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MIXED EXECUTION STACK AND 
EXCEPTION HANDLING 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci? 
cation; matter printed in italics indicates the additions 
made by reissue. 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This is a Continuation application of copending prior 
application Ser. No. 08/944,335 ?led on Oct. 6 1997 now 
US. Pat. No. 6,009,517. 

This application is related to US. patent application Ser. 
No. 08/944,331, entitled “Site Speci?c Message Dispatch in 
Object-Oriented Systems,” US. patent application Ser. No. 
08/ 944,735, entitled “Method and Apparatus for Performing 
Byte-Code Optimization During Pauses,” US. patent appli 
cation Ser. No. 08/944,326, entitled “Method and Apparatus 
for Implementing Multiple Return Sites,” US. patent appli 
cation Ser. No. 08/ 944,332, entitled “Inline Database for 
Receiver Types in Object-Oriented Systems,” US. patent 
application Ser. No. 08/944,334, entitled “Method and 
Apparatus for Dynamically Optimizing Byte-Coded 
Programs,” US. patent application Ser. No.5,933,635, 
entitled “Method and Apparatus for Dynamically Optimiz 
ing Compiled Activations,” all ?led concurrently herewith, 
US. patent application Ser. No. 08/884,856, entitled “Inter 
preting Functions Utilizing a Hybrid of Virtual and Native 
Machine Instructions,” ?led Jun. 30, 1997, and US. patent 
application Ser. No. 08/885,008, entitled “Interpreter Gen 
eration and Implementation Utilizing Interpreter States and 
Register Caching,” ?led Jun. 30, 1997, which are all incor 
porated herein by reference for all purposes in their entirety. 

BACKGROUND OF THE INVENTION 

The present invention relates to implementations of an 
execution stack. More speci?cally, the invention relates to 
implementing an execution stack for use with functions that 
may be written in multiple programming languages such as, 
for example, an execution stack for a JavaTM virtual 
machine. 

The JavaTM programming language is an object-oriented 
high level programming language developed by Sun Micro 
systems and designed to be portable enough to be executed 
on a wide range of computers ranging from small personal 
computers up to supercomputers. Computer programs writ 
ten in Java (and other languages) may be compiled into 
virtual machine instructions for execution by a Java virtual 
machine. In general the Java virtual machine is an interpreter 
that decodes and executes the virtual machine instructions. 

The virtual machine instructions for the Java virtual 
machine are bytecodes, meaning they include one or more 
bytes. The bytecodes are stored in a particular ?le format 
called a “class ?le” that includes bytecodes for methods of 
a class. In addition to the bytecodes for methods of a class, 
the class ?le includes a symbol table as well as other 
ancillary information. 
A computer program embodied as Java bytecodes in one 

or more class ?les is platform independent. The computer 
program may be executed, unmodi?ed, on any computer that 
is able to run an implementation of the Java virtual machine. 
The Java virtual machine is a software emulator of a 
“generic” computer that is a major factor in allowing com 
puter programs for the Java virtual machine to be platform 
independent. 

25 

35 

40 

45 

50 

55 

60 

65 

2 
The Java virtual machine is commonly implemented as a 

software interpreter. Conventional interpreters decode and 
execute the virtual machine instructions of an interpreted 
program one instruction at a time during execution. 
Compilers, on the other hand, decode source code into 
native machine instructions prior to execution so that decod 
ing is not performed during execution. Because conven 
tional interpreters decode each instruction before it is 
executed repeatedly each time the instruction is 
encountered, execution of interpreted programs is typically 
quite slower than compiled programs because the native 
machine instructions of compiled programs can be executed 
on the native machine or computer system without neces 
sitating decoding. 

Typically, the Java virtual machine will be written in a 
programming language other than the Java programming 
language (e.g., the C++programming language). Therefore, 
execution of a Java program may involve execution of 
functions written in multiple programming languages. 
Additionally, the bytecodes themselves may call functions 
(e.g., system functions for input/output) that are not written 
in the Java programming language. It is therefore common 
for an executing Java program to entail the execution of 
functions that were written in multiple programming lan 
guages. It would be desirable to have an execution stack that 
stores functions written in multiple programming languages. 
Additionally, it would be bene?cial to allow exceptions to be 
propagated through these functions, with conversion of the 
exception to the appropriate format where necessary. 
The Java virtual machine allows Java programs to 

dynamically load and execute native methods, where a 
native method is implemented in a language other than the 
Java programming language. Native methods often require 
resources to execute so resources may be allocated and 

deallocated each time a native method is called. However, 
resource allocation and deallocation may be very time 
consuming and the continual allocation and deallocation of 
resources may result in a signi?cant decrease in efficiency of 
the interpreted program. Therefore, it would be desirable to 
provide more efficient techniques of resource allocation and 
deallocation. 

