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COMPUTER SYSTEM AND METHOD FOR EXECUTING THREADS OF
EXECUTION WITH REDUCED RUN-TIME MEMORY SPACE
REQUIREMENTS

The present invention relates to computer systems and methods for
executing programs in a multi threaded environment with reduced run-time
memory space requirements. In particular, the present invention pertains to
computer systems and methods for executing threads of execution where the

5  execution data of the threads is compressed when the threads are
unexecutable so as to reduce memory space requirements.

BACKGROUND OF THE INVENTION

10 Computer systems are nbw being built or configured to take advantage
of properties of programs whose code is in an architecture neutral (AN) binary
format, hereinafter referred to as AN code. Thus, the AN code of these

. programs is independent of the specific architecture or platform of the
computer system.

15 |

The term architecture is defined for the purposes of this document to
mean the operating characteristics of a family of computer models. Examples
of specific architectures include Macintosh computers, IBM PC compatible |
computers using the DOS or Windows operating systems, Sun Microsystems

20  computers running the Solaris operating system, and computer systems using
the Unix operating system. T .
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The term architecture neutral (AN) is defined for the purposes of this
10  document to refer to programs whose compiled code can be executed on a
variety of computer systems with different architectures. For example, a
computer system with a specific architecture can be configured with a Java (a
trademark of Sun Microsystems) virtual machine module. The Java virtual
machine module enables execution of programs with code written in the Java
15  programming language and compiled into bytecode, hereinafter referred to as
Java bytecode, for the instruction set of the Java virtual machine. Java
bytecode is independent of the specific architecture of the computer system.

Important features of programs with AN code include their portability.
20  For example, since programs in AN code can be executed on any computer
system configured to execute the AN code regardiess of the computer
system'’s specific architecture, these programs can be easily transported over
- a network from one computer system to another. For example, programs
compiled into Java bytecode can be executed on any computer system with a
25  Java virtual machine module and can be easily transported over a network
from one computer system to another using a HotJava (a trademark of Sun
Microsysfems) network communications manager.

Furthermore, another important feature related to the portability of
30  programs compiled into Java bytecode is the verifiability of such programs.
Specifically, the Java virtual machine module can easily verify that these
programs satisfy predefined integrity criteria. Such integrity criteria include
stack and data type usage restrictions that ensure that Java bytecode cannot
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require a secondary memory (e.g., a hard disk) since the programs are
loaded directly into the run-time (i.e., execution-time) memory (e.g., random
access memory (RAM)) of the computer system. As a result, the user of such
a computer system is freed from the cycle of software purchase, installation,

15  configuration and upgrade that is currently typical of software products.

Furthermore, many software programs (i.e., applications) may be
executed with multiple threads of execution. Threadé can be used to make
programs more responsive, run faster, etc.

20
in view of the foregoing, multi threaded programs in AN code are
partiéularly attractive for use in inexpensive computer systems that are
- networked and are loaded with the AN code on demand. For example, these
kinds of computer systems may be video games, personal digital assistants
25  (PDAs), cellular phones, or other similar computer systems or computer
operated devices. '

For such computer systems, low price is extremely impoﬁant. In
practice, one of the most significant costs in building such computer systems
30 is the amount of run-time (i.e., run-time) memory that is required fo run the
software infrastructure and programs. This is to be distinguished from the
static memory which is needed for storing the code of the software
infrastructure and programs. It is very important to reduce the amount of run-
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random thread. These private areas are typically in the form of stacks, heaps, or
individual thread-local variables and represent the run-time storage cost of
the thread. Thus, the run-time storage cost of a program is the sum of the
10  run-time storage costs of all of its threads while the static storage cost of the
program is the amount of memory used to store its code. Thus, it is desirable
to reduce the average run-time storage cost of each thread in order to reduce
the storage requirements of a computer system needed to support a program.

15 SUMMARY OF THE INVENTION

In summary, the present invention is a computer system and
associated method for executihg a plurality of threads of execution with
reduced run-time memory space requirements. The computer system

20 comprises an run-time memory, an execution controller, and a data
Compressor.

The execution controller controls execution of the threads such that the
threads are executable and unexecutable at different times. The execution
25  controller also stores uncbmpressed in available space in the run-time
"~ memory execution data of the threads when the execution data is generated.

The data compressor compresses the uncompressed execution data
or portions thereof of compressible ones of the threads that are unexecutable.
30  As aresult, space is made available in the run-time memory. The data
compressor also decompresses in available space in the run-time memory
the compressed execution data or portions thereof of decompressible ones of
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programs. It is velnanoher embodiments the datacomprssser decompresses the
compressed execution data of the decompressible ones of the threads after a

10  predetermined time interval.

In yet another embodiment, the data compressor compresses the
uncompressed execution data of the compressible ones of the threads as
soon as they become unexecutable.

16

In‘still another embodiment, the data compressor compresses the
uncompressed execution data of compressible ones of the threads when
space in the run-time memory is needed but not available. In this
embodiment, the computer system may further comprise a least recently

20 | executed list that lists those of the threads that are currently unexecutable in
order of least recently executed thread to most recently executed thread. The
compressible ones of the threads are the least recently executed threads in

- the least recently executed list with uncompressed execution data when
space in the run-time memory is needed but not available.

25 |

In a further embodiment, the computer system also comprises a
secondary memory. In this embodiment, the data compressor stores in the
secondary memory the compressed execution data or portions thereof of
storable ones of the threads that are unexecutable when space in the run-

30 time memory is needed but not available. The data compressor then
retrieves from the secondary memory the compressed execution data or
portions thereof of retrievable ones of the threads whose compressed
execution data is to be decompressed in the run-time memory.
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threads of executifig. vig & block diagram of a computer network incorporating the
present invention. '

10 Fig. 2 is a functional block diagram of the operation of a client
computer system in the computer network. |

Fig. 3 is a flow chart of the operation of the client computer system.

15 Fig. 4 is a block diagram of an alternative embodiment of a computer
network incorporating the present invention.

Fig. 5 is a functional block diagram of the operation of a client
computer system in the alternative embodiment of the computer network.
20

DESCRIPTION OF THE PREFERRED EMBODIMENTS

Referring to Fig. 1, there is shown a computer network 100 in
25 accordance with the present invention. It includes one or more client
computer systems 102, one or more server computer systems 104, and a
network communications connection 106.

The client computer systems 102 are connected to the server
30  computer systems 104 via the network communications connection 106. The
network communications connection may be a local or wide area network, the
Internet, or some other type of network communications connection.
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gonprises an run-tinme nenory, an execution controller, and a data

conpressor. The execution controller controls execution of

t he threads such that the t hreads are executabl e and unexecut abl e at
different tinmes. The execution 25 contreller also stores unconpressed in
avai l abl e space in the run-tine menory execution data of the threads
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deconpr essi bl 492 via the network communications connection 106

The memory 118 of each server computer system 104 stores an

operating system 120, a network communications manager (or server) 122,
and muiti threaded programs (i.e., methods) 147 and/or 148. The operating

10  system and communications manager are all run on the CPU 120. The
operating system controls and coordinates running of the network
communications manager in response to commands issued by a user with the
user interface 112 or received by the network communications interface 116
via the network communications connection 106 from users of the client

15  computer systems 102.

The programs 147 of each server computer system 104 contain
architecture neutral (AN) code that is independent of the specific architecture
(i.e., platform) of the client computer systems 102. These programs are

20  compiled from a specific programming language into the AN code. In the
preferred embodiment, these programs are written in the Java programming
language and compiled into Java bytecode. Moreover, these programs are

" included in object classes that form software applications programmed in an
object-oriented manner.

25 _

Unlike the programs 147, the programs 148 of each server computer
system are.compiled into architecture specific (AS) code for the specific
architecture of the client computer systems 102. As will be explained in
greater detail later, it is preferred that the network 100 be a closed and trusted

30  network in which these programs may be securely shipped to the client
computers 102 with a high degree of confidence or that these programs have
embedded digital signatures which can be verified.



ones of the threads may be executed when they becone execut able.

Isn one enbodi nent, the data conpressor deconpresses the 5 conpr essed
execution data of the deconpressible ones of the threads as soon as
t hey beconme executabl e. I n anot her enbodi nent, the data
conpressor deconpresses the conpressged execution data of the
deconpressi bl e ones of the threads after a 10 predeterm ned tine
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list with unconpressed execution data when space in the run-tine
menory i s neesysiemuer easnputenioparated derice which requires a small amount of run-

time memory. Furthermore, each client computer system includes a central
10  processing unit (CPU) 126, a user interface 128, a network communications
interface 132, a read only memory (ROM) 134, and a run-time random access
memory (RAM) 136. The network communications interface enables the
client computer system to communicate with the server computer systems
104 via the network communications connection 106.
16
The RAM 136 of each client computer system 102 stores an operating
system 138, a network communications manager 140, a virtual machine
module 142, and a data compressor 146 that have all been loaded from the
ROM 134. The RAM also stores the programs 147 in AN code and programs
20 148 in architecture specific (AS) code that have been downloaded from the
server computers 104. The operating system, network communications
manager, virtual machine module, the data compressor, and programs are all
- executed on the CPU 126. The operating system controls and coordinates
execution of the network communications manager, virtual machine module,
25 the data compressor, and programs in response to commands issued by a
user with the user interface 128.

