from the
address of this instruction. Otherwise exccution proceeds at the instruction following the
ifnonnull.

ifgt
Branch if greater than @
Syntox:

ifgt =157
branchbyte!
branchbyre?

" Stack: ., value =>

pafue must be an integer. It is popped fram the stack. If value is greater than zero, branchbyte! and
Bramchbyte2 are used lo construct a signed 16-bit offset. Execution proceeds at that offset from the
address of this instruction. Otherwise execulion proceeds at the instruction following the § fgt.
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ifge
Branch if greater than or equal to 0
Syntax:

ifge = 156
branchbyte |
branchbyte?

Stack: ..., valtre => ..,

| valte must be an integer. [t is popped (rom the stack, If volire is preater than or equal 1o zero,
branchbytel and branchbyte2 are used (o construct & signed 16-bit offsel. Execulion proceeds at that
olﬂscl {rom Ihe address of this instruction. Otherwise execulion proceeds at the instruction following
Ihe i fge.

if_icmpeq
Branch if integers equal
Synlan:

If_lcrmpeq = 159
branchbyiel
brentchbyle2

Slack: ..., vafuel, value? => ..,

| valtied and valne2 must be integers. They are both popped from the stack. 1f valire] is equal to wifue2,
branclibiylel and branchbyle2 are used to construct a signed 16-bit offsel. Execution proceeds at that
olz!sitffn;m the address of this Instruction. Otherwise execution proceeds at the instruction following
the 1 £ icmpeq.

if_icmpne
Branch if integers not equal
Syniax:

if _lcuypne = 160
brauchbytel
brunchbyte?

Stack: ..., valuel, valued => ..,

| vnfuel and valie? must ba integers, They are both popped from the stack. If vafuel is not equal ta
valtie2, branchbytel and branchiiyte? are used lo construct a signed 16-bit offset, Execution proceeds al
that offset from the addreas of this instruction. Otherwise execution proceeds at the instruction
following the 1 £_licmpne.

if_icmplt
Branch if inleger fess than
Syntnx:

I dcapls = 161
brunchbytel
branchbyle2

Stack: ..., vafuel, vafue2 => ...

| untire] and value2 must be integers. They are both popped from the stack. If valuel is fess than ufuel, 1
branchbytel and branchbyle? are used to construct a signed 16-bil offsel. Execution proceeds al that i
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offsel from the address of this instruction. Otherwise execution proceeds at the instruction lollowing
the if _icmplt,

if_icmpgt
Branch if integer greater than

Syntax:

if_lcmpgi = 16
branchlytel
branchhyte?

Stack: ..., wluel, valie2 => ..

wlire] and vefue? must be integers, They are both popped from the stack. If vliiel is greater than
value2, branchbylel and branelibyle2 are used to construct a signed 16-bit offset, Execubion proceeds at
that offset from the address of this instruction, Otherwise execution proceeds at the instruclion
{otlowing the i f_icmpgt.

if_icmple
Branch if integer less than or equal to
Syntox:

if_fcmple = 164
branchbyrel
brutichbyte2

Stack: ..., talieel, valie2 => ..

pafue! and valire2 must be inlegers, They are both popped from the stack. If wiuel is less than or equal
to ulue2, branchbyte] and branchbyte? are used lo construct a signed 16-bit offset. Execution proceeds at
thaat offset from Ill{c address of this instruction. Otherwise execution proceeds at the instruction
following the 1 €_lemple.

if_icmpge
Branch if integer greater than or equal to
Syntox:

if_iempge = 162
branchbytel
branchlivte2

Stack: ..., talicel, vafire? => ...

wife] and wiire? must be integers. They are both popped from the stack. If vafuel Is greater than or
equal to value2, branchbylel anﬁ brarchbyte2 are used to construct a signed 16-bit offset, Execution

raceeds at [hat offset (rom the address of this instruction. Otherwise execution proceeds at the
instruction fotlowing the i f_ {cmpge.
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temp
Long integer compare
Syntox:
Stack: .., teluel-wordl, valuel -word2, value2-word?, valiwe2-teordl => ..., result
| pahiel and velire? must be long integers. They are both popped from the stack and compared. If valie]
Is greater than value2, the inleger value 1 is pushed onto the stack. if valie? is equal lo valuel, the value
0 i3 pushed onto the stack. If valnel is less than wfue2, the value -1 is pushed onlo the stack.
fempl
Single Noat compare (-1 on NaN}
Syntnx:
Jenpl = 149
Stack: ..., valuel, value? => ..., resuit
§ valuel and vafue2 must be single-precision floating point numbers, They are both popped from the
stack and compared. U valuel is greater than vahee2, the integer value Vis pushed onto the stack. If
vatuel is equal to vahie2, the value G is pushed onto the stack. If valiel is less than value2, the value <15
pushed onlo Ihe stack.
tH either valied or valne is NaN, the value -1 is pushed onto the stack.
fempg
Single floal compare {1 on NaN)
Syntax:
fempg = 150
Stack: .., valiel, value2 => ..., resull
| vafuel and valie2 must be single-precision floating point numbers. They are both popped from the
stack and compared, If valirel is greater than value2, the integer value 1'is pushed onto the stack. If
unliee? is cqual 1o wilieZ, the value 0 is pushed onto the stack. 1f valuel is less than vafue?, the value -1 is
pushed onto the stack.
If either valel or vafie? is Nal, the value 1 is pushed onto the stack.
dempl
Double float compare (-1 on NalN}
Syntax:
dempl = 151
Siack: ..., vnluel-wordl, valuel-word2, valwed-wordi, valie2-word? => ..., result
H vafieel and valire2 must be double-precision floating point numbers. They are both popped (rom the

slack and compared. If uninel is greater than valued, the integer value 1 is pushed onto the stack. i
valwel is equal to vaiue2, the value 0is pushed onto the stack.1f vafie] is less than valie2, the value -1 is
pushed onto the stack.

