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METHOD AND APPARATUS FOR DYNAMICALLY 
OPTIMIZING BYTE-CODED PROGRAMS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a Continuation of US. patent 
application Ser. No. 09/365,706 ?led on Aug. 2, 1999, Which 
in turn is a Continuation of US. Pat. No. 5,995,754, each of 
Which are incorporated herein by reference. 

[0002] This application is related to US. patent applica 
tion Ser. No. 08/944,332, entitled “Inline Database for 
Receiver Types in Object-Oriented Systems,” US. Pat. No. 
5,970,249, entitled “Method And Apparatus For Performing 
Byte-Code OptimiZation During Pauses,” US. Pat. No. 
6,009,517, entitled “Mixed Execution Stack and Exception 
Handling,” US. Pat. No. 08/944,326, entitled “Method and 
Apparatus for Implementing Multiple Return Sites,” US. 
patent application Ser. No. 08/944,331, entitled “Site Spe 
ci?c Message Dispatch in Object-Oriented Systems,” US. 
Pat. No. 5,933,635, entitled “Method and Apparatus for 
Dynamically DeoptimiZing Compiled Activations,” all ?led 
concurrently hereWith, US. patent application Ser. No. 
08/884,856, entitled “Interpreting Functions UtiliZing a 
Hybrid of Virtual and Native Machine Instructions,” ?led 
Jun. 30, 1997, and US. Pat. No. 6,021,273, entitled “Inter 
preter Generation and Implementation UtiliZing Interpreter 
States and Register Caching,” ?led Jun. 30, 1997, Which are 
all incorporated herein by reference for all purposes in their 
entirety. 

BACKGROUND OF THE INVENTION 

[0003] 1. Field of Invention 

[0004] The present invention relates generally to methods 
and apparatus for optimiZing the execution of softWare 
applications. More particularly, the present invention relates 
to methods and apparatus for dynamically determining 
Whether portions of code should be interpreted or compiled 
in order to optimiZe a softWare application during run-time. 

[0005] 2. Description of the Relevant Art 

[0006] The use of computer systems Which share 
resources across a netWork of computer systems, e.g., local 
area networks, intranets and internets, is increasing. Accord 
ingly, softWare applications, or computer programs, may be 
delivered in different formats to different computer systems, 
due to the fact that a particular computer system generally 
requires softWare applications to be in a format that is 
speci?c to that particular computer system. Alternatively, the 
computer programs may be delivered to a computer system 
in a machine-independent form, i.e., as byte codes, in order 
to enable one form of a computer program to be utiliZed by 
many different computer systems. 

[0007] When computer programs are delivered in a 
machine independent form, the programs may be interpreted 
directly, or the programs may be translated into machine 
dependent code, i.e., “machine code.” Programs Which are 
interpreted directly occupy less space in a computer system 
than programs Which are translated into machine code. 
HoWever, programs Which are interpreted directly have 
sloWer execution speeds than programs Which are translated 
into machine code, in most cases. As such, the determination 
of Whether or not to interpret a computer program directly, 
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in lieu of translating the computer program into machine 
code, is often based on the relative importance of space in 
relation to execution speed. 

[0008] As mentioned above, computer programs may be 
delivered as byte codes to a computer system. Computer 
systems Which receive byte codes generally include com 
pilers Which are used to compile byte codes at run-time. 
Compiling byte codes at run-time entails translating the byte 
codes into machine code. FIG. 1a is a block diagram 
representation of a computer system With a byte code 
compiler. Byte codes 104, Which may be arranged as a 
computer program, are delivered, or otherWise provided, to 
a computer system 105. Byte codes 104 may generally be 
provided by a variety of different sources. When byte codes 
104, are executed, byte codes 104 are compiled using a 
compiler 106 at run-time. Compiled code 108, Which is 
produced by compiler 106, is generally machine-dependent 
code that is speci?c to, and may be executed Within, system 
105. That is, compiler 106 translates byte codes 104 into 
compiled code 108 at run-time. 

[0009] Some computer systems enable portions of previ 
ously compiled code to be “re-compiled” into more ef? 
ciently executed forms When those portions of previously 
compiled code are found to be executed repeatedly. In other 
Words, a second, more costly, compilation process may be 
used to compile repeatedly invoked, previously compiled 
code to alloW for more ef?cient execution of the repeatedly 
invoked code. FIG. 1b is a block diagram representation of 
a computer system With uses tWo compilation processes. A 
computer system 115 includes a ?rst compiler 116 and a 
second compiler 122. Byte codes 114 are provided to 
computer system 115 for execution. At run-time, ?rst com 
piler 116 translates byte codes 114 into machine-dependent 
compiled code 118, or machine code. 

[0010] Machine-dependent compiled code 118 is 
executed, and different methods contained Within machine 
dependent compiled code 118 are tracked to determine When 
methods Which are most often invoked are to be compiled 
With second compiler 122. When highly, or repeatedly, 
executed compiled code 120 is identi?ed, the highly 
executed compiled code 120 is re-compiled in order to 
increase the overall execution speed of a computer program. 
As such, second compiler 122 translates highly executed 
compiled code 120 into re-compiled highly executed code 
124. 

[0011] Second compiler 122 is often a sloWer compiler 
than ?rst compiler 116, although code compiled using sec 
ond compiler 122 typically executes more ef?ciently than 
code compiled using ?rst compiler 116. Therefore, the 
determination of When to re-compile highly executed com 
piled code 120 generally involves a trade-off betWeen addi 
tional compilation overhead, With respect to overall run 
time, and the improved ef?ciency afforded by re-compiled 
highly executed code 124. 