As alluded to earlier, the programs 147 and/or 148 are received from
the server computer systems 104 upon user request. These programs are
30 obtained using the network communications manager 140 which is, in the
preferred embodiment, a HotJava network communications manager. The

network communications manager then loads these programs in the RAM
136.



In a further enbodi nent, the conputer system al so conprises a

secondary nenory. In this enbodinent, the data conpressor stores in the
secondary nenory the conpressed execution data or portions thereof of
storabl e ones of the threads that are unexecutabl e when space in the run-
30 tinme nmenory is needed but not avail ablye. The data conpressor then
retrieves fromthe secondary nmenory the cOnpressed execution data or
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5  programs cannot overflow or underflow the virtual machine module's stack
and that all program instructions utilize only data whose data type matches
the data type restrictions for those program instructions.

However, in the case of the loaded programs 148 with AS code, the
10  code verifier 151 cannot be used to directly verify their integrity. Thus, to
verify their integrity indirectly, the network 100 may be a closed and trusted
network in which these programs may be securely shipped to the client
" computers 102 with a high degree of confidence. Alternatively, if the network
100 is not secure, these programs may have embedded digital signatures
15  which enable the network communications manager 140 to verify that they
are from a trusted source.

The execution controller 153 of the virtual machine module 142
controls execution of the programs 147 and/or 148 when they are loaded. In
20 particular, the execution controller interprets the AN code of the programs 147
for execution on the specific architecture of the client computer system 102
. and enables these programs to call the programs 148 with AS code to be
" executed on the specific architecture. In addition, if the network
communications manager 140, and/or data compressor 146 are themselves
25 compiled into AN code, then the execution controller controls execution of
them as well.

Since the just loaded programs 147 and/or 148 are multi threaded, the
~execution controller 153 creates threads of execution for these programs.
30  The execution of these threads, along with the threads of any other loaded
programs 147 and/or 148, is controlled by the execution controller.



present -i nventi on. 10 Fig. 2 is a functional block diagram of the

operation of a client conputer systemin the conputer network.

Fig. 3is a flowchart of the operation of the client conmputer system 15
Fig. 4 is a block diagramof an alternative enbodi ment of a conputer

networ k i ncorporating the present inventiqgu Fig. 5is a
functional block diagramof the operation of a client conputer system
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Furthermore, in order to keep the RAM space requirements of the
client computer systems 102 low, the data compressor 146 compresses and
decompresses in the RAM 136 the execution data of the threads at various
times during their execution. The'execution data of each thread is stored in a
10  uncompressed data repository 158 in the RAM when it is uncompressed and
in a compressed data repository 157 in the RAM when it is compressed. The
execution and storage status of the threads is maintained in the thread
_execution and storage status data structures 155. The execution data of the
threads is compressed and decompressed for threads that are respectively
15  compressible and decompressible because they satisfy predefined
compression and decompression criteria 152 and 154 stored in the RAM 136.
In some embodiments of the present invention, the compression and
decompression criteria, which are more fully described later, are user
selectable and/or tunable (using user interface 128) from a set of predefined
20  memory management strategies. '

In the preferred embodiment, the predefined compression criteria 152
- specifies that the execution data of a compressible thread be compressed at
the time when (1) space in the RAM 136 is needed but not available, and (2)
25 the compfessible thread is the least recently executed of the threads that has.
not yet had its execution data compressed. Also, in the preferred
embodiment, the predefined decompression criteria 154 for decompressing a
decompressible thread’s execution data simply specifies that the execution
data of the decompressible'thread is compressed and is to be decompressed
30  at the time when the decompressible thread has become executable. |

Referring to Fig. 2, each of the threads 200 is implemented by the
execution controller 153 with an AS code (ASC) stack and an AN code (ANC)
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language and compiled to the AS code each ASC stack may be a fixed size
contiguous stack (e.g., 128K), as is typically done in implementations of
programs written in C. Moreover, in the case where the programs 147 are
compiled into Java bytecode, the ANC stack is a variable size non-contiguous
10  Java stack that is expanded and contracted (e.g., at least 4K and increased

or decreased in 4K increments) depending on RAM space requirements.

To create the ASC and ANC stacks of each of the threads 200, the
uncompressed data repository 158 includes a pool 202 of ASC memory areas
15 204 and a pool 206 of ANC memory areas 208. Moreover, the thread storage
status data structures 155 include a thread storage status table 210, a free
list 212 of the ASC memory areas 204, and a free list 214 of the ANC memory
areas 208. The free lists respectively list those of the ASC and ANC memory
areas that are available (i.e., free) and the corresponding pointers to the
20 available memory areas.

Fig. 3 shows a flow chart of the compression and decompression
" method 300 of the present invention in accordance with the preferred
compression and decompression criteria 152 and 154 described earlier.
25  Referring to Figs. 2 and 3, when one of the threads 200 is created by the
| execution controller 153 (step 302 of Fig. 3), it determines whether there is
available memory space in the uncompressed data repository 158 to
implement the thread (step 304 of Fig. 3). This is done by determining frorh
the free lists 212 and 214 if there is an availablé ASC memory area 204 and
30  an available ANC memory area 208.

if the memory space is available, then the execution controller 153
allocates the memory space and stores in it uncompressed execution data to
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user interface 112 or received by the network comuni cations interface 1 16
via the network communications connection 106 fromusers of the client 15

conput er systens 102. The prograns 147 of each server
conmput er system 104 contain architegdure neutral (AN) code that is
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that forms the ANC stack. In addition, the execution controller updates the
10  thread storage status table to identify the pointers to the ASC and ANC
memory areas which respectively serve as the pointers to the bottoms of the
ASC and ANC stacks. Similarly, the execution controlier updates the thread
storage status table to identify the pointers to the ends of the execution data
in the ASC and ANC memories which respectively serve as the pointers to
15  the tops of the ASC and ANC stacks. The allocated ASC and ANC memory
areas therefore together provide -the memory space of the thread. The
execution controller also updates the thread storage status table to indicate
that the execution data in the thread's memory space is uncompressed (U)
and removes the allocated ASC and ANC memory areas from the

20 corresponding free lists.

Each of the threads 200 may be executable (i.e., usable or runnable)
" and unexecutable at various times. A thread may not be currently executable
because it has been put to sleep, is waiting for data, is descheduled, etc. The
25  thread status data structures 155 include an LRE list 216 that lists each
thread that is currently not executable. The LRE lists the threads in order
from least recenﬂy exécuted to most recently executed.

However, if memory space in the uncompressed data repository 120 is
30  not available to implement the thread 200, then the execution controller 153
invokes the data compressor 146. The data compressor compresses the
execution data of the least recently executed .thread listed in the LRE list and
places it in the compressed data repository 157 (step 308 of Fig. 3).



- 8- . As will be-explained in nore detail later, the prograns
147 and/or 148 are transmtted upon user request to the client
conput er systens 102 using t he network communi cati ons manager 122.
Thus, the code of these prograns i s considered network nobile code.
5 ' Each client conputer syste{g_loz may be a video gane, a

per sonal digital assistant (PDA), a cellular phone, desktop conputer,

or other co ter SVS C ut e er ' i ch requires
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134, and a r dhethieadraiadiaced ineasresponding-eaippreseeg)daia COrmemeryriers
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conmput er system 102 stores. an oper-afin system. 138, a network
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server conmputers 104, The ., operating sysie etwork co i cations
nmanager, Vi rt? u %"ﬁﬁﬁge%%eﬂémﬁ%@ %ﬁ{”‘asrpﬁlg éggﬁﬁfe% BN are all

10  space of the thread has been compressed (C). The data compressor 146

Q

may use any fast data compreésion technique well known to those skilled in
the art.

While the created thread 200 is executable, the execution controller
16 153 places on and removes from the ASC and ANC stacks at appropriate
times uncompressed execution data that is generated during execution. In
doing so, the execution controller updates the pointers to the tops of the ASC
and ANC stacks correspondingly.