Accordingly, there is a need for techniques for imple 
menting an execution stack capable of holding function 
activations for functions implemented in different program 
ming languages, and in particular allow exceptions to be 
propagated through these functions and the corresponding 
activations. Additionally, there is a need to provide inter 
preters that are more efficient in the way resources are 
allocated and deallocated so that execution speed may be 
increased. 

SUMMARY OF THE INVENTION 

In general, embodiments of the present invention provide 
innovative systems and methods for implementing an execu 
tion stack that stores frames for functions written in multiple 
programming languages. Frames for functions written in 
multiple programming languages may be stored on the same 
execution stack utilizing an entry frame (or data block) that 
stores pointers to a previous frame on the execution stack for 
a function written in the same programming language. The 
entry frame allows the execution stack to be traversed 
“around” frames for functions written in other programming 
languages and exceptions may be propagated through the 
execution stack for handling by the appropriate exception 
handler, even when the functions were written in different 
programming languages and the format of the exceptions are 
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different. Additionally, resources may be allocated upon 
entering a function Written in one programming language 
(e.g., the Java programming language) so that the resources 
Will be available for any subsequent functions (e.g., native) 
in other programming languages. The resources may then be 
deallocated once When the calling function terminates, 
thereby increasing the ef?ciency of resource allocation and 
deallocation. Several embodiments of the invention are 
described beloW. 

In one embodiment, a computer implemented method for 
implementing an execution stack that stores frames for 
functions Written in multiple programming languages is 
provided. A ?rst frame for a function Written in a ?rst 
programming language may be stored on the execution 
stack. When the ?rst function calls a second function Written 
in a second programming language, a data block may be 
stored on the execution stack before a second frame for the 
second function. The data block includes at least one pointer 
to a previous frame on the execution stack Written in the ?rst 
programming language. In preferred embodiments, the data 
block stores a stack pointer and a frame pointer to the 
previous frame on the execution stack, Where the stack 
pointer and frame pointer Were stored in local storage (e.g., 
thread local storage). 

In another embodiment, a computer implemented method 
for implementing an execution stack that stores frames for 
functions Written in multiple programming languages is 
provided. A ?rst frame for a function Written in a ?rst 
programming language may be stored on the execution 
stack. When the ?rst function calls a second function Written 
in a second programming language, at least one pointer to 
the ?rst frame on the execution stack may be stored in local 
storage (e.g., thread local storage). The at least one pointer 
may be a stack pointer and a frame pointer. Subsequently, 
When a third function Written in the ?rst programming 
language is called, a data block may be stored on the 
execution stack before a third frame for the third function. 
The data block may store the at least one pointer to the ?rst 
frame on the execution stack that Were stored in local storage 
so that the data block provides a Way around the second 
frame on the execution stack. In preferred embodiments, the 
?rst programming language is the Java programming lan 
guage. 

In another embodiment, a data structure stored by a 
computer readable medium for implementing an execution 
stack is provided. A ?rst frame is stored on the execution 
stack for a ?rst function Written in a ?rst programming 
language. A second frame is stored on the execution stack 
for a second function Written in a second programming 
language. On the execution stack above the second frame on 
the execution stack, a data block is stored Which includes at 
least one pointer to the ?rst frame on the execution stack. In 
a preferred embodiment, the data block stores a stack pointer 
and a frame pointer to the ?rst frame. 

Other features and advantages of the invention Will 
become readily apparent upon revieW of the folloWing 
detailed description in association With the accompanying 
draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates an example of a computer system that 
may be utiliZed to execute the softWare of an embodiment of 
the invention. 

FIG. 2 shoWs a system block diagram of the computer 
system of FIG. 1. 