[0012] One system Which alloWs previously compiled 
code to be re-compiled for increased efficiency is the Self 
system, developed by Urs HolZle and David Unger at Sun 
Microsystems, Inc. of Palo Alto, Calif. In the Self system, 
the determination of Whether to re-compile previously com 
piled code is made based on hoW many times a speci?c 
portion of compiled code, such as a method, has been called. 
If the method has been invoked more times than a ?xed 
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limiting value, then the method is re-compiled. The ?xed 
limiting value is essentially a ?xed threshold, Which re?ects 
the number of times the method is to be invoked before the 
method is re-compiled to increase ef?ciency in execution. 

[0013] Signi?cant compilation overhead is often added to 
the overall execution of a program When a compiler is used 
to translate byte codes into machine-dependent code at 
run-time. As such, although machine code may execute 
much faster than interpreted code, alWays compiling all 
parts of a program into machine code prior to executing the 
machine code may not be desirable if the increased execu 
tion speed does not compensate for the overhead associated 
With compiling the program. In other Words, a program may 
execute more quickly as interpreted code in the event that 
the amount of time spent compiling the program is not 
recovered during the execution of the program. 

[0014] In a system such as the Self system, although 
re-compiling routines in a compiled program may serve to 
enable the program to execute more ef?ciently, the use of a 
?xed limit to determine When a routine should be recom 
piled may instead result in an inef?cient, e.g., non-optimal, 
execution. By Way of example, if the ?xed limit is set such 
that substantially every routine in a program is re-compiled, 
then the increased execution speed gained With the re 
compilation may not compensate for the compilation over 
head associated With the re-compilation. 

[0015] Therefore, What is needed is a method for ef? 
ciently executing programs in byte code format. More 
speci?cally, What is desired is a method for dynamically 
determining When portions of a computer program should be 
interpreted, and When portions of the computer program 
should be translated into machine code, to thereby ensure an 
ef?cient execution of the computer program. 

SUMMARY OF THE INVENTION 

[0016] Methods and apparatus for dynamically determin 
ing Whether portions of byte code should be interpreted or 
compiled in order to optimiZe a softWare application during 
run-time are disclosed. According to one aspect of the 
present invention, When a selected method is invoked, it is 
initially interpreted. An invocation tracker tracks the number 
of invocations of the selected method. When the number of 
invocations of the selected method exceeds a threshold 
value, the method is compiled. By independently tracking 
the usage of various methods or other code segments, a more 
intelligent decision can be made as to Which methods should 
be compiled, and Which methods should remain interpreted. 
In some embodiments, a single threshold value may be used 
for all of the methods. In other embodiments, a plurality of 
threshold values may be used, With each threshold value 
being associated With one or more methods. With the later 
arrangement, the threshold values associated With different 
methods may be varied. 

[0017] In one embodiment, the a compilation overhead 
associated With compiling the selected method is measured 
and the threshold value is adjusted accordingly When it is 
determined that the compilation overhead is not Within the 
acceptable range. In another embodiment, the number of 
invocations of the compiled method is also tracked and is 
used to determine if and When recompilation is appropriate. 

[0018] In another aspect of the present invention, the 
overhead associated With compiling a particular method is 
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measured. The overhead is then compared to acceptable 
overhead parameters and if the overhead is not Within an 
acceptable range, a threshold value that triggers the compi 
lation of that particular method is adjusted. This aspect of the 
invention may be applied to the initial compilation of the 
method and/or a recompilation of the method. 

[0019] According to still another aspect of the present 
invention, a computer system for executing byte codes 
arranged as a plurality of methods includes an interpreter 
suitable for interpreting various methods, and a tracking 
mechanism Which counts interpretations of a selected 
method. The tracking mechanism is used to determine When 
the selected method is suitable for compilation. The com 
puter system further includes a compiler suitable for com 
piling various methods. In one embodiment, the computer 
system includes a threshold adjusting mechanism Which 
cooperates With the tracking mechanism to determine When 
the selected method is suitable for compilation. In another 
embodiment, the computer system further includes another 
tracking mechanism Which count invocations of the selected 
method after it has been compiled, and is used in determin 
ing When the selected method is suitable for recompilation. 

[0020] These and other advantages of the present inven 
tion Will become apparent upon reading the folloWing 
detailed descriptions and studying the various ?gures of the 
draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] The invention may best be understood by reference 
to the folloWing description taken in conjunction With the 
accompanying draWings in Which: 

[0022] FIG. 1a is a block diagram representation of a 
computer system With a byte code compiler. 

[0023] FIG. 1b is a block diagram representation of a 
computer system With uses tWo compilation processes. 

[0024] FIG. 2a is a block diagram representation of a 
computer system Which dynamically compiles code in 
accordance With an embodiment of the present invention. 

[0025] FIG. 2b is a process How diagram Which illustrates 
the steps associated With processing byte codes in accor 
dance With an embodiment of the present invention. 

[0026] FIG. 3 is a process How diagram Which illustrates 
the steps associated With the execution of a program, i.e., 
step 206 of FIG. 2b, in accordance With an embodiment of 
the present invention. 

[0027] FIG. 4 is a process How diagram Which illustrates 
the steps associated With executing a method, i.e., step 320 
of FIG. 3, in accordance With an embodiment of the present 
invention. 

[0028] FIG. 5 is a process How diagram Which illustrates 
the steps associated With executing a recompiler, i.e., step 
420 of FIG. 4, in accordance With an embodiment of the 
present invention. 

[0029] FIG. 6 is a process How diagram Which illustrates 
the steps associated With increasing a threshold, e.g., step 
516 of FIG. 5, in accordance With an embodiment of the 
present invention. 
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[0030] FIG. 7 is a process How diagram Which illustrates 
the steps associated With the execution of a threshold 
monitor, i.e., step 204 of FIG. 2b, in accordance With an 
embodiment of the present invention. 

[0031] FIG. 8 is a process How diagram Which illustrates 
the steps associated With decreasing a threshold, i.e., step 
712 of FIG. 7, in accordance With an embodiment of the 
present invention. 