20 Moreover, while this occurs (step 310 of Fig. 3), the execution
controller 153 increases the size of the thread’s memory space (steps 304-
308) when the thread requires more memdry space during execution (step

- 312 of Fig. 3) in a similar manner to that described earlier for allocating

memory space to a created thread. Specifically, each time the thread

25 requires additional memory space to store execution data for running the
thread in the architecture neutral language, the size of the ANC stack must be
increased by allocating another portion of the uncompressed data repdsitory
120 to it. In doing this, the execution controlier allocates another ANC
memory area 208 listed in the free list 212 to the thread by updating the

30 thread storage status table 210 to identify the allocated ANC memory area as
being part of the ANC stack, identify a pointer to the allocated ANC memory
area, and identify a pointer to the end of the execution data in the allocated
ANC memory area which serves as the pointer to the top of the ANC stack.



executed. on the CPU 126. The operating systemcontrols and coordi nates
execution of the network conmmuni cati ons nmanager, virtual machi ne nodule, 25
the data conpressor, and progranms in response to commands issued by a

user with the user interface 128. As alluded to earlier, the
prograns 147 and/or 148 are received fro the server conputer systens
104 upon user request. These prograns are'%o obt ai ned using the network

conmuni cati o 7 f ' , a
ot dava. net woTVAHTSHE g R8s ebriollel rhifGves the afloEd NG RRIRSIERR,
manager then ﬂ'mctaefﬂwl%t mm:areasesms bizeFﬂ%hly a portiba®f an available ANC

-9 - he case of the | oaded prograns 147 in AN code, the

code veri fi ermemory a"Q%Wa§fa“Pﬁ€tQ¢|tPttUﬁIthr@é@l)rl ne nodul e 142 then verifies
that the AN code of the | oaded prograns neets predefined integrity
criteria. As nentioned earlier, this may include stack and data type
usage reshricti onsSmlaillyswhdelﬂlimthréadQQO is execptably éstep 840 ftFig\3); ehokw or

underflow t hetlmVIe rtﬁéial cr)n?onger regt?lgéjsl g portlénagl}( its memory space (step 314 of Fig.

3), the memory space of the thread is decreased by deallocating the portion
that it is not needed (step 316 of Fig. 3). Specifically, the size of the ANC
stack is decreased whenever less of it is required by the thread during its

10  execution. For instance, if memory is being allocated in 4K byte blocks, when
the portion of the ANC stack used by the thread decreases by enough to
allow the deallocation of a 4K byte block (i.e., the pointer to the top of the
ANC stack points to a location in the preceding 4K block of the ANC stack),
then the size of the ANC is decreased by one 4K byte block. This is done by

15  deallocating the ANC memory area 208 of the ANC stack that is no longer
needed. In deallocating this ANC memory area, the execution controller
updates the thread storage status table 210 so that the ANC memory area is
removed from it and is no longer identified as being part of the ANC stack.

- 20 When the thread 200 becomes unexecutable (step 310 of Fig. 3), the
execution controller 153 adds it to the end of the LRE list 216 (step 318 of
Fig. 3). While this thread is still unexecutable (step 320 of Fig. 3), the
- execution controller determines if any of its memory space is required by
another thread (step 322 of Fig. 3). This occurs when, as described earlier,
25 the other thread is created (step 302 of Fig. 3) or needs additional memory
space (step 312 of Fig. 3), there is not enough memory space in the
uncompressed data repository 120 available for the other thread, and the
thread whose memory space is needed is the least recently executed thread
in the LRE list 216 that has not yet had its execution data compressed.
30 '
If the memory space is needed by another thread, then the execution
data of the thread 200 whose memory space is needed is compressed by the
data compressor (step 324 of Fig. 3) in the manner discussed earlier (step



and, that. all programinstructions utilize only data whose data type matches
the data type restrictions for those programinstructions.

However, in the case of the | oaded prograns 148 with AS code, the 10 code
verifier 151 cannot be used to directly verify their integrity. Thus, to
verify their integrity indirectly, the ne&gork 100 may be a cl osed and
trusted network in which these prog may be securely shipped to

A 'ternat 1 vel y308 oF FRE e ihi Rioctst tsdgn 2B-SEP6EEigt o) M BRedi i fut ey

have enbeddedthfedd batofesBXeeiiRibld Bgain(3tep 320 @b FRy. e network .

communi cati ons manager 140 to verify that they are froma trusted
sour ce. The executlon controller 153 of the virtual machine
nodul e 142 e 7 8 when
t hey are | oaded. I n h% tﬁ @Be@%w&ggex%cu éﬁl}‘f Fﬁé]g‘(géqtglotﬁerprets

t hehAN cofle oéontmdlqn rlﬁgrdnterrﬁmés if the exreeutlen{ gata obttnedhreadewaglemniprﬁssed
architecture i cqpput er system enabl es t hese
programs to cgﬁt‘f’p §§§ IFe @n&%!@%qtﬁoﬂyrééﬁ%dﬁtﬁeﬁéhe execution-eQnteliesn t he
specific archy éérﬂﬁe thFedtfftbin B L%§g§ﬁ1@ﬁ]éﬂ§28 of Fi é)onﬂé'ﬁ'r%?ﬁf&otl 8

manager 140, and/or data conpressor eres conpl
AN code, t henexénutionatata |0tﬁme:threadIwmanotbemmm'essmtumﬂdhe diiread beconfesn as
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executi onof or (sté}e 348 BF Fili.BY¥Band the thread’s memory space is needed by another
thread (step 322 of Fig. 3).

However, when the thread 200 becomes executable again but has its
execution data compressed, then the execution controller 153 determines if
16  memory space is available in the uncompressed data repository 120 to
decompress the execution data of the thread (step 330 of Fig. 3). This is
done in a similar manner to thét described earlier for a created thread (step
304 of Fig. 3).

20 if there is insufficient memory space available for decompressing the
execution data of the thread 200, then the execution data of one or more of
the least recently executed threads in the LRE list 216 is compressed to make

* memory space available. This is done in a similar manner fo that described
earlier (steps 308 and 324 of Fig. 3).
25
When there is sufficient memory space already available or when
sufficient memory space has been made available by compressing the
ekecution data of one or more other threads, the execution controller 153
then allocates the memory space needed for decompressing the execution

30 data of the thread 200 (step 334 of Fig. 3). This is done in a similar manner
to that described earlier for a created thread (step 306 of Fig. 3) so that ASC
and ANC memory areas 204 and 208 are allocated to form the ASC and ANC
stacks of the thread.



30 . The execution of these threads, along with the threads of any other

| oaded programnms 147 and/or 148, is controlled by the execution
controller. -10-

The virtual machine nodule 142 is conpiled into the AS code for the
specific architecture of the client conpuier system 102. The virtual

machi ne nodul e may be a Java virtual “machine nodule witten in the C

| anguage and r nor e,
in order to keep tE@é)%RH:spac @e%fﬁﬁ?gﬁg%@ |S§H%n decompr?s mgﬁut er
systens 102 |data dcomprésser mandqxtmfemfihemnaueenemow space (siepaaﬁrcﬁsses
In the RAM 136 the execution data of the threads at variou

during their Egedkt PRACTIGRAYY. dhe execulipndata ipth %%W@%ﬁﬁrﬁs &1§rtgat i n a 10
' a Compr oss g RRiEd i thiohd Bokalie HEMER, 210;eh RO TRbEARAIGHE,
execut i ond andthsead agaeded:mnpﬂassédtam placediiidoitse cerresponding IASCE aadtANEad
Chreads 1 coRBMEEy dieam A0k aed At ek ers Aiosaed by R avesition Sapeletcl y 15
conpressi bl e 1551"}! ﬁﬁ&éiﬁ’@rtﬁﬁ,s the GataesTiHSRsEbEYpdRES Prograhe SRragé Status table

210 to identify the pointers to thé corresponding ASC and ANC memory areas

that form the ASC and ANC stacks of the thread and pointers to the tops of

10  the ASC and ANC stacks. As mentioned previously, the execution data of the

thread will not be compressed again until the thread becomes unexecutable

again (step 310 of Fig. 3), the thread is added to the LRE list 216 (step 318 of

Fig. 3), and the thread's memory space is needed by another thread (step

322 of Fig. 3).
15
In view of the foregoing, it is clear that the present invention provides
a reduction in run-time memory space for execution of threads. However, as
those skilled in the art will recognize, other alternative embodiments could be
implemented to provide similar benefits.
20

Specifically, the compression criteria 152 described earlier specified
that the least recently executed thread 200 with uncompressed execution
- data would be compressed when space in the RAM 136 was needed but not
available. However, the compression criteria may be selected by the user
25 from a broad range of options and based on a number of conditions specific
to the user’s client computer system 102. For example, the compression
criteria may simply specify that the execution data of each of the threads is to
be compressed as soon as the thread becomes unexecutable. Or, it may
specify that the execution data of certain threads is to be compressed lazily
30  whenever time is available for doing so. Finally, as an additional variation of
any of the foregoing, the compression criteria may specify that only the
execution data of threads of a specific size or type are to be compressed.



conpr essi on and deconpression criteria 152 and 154 stored in the RAM 136.
lkn sonme enbodi nents of the present invention, the conpression and
deconpression criteria, which are nore fully described |ater, are user
sel ect abl e and/or tunable (using user interface 128) froma set of
predefi ned 20 menory managenent strategyes. In the
preferred enbodi nent, the predefined conpression criteria 152

specifies that th F@ﬁ}g‘rl FEYTEH Sédth orecH ressed at
the time when (1) eMeace mgét]wggtsqatgtlj?%rl S neeg(?ied b@{ésﬁgt a\'/tgﬁagglqg and (2) .