if cither vatuel or valire2 is NaN, the value -1 is pushed onto the stack.
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dempg

Double Noat compare (1 on Nal)

dempg = 152

Stack: ..., vtfrel-roordl, valuel-word2, value2-word1, vlwe2-tvordl => ..., result

valel and vine? must be double-precision floating point numbers. They are both popped from the
stack and compared. Il valie] is grealer than wilired, (he integer value 15 pushed onto the stack, If
valuel is equal o valie2, the value 0 is pushed onlo the stack. If minel is less than value2, the value ~1 s

pushed onto the stack.
1If either valiel or walne? is NalN, the value § is pushed onto the stack.

Syntax:

if_acmpeq

Branch if object references are equal
Syntax:

i_acipeq = 165
branchbyiel
branchbyre?

Stack: ..., vainel, value? o> ..

valiie] and valug2 must be references to gbjects. They are both popped from the stack. If the objects
refrerenced are not the same, branchbytel and branchbyle? are used 1o construct a signed 16-bit affset.
Execution proceeds at that offset from the Address of this instruction. Otherwise execution proceeds at
the instruction following the 1 £_acmpeq.

if_acmpne

golo
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Branch if object references not equal
Syntax:

if_acimpne = 166
brauchbyvie!
branchbyte?

Stack: ..., welwel, valued 2> .,

vatiel and wehue2 must be reflerences to objects. ’['huz are both p(:ﬂ)ed from the stack. If the objecs
referenced are not the same, brnchbyte] and branchbyte2 are used to construct a slgned 16-bit offset.
Execution proceeds at that offset from the address of this insiruction. Otherwise execution proceeds at
the instruction following the i £_acmpne.

Branch always

Synlox:

goto = 167
breutchbyrel
brunchbyte?

Stack: no change

branchibylel and branchbyle? are used 10 construct a signed 16-bit offsel. Execution proceeds at that
offset from the address of this inshruction.
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goto_w

jor_w

62

Branch always (wide index)
Syntox:

gote_w =200
branchbyre!
brawchbyte2
branchbyrel
brunchbyled

Stack: no change

Uraurcltlryled, branchbyte, branchibyte3, and branchbyted are used to construct a si -bi
Execution proceeds at that offsel from the addrest. of this instruction. signed 32-bit offsel.

Jump subrouline
Syntax:

Jora 168
branchbyiel
bruichbyre

Stack: ... == ..., relum-address

branchbytel and branchbyte? are used to construct a signed 16-bit offset. The address of the instruction
immed nlcl{\!oglowin The jsr is pushed onto the stack. Execution proceeds at ihe offsct from the
address of this instruclion,

Note: The jsr instruction is used in the implementation of Java’s {inally keyword.

1

¥

Jump subroutine {(wide index)
Syntax:

Jrr w =200
brauchbytel
branchbyte2
brunchbyted
brunchbyred

Stack: ... => ..., relunie-address

beanchbylel, brauclbyle2, branclibyted, and branchbyted are used to construct a signed 32-bit offset. The
address of the instraction immediately following the jsr_wis pushed onto the stack. Execution
proceeds at the offset from the address of ihis instruction,

O=

—
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ret freturn
Return from subroutine Return single float {from funclion
Syntax- Synton: '
ret = 169 Jreturn =174
viidex
Stack: .., ualie => {empty]

Stack: no change : el . .

ang | ulite must be a single-precision floating point number. The value valne is pushed onto the stack of the
Lacal variable umedex in the current Java frame must contain a return address. The contents of the tocal previous execulion environmet. Any other values on the operand stack ate discarded. The interpreter

variable are written into the pe. then returns control 1o {15 caller,

Moie that jsz pushes the address onlo the stack, and ret gets il cut of a lacal vagiable. This

asymmetry is intentional. dreturn
Nete: The ret instraction is used in the implementation of fava’s finally keyword. Return double float from funclion
Syntax:

ret_w dreturie = 175

Heturn from subruutine {wide index) Slack: ..., value-wordl, valne-jerd2 => fempty|
- . - =

Syntex:

retw = 200 | urrhrc] must be a'gloub]e- recisim} f‘}f,mi" pointlnumber.hme value vafne is pushed onto the stack of the

- previous execution environment. Any other values on the operand stack are discarded. The inte »
vindexbyte! Ihen returns control to its caller. 4 pe rded. The ivderpreder
vindexbyie2 '

areturn

Stack: no change
Return object reference from funclion

vindexbylel and vindexbyle2 are assembled into an unsigned 16-bit index to a local variable in the
cutrent Java frame. That local variable must contain a relum address. The contents of the local variable Syntax:

are wrilten into the pc. See the ret insteuction for more information, arefirn = 176

. Stack: ..., value => [empty]
1.12 Function Return Pty
| uafite must be a reference 1o an objeci. The value vatue is pushed onto the stack of the previous
execution environment, Any other values on the operand stack are discarded. The interpreter then
relurns control to its caller.

ireturn
Hetumn integer from funclion
Syptux: return
Return {void) from precedure
Syntox:

Stack: ..., valire => {empty} ] return @ 177 ]

pelue must be an integer. The value value is pushed onto the stack of the previous execution
environment. Any other values on the operand stack are discarded. The interpreter then setums Stack: ... => {amply]

control to its caller. ; :
All values on the operand slack are discarded. The interpreter then retumns control to ils caller.

