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Example (cont.)

% javap -c Count

Conpi | ed from Count.java

synchroni zed cl ass Count extends java.lang. Obj ect
/* ACC _SUPER bit set */

public static void main(java.lang.String[]);
Count () ;

Met hod void main(java.lang. String[])
0 iconst_0O
istore_1
goto 15
getstatic #6 <Field java.io.PrintStream out>
iload_1
9 invokevirtual #7 <Method void println(int)>
12 iinc 1 1
15 iload_1
16 bi push 10
18 if_icnplt 5
21 return

=

o o1 N

Met hod Count ()
0 aload_0O
1 invokespecial #5 <Method java.l ang. Object()>
4 return

%
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Example: Count

Count . j ava:

cl ass Count {
public static void main(String[] s) {
int i;
for (i =0; i < 10; i++)
Systemout.println(i);
}
}

% j avac Count.java
% j ava Count

O©Coo~NOOOUTDhWNPEFEO
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Java Virtual Machine Ar chitecture

A JVM containgthefollowing components:

Program Counter (perthread)

Stack (perthread)

Heap (shared}- containsall objects

Method Ar ea(shared)- byte-codesandconstanpools
Native method stacks(perthread,if required)

Methodcodeis a sequencef byte-codeinstructionsthat
implementmethodgandconstructors)The JVM byte-codes
stack-basednostinstructionstake their operandgrom the stack
andleave theirresultsthere.

Eachclasshasa constantpool, which containsall the constant
datareferencedy the methodsof thatclass,includingnumbers,
strings,andsymbolicnamef otherclassesandmembers
referencedy this class.
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Stacksand Frames

Thereis onestackperthread.A stackconsistf asequencef
frames,; framesneednot be contiguousn memory Framesize
andoverall stacksizemaybelimited by implementations.

Oneframeis associatedvith eachmethodinvocation.Each
framecontainstwo areasgeachof staticallyfixed size(per
method):

¢ local variable storageassociatedavith the method,and

e anoperand stack for evaluatingexpressionsvithin themethod
andfor communicatingargumentsandresultswith other
methods.

Thelocalvariableareais anarrayof words,addressety word
offsetfrom thearraybase Mostlocalsoccupy oneword;long
anddoublevaluesoccupy two consecutie words. Thearguments
to amethod(includingt hi s, for instancemethodskiways
appeaisits initial local variables.

Theoperandstackis a stackof words. Most operand®ccupy
oneword; long anddoublevaluesoccupy two consecutie
words,which mustnot be manipulatedndependently

Frameamay optionally containadditionalinformation,e.g.,for
dehugging.
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Instruction Set

EachJVM instructionconsistsof a one-byteop codefollowed
by zeroor moreparameters Instructionsareonly byte-aligned.
Multi-byte parameterarestoredin big-endianorder

Theinnerloop of the JVM executionengine(ignoringexceptions)
is effectively:

do {
fetch opcode;
if (paranmeters) fetch paraneters;
execute action for opcode;

} while (nmore to do);

Mostinstructiongtake their operandgrom the top of the stack
(poppingthemin the processpandpushtheir resultbackon the
top of thestack.A few operatedirectly onlocal variables.

Mostinstructionsencodethetype of their operandsthus,mary
instructionshave multiple versionsdistinguishedy their prefix
Gi,l,f,d, b,s,c,a).

Theinstructionsetis nottotally orthogonaljn particulay few
operationsareprovidedfor bytes,shorts,andchars andinteger
comparisongremuchsimplerthannon-intggerones.In all, 201
outof 255possibleop-codevaluesareused.
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Typesand Verification

TheJVM directly supportseachof the primitive Java types
(exceptbool ean, whichis mappedoi nt ). Floating-point
arithmeticfollows IEEE 754. Valuesof referenceaypes
(classes,intedices,arraysarerepresentedsheappointers;
layoutof thesevaluesis implementation-dependent.

Datavaluesarenottaggedwith typeinformation,but
instructionsare.Whenexecuting,the JVM assumeshat
instructionsarealwaysoperatingon valuesof the correcttype.
Theinstructionsetis designedo make it possibleto verify that
ary givenmethodis type-correctwithout executingit. The JVM
performsverificationon ary bytecodederived from anuntrusted
source(e.g.,over the network).

At ary givenpoint of execution,eachentryin thelocal variable
areaandthe operandstackmusthave awell-definedtype state
i.e.,it mustbepossibleto deducehetypeof eachentry
unambiguously

Thisis anunusualpropertyfor stacks!To enforceit, JVM code
mustbewritten with care.For example,whentherearetwo
executionpathsto thesamePC,they mustarrive with identical
type state.So,for example,it is impossibleto to usealoop to
copy anarrayontothestack.
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Families of instructions

Instructionsgroupinto families. Eachfamily doesthe samebasic
operationput hasa variety of memberglistinguishedy operand
type andbuilt-in alguments.