25 the conprspexifig htahaéhteadszwmwnthmpma@exw@m&atemaxﬂdthaareutsr eads

oreterred xSl ABOPRSSRE M Rt SobRIBSE T a5 si8p s oka” o1

deconpr essi nghfead becarflé @xeBuLbid bg@mt HeRever, teededdrapredsion Gritéha Xould
specifies_that the execution data of the deconpressible thread is

conpressed arfPacyt laan;tbemamss@%% exeggion %ﬁ‘tathﬁed@@f’épméﬁd @ffer a
guegomz)r ezzlcﬁl oF HF{}e‘?ﬁ'ﬁn ht eadsqéﬁ)@l Ig'iéles%i% errent e&hlg cat3ﬁéthe data &%ﬁ&sbgﬂ te
control | er 15gouidtihclade Adimed® iMsdhe sirecinteradl. aln o exaapleAtiis technique
could be used for a thread that is being put to sleep for a known time interval
so that the execution data of the thread will be compressed for this time
10 interval and then decompressed just prior to when the thread is to be
awakened. Or, in another example, the technique could be used for a thread
that is waiting for data where the time interval over which the execution data
of the thread is compressed would be selected so as to predict when the
awaited data will become available for the thread.
15
Furthermore, as those skilled in the art will recognize, the compression
criteria 1562 may specify that the execution data that is to be compressed may -
be the entire execution data of an unexecutable thread 200 or simply a
fragment or portion thereof. In this case, the amount of the execution data -
20 thatis compressed may be based on the memory space required by another
thread. Thus, for example, if another thread requires an ANC memory area
208, and there are no more ANC memory areas available, then only the
- execution data in the needed ANC memory area of the unexecutable thread
may be compressed to make this ANC memory area available.
25 '
In still another embodiment, each of the ANC memory areas 208 is
always allocated as part of the ANC stack of a corresponding thread 200,
even though it may not currently store any execution data of the thread.
Thus, when one of the ANC memory areas that is allocated to a thread is no
30  longer required by that thread to store execution data, the execution controller
153 still leaves the ANC memory area allocated to the thread. This is done
because it may be likely that the thread will again require another ANC
memory area at a later time in its execution. In keeping the ANC memory



stack. Specifically, the execution controller stores in the ASC stack
execution data for executing its AS code so that it can contro
execution of the thread. Simlarly, the execution controller stores
in the ANC stack execution data for executing the ANC code of the
thread and any AS code called by the AN-f8- code. In the case where the
virtual nmachine nodule 142 is witten in the C | anguage and conpil ed

to the AS codgea eﬂobatéa(fosmeﬁhrewytﬁweﬁeédthbcsitMer updatesdheitumads stack
(e.g., 128K), as is typica i n i npl epentatjons of r ans
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menory areas 208. Mbreover, the threa t orage status data structures
155 i ncl ude 4he lexecution omrugdlemmlﬂ te-allacate omeoqfthefavadable ANC|memomz of t he

ASC

205, The 1 e@reas it doBit stdrBpractliof Httlo i AR R the spmaeY
areas that args doseriballearkdr.e., free) and the corresponding pointers to the
20 avail able nenory areas. Fig. 3 shows a flow chart of

t he conf@essi on and deconpressi on
Additionally, referring to Figs. 4 and 5, a secondary memory 400 could

be used to store the compressed execution data of threads 200 that are
storable because they satisfy secondary storage criteria. In this case, the
secondary storage criteria would be included in the compression criteria 152

16  discussed earlier and could specify that the compressed execution data or a
portion thereof is to be stored in the secondary memory at the time that it is
compressed or could specify that it is to be stored in the secondary memory
only at the time when memory space is needed. In either case, the data
compressor 146 moves and stores compressed data stored in the CD

20  memory areas 218 into corresponding CD memory areas 500 in the
secondary memory 400. Also, the data compressor updates the pointers in
the program storage status table 210 to point to the execution data in the

- secondary memory. Furthermore, for the threads that are retrievable

because their execution data or a portion thereof is compressed, stored in the

25 secondary merhory, and is to be decompressed, the execution data would be
retrieved from the secondary memory and then decompressed in the RAM
136 in the manner described eatlier.

Moreover, in an embodiment where the client computer system 102
30 includes a secondary memory 400 (e.g. a networked desktop computer), the
programs 147 and/or 148 could be downloaded from the server computer
systems 104 to the secondary memory. Then, these programs could be
loaded by the virtual machine module 142 directly into the RAM 136 from the



met hod 300 of the present invention in accordance with the preferred

conpr essi on and deconpression criteria 152 and 154 described earlier. 25
Referring to Figs. 2 and 3, when one of the threads 200 is created by the
execution controller 153 (step 302 of Fig. 3), it determ nes whether there
S . avail able nenory space in the upfggpressed data repository 158 to
i mpl enent the thread (step 304 of Fig. 3)."This is done by determ ning from

the free |ist i ' ' ea. 204 and
30 an avai lieﬁ%ﬁaﬁﬂgﬂwérﬁyﬁgfrezgﬁ%ﬁ-ﬁn?{heaé’&%?pérﬁpﬁ@?fs 9?{1%&% Ty space

i s avai |l abl e, Additionalle iresechihh @misediinent, the obebating systemm 188itthe riehworkenor y
space and stores in_ it unconpressed execution data t

. ! { 0
12 - GorpmuRications ananagerd 48 thewvirugkmachinemedulentd2,anshinedatad
execution dat : ' ' I s, if
bot h an_ASC rpprpssof 148 EBEIdMEGroreh Wt pectindermehory GElodBoa >, |
t hen t he Bxedhereinto the RAMNtrol | er all ocates the avail able ASC and ANC
menory areas as the ASC 5 and ANC stacks of the thread and stores in
t hem t he unconpressed '

In still another embodiment, the operating system 138, the network
communications manager 140, the virtual machine module 142, and the data
compressor 146 could be downloaded from one of the server computer

10  systems 104 into the RAM 136 of the client computer system 102. This would
be done in a similar manner as that described earlier for the programs 147
and/or 148 of a server computer system.

In yet another embodiment, the virtual machine module 142 is actually
16 implemented in a silicon chip and serves as the CPU 126 of the client
computer system 102. In this case, the programs 147 with AN code are not
interpreted for a specific architecture and are instead executed directly. In
this embodiment, pfograms 148 with AS code would not be utilized.

20 Finally, while the present invention has been described with reference
to a few specific embodiments, the description is illustrative of the invention
and is not to be construed as limiting the invention. Various modifications

" may occur to those skilled in the art without departing from the true spirit and
scope of the invention as defined by the appended claims.

25 a



executlon data of the In doing so, the execution cont ,
t-he thr S table 210 to identify the thread, thE18 SRk ses F!FEN
ASC t@ﬂ'ﬂat forms the ASC stack, and the al I odat ed BRFLAGED
menory area° L ornms the ANC stack. In addition, .the execution '
controller updates the 10 thread storage 'ﬁ atus table to identify the

pointers to the ASC and ANC menory -8P&as whi ch respectively serve as

the pointers bot t he ASC and ANC stacks. Simlarly,-the
execution conW‘dAﬁﬁg %[ﬁ%@%%he t hread storage status table to"
identify the pointers to the ends of the execution data in the ASC

and ANC nenories which respectively serve as the pointers to 15 the tops
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indicate 5 cofpmkiigie execution data in the thread' s nmenory space is

unconpressed (U) and renoves the allocated ASC and ANC nenory areas
fromthe 20  corr @Jpodimeemery;| i st s. Each of the threads

200 may be executa d abl e at
various tines. beeéécHﬁ?,n ﬁgﬁﬁgﬂé& tﬁﬁ @%@Q@&t&g%pﬂ% “M%?%@g se it
has been put tmeahs!epe ekécwiable avid (iInexstitableist meheﬁmbsdan@(a% stohss 25
thread status data structures 155 include an LRE |list 216 that |lists each

thread that iYneempesased inia availablp spree intthe ruptine glemeny.exacutian ata obr der
fromlea re
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uncompressed execution data or portions thereof of compressible ones of the
threads that are unexecutable, whereby space is made available in the run-
time memory, and (B) decompresses into available space in the run-time

15  memory the compressed execution data of decompressible ones of the
threads so that the decompressible ones of the threads may be executed
after becoming executable.

2. The computer system of claim 1 wherein the data compressor

20 decompresses the compressed execution data of the decompressible ones of
the threads as soon as the decompressible ones of the threads become
‘executable.