Ire!umﬂ o intescr from foncti breakpoint
eturn long integer from function
G integ Stop and pass control to breakpoint handter

breakpolnt 2 202
Stack. ., unlne-word!, valite-tword2 => [empty} Stack: no change

valiie must e a long integer. The value value isdpushed onto the stack of the previous execulion
envitonment. Any other values on the operan

stack are discarded, The interpreler then retums
control to its caller.

N
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| 313 Table Jumping

tableswitch
Access jump table by index and jump
Syntas:
fableswitch = 170
...0-3 byte pud...
default-offset]
efunlt-offser2
defunli-nffsetd
defunlt-offserd
Towl
law?
fowd
lowd
highl
Tigh?
highl
highd
Jetingy effseds..

Stack: .., index => ...

Lableswitch is a variable length instruction. [mmedialely after the tableswitch instruction,

between zero and three 's are inserled as padding so !
multiple of four. After the padding follow a serivs of si
and ligen high-tow+ 1 further signed 4-byte olfsets. The fi

0-based jump table.

| The index must be an integer, [f index is less than lor
actded 10 the address of this instruction. Otherwise,

element of the jump table is extracted, and added to the address of this instruction,
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v or index is greater than high, then defoull-offset is
Iow Is subtracted from (infex, and the index-forw’th

that the nex! byte begins at an address that is a
red 4-byte quantities: defaudt-offset, low, hiigh,
igh-forw+] signed 4-byte offsets are ireated as a

65

WL

fookupawitch
Access jump table by key match and jump
Syntax:

tookupswiich = 171
..0-3 byte pad...
defanlt-offser!
defunlt-offset2
default-offserd
defanir-offaeid
palrsl
npairs?
wpuirsd
upairsd
watatch-offtel pulirs.

Slack: .. key => ..

lookupswitch is a variable length instruction. Immediately alter the Laokupswi tch instruction,
between zero and three 0's ate Inserted as padding so that Hie next byle begins at an address thal is a
multiple of four.

Immedialely after the padding are a series of paits of signed 4-byte quantities. The first pair is special.
The fiest item of that pair is the default offset, and the sgcond itc)r(n of that pair gives lhee\umbefo(
pairs that follow. Each subsequent palr consists of a match and an offset.

| The key must be an integer. The integer key on the stack is corpared against each of the natehes. 11 it is
cqual io one of them, the offset Is added to the address of this instruction. If the key does nut march any
of the matches, the defaulf offset is added to the address of this instruction

3.14 Manipulating Object Fields

putfield
Set fietd in object
Synlax:
putfield = 181
indexbytel!
indexbyte2
i Stack: ..., objectref, value => ...
OR
1 Stack: ..., oljectref, value-wordl, valre-tword2 => ...

indexbytel and indexbyte? are used lo construct an index into the constant pool of the current class. The
conslaminnl item will be a field reference to a class name and a field name, The item is resolved to a

field bloek poinler which has beth the llefd width (in bytes) and the field offset (in bytes)
{ The field a1 that gffsel from the start of the object referenced by objeciref will be set 1o the value on the
top of the stack.

This instruction deals with both 32-bit and 64-bit wide fields.
Ifobjecirefisnull, aNullPointerExceptionis generated,

11 \he specilied field is a static field, an IncompatibleClassChangeError is thrown. 0@
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getfield
Fetch [ield from object
Syntnx:
gelfield = 180
fiedfexhyted
indexbyte2

Stack: .., objectref => ..., vahiee
oRr

Stack: ..., oljectref w> ..., valtee-word], valne-wordd

priexbytel and indexbyle? are used to construct an index into the constant pool of the current ¢lass. The
constant pool item will be a field reference to a class name and a field name, The item s resolved o a
field blocﬁ pointer which has both the field widih (In bytes) and the fleld offset {in bytes).

olijectref must be a reference lo an object. The value ab offset into the object referenced by objeciref
replaces objeciref on the top of the slack.

This instruction deals with both 32.bit and 64-bit wide fields.
If objectrefis null, a NullPointerException is generated.
If the specified field is a static field, an IncompatibleClassChangeError is thrown.

putstalic
Set static field in class
Syntux:
pitstotic = 119
fndextryred
tndeabyte2

Stack: ..., value => ..,
OR

Stack: ..., wtlne-word!, velue-word2 => ...

indextiytel and indexbyle2 are used to construct an index inte the constant pool of the current class. The
constant pool ilem will be & field reference to a static field of a class. That lield will be set to have the
value on the top of the stack.

This instruction works for both 32-bit and 64-bit wide ﬁeids..
If the specified field is a dynamic lield, an IncompatibleClassChangeError isthrown.
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getstatic

Get static field from class
Syntux:
getstatic = 178
Iudexbytel
Indexbyte2

Stack: .., => .., valne
OR

Stacks ..., => .., value-word], value-word2

indexbytel and fndexbyte? are used to construct an index into the constant poul of the current class. The
constant pool item will be a {ield reference to a stalic field of a class.