[0032] FIG. 9 is a process How diagram Which illustrates 
the steps associated With computing an interpretation over 
head in accordance With an embodiment of the present 
invention. 

[0033] FIG. 10 is a diagrammatic representation of a 
general purpose computer system suitable for implementing 
the present invention. 

[0034] FIG. 11 is a diagrammatic representation of a 
virtual machine Which is supported by the computer system 
of FIG. 10, and is suitable for implementing the present 
invention. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

[0035] When byte-coded computer programs are provided 
to a computer system, the programs may be interpreted 
directly, or the programs may translated into machine code 
at run-time for execution. Programs Which are interpreted 
directly generally occupy less computer memory than pro 
grams Which are translated into machine code. On the other 
hand, programs Which are translated into machine code 
typically execute faster than programs Which are interpreted 
directly. HoWever, in some cases, the compilation overhead 
Which is added to the overall run-time of a program When a 
compiler is used to generate machine code is not alWays 
recovered during the execution of the program. In these 
cases, interpreting the program directly may prove to be 
faster and more ef?cient. In general, the determination of 
Whether a program Would be more ef?ciently executed if 
interpreted directly or if translated into machine code is 
dif?cult. As such, programs are often not executed in the 
fastest, or most ef?cient, manner possible. 

[0036] AlloWing a byte-coded computer program to be 
both interpreted directly and translated into machine code 
increases the execution speed of the computer program over 
the execution speed that is attainable by a purely interpreted 
program. Mixing interpreted and machine, e.g., compiled, 
code also signi?cantly reduces memory requirements asso 
ciated With the execution of machine code alone. As such, 
mixing interpreted code and compiled code increases the 
ef?ciency of program execution. 

[0037] Each method in a byte-coded program may be 
monitored to determine Whether compiling the method 
Would be bene?cial to the overall execution of the program. 
In one embodiment, monitoring a method involves tracking 
the number of times the method is invoked as an interpreted 
method. When the invocations of the interpreted method 
reach a level, or threshold, Which indicates that the method 
is likely to recover compilation costs if compiled, then the 
method is dynamically compiled. In order to essentially 
ensure that the compilation overhead associated With com 
piling methods in the program is maintained at an acceptable 
level, both the compilation overhead and the interpretation 
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overhead of the program are monitored. When the compi 
lation overhead is considered to be too high, then adjust 
ments may be made to reduce the number of methods Which 
are compiled, thereby loWering the compilation overhead. 
The adjustments that are made may include raising the 
threshold Which is used in the determination of When an 
interpreted method is to be compiled. By alloWing the 
adaptive threshold to be modi?ed, the execution of byte 
coded programs may be substantially optimiZed. In other 
Words, the mixture of interpreted code and dynamically 
compiled code may be adjusted to achieve a smaller execu 
tion time and a better balance betWeen the amount of 
memory space occupied by the program and the execution 
speed of the program. 

[0038] With reference to FIG. 2a, a computer system 
Which uses adaptive thresholds to determine When byte 
codes should be dynamically compiled Will be described in 
accordance With an embodiment of the present invention. 
Byte codes 144 are provided as input to a computer system 
146 at run-time. Byte codes 144, Which may be organiZed as 
a machine-independent computer program, are typically 
arranged as methods, or routines. In one embodiment, byte 
codes 144 may be provided by a compile-time environment 
Within a virtual machine to a run-time environment, e.g., 
computer system 146, Within the same virtual machine. One 
suitable virtual machine on Which the present invention may 
be implemented Will be discussed beloW in more detail With 
respect to FIG. 11. 

[0039] When byte codes 144 are provided to computer 
system 146, byte codes 144 may be processed With an 
interpreter 148. Alternatively, byte codes 144 may be com 
piled by a compiler 150 to produce compiled code. Although 
byte codes 144 may generally be inputted substantially 
directly to both interpreter 148 and compiler 150, in the 
described embodiment, byte codes 144 are provided only to 
interpreter 148 for processing. The steps associated With 
processing byte codes 144 Will be discussed beloW With 
respect to FIG. 2b. 

[0040] Each time a method is invoked, byte codes 144 
associated With the method are interpreted using interpreter 
148. In the described embodiment, a measure of hoW many 
times a method is interpreted is maintained. Any suitable 
measure may be used to track hoW many times a method is 
interpreted. Suitable measures include, but are not limited 
to, a counter Which is used to count the number of times a 
method is interpreted. Such a counter may be implemented 
Within a method such that the counter is incremented each 
time the method is interpreted. 

[0041] When the number of times a method is interpreted 
exceeds a threshold, i.e., a limiting value, the method may 
be compiled using compiler 150. Repeatedly interpreting a 
method, Which is included in frequently executed code 158, 
may be inef?cient, as interpreted byte code 154 generally 
executes sloWer, or less efficiently, than compiled code. 
Compiling frequently executed code 158 generally may 
alloW methods embodied in frequently executed code 158 to 
be executed more ef?ciently, as time-savings gained by 
compiling the method is likely to compensate for the com 
pilation overhead associated With the compilation process. 

[0042] In general, during the execution of most computer 
programs, some methods are repeatedly executed, While 
others are executed infrequently. Frequently executed code 
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158 may generally be identi?ed as sections of code Which 
contain methods that account for a signi?cant portion of the 
execution of the program. When frequently executed code 
158 is compiled by compiler 150, a compiled version of 
frequently executed code 162 is produced. Therefore, When 
methods contained Within compiled frequently executed 
code 162 are invoked, the compiled methods are invoked. In 
one embodiment, frequently executed code 158 includes a 
group of methods that accounts for substantially more than 
?fty percent of the overall execution time, e.g., approxi 
mately ninety percent of the overall execution time. 

