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1 class EventronSupport 
2 { 
3 static native void pinObjects(Object[] o); 
4 static native void unpinObjects(Object[]o); 
5 static native void becomeEventronThread(); 
6 static native void becomeOrdinaryThread(); 
7 } 

FIG. 9 

Name Methods LOC Validation Time (ms) 
Null 1 1 0.11 
Audible 4 87 4.16 
FFT 8 139 4.58 

FIG. 10 
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METHOD AND SYSTEM FOR EXECUTING A 
TASK AND MEDIUM STORINGA PROGRAM 

THEREFOR 

RELATED APPLICATIONS 

[0001] This Application is a Continuation Application of 
US. patent application Ser. No. 11/449,774 ?led on Jun. 9, 
2006. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 
[0003] The present invention relates to a method (and sys 
tem) for executing a task and, more particularly, to a method 
of executing a task (e.g., a loW latency task) Which includes 
executing a second task, a garbage collector in a ?rst task 
being preemptable by the second task. 
[0004] 2. Description of the Related Art 
[0005] The complexity of real-time systems is increasing 
rapidly as the isolated real-time controllers of the past give 
Way to complex systems in Which many coordinated systems 
interact to create an integrated multi-level real-time system, 
such as a car or a ship. In the face of this huge increase in 
complexity, traditional real-time methodologies based on 
loW-level coding styles and ?xed data structures are no longer 
tenable. 
[0006] J ava’s softWare engineering bene?ts have made it a 
compelling choice for modular application development: 
memory safety, a standardized model of concurrency, and a 
host of common libraries make it possible to develop large 
and complex applications in a pieceWise fashion. With the 
development of Metronome real-time garbage collection 
technology and the Real-Time Speci?cation for Java (RTSJ) 
standard, Java has become a viable platform for the creation 
of such complex real-time systems. HoWever, there are many 
problems remaining before a dynamic, garbage collected lan 
guage like Java can provide a complete real-time solution 
doWn to the loWest-level, highest-frequency applications. 
[0007] Real-time garbage collection, as exempli?ed by the 
Metronome system, is currently able to achieve Worst-case 
latencies on the order of a millisecond. This latency bound 
may scale doWn by another factor of tWo to four as a result of 
improved implementation techniques. HoWever, latency is 
limited by the need for atomic processing of certain data 
structures, and by the overhead of context sWitching, espe 
cially since the collector tends to evict much of the applica 
tion data from the cache. 
[0008] As a result, real-time Java programmers With 
response time requirements beloW a millisecond are currently 
forced to resort to the RTSJ’s NoHeapRealtimeThread 
(NHRT) construct. As its rather verbose moniker implies, 
code executed by an NHRT is isolated from the garbage 
collected heap and may therefore be run concurrently With the 
collector or interrupt it arbitrarily. HoWever, NHRTs may 
only create and access objects in the manually-managed 
Immortal and Scoped memory areas. 
[0009] Unfortunately, this requires fundamental changes to 
the semantics of the Java programming language. Scopes 
essentially provide region-based memory management With 
neither explicit region quali?ers nor implicit region infer 
ence. As a result, the region restrictions of a method are not 
documented in its interface and may vary dynamically based 
on its inputs. This greatly loWers the level of abstraction of the 
language, requires expensive run-time checks, and makes it 
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dif?cult to reason about the behavior of an object Without 
understanding its implementation. 
[0010] Most pemiciously, NHRTs require dynamic checks 
on both reads and Writes of reference ?elds to guarantee that 
region constraints are not violated. These dynamic checks 
Will throW exceptions When they fail, While reading or Writing 
reference ?elds of an object in the heap Will never throW an 
exception. This represents a deep change to the language 
semantics and a signi?cant obstacle to code re-use. 