Example:l oad pusheghevalueof alocal variable(specifiedas
aparameterpntothe stack.Variants:

Load 1-word integer fromlocal variablen:
iload n (0< n < 255)
iload_n (0< n < 3)

wide iload n (0< n < 65535)

Load2-word long fromlocal variablesn andn + 1:
lload n (0< n < 255)

Iload_n (0< n < 3)
wide Iload n (0< n < 65535)
Load 1-word float fromlocal variablesn:
fload n (0< n < 255)
fload_n (0< n < 3)

wide fload n (0< n < 65535)

Load2-word doublefromlocal variablesn andn + 1:
dload n (0< n < 255)

dload_n 0< n < 3)
wide dload n (0< n < 65535)
Load 1-word objectreferencefromlocal variablen:
aload n (0< n < 255)

aload_n (0< n < 3)

wide aload n (0< n < 65535)
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Load and Store

e | oad - pushlocal variableontostack

e st or e - poptop-of-stackinto local variable

e push,l dc,const - pushconstanbntostack

e Wi de - modify following | oad or st or e to have wider
parameter

Arithmetic and Logic

e add,sub,nul , di v,rem neg
e shl ,shr,ushr

e Or, and, xor

e i i nc - incrementiocal variable

di v andr emwill throw anAri t hnet i cExcepti on givena
zerodivisor.

Conversions

ei 2l ,i2f,i2d,| 2f | 2d,f 2d.
ei 2b,i 2c,i 2s, etc.- neverraiseexception.

Objects

e new— createnew classinstance

e Newar r ay —createsiew array

egetfiel dputfield-—accessnstancevariables
egetstati c,put stati c—accesslassvariables

e al oad, ast or e —push,poparrayelementgo,from stack
earrayl ength

e i nst anceof, checkcast —runtimenarraving checks
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Multiple Encodings

Somecommonoperationcanbeimplementedy morethanone
instruction,with differing levels of efficiengy. For example,to
loadanintegerconstant, we have:

One-bytesequencefor -1 <i <5

iconst_ni; iconst_0O; iconst_1; iconst_2;
iconst_3; iconst_4; iconst_5

Two-bytesequencefor —128 < ¢ < 127
bi push i

Three-bytesequencefor —32768 < i < 32767
si push 1

Two-bytesequencefor arbitraryi loadedfrom first 255entriesin
constanpool

ldc <i>

Three-bytesequencefor arbitraryi loadedfrom ary entryin con-
stantpool

ldc_w <i>

j avac will choosebestavailablesequencéasedn:.
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Stackmanagement
e pop,dup,dup x,swap
Control transfer

eif_icnpeq,f._i cnplt, etc.—comparentsandbranch
eifeq,flt,etc.—compardant with zeroandbranch
eif _acnpeq,if _acnpne —compareefsandbranch

eifnull,fnonnull —compareefwith null andbranch
e cp — comparg(non-integer) valuesandpushresultcode
(-1,0,1)

et abl eswitch, ookupsw t ch —for switchstatements
e got 0 —tametis offsetin methodcode

ejsr,ret —intendedorfinal l'y

e at hr ow—throw explicit exception

Method invocation

e i nvokevi rtual —for ordinaryinstancemethods

e i nvokei nt er f ace —for interfacemethods

e i nvokespeci al —for constructor<i ni t >),pri vat e, or
superclassnethods

e i nvokest at i ¢ —for staticmethods

ereturn
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Constant Pool

The constanpool containgthe following kinds of entries:

e Ut f 8 —Unicodestringin UTF-8 format.

e | nt eger ,Fl oat ,Long,Doubl e

e Stri ng — String,representety Ut f 8

e Cl ass —Fully-qualifiedJava classname representetly Ut f 8

e NameAndType — Simplefield or methodnameplusfield or
methoddescriptor, eachrepresentedly Ut f 8.

e Fi el dref, Met hodr ef, | nt er f aceMet hodr ef
—d ass plusNaneAndType.

Descriptors arestringsthatencodetypeinformationfor fieldsor
methodsn termsof basetypesandfully-qualified classnames.
Methoddescriptorsncludethetypesof methodparameterand
result.
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Java ClassFile Format

Theclassfile formatis thereal standardf binary
interoperabilityfor JVM programs Eachclassfile describes
singleclassor interface.lt is a streamof bytes,which maybe
obtainedfrom afile, over anetwork, or elsevhere.

Theclassfile contains:

e Magic numberandcompilerversioninformation.
e Constanpool.

e Accessflagsfor this class.

e Nameof this class,its superclass,andits direct
superinterdces.

e Number namesaccesdlags,type descriptorsandvalues(if
constantfor its fields.

e Number namesaccesdlags,typedescriptorsgode,and
exceptiontablesfor its methods.

e Additional attributeinformation(e.qg.,for dehugging)maybe
attachedatthe classfield, or methodlevel.
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Summary

JVM Bytecodes intendedo bebotheasyto interpretandeasy
to useascompileriR.

As anlR, it's pretty high-level.
Explicates:

e Parameteandlocal variableoffsets
e Temporariegusingstack)

e Orderof evaluation

¢ Controlflow within procedures

e Exceptions

But NOT:

¢ Objectlayoutandfield offsets

¢ Methodcalls (virtual or otherwise)
e Inheritancenierarcly

Safetyissuesdrove design(seeOakpaper)