[0043] Some computer systems may include a single level 
of compilation, While other computer systems may include 
multiple levels of compilation. A computer system Which 
includes multiple levels of compilation may be arranged to 
recompile compiled methods When it is determined that 
recompiling the methods may increase the execution ef? 
ciency associated With the methods. By Way of example, a 
?rst level of compilation, Which may be accomplished using 
compiler 150, may be associated With an “intermediate” 
level of compilation. An intermediate level of compilation 
may be arranged to compile byte codes into a compiled form 
Which, While more ef?cient than interpreting the byte codes, 
may not be as ef?cient as a “?nal” level of compilation. The 
intermediate level of compilation may essentially sacri?ce 
some execution ef?ciency associated With executing inter 
mediately compiled methods for compilation speed, While 
the ?nal level of compilation may be associated With longer 
compilation times, but more efficient execution. 

[0044] In one embodiment, tracking mechanisms may be 
used to identify methods included in compiled frequently 
executed code 162 Which are most often executed. In other 
Words, Within compiled frequently executed code 162, 
highly executed compiled code 166 may be identi?ed. When 
the number of times a method Within highly executed 
compiled code 166 is executed exceeds a threshold, highly 
executed compiled code 166 may be recompiled using an 
additional compiler 170 to produce a recompiled version of 
highly executed code 174. It should be appreciated that 
additional compiler 170 may be a different compiler than 
compiler 150. Alternatively, compiler 170 and compiler 150 
may be substantially the same compiler implemented With 
different compiler parameters. It should be appreciated that 
although only tWo levels of compilation have been 
described, system 146 may generally include any number of 
levels of compilation. 

[0045] FIG. 2b is a process How diagram Which illustrates 
the steps associated With processing byte codes, e.g., a 
machine-independent computer program, in accordance 
With an embodiment of the present invention. The process 
202 begins at step 204 Where a threshold monitor is started. 
The threshold monitor executes concurrently With a com 
puter program, as Will be described beloW, and keeps track 
of a threshold Which indicates the number of times a 
particular method is to be executed before the method may 
be considered for compilation. One embodiment of a thresh 
old monitor Will be described beloW With reference to FIG. 
7. 

[0046] In step 206, a computer program, Which is made up 
of byte codes is executed, as Will be discussed beloW With 
respect to FIG. 3. After the computer program is executed, 
the method of processing byte codes is completed. It should 
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be appreciated that, in the described embodiment, the thresh 
old monitor and the program are executed substantially 
simultaneously, i.e., as parallel processes. In other Words, 
step 204 and 206 are essentially executed in parallel. 

[0047] Referring next to FIG. 3, the steps associated With 
the execution of a program Will be described in accordance 
With an embodiment of the present invention. That is, step 
206 of FIG. 2b Will be described. In step 308, thresholds are 
initialiZed. In one embodiment, the threshold is an upper 
limit threshold Which indicates the number of times a 
particular method is to be executed before the method may 
be considered for compilation. The threshold may generally 
be Widely varied depending upon the requirements, e.g., 
memory requirements and performance requirements, of a 
particular system. By Way of example, a threshold may be 
initialiZed to be in the range of approximately 1000 to 
10,000. 

[0048] In one embodiment, there may be only a single 
threshold for all methods associated With a program execu 
tion, i.e., the threshold may be a global constant or a global 
variable. HoWever, it should be appreciated that in other 
embodiments, multiple thresholds may exist, e.g., thresholds 
may be method-speci?c constants or method-speci?c vari 
ables. 

[0049] After thresholds are initialiZed in step 308, inter 
preted code, Which includes methods that have no execution 
counters, are loaded and execution counters are added to the 
methods in step 312. In other Words, methods are allocated 
and counters are added to the neWly allocated methods. 
Once counters are added, the counters in the neWly allocated 
methods are initialiZed, e.g., set to Zero, in step 316. 

[0050] From step 316, process How proceeds to step 320 
Where the methods in the loaded code are executed until 
code execution is completed, or substantially all appropriate 
methods in the loaded code have been executed. During 
code execution, control How may reach methods Which have 
not been previously loaded, in Which case the code may be 
dynamically loaded, as Will be appreciated by those skilled 
in the art. The steps associated With executing a method M 
Will be described in more detail beloW With respect to FIG. 
4. During the course of code execution, a determination is 
made in step 324 regarding Whether there is more interpreted 
code to be loaded. If it is determined that additional inter 
preted code is to be loaded, then process How returns to step 
312 Where the additional code is loaded. Alternatively, if it 
is determined that there is no additional interpreted code to 
be loaded, then code execution continues in step 320. 

[0051] FIG. 4 is a process How diagram Which illustrates 
the steps associated With executing a method, i.e., step 320 
of FIG. 3, in accordance With an embodiment of the present 
invention. The execution of method M begins in step 404 in 
Which the counter, i.e., the execution counter, for method M 
is incremented. After the counter is incremented, the counter 
for method M is compared to the threshold in step 408. As 
previously mentioned, the threshold is an indication of hoW 
many times method M may be executed before method M is 
considered for possible compilation. 

[0052] A determination is made in step 412 as to Whether 
the counter for method M exceeds the threshold. If the 
counter for method M does not exceed the threshold, then 
the indication is that it is not necessary to compile method 
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M. Accordingly, process How moves from step 412 to step 
416 in Which method M is executed With an interpreter. 
Alternatively, if the determination in step 412 is that the 
counter for method M exceeds the threshold, then the 
implication is that the execution of the overall program may 
be more efficient if method M Were compiled, rather than 
interpreted. As such, When it is determined that the counter 
for method M exceeds the threshold, a recompiler is 
executed in step 420. The steps associated With executing a 
recompiler Will be described in more detail beloW With 
reference to FIG. 5. 