3. The computer system of claim 1 wherein the data compressor
25  decompresses the compressed execution data of the decompressible ones of
the threads after a predetermined time interval.

4, The computer system of claim 1, 2 or 3, wherein the data compressor
comprésses the uncompressed execution data or portions thereof of the

30 compressible ones of the threads as soon as the compressible ones of the
threads become unexecutable.
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invékes the sor 146. The data conpressor conpresy -
exec of the least recently executed thread |isted ﬁﬂ’%@lﬁé'ﬁ%{ﬂw

and H"I"nﬂmﬁmnﬁmn the conpressed data repository 157 (stle

-13 -
SpeC|f|caI ly, t he conpressed execution dagqa in the ASC and ANC nenory
areas identified in the thread storage status table 210 as being all ocated

to the ghr eaﬁhé%@nﬁ@éﬁﬁ&ﬁé&n@@l@ﬁ#’?@bf‘g ﬁﬁéﬂé‘ ﬁméa&a&&nb@sob‘mmr y
ar eas 218 in the conpressed data repository 157. The data conpressor

also 5 updeersprassesithe ehcompsesspd exeautiondata or pertimrthetqnftom&e

v ead, the compressitie SRERef ¥ lpalie Pheriircerlf s i/t iss © "¢

cor r espondi ngnééded Buitnot availabke.t he ends of the conpressed execution data
in the CD_nenory areas. It al so updates the thread storage status
table to Pndicate that the nmenory 10 space of the thread has been

compr essi on tonnt 506 SHRHATERISRSrHm.S fumefRpripfudgy TR SN 2
a least recently executed list that lists those of the threads that are
currently unexecutable in order of least recently executed thread to most
recently executed thread;
10 the compressible ones of the threads are the least recently executed
threads in the least recently executed list with uncompressed execution data
when space in the-run-time memory is needed but not available.

7. The computer system of any of claims 1 through 6, further comprising:

15 a secondary memory; .
the data compressor (A) stores in the secondary memory the

compressed exécution data or portions thereof of storable ones of the threads

when space in the run-time memory is needed but not available, and

(B) retrieves the compressed execution data or portions thereof of retrievable
20  ones of the threads whose compressed execution data is to be

decompressed in the run-time memory.

- 8. A method of executing a plurality of threads of exeéution with reduced
run-time memory space requirements, the method comprising the steps of:
25 providing a run-time memory; |
executing the threads, whereby the threads are executable and
unexecutable at different times; ,
storing uncompressed into available space in the run-time memory
~ execution data of the threads when the execution data is generated;
30 compressing the uncompressed execution data or portions thereof of
compressible ones of the threads that are unexecutable, whereby space is

made available in the run-time memory; and
-
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this occurs (step 310 of Fig. 3), the execution controller 153

i ncreases the sizedétorhpressigEintd avaRibls §p§é@ﬁ'ﬁth@°{hﬁﬂﬁn§@ﬂemorythe 308) when
the thread requires nore nenory space during execution (ste 312 of

Fig. 3) in a eompreasedmaxesution datmef decampiessiblepnes of the trueaté%ao ithif the

"equi 1 s adai tPePreRRIHEF ghes Bt the FRERLs el ol ex FARSA ST PRSP PTG (i

thread i n t heegggtablect ure neutral | anguage, the size of the ANC stack mnust
be Lncreased by allocating another portion of the unconpressed data
repositor? 120 toit. In doing this, the execution controller

al | ocat es anogher t 212 to
t he thread by updat| ng ?tROdge ﬁ 8%%??@?% Hbé{)ﬁ@ é%lﬁ%ﬁtefﬂz@glu{d('?% dentify
t he al | ocat eddéd¢dPnprssing thecorapressed exbelum:m gatat ofdhe ideeoripessiblelones

identify a poi tber to the al |l ocated ANC nenor i dentify a

d
poi nter to 1 e BRANGHASRS 31 26 i dRSRPIESSile oaes g Jhe Hhireads beaRereior y
area whi ch segy&sitasiel he pointer to the top of the ANC stack.

10
10. . The method of claim 8 wherein the decompressing step includes
decompressing the compressed execution data of the decompressible ones
of the threads after a predetermined time interval.

15 11. The method of clairﬁ 8, 9 or 10, wherein the compressing step includes
compressing the uncompressed execution data of the compressible ones of
the threads at the times when the compressible ones of the threads become
uhexecutable.

20 12. The method of claim 8, 9 or 10 wherein the compressing step includes
compressing the uncompreésed execution data of the compressible ones of
the threads when space in the run-time memory is needed but not available.

13. The method of claim 12 further comprising the steps of:

25 providing a least recently executed list that lists those of the threads
that are currently unexecutable in order of least recently executed thread to
most recently executed thread;

the compressible ones of the threads are the least recently executed
threads in the least recently executed list with uncompfessed execution data

30  when space in the run-time memory is needed but not available.

14.  The method of any of claims 8 through 13, further comprising the steps
of:
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-14 = 'maddition, the execution controller renoves the all ocated

ANC fromthefree list (or decreases its s
por t Wﬂﬁm llﬁm "m '”I l e ANC menory area was all ocated tﬁtsheHE"T H\S BEEN

thre Sinmilarly, while the thread 200 i s execytabl e REBLAGED
310 of Fig. 3), each time that |t n? | onger requires a portion of 1T3S
menory space (step 314 of Fig. ﬁe menory space of the thread is
decreased by deal | ocatc’ 8 t he: ortl on . that it is not needed (step 316
of Fig. 3). SpecifPEYFINg SERANG Q’emﬁ'F‘oﬂﬁe ANC stack i s decreased
whenever |ess of i §toringlif @ éeéo.maryhﬁemb t%sb&%xé@utloﬁaﬂ%# on.

For instance, if nmenory is being allocated in 4K yte | ocks, when

the portion oportiops thereof of stonzble anestofdhe threads adisnspase hytherundime o

the o ancmefigty i€ Befued b a8t BBl S N o cceting ak biock of Lhe

ANC st ac k5, téiﬂéwhgfrro@nm gécantarfifernd reomsiésbed execdtioddata
bl ock. This is done b deal | ocati ng the ANC nenory area 208 of the ANC

stack that i somorrtl@ngélnereof of retdevrhle ongs i ihe Yyeads whasecompressaedry ar ea,
t he executi Onﬁgé’&}tfoﬂl&a% is to be d‘é@gﬁ{p‘?ésééb&lnﬁ%%ﬂ-ti%é’é‘?egﬁ? atus table 210

so that the ANC menory area enove romit “no | onger
identified as being part of the ANC stack. =~ 20 When the thread 200
beconmes unexecutable (step 310 of Fig. 3), the execution controller

153 adds it to the end of the LRE list 216 (step 318 of
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Fi g.: 3)..Wiile this thread is still unexecutable (step 320 of Fig. 3), the
execution controller determnes if any of its nmenory space is required by
anot her thread (step 322 of Fig. 3). This occurs when, as described

earlier, 25 the other thread is created (step 302 of Fig. [@HIQrSHﬂE%‘?q%S BEEN |

addi ti onal nenory space (step 312 of Fig. 3), there ijs not

menory space in the unconpr essed da’4 “repository 120 Aok

the other thread, and the t hread whose nenory space is needed is the
| east recently executed thread iABBRBAGRE |ist 216 that has not yet

had its execution data conpressed. 30 If the nmenory space is

needed by another thread, then the execution data of the thread 200

whose nmenory spaceAl cnmpxﬂéedystencan@aesaﬁdtédyméﬂmd for exedwtlnsg & piarakitysefr
(step 324 of Fig. . 3).in the manner di scussed earlier

15! Uiy bEpERCUPN Wi (odcsiIBe TRy SRECS RAUEMOMSETRE 3) | s
(5ot o0 7 bohbegsysteh BAeas Ay EROLAAOSRIRE AR 1o
execution compressor. The execution controller controls execution of the threads such
that the threads are executable and unexecutable at different times. The
execution controller also stores uncompressed into available space in the run-
time memory execution data of the threads when the execution data is
10  generated. The data Compressor compresses the uncompressed execution
data of compressible ones of the threads that are unexecutable. As a result,
space is made available in the run-time memory. The data compressor aiso
decompresses in available space in the run-time memory the compressed
execution data of decompressible ones of the threads so that the
15  decompressible ones of the threads may be executed after becoming

executable.