SUMMARY OF THE INVENTION 

[0011] In vieW of the foregoing and other exemplary prob 
lems, draWbacks, and disadvantages of the conventional sys 
tems and methods, a purpose of the exemplary aspects of the 
present invention is to provide a method (and system) of 
executing a task (e. g., a loW latency task) that may be simpler 
to program and implement, more reliable and more ef?cient 
than other approaches. 
[0012] In an exemplary embodiment of the present inven 
tion, a method for executing a task (e.g., a loW latency task) 
includes executing a ?rst task in Which garbage is collected 
using a garbage collector, and executing a second task, the 
garbage collector being preemptable (e.g., preempted) by the 
second task. 
[0013] In an exemplary aspect of the present invention, a 
second task (Which can preempt the garbage collector) may 
have a loWer latency (e.g., higher frequency) than a ?rst task. 
[0014] In another embodiment of the present invention, a 
method of executing a task includes executing a ?rst task in 
Which garbage is collected using a garbage collector, initial 
iZing a second task by: constructing an instance of a class that 
implements a standard runnable thread interface, and creating 
a data structure for supporting communication and synchro 
niZation betWeen the second task and loWer priority threads 
(e.g., threads having a loWer priority than the second task), 
validating the second task to ensure that the second task is 
executable Without synchronizing With the ?rst task, instan 
tiating the second task to create a class for the executing the 
second task by one of: creating an executable thread that Will 
repeatedly invoke the second task, and associating the second 
task With an interrupt handler and executing a second task, the 
garbage collector being preemptable (e.g., preempted) by the 
second task. 
[0015] In another exemplary embodiment of the present 
invention, a system for executing a task includes a ?rst 
executing module for executing a ?rst task in Which garbage 
is collected using a garbage collector, and a second executing 
module for executing a second task Which preempts said 
garbage collector. 
[0016] In another exemplary embodiment of the present 
invention, an interrupt handler for an operating system 
includes an interrupt module for interrupting an operation in 
the operating system, and a system for executing a task 
including a ?rst executing module for executing a ?rst task in 
Which garbage is collected using a garbage collector, and a 
second executing module for executing a second task Which is 
associated With the interrupt module and the garbage collec 
tor being preemptable (e.g., preempted) by the second task. 
[0017] Another exemplary embodiment of the present 
invention includes a programmable storage medium tangibly 
embodying a program of machine-readable instructions 
executable by a digital processing apparatus to perform a 
method of executing a task according to the present invention. 
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[0018] In another exemplary embodiment, the method 
according to the present invention may include deploying 
computing infrastructure in Which computer-readable code is 
integrated into a computing system, such that the code and the 
computing system combine to perform the executing of the 
?rst task in Which garbage is collected using a garbage col 
lector, and the executing a second task, the garbage collector 
being preemptable (e.g., preempted) by the second task. 
[0019] With its unique and novel features, the present 
invention provides a method (and system) of executing a task 
(e.g., a loW latency task) Which may be simpler to program 
and implement, more reliable and more ef?cient than other 
approaches. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] The foregoing and other exemplary purposes, 
aspects and advantages Will be better understood from the 
folloWing detailed description of an exemplary embodiment 
of the invention With reference to the draWings, in Which: 
[0021] FIG. 1 illustrates a method 100 of executing a task 
according to an exemplary aspect of the present invention; 
[0022] FIG. 2 illustrates a method 200 of executing a task 
according to an exemplary aspect of the present invention; 
[0023] FIG. 3 illustrates a system 300 for executing a task 
according to an exemplary aspect of the present invention; 
[0024] FIG. 4 illustrates code for implementing a loW-fre 
quency task according to an exemplary aspect of the present 
invention; according to an exemplary aspect of the present 
invention; 
[0025] FIG. 5 illustrates code for implementing a high 
frequency task according to an exemplary aspect of the 
present invention; 
[0026] FIG. 6 illustrates code for implementing task inte 
gration according to an exemplary aspect of the present inven 
tion; 
[0027] FIG. 7 illustrates a system 700 for executing a task 
according to an exemplary aspect of the present invention; 
according to an exemplary aspect of the present invention; 
[0028] FIGS. 8A and 8B provide code for operations that 
may be illegal according to an exemplary aspect of the present 
invention; 
[0029] FIG. 9 illustrates hoW an interface to run-time sup 
port operations may be added to a virtual machine to support 
the Construct according to an exemplary aspect of the present 
invention; 
[0030] FIG. 10 provides Table 1 Which includes Validation 
times for several exemplary Constructs according to an exem 
plary aspect of the present invention; 
[0031] FIGS. 11-14 provide histogram plots Which present 
the results from experiments conducted by the inventors; 
[0032] FIG. 15 illustrates an oscilloscope vieW of a Con 
struct according to an exemplary aspect of the present inven 
tion; 
[0033] FIGS. 16-17 provide histogram plots Which present 
the results from experiments conducted by the inventors; 
[0034] FIG. 18 illustrates a typical hardWare con?guration 
Which may be used for implementing the system and method 
according to the exemplary aspects of the present invention; 
and 