[0053] After the recompiler is executed in step 420, pro 
cess ?oW proceeds to step 424 in Which a determination is 
made regarding Whether method M is compiled. That is, a 
determination is made as to Whether method M Was com 
piled as a result of the execution of the recompiler in step 
420. If it is determined that method M is not compiled, then 
process How moves to step 416 Where method M is executed 
via interpretation. If the determination in step 424 is that 
method M is compiled, then the compiled code for method 
M is executed in step 428. 

[0054] As mentioned above, in one embodiment, a recom 
piler is used to determine hoW a compiler Will process a 
given method, e.g., method M. Such a recompiler may be 
arranged to actually call a compiler to compile method M, 
if it is determined that a compilation Would be bene?cial to 
the execution of the overall program. FIG. 5 is a process 
?oW diagram Which illustrates the steps associated With 
executing a recompiler, i.e., step 420 of FIG. 4, in accor 
dance With an embodiment of the present invention. The 
execution of a recompiler begins at step 504 Where a search 
is made for the direct caller of method M. In general, the 
search for the caller, or the method that called method M, 
entails inspecting a call stack, as Will be appreciated by those 
skilled in the art. 

[0055] After a search for the caller of method M, in step 
506, it is determined Whether a caller for method M exists. 
If it is determined that a caller for method M exists, then 
process How proceeds to step 508 Where a determination is 
made regarding Whether the compiler associated With the 
overall program Would inline method M With the caller. 
Inlining method M With the caller generally entails making 
a copy of the interpreted code for method M, and incorpo 
rating the copied code into the caller, after removing unnec 
essary portions of code, e.g., code involving the passage of 
parameters or variables from the caller to method M. If the 
caller is executed repeatedly, thereby causing method M to 
be executed repeatedly, or if the caller typically calls method 
M repeatedly, then inlining method M into the caller and 
compiling the caller may serve to increase the efficiency of 
the overall program execution. HoWever, inlining method M 
into the caller does not eliminate the non-inlined version of 
method M, due to the fact that other methods may call 
method M, so method M must remain accessible to the other 
methods. As such, inlining method M into the caller may not 
necessarily improve the efficiency of the overall program 
execution, since the physical amount of code associated With 
the program increases When method M is inlined. 

[0056] If it is determined in step 508 that the compiler 
Would inline method M With the caller, then, in the described 
embodiment, the implication is that the improvement in the 
efficiency of the overall program execution essentially out 
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Weighs the addition of extra program code. As a result, 
process How moves from step 508 to step 510 in Which a call 
is made to the compiler to inline method M and to compile 
the caller of method M, With method M inlined therein. 

[0057] The decision to inline method M into the caller of 
method M may involve a variety of different factors. By Way 
of example, the factors may include, but are not limited to, 
the siZe of method M, the siZe of the caller, the value of 
parameters associated With method M and the caller, and the 
number of methods Which call method M. In general, it 
should be appreciated that inlining method M may not only 
entail inlining method M into the caller of method M, but 
may also involve the inlining the caller of method M into the 
caller of the caller. In other Words, the callers may be 
looked-up in the stack for any number of levels. 

[0058] After method M is inlined and the caller is com 
piled, the compilation overhead is checked in step 512. In 
general, checking the compilation overhead entails moni 
toring the overhead associated With compiling methods 
during run-time. The compilation overhead is then com 
pared against the desired maximum compilation overhead. 
The desired maximum compilation overhead, in one 
embodiment, may be a measure of the maximum percentage 
of the overall system overhead, e.g., central processing unit 
(CPU) or elapsed time, that is to be spent compiling meth 
ods, or otherWise translating methods into machine code, 
during run-time. Hence, checking the compilation overhead 
entails determining the amount of system overhead Which is 
actually being used to compile methods at run-time. 

[0059] A determination is made in step 514 regarding 
Whether the compilation overhead exceeds the desired maxi 
mum compilation overhead. If it is determined that the 
compilation overhead exceeds the desired maximum com 
pilation overhead, then the implication is that too many 
methods are being compiled, and process How moves to step 
516 Where the threshold is increased. Increasing the thresh 
old is typically effective in reducing the compilation over 
head, since increasing the threshold increases the number of 
times a method is to be invoked before the method is 
considered for compilation. By Way of example, if the 
threshold is set at 1000, and substantially all methods are 
invoked at least 1000 times during the course of a program 
execution, then raising the threshold to 10,000 may result in 
a loWer compilation overhead, as feWer methods are likely 
to be compiled. The steps associated With increasing the 
threshold Will be described in more detail beloW With respect 
to FIG. 6. Once the threshold is increased in step 516, the 
process of executing a recompiler is completed. 

[0060] If it is determined in step 514 that the compilation 
overhead is less than the desired maximum compilation 
overhead, then the threshold is considered to be acceptable. 
That is, the overhead associated With compiling methods 
and executing the compiled methods is considered to be at 
an acceptable level. As such, the execution of a recompiler 
is completed. 

[0061] Returning to step 508, if the determination is that 
the compiler associated With the execution of the overall 
program Would not inline method M With the caller, then in 
step 518, the compiler is called to compile method M. 
Compiling method M alone, Without inlining method M, 
generally reduces the volume of code associated With the 
overall program. As previously mentioned, inlining method 
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M essentially results in a copy of method M being made. It 
follows that if method M is called by different methods, 
method M may eventually be inlined in each of the different 
methods. Therefore, copies of the code associated With 
method M may be proliferated throughout the overall pro 
gram, and the amount of compilation associated With com 
piling the inlined code may be signi?cant. Hence, in one 
embodiment, in order to save space and to reduce the 
amount of compilation, if method M is likely to be called by 
more than one method, rather than inlining method M, 
method M may be compiled alone. After method M is 
compiled in step 518, process How moves to step 512 Where 
the compilation overhead is checked. The determination of 
Whether method M is likely to be called by more than one 
method may involve studying call chains, as Will be appre 
ciated by those skilled in the art. 