—_—
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5
conpr essed
execution controller
328 of Fig. 3). As a result,
not be conpressed unti l
310 of Fig.100
3),
322 of Fig. 3).
execut abl e '
execution c

(step 326 of Fig. 3).
renoves the thread fromthe LRE |i g
t he
t he thread becones _
, the thread is added to the LRE list 10
and the tW‘ s nmenory space i s needed by anot her

.controller 153 determnes if the execution data of the thread was

If it was not conpressé

execution data of the

({'l*ﬁl- :@'CI 1 t JI(}C ———r——
t 57 &{AS BEEN
hr ead?l.gﬁ!.IACED

|

However , mhen the thread 200 becones

lienti Gompateret er mines i f 15~13@nory space is avail abl e in

unexecut abl e agal n (STep
‘(step 318 of Fig.
thread (step

t he unconpr ¢ssedSgsteny eposito B to deconpr ess the ekecution d3jta
of the thredd (step 330184-Fi 9| pr—Fhi—s—ts tome—m=a—st{i | ar manngr
to t h:ititozdes ribed earli | peratingnbystemst ep - 304/%f1389. 3).
20 S ije ble Tor flec ressifng
t he e ugle data o Moty : Manggers ' ?H'awof one
or more of t 126 NEVirteeNdctinb Veiiflei N the LRE4gp 216]is
conpressed o nake p yee—tv-atable- S—{~S—¢he n asimlar
manner to tHat ~despred egrll- KR LE MRl 324 of FIU: 25
When there iJs suff]cien ry Bp savai |l abl e or whep.
suf ficient nory Fp yc‘étlgg n ﬂﬁogv%g%ggpg By—e-SRPFeSS-Rg tr;le51 J
execution datpof a; r¢ ¢t h&atenCempresser executi on con Lﬁ~o|h433r 151
then all ocafek dﬂi}f—c Enor yjsipdc npﬁgﬁfhﬁ.@' m%@éessi ng the eQ_QHH on
" — Programs: AS code ~148
BB8858R55 Compressed Data Repository K. {57
User Interface | Uncompressed Data Repository |_1sg
[ - | | Thread Status Data Structures  ~~455
Network Com. Criteria ~152, 154
Interface
1327
~102 ] ~106 . '
Client Network Com. nggjtrer J°4
Computer Connection S
: ystem
r 104
110 116 Server Computer
- - f System
"CPU Communications
Interface
Ve 112 Vs 118
@/D Operating System N~ 120
Network Com. Manager - 122
/aB838a8503 Programs: AN code - 124
User Interface Programs: AS code N~ 125
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30
manner

Fig. 3) so that ASC
formtheACand ANC

- 16-

deconpressed

menory space (s

t he
p 336 of

The

JURGA

Fig. 3).

" data of the threat 200 (step 334 of Fig. 3).
to that d@ﬁggﬁegqﬂsgaﬁiﬁ“ﬂ‘ced or a created thread (

he't hr ead.
ata of ‘the thread 200 is then
data conpressor 146 and placed in the available
t he execution data

Speci fi

o120
wer o i dent iff

This is do

TS S ToRAS BEEN |

ry:areas 204 and 208 arfe all B@BU&EBO

In the ’:D_nnm%_a.nea.s_ﬂ.a_t.haL a—t-he—theead—sigrage
st at us. | AhreadStarage: Status nmzswuatures 5 thread are decorrpressec and
pl aced | nto the correspoenrehe BT (8
that wefe allocate1 trg_g?‘(;c ut i (Trhf&ad Memery Sgacelearamewbs ng t hils,
the dath conpressor Up qgra st atjus t 21
I denti f t/ thgppm nters jc : ek "m'.ﬁtac’* :bhg
that fofm the and |TWreadd|AST Afea i} RS ANG Area § Ril'ﬁisblgo%s of
10 the ﬁfﬁ%ﬁ stacks. As |nenti oned previ oySANC Areac2EPTRsh daf 4 of
t he ' L o ' T AT nT cF 5
unexecul ffEead § agiJlﬁ';l'@?ﬁE(g?L Slé&ﬁiﬁbaegl S@;ﬁst h«gﬁfpgag i b i Jl%tgg tlhe
LRE lis o—~—+ef 318 of e Fig.e 3), pndethd threae' s npnory ppack i s
needed py TAHEBEET |t hi¥ad (Step . . . . s
. Thread T|ASC Area 2 PTRs| ANC Area 3| PTRs| U
Z 3 — '
212\ Free List Free List
|ASC Area M| PTR ANC Area N|PTR 51 4
— e :
T < Vlrtualolc\jnjzhine | 142 Compressed
Execution 146 Data
Controller ‘ L,' c Data : R Repository
> U om or - - -
F 953 e Mthread2
l 147 ~111CD Area 1}
Programs [~44g’ 157, \218-1
3 7~ 158 | l
Uncompressed Data Repository 202 : CD Area 2 |
. - 2182
Mhread 7 1200-1 Thread T | Poolof ASC Areas | L 5 — ="
l U\J l 1 200-T 200-2 *
Il AsSC[IN 1|Asc |V .., | AsSC
| | Area 1| ,204-1 ,T]Area2 || 1AreaN
| | 204-21 | 204N
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322 of Fig. 3). 15 Inview—of—-i—he—f—m*egei—ﬁg—it+-s~—e-l—eaar—-t-hal_.,__.
t.he present invention provides edyict Lo, L ti e |EHS SHEEPAAS BEEN
for execution of threads. However, Sd inlthe aREFIAIOED
recogni ze, other alternative errbodl rrents Huﬂﬂim imﬁ( i npl eneNt ea™To

provide similar benefits. 20 302 t he conpression
criteri@0Q52 desc e ecified that the | east recently
executed t 2 Bo=i-Ea—LRE ﬂk?gssed execution data woul d be

conpressed when space i rreeted—otTTot 1 avai |l abl e.

However,

t he conpressi g&_cr it

ya may be selected by the user{ 25 froma

br oad range of opt| oS anidMNased on a nunber of Bdi&ions s ecific

criteria
isto

It may

conpr essg
an addit
criteria
specific

Dgngﬁga jatio

O )

s is to be
~doing so. Finally, as
t he cdnpression

y seemipresshdataof jeast
sil 7ecently 0sed threadh ERBP] ¢
list and remove from LRE list

314t threads of a

" 306

allocate memory space

needed for thread _
No additional
> 4 A 4 memory space
needed for
336 ~ 310 hread?
decompress
data of thread thread become
' - 318
L 328 add thread
remove thread to LRE list
from LRE list
334}
allocate memory
space needed for
thread
A
memory space A
Yes available for thread mertrtx;lgSace JNo
when decompressed? eeded?

compress data of

compress data of least thrﬁgc:naﬂgéel?;?ve
recently used thread(s) in LRE <
list and remove from LRE list | 324
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'T s BEEN

-17 - Moreover, as was stated earlier, the dec%d
at a REPLAC

Griteria 154 speci fi edw th conpress
data woul d have its execution data deconpressed by the
conpressor 146 as soon as the qpis Sheet Hid! me execut abl e agai n.

However, the deconpression crlt “‘“M“‘ speci fy that the conpr essed

execution data be decorrpressed redetermned tine interval

has expired. In this case, the corrpressor woul d include a tiner:
totime the time interval. In one exanpl e, this techni que ~could be
used for a thread that is being put to sleep for a known tinme interval
so that t gxecution data of the thread will be conpressed for this time
10 interva and'then deconpressed just prior to when the thread is to be
awakened. O, 'not her exanpl e, the t echni que coul d be used for a thr ead
that i s waigtdiag M - V7= -G S N
dat a hem‘bcdmpmbrs corrpressed be sel ect ed SO0 as to pred| clt
when the gygtéml data wi, ad. 15
Furt her nor g, t"hose S|k3 | ed i1l recognize the donpressio
criteria12may speci fy H@p’é@m' gigthhat istob ?ggressd
may 102\ethe entire Ly ad" 200 or
sinply a dj%ﬁgmnt rk i| e anRgetase, the [anbd0t of |t he
execution datla oyt s conpressed e Dj n the nengyy, glace
required by drotire 26 threa(jW i iﬁ%ﬁﬁ WQP if_anat hdr !% ead
requires anf ANCloeonry are P Gikecutibn Gontrolier no nore B8nory
areas avai ljabl e, the —exevrrpﬂ—dm_@ ANC
menory ared of the t apl fe [ hi &Rde Verifigey be compressed T #9kake tkhi S
ANC nenory jarea—3 Data Compressor ~~146
Programs: AN code ~147
EEEEEEEgR Programs: AS code ~~148
AL Compressed Data Repository |~ 457
User Interface Uncompressed Data Repository | 158
400~ Thread Status Data Structures ~~155
Secondary Criteria ~152, 154
Memory ||
Network Com.
Interface
132 7/

_ To/Frorh Network Communications Connection

FIGURE 4




In still anot her enbodi ne t he ANC nenory areas

al ways al |l ocated as part of t he ANC stack of a correspondi gTH!BrSﬂﬁETZQKS BEEN |

controller
thread. This done because |t may be likely that the thread w il
agai n'require. anot her ANC .. nenory area at g-l1@%r tine inits

even though it may not curr ctdiadBeen R acaxecutlon dat a theﬁgh[m@

Thus, when one of the ANC ne is allocated t o atiread-t+s—fic

30 Iongefogeqw red by that execution data, the execution
153 still leaves t nory area allocated to the

executi
18 - reﬁa S?Gm I oca é\??f?ﬁl S H;read t he execut Lon cont [oll er
updateg the t hr ea .