[0035] FIG. 19 illustrates a programmable storage medium 
1900 tangibly embodying a program of machine-readable 
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instructions executable by a digital processing apparatus to 
perform the method according to the exemplary aspects of the 
present invention. 

DETAILED DESCRIPTION OF EXEMPLARY 
EMBODIMENTS OF THE INVENTION 

[0036] Referring noW to the draWings, and more particu 
larly to FIGS. 1-19, there are shoWn exemplary embodiments 
of the method and structures of the present invention. 
[0037] FIG. 1 illustrates a method 100 for executing a task 
according to an exemplary aspect of the present invention. 
The method 100 includes executing (110) a ?rst task in Which 
garbage is collected using a garbage collector, and executing 
(120) a second task, the garbage collector being preemptable 
(e.g., preempted) by the second task. 
[0038] In an exemplary aspect of the present invention, a 
second task (Which can preempt the garbage collector) may 
have a loWer latency (e.g., higher frequency) than a ?rst task. 
[0039] FIG. 2 illustrates method 200 for executing a task 
according to another exemplary aspect of the present inven 
tion. The method 200 includes executing (210) a ?rst task in 
Which garbage is collected using a garbage collector, initial 
izing (220) a second task by constructing an instance of a 
class that implements a standard Runnable thread interface, 
and creating a data structure for supporting communication 
and synchronization betWeen the second task and loWer pri 
ority threads (e.g., threads having a loWer priority than the 
second task), validating (230) the second task to ensure that 
the second task is executable Without synchronizing With the 
?rst task, instantiating (240) the second task to create a class 
for the executing the second task by one of creating an execut 
able thread that Will repeatedly invoke the second task, and 
associating the second task With an interrupt handler, and 
executing (250) a second task, the garbage collector being 
preemptable (e.g., preempted) by the second task. 
[0040] FIG. 3 illustrates a system 300 (e.g., a softWare 
implemented system) for executing a task (e.g., a loW latency 
task), according to an exemplary aspect of the present inven 
tion. The system 300 includes a ?rst executing module 310 for 
executing a ?rst task in Which garbage is collected using a 
garbage collector 311, and a second executing module 320 
(e.g., a neW programming construct) for executing a second 
task having a higher frequency than the ?rst task, the garbage 
collector being preemptable (e. g., preempted) by the second 
task. 

[0041] As illustrated in FIG. 3, the ?rst executing module 
310 may receive data for executing a ?rst task and output a 
result of executing a ?rst task, and the second executing 
module 320 may receive data for executing a second task and 
output a result of executing a second task. 

[0042] The system 300 may also include an initializing 
module 330 for initializing the second task by constructing an 
instance of a class that implements a standard Java Runnable 
interface, and creating a data structure for supporting com 
munication and synchronization betWeen the second task and 
loW-frequency threads, and a validating module 340 for vali 
dating the second task to ensure that the second task is execut 
able Without synchronizing With the ?rst task, and an instan 
tiating module 350 for instantiating the second task to create 
a class for the executing the second task. 

[0043] Further, the instantiating module 350 may include a 
tracker 351 for tracking a set of objects Which are accessible 
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by the second task, and a pinner 352 for pinning the objects 
such that the objects are immovable by the ?rst task. 