This instruction deals with both 32-bit and 64-bit wide fields.
If the specified field is n dynamic field, an IncompatibleClassChangeError is generated

3.15 Method Invocation

There are four instructions that implement method invocation.

invokevirtual Inveke an instance method of an object, dispatching based on the runtime (virtu

al] type
of the object. This Is the normal method dispatch in Java.

invokencnvirtuatl Invoke an instance method of an object, dispatching based on the compile-time (non-

virtual) type of the object. This is used, for example, when the keyword super or the
name of a superclags Is used ps A method qualifier.

invokestatic Invoke a chass (stat ic) method in a named class.

invokeinterface Invoke amethod which isimplemented by an interface, searching the methods

implemented by the particular run-time object to find the appropriate methed,

invokevirtual

68

Invoke Instance method, dispatch based on run-time lype
Synlux:
invokevirnl = 182
tndexbyiel]
indexhyte2

Stack: ..., objectref, largl, [arg2 ..]], ... => ...

The operand stack must contaln a reference to an object and some number of arguments, indexbytel
and indexbyte are used to construct an index into the constant pool of the current class. The item at
that index in the constant poo) contains the complete method signature. A pointer to the object’s
method table ls ratrieved from the object reference, The method signature is looked up in the method
table. The method signature is guaranteed to exactly match one of the method signatures in the table

The result of the lookup is an index into the methed table of the named class, which is used with the
object’s dynamic type to loak in the method lable of that type, where a pointer to the method block for

OO
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the matched method is found. The methad block indicates the type of method (native,
synchronized, and so on) and the number of arguments expected on the operand stack.

If the method is matked synchronized the monitor associated with abjeciref is entered.

The objectref and arguments are popred off this method’s stack and become the initial values of the
local variables of the new method. Execution continues with the first instruction of the new method.

If the ubg‘ecl relerence on the aperand stack is null, aNu) lPointerException is thrown. if
during the method invacation a stack overflow is detected, a ScackOver flowError is thrown,

invokenonvirtual

Invoke instance method, dispatching based on compile-time type

Symaa,

itverkenonvirinad = 183
indexbyre!
indexbyie?

Stack: ., objectref, fargl, larg2 Lk o>

The operand stack must contain a reference 1o an object and some number of arguments. indexbytel
and fidexbyie? are used to construcl an index into the constamt poat of the current class. The item al
that index in the constanl pool contains a complete method signature and class, The method signature
is Incked up in the method table of the class indicated. The method signature is guaranieed lo exactly
match one of the method signatures in the table,

The result af the lookup is a method block. The method block indicates the type of method (native,
synchronized, and so on) and the number of arguments (nargs) expected on the operand stack,

If the method is marked synchronized the monitor associnied with obfectref is entered.

The objeciref and arguments are popped off this methad'’s stack and became the initinl values of the
locat variables of 1he new method. Execution continues with the firs! instruction of the new method.

it Ihe object reference on the operand stack is null, aNullPointerException is thrown. If
during the method invocation a stack overflow is detected, a StackOver flowExrrox Is thrown.

invokestatic

Invoke a class (static) method
Synlux:
fnvokestutic = 184
ineexbytel
indexbyte?

Stack: .. [orgl, [org2 s =2

The operand stack must contain some number of arguments, indexbyte! and indexbyle? are used to
construct an index into the constant pool of the current class. The itém at that Index in the constant
pool contains the complete method signature and class. The method signatue is looked up in the
fethod table of the class Indicated. The method signature is guaranteed to exactly match one of the
method signahures in the class’s method lable.

The resull of the lookup s a method block. The method block indicates the lype of method {native,
synchronized, and so on) and the number of arguments (nargs) expected on the operand stack.

1f the method is marked synchroni zed the monitor associated with the class is entered.

The arguments ate popped off this method's stack and become the initial values of the local variables
of the new method. Execution continues with the first insteuction of the new method.

1f during the method invocation a stack overflow is detected, a StackOver flowBrror is thrown.
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invokeinterface

Invoke interface method
Sy

invokeinterfuce = 185
indexbyrel!
tirclexbyled

nirgs
reserved

Stack: .. objectref, {argl, farg2 ... .. => ...

The operand stack must contaln a reference to an object and nnrgs-1 arguments. indexbyty

indexbyte2 are used to construct an index into the co!\s!i\n! oolrgf the csurmnt class. #1%’:!](:;11:‘21 that
index In the constant pool contains the complete method signature. A pointer to the object’s methed
table is retrieved from the object reference. The method signature is looked up in the method table
The method signature Is guaranteed to exactly malch one of the method signatures in the table.

The result of the lookup is n method block. The method block indicates the t i
Hock. of method (nat ive,
synchrenized, nncpso on} bul unfike invokevirtual and in\;okenonzgf‘ tual, the n(um{;olr o?
available arguments {natgs) is taken from the bytecode. ’

If the methiod i5 marked synchronized the monitor associated with ohyectref is entered.