%

of the]ANC stack). In

nmenor areas | r eat I’ ., S
are al>ll ocat efréa hr e ﬁﬁﬁ%gamg} E%md en a
t hread|n ahot h
Wil re TiE Efst bne PTERel yC Area 2r 2T @©aded not
store ¢pcthreadh 1dht a | T ey ——— s
descri bedrigeedd 1 Y ° ° o l¢t-
. Thread T|ASC Area 2| PTR§ ANC Area 3|PTRs| C
F N
212 Free List Free List
\JASC Area M| PTR ANC Area N|PTR 514
T
. Virtual Machine| 140 Compressed
" 146~ Module |~ Data
Execution S B Data Repository
Controller Llc < —» [ TFre;d-é 1
T G5 omp;essor | :
l 711|CD Area 1}
‘2181
Programs |~ }ig : 157 : i
v _ 158 CD Area 2 |
Uncompressed Data Repository ~ 202 :_ C 2_18_-2
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10 ' Additionally, referring to Figs. 4 and 5, a secondgrzpm."9 7
menory 400 could be used to store the conpressed execution dat ﬂﬂzg
threads 200 that are storabl e because they satisfy secondary storage
criterira. In this case, the secondary storage criteria would be

I ncluded in the conpression criteria 152 }5 di scussed earlier and could
specify that the conpressed execution data—er a portion thereof is to
be stored in the secondary nenory at the tinme that it is conpressed
or could specify that it is to be stored in the secondary nenory only
at the time when nenory space is needed. In either case, the data
conpressor 146 noves and stores conpressed data stored in the CD 20

menory areas 218 into corresponding CD nenory areas 500 in the :

secondary nenory, ' in

t he program stor%éﬁ?ﬁ?&gsyggﬁym.mpgppgg € exelcu F%%épags?ﬁ t he
secondary nenory. FUEXEOQUTION WITH REDUCEDRIINLITIME MEMORY ISPRACEEe

because their execution data or a po%@@%ﬁgﬁ& is conpressed, stored in
t he 25 secondary nenory, and is to s%ed, t he execution data
woul d ‘be retrieved fromthe secondary nenory and then deconpressed in

. the RAM 136 in the manner described earlier. Mor eover,
in an enbodi nent whEhe présent inventionoelaiesto egrmputer systedds and shetheds dor

secondary nenory 400 (e.g. a networked desktop.conputer), the .
o ogr ans. 147 dRpcing piodimst Mo R Sireatad srvisRmeD Bish refUged sun-tme
systems 104 t ombhfory 3pase féquirstiBnts. Iﬁiﬁ?ﬁc&lé‘:‘?% Bréxen? fivertish beiins to
| oaded by the virtual nachine nodule 142 directly into the RAM 136 fromthe
computer systems and methods for executing threads of execution where the
5 execution data of the threads is compressed when the threads are

unexecutable so as to reduce memory space requirements.
BACKGROUND OF THE INVENTION

10 Computer systems are nbw being built or configured to take advantage
of properties of programs whose code is in an architecture neutral (AN) binary
format, hereinafter referred to as AN code. Thus, the AN code of these
programs is independent of the specific architecture or platform of the
computer system.

15

The term architecture is defined for the purposes of this document to
mean the operating characteristics of a family of computer models. Examples
of specific architectures include Macintosh computers, IBM PC compatible
computers using the DOS or Windows operating systems, Sun Microsystems

20  computers running the Solaris operating system, and computer systems using
the Unix operating system. ' )
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-19. - secondary nenory rather. then fromthe server coppufer syst-ems—
104. Additionally, in such an embodi ment, the oper at i{ngs\SHEEM HASBEEN
t he net wor k communi cati ons manager 140, the virtual nachi nREPO&HE

. 1427 and the data conpressor 146 could be stofed in the-seeendary
menory -and. | oaded from 5 there into t RAM “In still
anot her enbodi nent, the operating system138, the network

comruni cati ons N ! t . 1o at a
compressor 146 tﬁ%ﬂﬁiﬁﬁﬁé‘ﬂ%ﬁéﬁb ﬁﬂiﬁ&@ﬁﬁg@ fik T8 ;é%%ilﬁu §
syst ens into tHXEQ THREDUCK]Y RUNrTIME ME ALYhi s wou
be done in a sinilar manner as that REQIGRBMENES:|ier for the prograns 147

and/ or 148 of a server conputer system In yet anot her

enbodi ment, the virtual machine nodul e ABSTRAGL¢ ual | y 15 inplenented in a
silicon chip and serves as the CPU 126 of the client conput er system
102. In this case, the prograns 147 with AN code are not I nterpreted

for a specific archAtcarhputer apstenr and assecidteelmethoetifodiexecuting alplurality of
threads of execution With reduced memory space requirements. The
5  computer system comprises a memory, an execution controller, and a data

compressor. The execution controller controls execution of the threads such
that the threads are executable and unexecutable at different times. The
execution controller also stores uncompressed into available space in the run-
time memory execution data of the threads when the execution data is

10  generated. The data compressor compresses the uncompressed execution
data of compressible ones of the threads that are unexecutable. As a result,
space is made available in the run-time memory. The data compressor also

~ decompresses in available space in the run-time memory the compressed

execution data of decompressible ones of the threads so that the

16  decompressible ones of the threads may be executed after becoming
executable. S

Figure 2
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- . q1017(2-9
t hi s .enbodi ment, prograns 148 wth AS code would not be utilized @)
Finally, while the present invention has been described with referé eS
to a few specific enbodinments; the description is illustrative of the
i nvention and is not to be construed as limting the invention.
Various nddifications may occur tojthose skilled in
departing fromthe true spirit and —3scope of the mv#émmmtm
by the” appended cl aims. 25 - 20 - VHAT IS CLA MED | S
A conputer systemfor executing a plurality of threads of] ekecw igQy ng}’a
programw th reduced run-tine nenory space requirenents, fhge conputer
system conpri $0M9:

\./':k
Client Computer ' ~ 136
System RAM
134~ -
ROM Operating System - ~~138
102 -y Network Com. Manager ~~140
i 126 Virtual Machine Module ~~142
{ ' Execution Controller - |™~15883
128 | Code Verifier ~~151
- Data Compressor ~~146
@/ D Programs: AN code ~~147
[ L Programs: AS code ~~148
EEBEEEEEESY Compressed Data Repository 457
User Interface Uncompressed Data Repository 153
[ | | Thread Status Data Structures  ~155
Network Com. Criteria ~152, 154
Interface
132~ |
02— 106 -
£ £ - Server 104
Client Network Com. Computer |/
Computer Connection :
System
r 104
110 116 Server Computer
¢ - - System
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_Interface
| 118
Is 112 Vs
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| Network Com. Manager - 122
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User Interface Programs: AS code ~-125
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a run-tinme nmenory in which the programis | oaded;

controller that (A) executes the threads,
execut abl e and unexecutable at different tines,
space in the run-tine nenory execution data’ of
execution data is genperated; and

conpressor that (A) conpresses in the ranm-tinme nenory the ¢gx
or a portion thereof of a selected thread of the threads mker
unexecut abl e and the execution data or portion t
conpressed, whereby avail abl e spdc
deconpresses into avail abl g space in the

available‘
t hr eads when the

thread is
sel ected t hread

the run-tinme nenory)

run-time nenory
sel ected thread
sel ected thread

i190not

the co

216

LRE List

Thread 1

Thread T
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ressed executlon
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an execution
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2.
deconpr esses

sel ected thread as soon as the

3.
deconpresses

selected thread after a

. The conputer systemof claim1l wherein the data conpressor

the conpressed execution data or portion thereof of the

t he conpressed executiomdata or portion t
predeterm n€d Tine interva

t hread has becone unexecut abl e.

-21 - 4.
conpressor

The conputer system of claim1, 2 or 3, wher
conpresses the execution data or portion there
sel ected thread as soon as the

sel ected thread becones executabl e.
The conputer systemof claim1 wherein the data conpressor

ioter o
4%ﬂéeyed

RERLE

n < BeDeTt 7 ,’

af t

ei
of

__ 302
30Q [create thread
le
304
Yes memory space

available for
thread?