Overview 

[0044] While real-time garbage collection has achieved 
Worst-case latencies on the order of a millisecond, this tech 
nology is approaching its practical limits. For tasks requiring 
extremely loW latency, and especially periodic tasks With 
frequencies above 1 KHZ, Java programmers must currently 
resort to the NoHeapRealtimeThread construct of the Real 
Time Speci?cation for Java. This technique requires expen 
sive run-time checks, can result in unpredictable loW-level 
exceptions, and inhibits communication With the rest of the 
garbage-collected application. 
[0045] The present invention, on the other hand, includes a 
neW programming construct that can arbitrarily preempt the 
garbage collector, and may guarantee safety and alloW its data 
to be visible to the garbage-collected heap. The programming 
construct according to the present invention may be a strict 
subset of Java, and require no run-time memory access 
checks. Safety may be enforced using a data-sensitive analy 
sis and simple run-time support With extremely loW overhead. 
[0046] The inventors have implemented the programming 
construct in a Java virtual machine, in experiments in Which 
the construct Was run at frequencies up to 22 KHZ (a 45 us 
period). Across 10 million periods, 99.997% of the execu 
tions ran Within 10 us of their deadline, compared to 99.999% 
of the executions of the equivalent program Written in C. 

Detailed Discussion 

[0047] The present invention includes a programming con 
struct (e. g., “Construct”) for tasks that can arbitrarily preempt 
a garbage collector and yet may be comprised entirely of 
standard Java code Without extra run-time memory access 
checks. This programming construct (e. g., the second execut 
ing module 310 in FIG. 3) according to the present invention 
may be simple to design, develop, and understand. The pro 
gramming construct can also be terminated in the event of 
cost over-run Without causing deadlocks or data structure 
corruption. 
[0048] It should be noted that the inventors implemented an 
exemplary aspect of the present invention using a Construct 
Which they named “Eventron”. Thus, there may be referenced 
to the term Eventron herein. HoWever, this term should in no 
Way be considered limiting and, in fact, basically any term 
may be substituted for the term Eventron herein. 
[0049] Speci?cally, other terms may be substituted for the 
term “Eventron” in the programming code discussed herein. 
Thus, for example, the Construct according to an exemplary 
aspect of the present invention may be entitled “Construct X” 
in Which case the term "ConstructXReadChannelofShort” 
may be substituted for the term “EventronReadChannelOf 
Short” discussed herein, and so forth. 
[0050] The neW programming construct may be both more 
and less restrictive than NHRTs and Scopes. Allocation 
Within the neW programming construct may not be permitted, 
and neither may be modi?cation of pointers. These restric 
tions may be enforced at validation time using a simple byte 
code analysis. Once the Construct is validated, it may not 
throW any exceptions except those resulting from normal Java 
semantics such as array bounds checking. 
[0051] The Construct may be less restrictive than Scopes 
because the construct’s data structures can be accessed by 

Aug. 5, 2010 

normal Java threads running in the garbage collected heap. As 
a result, communication of data betWeen high-frequency 
tasks, and loWer frequency, garbage-collected tasks is greatly 
simpli?ed. 
[0052] Validation occurs at run-time, examining both the 
code and the data of the construct, but must be performed 
before the Construct may be scheduled. By choosing this 
intermediate point betWeen fully static and fully dynamic 
checking, We are able to perform a simple analysis Whose 
restrictions are easy for programmers to understand, and yet 
obtain a fairly precise call graph since it is based on a knoWn 
set of previously instantiated objects. The separation of the 
program into an “initialization” and a “mission” phase is also 
natural to most real-time applications. 
[0053] The Construct is Well suited to tasks like sensor 
processing, in Which sensor data must be sampled at a very 
high frequency, buffered, and then processed en masse by a 
loWer-frequency task. 
[0054] The Construct is also Well-suited to simple high 
frequency control loops that read a limited amount of data, 
perform some simple processing (such as FFTs) and then 
produce actuator control values. The ability to share data 
betWeen high-and loW-frequency tasks alloWs the use of more 
complex, dynamically allocated, garbage-collected data 
structures in the loW-frequency tasks that make higher-level 
planning decisions requiring more complex processing. 
[0055] The combination of the Construct for high-fre 
quency tasks and real-time garbage collection for medium-to 
loW-frequency tasks provides an integrated programming 
methodology that enables the use of heap-allocated data 
structures in even the mo st demanding real -time applications, 
and yet does not change the Java programming model in any 
fundamental Way. 