The ebjecirf and arguments are popped off this method s stack iniy
{ and become the initial values of the
local vaciables of the new method. Executon continues with the first instruction of the new methed

I the objectref an the operand stack is null, aNullPointerExcept Lon is thr if duri g
method invacation a stack averflow is detected, a StackOver £ low%rror’is lhr?:‘::?{. duding the

3.16 Exception Handling

athrow

70

Throw exception or esror

Syninx:

Stack: ..., objectref => [undefined|

objectref must be a reference to an object which is a subclass of Throwable, which is thrown. The
currcn: lavars:;:;:k llrnmeuls scardﬂed for lhlelmosl recent catch clause that catches this class or a
superclass of this class. If a matching calch list entry is found, the pe is reset to the address indica
by the catch-list enlry, and execution continues there. ep ndicated

[f no approprinte catch clause is found in the current stack {frame, that frame is po j

[ ] ; , thi d and the object
is re:bmwn‘i {one i@ !‘ound;_h conl;nfms the tocation of Iha tode for this exception? ’l%l:epc is resel 1o !hni
ocation and execution continues. If no appropriate catch is found in th t st ame, th
frame is popped and the objectref is relhrgl‘:'n.P ¢ current stack frame, that

[fobjectrefisnull, thena NullPointerException is thrown instead.

Qe

£
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3.17 Miscellaneous Object Operations 3.18 Monitors
new monitorenter
Create mew object Enter monilored region of cade
Syntan: Syntan;
irndexbyred
indexhyte? ' Stack: ..., objectref =5 ..,

objeciref musl be a reference to an object.

Stack: ... =5 ..., objectref .
The inferpreter attempts to obtain exclusive access via a lock mechanism to abjeciref. H another thread

mdexbytel and indexbyle2 are used 10 construct an index info the constant pool of the current class, The already has objectref lacked, than the current thread walls unkil the obiect is unlocked. If
H . d i . |f the current
ilern at that index must be a class name that can be resolved to a class pointer, clnss. A new instance of thread already has the object locked, the i t et Ts mot Iock i
that class is then created and a reference to the object is pushed on the stack. excl{,lsive !(‘xk): J « then continue execution. If the object is not locked, then obiain an
| If objectrefisnull, then a NullPointerExcept fon is thrown instead.
chechcast
Make sure object is of given type monitorexit
Syntas: Exit monitored region of code

checkeust = 192
Syntox:

hidexbytel mrmitorexii 2 195

indexbyre2

Stack: ..., objectref => .,
Stack: ..., objectref => ..., objectref .
' . ) objectref must be a reference to an object.
indexbytel and indexbyte2 are used to construct an idex into the constant pool of the current class. The . X
string at that index of the constant pool is presumed 1o be a class name which can be resolved o  class The lock on 1he object released. If this is the Jast Jock that this thread has on that object (one thread is
pointer, class. olijeciref must be a relerence to an object, . allowed to have multiple locks on a single object), then other threads that are waiting for the object to
; ! ) be available are allowed 1o proceed.
checkeast determines whether alijectref can be cast Lo be a reference Lo an object of class class, A . . .
nud L objectref can be cast to any class. Otherwise the referenced object must be an instance of chss or i objectrefis null, then a NullPointerExcept Lon is thrown instead.
one of its superclasses, (See the fawr Language Specification for inlormation on how to determine
whether a o jedrc{is aninstance of a class.) If objeciref can be cast fo class execution proceeds at the next
instruction, and the cbjeetref remains on the stack.

1 abjectref cannot be cast to class, a ClassCastExcept ion is thrown,
Note: Mustn’t refer to the Jaur Langunge Specifiention; give semantics here.

instanceof
Determine if an object is of given lype
Symaa:

fstanceof = 193
indexbyte!
indeabyte

Stack: ..., objeclref => ..., result

nrdexbyte] and indexbyte are used to consiruct an index inlo the constant pool of the current class, The
string at that index of the constamrool is presumed to be a class name which can be resolved to a class
poinler, elass. ebjectref must be a relerence to an object.

imstanceof determines whelher objectref can be cast to be a reference to an object of the class elnss, This
instruction will overwrite oljectref with 1 if objeciref is an instance of elnss or one of i1s superclpsses. (See
the fnva Language Specification for information on how to determine whether a object relerence iz an
instance of a class.) Otherwise, objecirefis overwritten by 0. If objectref is null, it's overwritten by 0.

Note: Mustn't refer to the Java Language Specification; give semantics here.
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Appendix A: An Optimization

The lollowing sei of pseudo-instructons sulfized by _quick are variants of Java virtual machine instructions.
They are used (o improve the speed of interpreting bytecodes. They are not parl of the virtual machine
specilication or instruction set, and are invisible outside of an Java virtual machine implementation. However,
mside a virtual machine implementation they have proven to be an effective oplimization.

A compiler from Java source code to the Java virtual machine instruction set emits only non-_guick
wstructions. If the _quiek pseudo-instructions are used, each instance of a non-_quick instruction with a
_guick variant is overwrilten on execution by its _quick variant. Subsequent execulion of that instruction
instance will be of the _quick variant,

In all cases, if an instruction has an alternative version with the suffix _quick, the instruction references the
constant pool. If the _quick oplimization is used, each non-_guick instruction with a _quick variant
petforms the following:

» Resolves the specified item in the censtant pool
+ Signals an error if the item in the constant pool could not be zesolved for some reason

« Tums itselfl into the _quick version of the instruction. The instructions putatatic, getstatic,
put £ ield, and get field each have two _quick versions.

+ Performs its intended operation

This is identical to the action of the instruction without the _quick optimization, except for the additional step
in which the instruction overwrites itself with its _guick variant.