308 N

316

compress data of least

recently used thread in LRE
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sel ected thread beconmes unexecut abl e. 5. The conputer system of claim
1, 2 or 3, wherein the data conpressor conpresses the execution data or
portion thereof of the selected thread further when space in the run-tine
menory i s needed but not avail abl e. 6. The conputer system of any of
clains 1 through 5, further conprising: 4 a |l east recently executed
list that lists those of the threads that are currently unexecutable in
order of least recently executed thread to nost recently executed thread,
the selected thread is the | east recently executed thread in_the Ieast

(

recently executed |ist whose execution data or portion ther ACERI
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a secondary nenory;
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execut kon data or portion thereof of the selected thread wh¢
conpressed execution data or portion thereof of the selecte
deconpressed in the run-tinme nenory.
of executing a p%&éality of threads of execution of a progr
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reduced rﬁﬁ—tﬁﬂ‘é—ﬁ?ﬁm“ﬁpa'ce requirenents, the rrethod coppri t S
: e B e pos

the programinto a run-time nenory o

s‘ystem I!u [l M ﬂ |ng the threads, whereby the threa - py—
execut abl l ull dif4%€rent tines; ?‘Eﬁﬂ&%ﬁiﬂg&ifﬂ

into avail abl e space in a run time memory of the conputer systle
execution data of each of the threads when execution data is Cerer1a§e s gggﬂ

corrpre55| ng r nory the execution data or a pcrtlon t her eof
‘&P&f@%dﬁﬁ‘é@ﬁoﬁet he t hreads when the sel ected tHreadTs

unexecut abI e and the execution data or portion thereof ¢f the

sel ected t hrlead Accrmputcbsﬂsmﬁmxemwmynahty of thyeads|ofexecutipn@Ea; S nade TN "
the run-tinme nenory; and : deconpressing into avail able space in

t he run-ti mpropamrwith fedumdrmn&mnlemory spaexequireroents ahacampyeardystem t her eof

of the selected thread so that the selected thread may be executed

when the selggpfidinghread is executabl e.

a run-time memory in which the program is loaded;

an execution controller that (A) executes the threads, whereby eaéh of the
threads is executable and unexecutable at different times, and (B) stores into available
space in the run-time memory execution data of each of the threads when the
execution data is generated; and

a data compressor that (A) compresses in the run-time memory the execution
data or a portion thereof of a selected thread of the threads when the selected thread is

unexecutable and the execution data or portion thereof of the selected thread is not
compressed, whereby gvailable space is made in the run-time memory, and (B)

decompresses into available space in the run-time memory the compressed execution
data or portion thereof of the selected thread so that the selected thread may be

executed when the selected thread is executable.

2. The computer system of claim 1 wherein the data compressor decompresses

the compressed execution data or portion thereof of the selected thread as soon as the
selected thread becomes executable.

3. The computer system of claim 1 wherein the data compressor decompresses
the compressed execution data or portion thereof of the selected thread after a

predetermined time interval after the selected thread has become e.
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: - . s . i ' e n '
9 The method—of —ctaim8 wherein the deconpressing step incl Jggg%ggmgg\w SHEI

d‘gcorrpr ' onpressed execution data- or portion thereof o _

sel ecteiai,wﬂﬂﬁmﬂﬂllﬂmﬂ soon as the selected thread becones exgcpt abl e.

10. T g m 8 wherein the'Qdécorrpr essing step includesq{ { AUG 2000

deconpressi ng the conpressed execution data or portion thereof pfjthe

- sel ected thread aft er r termneg tine interval.: = 23 -
15 ° The' rék hod The comuls? aysterlof ris 18 o HheiFia BAiR BQupIREsael ep i nol udes

conpressing the execution data or portion thereof the selected thread as

soon as t he compresses the execution data or portion thereof of the selected thread as soon as the

selected thread becomes unexecutable.

5..  The computer system of claim 1, 2 or 3, wherein the data compressor

compresses the execution data or portion thereof of the selected thread further when

space in the run-time memory is needed but not available.

6. The computer system of any of claims,1 through 3, further comprising:

a least recently executed list that lists those of the threads that are currently
unexecutable in order of least recently executed thread to most recently executed
thread;

the selected thread is the least recently executed thread in the least recently

executed list whose execution data or portion thereof is not compressed when space in

the run-time memory is needed but not available.

7. The computer system of any of claims 1 through 6, further comprising:
| a secondary memory;
the data compressor (A) stores in the secondary memory the compressed
execution data or_portion thereof of the selected thread when further space in the run-
time memory is needed but not available, and (B) retrieves _from the secondary
memory the compressed execution data or portion thereof of the selected thread when

the compressed execution data or portion thereof of the selected thread is to be

decompressed in the run-time memory.



sel ecfed thread becones unekecut abl e. 12. + The method of dI I e or
10, wh ' [(li$si ng step includes conpressing the exgcutipon dai.

o‘F por‘-ﬁlmmmmnﬂﬂmmmser ected thread fyurther when space in{the ?Hngﬁ*’ﬁmﬂa
menory ¥s hedded bd&t hot avail abl e. “¥3" The nethod of any af__clains 8

t hrough 12 further conprising the steps of: provi di ng Ja | east

recently exgcuted, |igt ithat |i.st hose af, th hr eads t hat are——e@:ﬁeﬁﬁ-y———
unexecutabl e’ in &B’gﬁwgfoq%é%cwngéc?iwgﬁv oggg%cﬁeogei(%cpg% 25825%1‘3?‘8 ntly

execut ed thl’éfld; ) the selected thread is the |east recent|ly executed
thread in t AeUceds-Hue Moy Spacsaeqursments; thempathodsaterising the steps 8F porti on
thereof is not conpressed when space in the run-tinme nenory i s needed but

not avail abl e. loading the program into a run-time memory of the computer system;

executing the threads, whereby the threads are executable and unexecutable at
different times;

storing into available space in a run-time memory of the computer system

execution data of gach of the threads when execution data is generated;
compressing in the run-time memory the execution data or a portion thereof of
a selected thread of the threads when the selected thread is unexecutable and the

execution data or portion thereof of the selected thread is not compressed, whereby

available space is made in the run-time memory; and
decompressing into available space in the run-time memory the compressed
execution data or portion thereof of the selected thread so that the selected thread

may be executed when the selected thread is executable.

9. The method of claim 8 wherein the decompressing step includes

decompressing the compressed execution data or portion thereof of the selected thread

as soon as the selected thread becomes executable.

10.  The method of claim 8 wherein the decompressing step includes
decompressing the compressed execution data or portion thereof of the selected thread

after a predetermined time interval.
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14. - "The nethod of any of clains 8 through 13, further corrprisﬁrﬁ&l_ﬂﬁgi’l%féi SHEE
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further space in tthe®ruf- time nenory 7% needed but not avail gblie; ;n
retrieving fromthe secondary nenory the conpressed executi on datte—er
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or portion

run-time nenory.
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com)ll)ressing the execution data or portion thereof the selected thread as soon as the

selected thread becomes unexecutable.

12.  The method of claim 8, 9 or 10, wherein the compressing step includes

compressing the execution data or portion thereof the selected thread further when

space in the run-time memory is needed but not available.

13.  The method of any of claims 8 thfough 12 further comprising the steps of :

providing a least recently executed list that lists those of the threads that are
currently ﬁnexecutable in order of least recently executed thread to most recently
executed thread;

the selected thread is the least recently executed thread in the least recently

executed list whose execution data or portion thereof is not compressed when space in

the run-time memory is needed but not available.

14.  The method of any of claims 8 through 13, further comprising the steps of :

storing in a secondary memory of the computer system the compressed

execution data or portion thereof of the selected thread when further space in the run-

time memory is needed but not available; and
retrieving from the secondary memory the compressed execution data or

portion thereof of the selectéd thread when the compressed execution data or portion

thereof of the selected thread is to be decompressed in the run-time memory.
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controls execu JW' HMHMM ds, whereby the threads are eﬁecut aplé and
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t hreads when the execution data is generated: and a dat
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unexecut. 'rE'er'ry and
(B) decougy

executio ) '
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an execution controller that (A) controls execution of the threads wh

table and unexecutable at different times, and stores into

available space in a run-time memory of t_he computer system execution

and (B) decompresses into available space in the run-time memory the compressed
- execution data or portion thereof of the selected thread so that the selected

M may be exmed when the selected thread is executable.
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COMPUTER SYSTEM AND METHOD FOR EXECUTING THREADS OF
EXECUTION WITH REDUCED RUN-TIME MEMORY SPACE -
REQUIREMENTS

ABSTRACT

A computer system and associated method for executing a plurality of

threads of execution with reduced memory space requirements. The

5  computer system comprises a memory, an execution controller, and a data
compressor. The execution controller controls execution of the threads such
that the threads are executable and unexecutable at different times. The
execution controller also stores uncompressed into available space in the run-
time memory execution data of the threads when the execution data is

10 generated. The data compressor compresses the uncompressed execution
data of compressible ones of the threads that are unexecutable. As a result,
space is made available in the run-time memory. The data compressor also
decompresses in available space in the run-time memory the compressed
execution data of decompressible ones of the threads so that the

15  decompressible ones of the threads may be executed after becoming

executable. _
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