FIG. 3 shoWs hoW a Java source code program is 
executed. 
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4 
FIG. 4 shoWs the components of an implementation of a 

Java runtime system. 
FIG. 5 illustrates frames for functions that are stored on 

an execution stack. 

FIG. 6 shoWs a high level process of implementing an 
execution stack that stores frames for functions Written in 
multiple programming languages. 

FIG. 7 shoWs an execution stack that stores frames for 
functions Written in the Java programming language and 
another programming language. 

FIG. 8 shoWs a process of entering external code from 
Java code. 

FIG. 9 shoWs a process of entering Java code from 
external code. 

FIG. 10 shoWs a process of exiting Java code to external 
code. 

FIG. 11 shoWs a process of exiting external code to Java 
code. 

FIG. 12 illustrates an execution stack having an exception 
shield betWeen a C++frame and a Java frame, and an 
exception unshield betWeen the Java frame and another 
C++frame. 

FIGS. 13A and 13B shoW a process of an exception 
exiting external code to Java code. 

FIGS. 14A and 14B shoW a process of an exception 
exiting Java code to external code. 

FIG. 15 shoWs information that may be stored in thread 
local storage in order to implement an execution stack that 
stores frames for functions Written in multiple programming 
languages. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

De?nitions 

FunctioniA softWare routine (also called a subroutine, 
procedure, member function, and method). 

Frame (or activation frame, activation record)iA record 
that is stored on the execution stack for a function to store 
information for execution of the function, such information 
may include state variables, local variables and an operand 
stack. 

Execution stackiA stack utiliZed during program execu 
tion to store frames for functions in their sequential calling 
order. When a function (“callee”) is called, a frame for the 
function is pushed on the execution stack. Subsequently, 
When the function terminates, the frame is popped oif the 
stack and the function (“caller”) for the frame on the top of 
the execution stack resumes execution. 

Operand stackiA stack utiliZed to store operands for use 
by machine instructions during execution. 

External code4Computer code that is Written in a pro 
gramming language other than a speci?c programming 
language (e.g., the Java programming language). For 
example, the Java virtual machine may be Written in the 
C++programming language and the Java virtual machine 
could be deemed external code in reference to the Java code 
of a program that is being interpreted. External code include 
native methods. 

Native methodsiFunctions that are Written in a pro gram 
ming language other than the Java programming language. 
Native methods may be called by a Java program that causes 
them to be dynamically loaded and executed. Additionally, 
native methods may call functions Written in the Java 
programming language. 
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Overview 

In the description that follows, the present invention will 
be described in reference to a preferred embodiment that 
implements an execution stack for a Java virtual machine 
that executes a Java program (e.g. bytecodes). In particular, 
examples will be described in which the Java virtual 
machine is written in the C++programming language. 
However, the invention is not limited to any particular 
language, computer architecture, or speci?c implementa 
tion. Therefore, the description of the embodiments that 
follow is for purposes of illustration and not limitation. 

FIG. 1 illustrates an example of a computer system that 
may be used to execute the software of an embodiment of 
the invention. FIG. 1 shows a computer system 1 that 
includes a display 3, screen 5, cabinet 7, keyboard 9, and 
mouse 11. Mouse 11 may have one or more buttons for 
interacting with a graphical user interface. Cabinet 7 houses 
a CD-ROM drive 13, system memory and a hard drive (see 
FIG. 2) which may be utiliZed to store and retrieve software 
programs incorporating computer code that implements the 
invention, data for use with the invention, and the like. 
Although the CD-ROM 15 is shown as an exemplary 
computer readable storage medium, other computer readable 
storage media including ?oppy disk, tape, ?ash memory, 
system memory, and hard drive may be utiliZed. 
Additionally, a data signal embodied in a carrier wave (e.g., 
in a network including the Internet) may be the computer 
readable storage medium. 

FIG. 2 shows a system block diagram of computer system 
1 used to execute the software of an embodiment of the 
invention. As in FIG. 1, computer system 1 includes monitor 
3 and keyboard 9, and mouse 1. Computer system 1 further 
includes subsystems such as a central processor 51, system 
memory 53, ?xed storage 55 (e.g., hard drive), removable 
storage 57 (e.g., CD-ROM drive), display adapter 59, sound 
card 61, speakers 63, and network interface 65. Other 
computer systems suitable for use with the invention may 
include additional or fewer subsystems. For example, 
another computer system could include more than one 
processor 51 (i.e., a multi-processor system), or a cache 
memory. 