The _quick variant of an instruction assumes that the item in the constant pool has alreadr been resolved,
and that this resolution did not geneeale any errors. I simply performs the intended operatlon on the resolved
item.

Mote: some of the invoke methods only support a single-byte offset Into the method table of the object; for
objects with 256 or more methods some invocations cannot be "quicked” with only these bytecodes. We also
need 1o define or change existing get £2eld and put £1e1d bytecodes to support more than a byte of gffset.

This Appendix doesn’t give the opcode values of the pseudo-instruclions, since they are invisible and subject
1o change.

A1  Constant Pool Resolution

When the class is read in, an array constant_pool [} of size nconstants is created and assigned to a field
in the class. constant_pool [0 ras set 1o point to a dynamically allocated arraﬁ which indicates which ficlds
in the constant_pool have already been resolved. constant_pool {11 throup)

comstant,pool [nconstants - k| are st to point at the “type” field that corresponds to this constant
nem

When an instruction is excculed that relerences the constant pool, an index is enerated, and
constant_pool [0] is checked 1o see if the index has already been resojved. Il so, the value of
conatant_pool [ index) is relurned. If not, the value of constant_pool{index } is resolved Lo be the
actual puinter or data, and overwriles whatever value was already inconstant_pool {index| .
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A.2  Pushing Constants onto the Stack Lquick. variants)

ldel_quick
Push item from constant pool onto stack
Syntax:
Idel_quick
indexbyre!

Stack: ...=> .., flem

indexbyle] s used as an unsigned 8:bit index into the constant pool of the current ol  dfe
index ?’s pushed onto the stack. P rrentclass. The iteat i that

Ide2_quick
Push {tem {rom consiant poo! onto stack
Syntax:

ldc2_gquick
fndexbytel
indexbyte?

Stack: ... =» ... flew

indexbylel and indexbyle2 are used to construct an index into the constant pool of the ¢
constant at that index I3 tesolved and the ilem at that Index is pushed on!opthe st[."w}: urrent cass The

Ide2w_quick
Push long integer or double float from constant pool onto stack
Syntox:

tdc2w_gurick
indexbytel
indexbyre

Stack: ... => ..., constani-wordi, constant-word2

indexbytel and indexbyte? are used to construct an index into the constant pool of the
constant at that index’is pushed onto the stack. e cursent class. The

oo
O
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A.3 Managing Arrays (_quick variants) A4 Manipulating Object Fields (_quick variantg)
anewarray_quick putfield _quick
Allacate new array of references to objects Set field in object
Symiux: Syntax:
anewarrdy_guick Jiifield_quick
itiedexbyted i offset
indexbyre2 { wniised
Stack: ..., size => resull Stack: ..., objectref, valiee => ..
stze must be an integer. It represents the number of elements in the new array. objectrzf must be a reference 1o an object. vnlire must be a value of a lype appropriate for the specified
ficld. offset is the ofiset for the field in that abject. vaine is written at o}}%el‘ into lf'\e object. Both ubjrctref

idexbylel and indexbyle? are are used to construct an index into tlie constant pool of the current class.
The efdiry must be a class,

A new acray of the indicated class type and capable of holding size elements Is allocated, and result is a
reference 16 this new array. Allacation of an array large enough to conlain size ilems of the given class

and wifie are popped from the stack.
[t objecirefis null, aNullPointerExceptlonis generated,

lype is attempled. All elements of the array are initialized to zero. putfield2_quick
I size is loss than zero, a Negat iveArraySizeExcept Lon is thrown. If Ihere is not enough o s .
memary to allocate the array, an OutQEMemoxyEx ror is thrown. iet long integer or doublz float field in object
PLEY
, f putfield?_gquick
mullianewarray_quick I o
Allocate new multi-dimenstonal arzay i prov
Syntax: .
mltiunewarray_quick Stack: ..., objectref, unlne-wordl, valne-word2=> ...
Indexbytel objectref must be a reference to an object. valie must be a value of a type appropriate for the ifi
} . N i specified
Tadexbyted hezd. o;?’se! ia the offset for the field in that object. valie is wrilten atgj?scr 515:0 the object . Bol}?ob}t'lcf:e]
dimeinsions and valite are popped from the stack.

ifobjectrefisnull, a NullPointerExceptionis generated.
Stack: ..., sizel, sized, .sizen => resull

Each stz must be an integer. Bach represents the number of elements in a dimension of the array. getfietd_quick
mdexbyiel and indexbyte? are used to construct an index into the constait pool of the current class. The Felch field from object
resulting entry must be a class. S
YRIDA:
dunerrsions has the following aspects: getfivld_gquick
» It must be an inleger 2 1. . | affset
+ i represents the number of dimensions being ceeated, It must be 5 the number of dimensions of | tintesed

the array class.

. Stack: ..., ol => .,
+ {1 represents the number of elemeats that are popped of{ the stack. All must be inlegers greater tack: ., obfectref => .. value

than or equal to zero. These are used as the sizes of the dimension. objeciref musi be a handle to an object. The value at offsel into the object referenced by objeciref replaces
It any of the size arguments on the stack is {ess than zero, a NegativeArraySizeExce tionis oljeciref on the top of the stack.
throwa, If there is not enough memory to allocale the array, an QutOfMemoryError is thrown, If abjecirefis null, a BullPointerExcept ion is generated.