[0062] Returning to step 506, Which is the step of deter 
mining Whether a caller for method M exists, if it is 
determined that a caller for method M does not exist, or 
otherWise has not been found during a search for a caller, 
process How proceeds to step 518 Where method M is 
compiled. When a caller is not found, the implication is that 
method M Was called by the runtime system, and not by 
another method. 

[0063] As mentioned above, a threshold may be increased 
in the event that the compilation overhead associated With 
the overall execution of a program is greater than the 
maximum desired overhead. The use of such an adaptive 
threshold generally alloWs the threshold to be modi?ed as 
necessary for a particular application. For an application in 
Which many methods, or functions, exceed a certain number 
of invocations, if the corresponding threshold is too loW, the 
result may be an undesirably high compilation overhead in 
terms of ef?ciency, e.g., time and space. Accordingly, setting 
a higher threshold may result in a more desirable, i.e., loWer, 
compilation overhead. 
[0064] Increasing thresholds during the course of program 
execution may also prevent the compilation of methods in 
close succession. By Way of example, if a relatively large 
number of different methods exceeds a particular threshold 
value at substantially the same time, pauses may occur 
during the execution of the overall program. Since a pause 
during program execution is often undesirable, increasing 
the threshold value after the ?rst feW methods are compiled 
prevents a sequence of compilations in close succession, 
thereby substantially eliminating signi?cant compilations 
pauses. 

[0065] Referring next to FIG. 6, the steps associated With 
increasing a threshold Will be described in accordance With 
an embodiment of the present invention. In other Words, step 
516 of FIG. 5 Will be described. It should be appreciated that 
for an embodiment in Which the threshold is a global value, 
increasing the threshold involves increasing the global 
value. Alternatively, if the threshold is a method-speci?c 
value, then increasing the threshold involves increasing only 
the threshold for a speci?c method or group of methods. 

[0066] The process of increasing a threshold begins at step 
602 in Which a determination is made regarding Whether the 
threshold is at a threshold limit, i.e., an upper threshold limit. 
The threshold limit, Which may be dependent upon the 
requirements of the overall program Which is being 
executed, is generally the highest value for a threshold 
Which is considered to be acceptable. 
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[0067] If the determination in step 602 is that the threshold 
is at the threshold limit, then, in the described embodiment, 
the threshold may not be increased. As such, the process of 
increasing the threshold is considered to be completed. By 
Way of example, threshold limits on the order of approxi 
mately 1000 invocations to approximately 50,000 invoca 
tions may be appropriate for existing systems. If, instead, the 
determination in step 602 is that the threshold is not at the 
threshold limit, then in step 604, a determination is made as 
to Whether the threshold had previously been adjusted 
upWards during the current time period. In one embodiment, 
determining Whether the threshold has previously been 
adjusted during the current time period involves determining 
Whether an associated interval change ?ag indicates that an 
adjustment has recently been made. Representative mecha 
nisms for setting and clearing the interval change ?ag are 
described beloW. 

[0068] If it is determined in step 604 that the threshold Was 
already adjusted upWards during the current time period, 
e.g., the recent past, then the threshold is not increased any 
further. By not further increasing the threshold When it has 
been recently adjusted, the threshold may be prevented from 
being over-adjusted. If it is determined in step 604 that the 
threshold is not to be increased any further, the process of 
increasing the threshold is considered to be completed. 

[0069] When the determination in step 604 is that the 
threshold Was not adjusted upWards during the current time 
period, then process ?oW moves to step 606, Where the 
threshold is multiplied by a threshold factor. The threshold 
factor may generally be Widely varied, depending upon the 
requirements of the overall computer program. By Way of 
example, threshold factors on the order of approximately 1.2 
to approximately 2 tend to Work Well With current systems. 
After the threshold is multiplied by the threshold factor to 
increase the threshold, an interval change ?ag is set in step 
608. The interval change ?ag may be used to indicate that 
the threshold Was adjusted upWards during the current time 
period. The process of increasing the threshold is completed 
after the interval change ?ag is set. 

[0070] In the described embodiment, as discussed above 
With respect to FIG. 2b, the beginning of the execution of a 
program occurs in parallel With the beginning of the execu 
tion of a threshold monitor. That is, While the program is 
executing, the threshold monitor is also executing. FIG. 7 is 
a process How diagram Which illustrates the steps associated 
With beginning the execution of a threshold monitor, i.e., 
step 204 of FIG. 2b, in accordance With an embodiment of 
the present invention. The execution of the threshold moni 
tor begins at step 702 Where a timer signal is received from 
the operating system by the threshold monitor. The timer 
signal is essentially a clock “tick” Which periodically inter 
rupts the execution of the program. As Will be appreciated by 
those skilled in the art, the execution of the threshold 
monitor may be suspended, i.e., the threshold monitor may 
be “asleep,” until the timer signal is received. 

[0071] Once the timer signal is received, sliding averages 
are updated in step 704 for both the compilation overhead 
and the interpretation overhead. In other Words, both the 
amount of time spent in compilation and the amount of time 
spent in interpretation in a given time period, e.g., the recent 
past, may be expressed as percentages of the time period, 
averaged over a number of time intervals in the time period. 
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[0072] Interval change ?ags are reset in step 706 after the 
sliding averages are updated. Resetting interval change ?ags 
generally entails setting the interval change ?ags to indicate 
that thresholds have not been adjusted during the given time 
period. After the interval change ?ags are reset, a determi 
nation is made in step 708 regarding Whether the compila 
tion overhead exceeds a maximum desired compilation 
overhead. The compilation overhead is preferably main 
tained such that it falls in the range betWeen a minimum 
desired compilation overhead and the maximum desired 
compilation overhead. Although the values for the minimum 
desired compilation overhead and the maximum desired 
compilation overhead may be Widely varied, minimums in 
the range of approximately 5 percent to approximately 25 
percent, and maximums in the range of approximately 20 
percent to approximately 65 percent, have been found to 
Work Well in some systems. In one speci?c embodiment, the 
minimum desired compilation overhead may be approxi 
mately 10 percent of a given time period, While the maxi 
mum desired compilation overhead may be approximately 
50 percent of a given time period. 