Example: Music Generation 

[0056] We begin With an example to illustrate the use of the 
Construct to implement an integrated real-time application. 
The example combines both loW- and high-frequency tasks to 
generate and play back music Without relying on the operat 
ing system or underlying hardWare to buffer the output. A 
loW-frequency task performs the computation necessary to 
compose a musical score and generate the raW audio data, 
While a high-frequency task sends the raW audio data to the 
unbuffered output device, one sample at a time. To provide 
seamless audio playback at the standard frequency of 22.05 
KHZ, the high-frequency task in this example must be run 
every 45 us. 
[0057] Implementing a Low-Frequency Task 
[0058] FIG. 4 illustrates a program for executing a loW 
frequency task. This task generates the next note of a musical 
score, converts the note to an array of samples, and then Writes 
the samples to a shared channel. 
[0059] That is, the task in FIG. 4 may use a music compo 
sition library (not shoWn) to generate a musical score one note 
at a time. Each note is then converted to a set of samples and 
Written to a shared channel. The loW-frequency task (includ 
ing any libraries it uses) may rely on a garbage collector to 
automatically manage memory; the code used to implement 
this task may only be constrained at the point Where it inter 
acts With the high-frequency task. 
[0060] In this example, that interaction may be managed by 
an EventronReadChannelOfShort. This general purpose data 
structure may provide a form of impedance matching 
betWeen the loW-and high-frequency tasks and can be con 
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?gured to hide the latency and j itter of the loW-frequency task. 
While the code shown in FIG. 4 may allocate an array from 
Which the raW audio samples are copied into the channel 
queue, the channel queue also provides a mechanism to avoid 
this copy. 
[0061] Implementing a High-Frequency Task 
[0062] FIG. 5 illustrates a program for a high-frequency 
task, according to an exemplary aspect of the present inven 
tion. This task may reads a single 16-bit sample from the 
shared channel and play it using an interface to the raW audio 
device. 
[0063] The high-frequency task in FIG. 5 may be imple 
mented using the Construct abstraction. During an iteration 
(e. g., each iteration), the task may read a single 16-bit sample 
from the shared channel and Write that sample out to the audio 
device. 
[0064] A number of constraints may be enforced on the 
Construct code during initialization using an on-line analysis. 
For example, note that reference ?elds may be declared ?nal 
on lines 2-6. The inventors found that the use of ?nal may be 
a natural and familiar Way to ensure that the Construct data 
structure remains ?xed over time. 

[0065] The high-frequency task may use the non-blocking 
interface of the EventronChannel to read individual samples. 
This operation may return either a sample or a value indicat 
ing that the channel is empty or closed. Alternatively, pro 
grammers can avoid reserving special indicator values and 
instead use exceptions. HoWever, all exceptions should (e.g., 
must) be preallocated, as also illustrated in the example. 
[0066] This task in FIG. 5 also uses a native method (lines 
9 and 19) to communicate With the audio playback device. 
Many applications of the Construct may require native meth 
ods to communicate With hardWare. The Construct run-time 
takes steps to ensure the relative safety of Java native interface 
(JN I) code that is invoked by a Construct. 
[0067] Notice that the high-frequency task does not neces 
sarily contain a looping construct. Instead, the scheduler may 
invoke this task periodically as indicated during initialization. 
The Construct may continue to be invoked until it is explicitly 
removed from the scheduling queue (by some other thread), 
or When an exception is throWn from the Construct run( ) 
method. 
[0068] Integrating Tasks 
[0069] FIG. 6 illustrates a program for task integration, 
according to an exemplary aspect of the present invention. 
The tWo tasks may be instantiated, initialized With a shared 
channel queue, and the hi gh-frequency task may be validated 
before being passed to the scheduler. 
[0070] That is, FIG. 6 provides an example of integration of 
the loW-and high-frequency tasks. On line 11 in FIG. 6, the 
programmer may instantiate a shared data structure Which is 
the sole mechanism for interaction betWeen the loW-and high 
frequency tasks. The loW-frequency task may be scheduled 
on lines 18 and 19 by instantiating an ordinary Java thread. 
[0071] Before the high-frequency task can be executed, it 
may be ?rst be validated (line 16) to ensure that it can safely 
preempt the collector. While validation may fail and cause a 
checked exception to be throWn in the main( ) method, 
memory access checks are not necessarily performed While 
executing the Construct. 
[0072] Thus errors may occur during the initialization 
phase of the application instead of during the execution of the 
Construct itself. This is a natural time to detect any problems 
in the con?guration of the Construct, as the application 