The resuft is a reference to the new array object.
Note; More explanation needed about how this is an array of arrays.

OO
O,
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getfield2_quick

Feich field from object
Syneax

petfield?_quick
affser

winsed

Stack: ..., objectref = ..., vatue-word1, vaine-tword2

oljectref must be a handle to an object. The value at offse! into the object referenced by oljeciref ceplaces
objeciref on the top of the stack.

il ebjecirefis null, aNullPointerExcept ion is generated.

putstatic_quick

Set static field in class
Syntin

pudstutic_gyuick
indexiniel
indexbyie?

Stack: ..., talue => ...

indextiyte! and indexbyte2 are used to construct an index inlg the constant pool of the current class, The
constant pool iter will be a field relerence 1o a static field of a class. vafue must be the type appropriate
to that field. That field will be set to have the value wiue.

putstaticz_quick

Set static lield in class
Symax:

prrstutiv? _giick
indexbytel
indexlryted

Stack: , vaine-wordl, vahwe-word? => ..

mdexbytel and indexbyte? are used to construct an index into the constant pool of the current class. The
constant pool item will be a field reference to a static field of a class, That field must either be a l'on&;
integer of a double precision floating point number. mfue must be the type appropriate lo that field,
That lield will be set to have the value welue.

getstatic_quick

Gel static lietd from class

Synlas:
genstutic_guick
indexbytel
indexbyre2
Stack. .., => .., value

mdexbylel and indexbyte? are used to construct an index into the conslant pool of the current class. The
constant poel item will be a field reference fo a static ficld of a class. The vatue of that field will replace
handle on'the stack.

Java Virual Machine Speciiication 77

getatatic2_quick

A5

Get static field from class
Syntax:

geratatic?_girick
indexbiytel
Indexbyte?

Stack: ..., => ..., valtie-teordl, value-tword2
fridexbyted and indexbyle? are used to construct an index into the constant pool of the current class The

constant pool item will be a field reference to a static field of a class. The field must be a long integer or
a double precision floating point nurber. The value of that field will replace Jiandle on the stack

Method Invocation {_quick variants)

invokevirtual_quick

Invoke insinnce method, dispatching based on run-time type
Syntin;

Bevokeviriunl_quick

affset
rgs

Stack: ..., objectref, largl, [arg2 ..]}=> ...

The aperand stack must contain ebjectref, a reference to an object and nargs—] arguments. The method
block at offsel in the object’s method table, as determined by the object’s dynamic Lype, is retrieved.
The method block indicates the type of method {native, synchronized, ewc.).

Il the methed is marked synchronized the monitor associated with the object is entered.

The base of the local variables array for the new Java stack frame is set to point to objecref un the stack,
making objectref and the su|Pplled arguments (nrﬁl, trg2, ..} the first nargs local variables of the new
frame. The total number of local variables used by the method is determined, and the execution
environment of the new framé is pushed after leaving sufficient room for the Jacals. The base of the
operand stack for this method invocalion is set to the first word after the exccution environment.
Finally, exccution conlinues with the first instruction of the matched method.

lfobjectrefisnul ), a NullPointerException is thrown. I during the method invacation a stack
averflow is detecled, a StackOver flowError is thrown.

invakevirtualobject_quick

78

Invoke Instance method of class java. lang.Qbject, specifically for benefit of arrays
Syntax:

invokevirtualobject, quick

offiet

nargs

Stack: ..., objectref, [nrgl, largZ .. J) => ..

The operand stack must contain objectref, a reference 10 an object or lo an array and nargs- 1 arguments.
The method block at offset in java. lang . Object’s method table is reirieved, The method block
indicates the type of methed (native, synchronized, elcl).

1f the method is marked synchronized the monitor assaciated with kandle is entered.
The base of the local varinbles arsay for the new Java stack frame is sel {o point to objectref an the stack

making objectref and the supplied arguments (argl, arg2, ...} the first nargs local variables of the new A f?
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trame The total numbier of lucal variables used by the method i determined, and 1he execution
eavirunment of the new frame is pushed after leaving sufficient room for the lacals. The base of the
vperand stack for this method wnvocation is set to the first word after the execution enviconment.
Finally, execution continues with the fiest instruction of the matched methad.

Holyeetrefisnull,aNull pPointerExcept ion isthrown. Il during the method invocation a slack
overflow is detected, a StackOver £lowError is thrown,

invokenonvirtual_quick

[nvuke instance method, dispatching based on compile-time type

Syntox:

invakenoavirme!_quick
indexhyted
indexbyte

Stack: ..., abjectref, fnrgl, larg2 )] => ..

The operand stack must contain abjectref, a reference to an nbEct and some number of arguments.
fmfcxlf;rel and jirdexbyte? are used lo conslruct an index into the constant paol of the current class. The
item at that index in the constant poot contains a methad slot index and a polnter to a class. The
method block at the method slot index in the indicated clasa is retrieved. The method block indicates
the type of methed {native, synchronized, elc} and the number of arguments (nargs) expected
on the operand stack.

I the method is marked synchronized the monitor associated with the object is entered.

The base of the local variables acray for the new Java stack frame is set to point to olijectref on the stack,
making objectref and the supplied arguments {are], arg2, ...} the first nargs local variables of the new
frame. Fhe total number of local variables used by the method is determined, and the execution
envitonment of the new frame is pushed after leaving sufficient room for the tocals. The base of the
operand stack for this methed invocation is set to the first word after the execution environment.
inally, execution continues with the first instruction of the matched method.