[0073] If it is determined in step 708 that the compilation 
overhead is greater than the maximum desired compilation 
overhead, then process ?oW proceeds to step 716 Where the 
threshold, e.g., the global threshold value, is increased. One 
suitable method used for increasing the threshold Was pre 
viously described With respect to FIG. 6. Once the threshold 
is increased, then process ?oW returns to step 702 Where the 
process aWaits a neW timer signal received from the oper 
ating system. 

[0074] If the determination in step 708 is that the compi 
lation overhead is less than the maximum desired compila 
tion overhead, then a determination is made regarding 
Whether the compilation overhead is less than the minimum 
desired compilation overhead in step 710. If the compilation 
overhead is less than the minimum desired compilation 
overhead, then the threshold may be too high. As such, in 
order to alloW the compilation overhead to fall betWeen the 
minimum desired compilation overhead and the maximum 
desired compilation overhead, the threshold is decreased in 
step 712. Decreasing the threshold, as Will be described in 
more detail beloW With reference to FIG. 8, alloWs the 
threshold value to be more readily reached, thereby resulting 
in an increase in the compilation of methods. Hence, the 
compilation overhead may be increased to above the mini 
mum desired compilation overhead. After the threshold is 
decreased, then process ?oW returns to step 702 in Which the 
process of executing a threshold monitor is essentially 
suspended until a timer signal is received. 

[0075] When the compilation overhead is determined to be 
betWeen the maximum desired interpretation overhead and 
the minimum desired interpretation overhead, then in step 
714, a determination is made regarding Whether the inter 
pretation overhead is greater than the maximum desired 
interpretation overhead. One suitable method for calculating 
interpretation overhead Will be discussed beloW With refer 
ence to FIG. 9. 

[0076] As Was the case for the maximum desired compi 
lation overhead, the maximum desired interpretation over 
head may also be Widely varied. In addition, the minimum 
desired interpretation overhead may be Widely varied as 
Well. By Way of example, the maximum desired interpreta 
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tion overhead may be approximately 20 percent of a given 
time period, While the minimum desired interpretation over 
head may be approximately ?ve percent of a given time 
period. In one embodiment, the desired interpretation over 
heads may be substantially the same as the desired compi 
lation overheads. 

[0077] If the interpretation overhead is greater than the 
maximum desired interpretation overhead, then the thresh 
old is decreased in step 712, using any suitable process such 
as the process described beloW With respect to FIG. 8. 
Decreasing the threshold generally enables more methods to 
be compiled, thereby reducing the number of methods Which 
are interpreted. Alternatively, if the interpretation overhead 
is determined to be less than the maximum desired inter 
pretation overhead, then in step 718, it is determined 
Whether the interpretation overhead falls beloW the mini 
mum desired interpretation overhead. When the interpreta 
tion overhead is less than the minimum desired interpreta 
tion overhead, then the threshold is increased in step 716. In 
the event that the interpretation overhead is Within the range 
of acceptable interpretation overheads de?ned by the mini 
mum desired interpretation overhead and the maximum 
desired interpretation overhead, then the process of execut 
ing the threshold monitor continues in step 702 Where a neW 
timer signal is received from the operating system. 

[0078] With reference to FIG. 8, the steps associated With 
decreasing a threshold, i.e., step 712 of FIG. 7, Will be 
described in accordance With an embodiment of the present 
invention. The process of decreasing a threshold begins at 
step 804 Where a determination is made regarding Whether 
the threshold is at a loWer threshold limit. The loWer 
threshold limit, is generally the loWest value for a threshold 
Which is considered to be reasonable. By Way of example, 
although loWer threshold limits may be Widely varied, loWer 
threshold limits on the order of approximately 100 counts to 
approximately 1000 counts Work Well. In one embodiment, 
the loWer threshold limit may be approximately 500 counts, 
or invocations. 

[0079] If the determination in step 804 is that the threshold 
is at the loWer threshold limit, then the implication is that the 
threshold may not be loWered, and the process of decreasing 
the threshold is considered to be completed. If, instead, the 
determination in step 804 is that the threshold is not at the 
loWer threshold limit, then in step 808, a determination is 
made as to Whether the threshold had previously been 
adjusted doWnWards during the current time period. 

[0080] If it is determined that the threshold Was adjusted 
doWnWards in the recent past, or the current time period, 
then, in the described embodiment, the threshold may not be 
decreased any further. By not alloWing the threshold to be 
adjusted doWnWards more than once in a given time period, 
an over-adjustment of the threshold may be avoided. When 
it is determined that the threshold is not to be decreased any 
further, the process of decreasing the threshold is considered 
to be completed. 

[0081] If the threshold has not been adjusted doWnWards 
during the current time period, then process ?oW moves 
from step 808 to step 812 in Which the threshold is divided 
by a threshold factor. The threshold factor may generally be 
Widely varied, depending upon the requirements of the 
overall computer program. In one embodiment, the thresh 
old factor Which the threshold is divided by is the same 
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threshold factor Which is used as a multiplier When the 
threshold is increased, as mentioned above With respect to 
FIG. 6. Once the threshold is divided by the threshold factor, 
an interval change ?ag is set in step 816. In the described 
embodiment, the interval change ?ag is set to indicate that 
the threshold Was adjusted doWnWards during the current 
time period. After the interval change ?ag is set, the process 
of decreasing the threshold is completed. 