The system bus architecture of computer system 1 is 
represented by arrows 67. However, these arrows are illus 
trative of any interconnection scheme serving to link the 
subsystems. For example, a local bus could be utiliZed to 
connect the central processor to the system memory and 
display adapter. Computer system 1 shown in FIG. 2 is but 
an example of a computer system suitable for use with the 
invention. Other computer architectures having different 
con?gurations of subsystems may also be utiliZed. 

Typically, computer programs written in the Java pro 
gramming language are compiled into bytecodes or Java 
virtual machine instructions that are then executed by a Java 
virtual machine. The bytecodes are stored in class ?les that 
are input into the Java virtual machine for interpretation. 
FIG. 3 shows a progression of a simple piece of Java source 
code through execution by an interpreter, the Java virtual 
machine. 

Java source code 101 includes the classic Hello World 
program written in Java. The source code is then input into 
a bytecode compiler 103 that compiles the source code into 
bytecodes. The bytecodes are virtual machine instructions as 
they will be executed by a software emulated computer. 
Typically, virtual machine instructions are generic (i.e., not 
designed for any speci?c microprocessor or computer 
architecture) but this is not required. The bytecode compiler 
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6 
outputs a Java class ?le 105 that includes the bytecodes for 
the Java program. 
The Java class ?le is input into a Java virtual machine 107. 

The Java virtual machine is an interpreter that decodes and 
executes the bytecodes in the Java class ?le. The Java virtual 
machine is an interpreter, but is commonly referred to as a 
virtual machine as it emulates a microprocessor or computer 
architecture in software (e.g., the microprocessor or com 
puter architecture that may not exist in hardware). 

FIG. 4 shows the components of an implementation of a 
Java runtime system. Implementations of the Java virtual 
machine are known as Java runtime systems. A Java runtime 
system 201 may receive input of Java class ?les 203, 
standard built-in Java classes 205 and native methods 207 in 
order to execute a Java program. The standard built-in Java 
classes may be classes for objects such as threads, strings 
and the like. The native methods may be written in pro 
gramming languages other than the Java programming lan 
guage. The native methods are typically stored in dynamic 
link libraries (DLLs) or shared libraries. 
The Java runtime system may also interface with an 

operating system 209. For example, input/output functions 
may be handled by the operating system, including provid 
ing the Java runtime system with interfaces to Java class ?les 
203, standard built-in Java classes 205 and native methods 
207. 
A dynamic class loader and veri?er 211 loads Java class 

?les 203 and standard built-in Java classes 205 via operating 
system 209 into a memory 213. Additionally, the dynamic 
class loader and veri?er may verify the correctness of the 
bytecodes in the Java class ?les, reporting any errors that are 
detected. 
A native method linker 215 links in native methods 207 

via operating system 209 into the Java runtime system and 
stores the native methods in memory 213. As shown, 
memory 213 may include a class and method area for the 
Java classes and a native method area for native methods. 
The class and method area in memory 213 may be stored in 
a garbage collected heap. As new objects are created, they 
are stored in the garbage collected heap. The Java runtime 
system, not the application, is responsible for reclaiming 
memory in the garbage collected heap when space is no 
longer being utiliZed. 
At the heart of the Java runtime system shown in FIG. 4 

is an execution engine 217. The execution engine carries out 
the instructions stored in memory 213 and may be imple 
mented in software, hardware or a combination of the two. 
The execution engine supports object-oriented applications 
and conceptually, there are multiple execution engines run 
ning concurrently, one for each Java thread. Execution 
engine 217 may also utiliZe support code 221. The support 
code may provide functionality relating to exceptions, 
threads, security, and the like. 
As a Java program executes, functions are sequentially 

called within each thread. For each thread there is an 
execution stack which stores frames for each of the func 
tions that have not completed execution. A frame stores 
information for execution of the function, such information 
may include state variables, local variables and an operand 
stack. As a function is called, a frame for the function is 
pushed on the execution stack. When the a function 
terminates, the function’s frame is popped off the execution 
stack. Accordingly, only the function corresponding to the 
frame on the top of the execution stack is active, the 
functions that correspond to frames below the top of the 
execution stack have had their execution suspended until the 
function they called returns (i.e., terminates). 