U objectref ba null, a Null PointexException is thrown. If during the method invacation a stack
overflow is detected, a StackOver £ LowError is thrown,

invokestatic_guick

tnvoke a class (static) method
Syntin:

invukestatic, giick
indexbytel
indexbyte

Stack: ., {argl, [arg2 ..} => ..

The operand stack must conlain some number of arguments, indexbylel and indexbytel are used to
conslruct an index into the constant pool of the current class. The ilem at that index in the constant
ool contains & method slot index and a pointer to a clags. The method block at the method stot Index
I the indicaled class is retrjeved. The method block indicates the type of method (nat ive,
synchronized, ete.) and the number of arguments (nargs) expected on the operand stack.

\f the method is marked synchronized the monitor associated wilh the method’s class is entered.

The base of the local variables array for the new Java stack frame Is set to point to the first argument on
the stack, making the supplied arguments (argl, arg2, ...} the first nargs local variables of the new
jrame. The total number of local variables used by the method is determined, and the execution
environment of the new frame is pushed after leaving sufficient room for the locals. The base of the
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operand stack for this method invocation is set to the first word after the execution enviconmen
Finaly, execution continues with the first instruction of the matched method.

H the object handle on the operand stack is null, a NullPointerException isthrown U during
the method invocation a slack overflow is detected, a StackOvarflowErrar is thrown

invokeinterface_quick

Invoke interface method
Syntax:

tnvokeluterfuce_guick
Idbyte!
{dhyte
HArRs
gHCss

Stack: ..., objectref, {argl, [nrg2 .|} => ...

The ngerand stack must contain olijectref, a reference to an object, and nargs-1 atguments. idbyle! and
ifbyte? are used 1o construct an Index into the constant pool of the current class. The item at that index
In the constant pool contains the complete method slgnature. A pointer to the object’s method table is
retrieved from the object handle.

The method signature I3 searched for in the object’s method table. As a short-cul, the method signatuie
atslot ﬁrw_ss {s searched first, If that falls, a complete search of the method table is pesformed. The
method signature is guaranteed to exacily match one of the method signatures in the table.

The resuit of the lookup is a method block. The method block indicates the type of method {naci
synchronized, etc.] but the number of available arguments (nargs) is Iakzrf\)from the bylszcodc e

1f the method is marked synchroni zed the monitor associated wilh handle is entered.

The basc of the local variables array for the new Java stack frame Is set 1o point 1o fiandie on the stack,
mnkmgl_flflnndfe and the supflned arguments (argl, arg2, ...} the {irst nargs local variables of the new
{rame. The tolal number of locat variables used by the melhod is determined, and 1he excoution
environment of the new frame Is pushed afler leaving sulficient room for the locals, The base of the
operand stack for this method invocation is set o the flest word after the execution environment.
Finally, execution continues with the lirst instruction of the matched method.

If objectrefis null, a NullPointerException is thrown. If during the method invocation a stack
overflow is detected, a StackOver flowError is thrown,

guiess is the lasl guess, Each Hime through, gess is set to the method offset that was used.

A.6 Miscellaneous Object Operations (_quick variants)
new_quick
Create new object
Synton:
new._gitick
{udexbytel
Indexbyte !
| Stack: ... => ., objectref
indexbytel and indexbyle2 are used to construct an index into the constant pool of the current class. The
item at that index must be a class. A new instance of that class is then ereated and abjectref, a reference
to that abject is pushed on the stack.
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checkeast_quick
Make sure object is of given type
Syntax,

checkeusi_gnick
indexbyiel
inelexbyre?

Stack: ., objeciref => ..., obfectref

objectref must be a reference lo an objecl. indexbytel and indexbyle? are used to construct an index into
the conslamgno! of the current class. The object at thal index of the censtant pool must have already
been resolved.

checkcast then determines whether abjeciref can be cast Lo a reference 10 an object of class class. A
null reference can be casl to any class, and otherwise the superclasses of abjeciref™s type are searched
for class. If class is determined to be a superclass of objectref's ty'ge, or if abjectref is nul{ itcan be cast to
objectref cannat be cast to ¢liss, a ClassCastExcept ion is thrown.

Note: hese {and probably in other places) we assume casls don’t change Lhe reference; this is
implementation dependent.

instanceof_quick
Determine if object is of given type

Syntox.

instanceaf_gquick
imlexhylel
indexhyte?

Stack: ..., uljectref =» .., result

objectref must be a reference to an object. indexbytel and indexbyte2 are used to construct an Index into
the constant pool of the current class. The item of class class at’that index of the constant pool must
have already been resolved.

instanceof determines whether objectref can be cast to an pb}ccl of the class class. A nul} olbjectref
can be cast to any class, and olherwise the superclasses of objectref's type are searched lor class. It chss
is determined Lo be a superclass of objecisef’s type, resull is 1 {krue). Otherwise, result Is 0 {£alse). If
hndle is nuad 1, result is B {false).
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fatoad 39
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invokestatlc 69
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Ineg 49
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Irem 48
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Ishr 50
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monitorenter 72
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multianewarray 37

multtanewarray_quick 75

new 71
new_quick 80
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nop 42

pop 43

pop2 43
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ret 63

ret_w 63
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