Aug. 5, 2010 

should also ensure that any required hardWare is properly 
con?gured and that suf?cient resources are available to run 
the Construct. 
[0073] Validation may also cause the run-time system to 
pin doWn any data structures accessible by the Construct: 
these objects may not be collected or even moved to another 
location in the heap While the Construct is active. HoWever, 
once the Construct is disabled, these objects can be moved 
and, if they are otherWise unreachable, reclaimed. 

The Life and Times of the Construct 

[0074] FIG. 7 provides an example ofa system 700 (e.g., a 
softWare-implemented system) in Which the Construct 701 
may interact With the heap 710, according to an exemplary 
aspect of the present invention. In addition, the heap 710 may 
be accessible by the stack 705 and global 715. Further, the 
Construct 701 may include buffers 703 Which may store 
values in the construct, to provide el?cient access to the 
values. 
[0075] Objects 702 associated With a Construct 701 may 
reside in the garbage-collected heap 710 but may be pinned 
for the life of the Construct. The objects 702 may be refer 
enced by other heap objects 711, and may be subject to 
garbage collection once the Construct 701 terminates. 
[0076] The Construct 701 may de?ned by a set of Java 
methods that may be executed as a high-frequency task, the 
data structures manipulated by those methods, and a thread 
that Will execute them. In the present invention, Constructs 
701 can safely preempt the virtual machine, and in particular 
the garbage collector, at any point by eliminating any syn 
chronization betWeen Constructs 701 and the collector. 
[0077] First, it is ensured that the Constructs 701 cannot 
change the reachability of any object managed by the collec 
tor. While this condition might be enforced by additional 
run-time checks, the present invention may instead impose 
constraints on the code and data structures de?ning a Con 
struct 701 that can be veri?ed before the Construct 701 is 
executed. These constraints ensure that the set of objects 
accessible to a Construct 701 is ?xed for the duration of its 
execution, While alloWing objects used by a Construct 701 to 
be accessed by ordinary Java threads. These constraints may 
be enforced using a run-time static analysis: an analysis of the 
Construct bytecode may be performed While the program is 
executing, but before the Construct itself is invoked. This may 
alloW an el?cient and precise analysis. 
[0078] Secondly, the need for synchronization betWeen the 
garbage collector and a Construct 701 may be eliminated by 
precluding any collector operations that, if preempted by a 
Construct 701, might expose the heap 710 in an inconsistent 
state. Speci?cally, objects accessible to a Construct 701 may 
be pinned. Thus, the collector may never be interrupted While 
moving one of the Construct’s objects. 
[0079] The lifetime of a Construct 701 may be split into ?ve 
phases. First, a Construct 701 may be initialized in the same 
Way an ordinary Java structure is constructed. During the 
second phase, validation, the present invention may verify 
that the Construct 701 code can safely preempt the collector 
and discover (e.g., simultaneously discover) the set of objects 
that should be pinned. 
[0080] The third phase is instantiation, in Which the Con 
struct’s data structure may be pinned and an executable thread 
may be created. The fourth phase is execution, during Which 
the Construct 701 may be invoked one or more times, either at 
speci?c times, With a predetermined period, or in response to 






