[0082] In addition to monitoring the compilation overhead 
associated With a program during run-time, the interpreta 
tion overhead associated With the program is also monitored. 
Monitoring the interpretation overhead essentially involves 
monitoring the amount of overall program overhead Which 
is spent interpreting methods. As previously described With 
respect to FIG. 7, interpretation overhead is monitored to 
determine, at least in part, Whether the threshold should be 
raised or loWered. For example, if the interpretation over 
head is too high, then the implication is that more methods 
should be compiled, and the threshold may be decreased to 
alloW more methods to be compiled. 

[0083] Generally, any suitable process may be used to 
compute interpretation overhead. One suitable process for 
computing interpretation overhead in accordance With an 
embodiment of the present invention Will be described 
beloW With reference to FIG. 9. The process begins at step 
904 Where a timer signal is received from an operating 
system. Once the timer signal is received, the current 
program counter of the application process is obtained in 
step 908. In one embodiment, the program counter is a 
reference Which identi?es Whether the execution of the 
overall program currently involves interpreted code or com 
piled code. 

[0084] Once the current program counter is obtained, a 
determination is made regarding Whether the program 
counter references, e.g. points to, the interpreter in step 912. 
That is, a determination is made as to Whether interpreted 
code is currently being executed. If it is determined that the 
program counter is not pointing to the interpreter, then the 
indication is that the program counter is pointing to a 
compiler, and the computation of the interpretation overhead 
is completed. If the determination in step 912 is that the 
program counter does reference the interpreter, then an 
interpreter overhead counter is incremented in step 916. 
Finally, in step 918, a sliding average for the interpretation 
overhead is calculated, using the interpreter overhead 
counter, and the process of computing interpretation over 
head is completed. 

[0085] FIG. 10 illustrates a typical, general purpose com 
puter system suitable for implementing the present inven 
tion. The computer system 1030 includes any number of 
processors 1032 (also referred to as central processing units, 
or CPUs) that are coupled to memory devices including 
primary storage devices 1034 (typically a read only memory, 
or ROM) and primary storage devices 1036 (typically a 
random access memory, or RAM). 

[0086] Computer system 1030 or, more speci?cally, CPU 
1032, may be arranged to support a virtual machine, as Will 
be appreciated by those skilled in the art. One example of a 
virtual machine that is supported on computer system 1030 
Will be described beloW With reference to FIG. 11. As is Well 
knoWn in the art, ROM acts to transfer data and instructions 
uni-directionally to the CPU 1032, While RAM is used 
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typically to transfer data and instructions in a bi-directional 
manner. CPU 1032 may generally include any number of 
processors. Both primary storage devices 1034, 1036 may 
include any suitable computer-readable media. A secondary 
storage medium 1038, Which is typically a mass memory 
device, is also coupled bi-directionally to CPU 1032 and 
provides additional data storage capacity. The mass memory 
device 1038 is a computer-readable medium that may be 
used to store programs including computer code, data, and 
the like. Typically, mass memory device 1038 is a storage 
medium such as a hard disk or a tape Which is generally 
sloWer than primary storage devices 1034, 1036. Mass 
memory storage device 1038 may take the form of a 
magnetic or paper tape reader or some other Well-knoWn 
device. It Will be appreciated that the information retained 
Within the mass memory device 1038, may, in appropriate 
cases, be incorporated in standard fashion as part of RAM 
1036 as virtual memory. A speci?c primary storage device 
1034 such as a CD-ROM may also pass data uni-direction 
ally to the CPU 1032. 

[0087] CPU 1032 is also coupled to one or more input/ 
output devices 1040 that may include, but are not limited to, 
devices such as video monitors, track balls, mice, keyboards, 
microphones, touch-sensitive displays, transducer card read 
ers, magnetic or paper tape readers, tablets, styluses, voice 
or handWriting recogniZers, or other Well-knoWn input 
devices such as, of course, other computers. Finally, CPU 
1032 optionally may be coupled to a computer or telecom 
munications netWork, e.g., a local area netWork, an internet 
netWork or an intranet netWork, using a netWork connection 
as shoWn generally at 1012. With such a netWork connec 
tion, it is contemplated that the CPU 1032 might receive 
information from the netWork, or might output information 
to the netWork in the course of performing the above 
described method steps. Such information, Which is often 
represented as a sequence of instructions to be executed 
using CPU 1032, may be received from and outputted to the 
netWork, for example, in the form of a computer data signal 
embodied in a carrier Wave. The above-described devices 
and materials Will be familiar to those of skill in the 
computer hardWare and softWare arts. 

[0088] As previously mentioned, a virtual machine may 
execute on computer system 1030. FIG. 11 is a diagram 
matic representation of a virtual machine Which is supported 
by computer system 1030 of FIG. 10, and is suitable for 
implementing the present invention. When a computer pro 
gram, e.g., a computer program Written in the JavaTM pro 
gramming language developed by Sun Microsystems of Palo 
Alto, Calif., is executed, source code 1110 is provided to a 
compiler 1120 Within a compile-time environment 1105. 
Compiler 1120 translates source code 1110 into byte codes 
1130. In general, source code 1110 is translated into byte 
codes 1130 at the time source code 1110 is created by a 
softWare developer. 

[0089] Byte codes 1130 may generally be reproduced, 
doWnloaded, or otherWise distributed through a netWork, 
e.g., netWork 1012 of FIG. 10, or stored on a storage device 
such as primary storage 1034 of FIG. 10. In the described 
embodiment, byte codes 1130 are platform independent. 
That is, byte codes 1130 may be executed on substantially 
any computer system that is running a suitable virtual 
machine 1140. By Way of example, in a J avaTM environment, 






