On Real-Time Performance of Ahead-of-Time Compiled Java

Anders Nilsson and Sven Gestegard Robertz
Department of Computer Science
Lund University
Box SE-221 00 Lund Sweden
{andersn| sven} @s. | th. se

Abstract a safe programming language is highly desirable for em-
bedded systems. As of today, Java is the only safe, fully
One of the main challenges in getting acceptance for portable object-oriented programming language available
safe object-oriented languages in hard real-time systemsthat has reached widespread industrial acceptance (glthou
is to combine automatic memory management with hard not yet for hard real-time systems), due to these previously
real-time constraints, while providing adequate general mentioned qualities, and its platform independénce
execution performance. The benefits of safety are often referred to as the "sand-
An approach to real-time Java based on ahead-of-time box model”, which is a core part of both the Java language
compilation is presented, and real-time properties and and the run-time system in terms of the JVM. Safety is guar-
problems are examined. In particular, achieving both low anteed by the rule that objects cannot refer to data outside i
latency and high throughput in an environment where nei- scope of dynamic data, so activities in one sand-box cannot
ther the back-end compiler nor the scheduler is aware of au- harm others that play elsewhere. This is particularly impor
tomatic memory management is considered. Optimizationstant in flexible automation systems where configuration at
in both the compiler and run-time system, aimed at reducing the user’s site is likely to exhibit new (and thereby untdpte
the execution time overhead while still allowing very short combinations of objects for system functions, which then
latency times, is presented and experimentally verified. may not deteriorate other (unrelated) parts of the system.
Hence, raw memory access and the like should not be per-
mitted within the application code, and the enhancements
1. Introduction for real-time programming should be Java compatible and
without violating the safety of the language.

Java, as a programming language and execution environ-
ment, has gained a lot of interest from the real-time devel- 2. Using Java for real-time systems
oper community during the last decade. As the complexity
of real-time software increase, the inherent limitatiofis o Given a program, written in Java, there are basically two
the programming languages used today (typically C, C++, different alternatives for how to execute that program on
or assembly languages) become more and more apparenthe target platform. The first alternative is to compile the
Programming errors like memory leaks and dangling point- Java source code to byte code, and then have a—possibly
ers are caused by programming language limitations andvery specialized—Java Virtual Machine (JVM) to execute

would not occur if assafe programming languageith auto- the byte code representation. This is the interpretedisalut
matic memory managemenas used. (as required to be Java certified from Sun) used today for
A safe language is characterized by the fact #ilgbos- Internet programming, where the target computer type is not

sible results of the execution are expressed by the sourceknown at compile time. The second alternative is to compile
code of the programOf course, there can still be program- the Java source code, or byte code, to native machine code
ming errors, but they lead to an error message (reported exfor the intended target platform.

ception), or to bad output as expressed in the program. In A survey of available JVMs, more or less aimed at the
particular, an error does not lead to uncontrollable execu-embedded and real-time market, reveals two major prob-
tion such as a blue. screen”. I, despite a Sa_fe language; 10r rather, its good platform portability, since it takes atfdrm de-
_uncontrolled execution would occur , that implies an error pengent Java Runtime Environment (JRE), and JRES are riet fyliy

in the platform; not in the application program. Clearly, equivalenton all supported platforms.




lems with the interpreted solution. Since Just-In-Timd&@)JI
compilation is very hard to combine with real-time de-
mands, an interpreter will typically suffer a performance
penalty of being up to 10 times slower than natively com-
piled code. To improve performance, some JVMs (e.g.
mackinac [8]) use the JIT compiler to compile the appli-
cation at initialization time. This, however, comes at the
cost of a significantly larger memory footprint.

The set of target systems considered in our work include
small (350 MHz PPC G3 with 32 MB ram) and very small
(AVR pcontroller at 8MHz/32 kB RAM) embedded com-
puters. Therefore, we prefer ahead-of-time compilation to
using a JVM. One thing in common for almost all CPUs,

is that there exists a C compiler with an appropriate back-
end. In the interest of maintaining good portability while

compiling Java to native code, we use C as the intermediate Figure 1. The Java2C compiler translates a
language; The Java front-end generates C code which, in  jaya application to C, which is then com-
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turn, is compiled by a standard C compiler. piled and linked with memory management-,
) ) ] and run-time system modules to form an ex-
2.1. Java in an uncooperative environment ecutable.

Due to external requirements, we need our system to
operate in an uncooperative environment; we want to be . . .
prototype compiler and run-time environment for hard

able to use an off-the-shelf C compiler and RTOS as well real-time Java compatible applications [10, 9]. By Java

as external, legacy or automatically generated, C code. mpatibility we mean that a hard real-tim lication
That means that we cannot rely on detailed assumptionsCo pa y we mea at a hard rea-time applicatio

on the behavior of the back-end C compiler or the thread written in Java, and using a .V\.'e" defined SUbset.Of the
scheduler, which makes implementation of a real-time standard Java2 Standard Edition (J2SE) class libraries,

garbage collector (GC) more challenging. For instance, it should run concurrently correct on any J2SE platform.

means that any synchronization required between collectorThe actual real-time performance of course depends on

and application, omutato?, needs to be done explicitly. the underlying run-time system. The main design goal of

It also means that the generated C code must be written>Y" work is to keep the simple memory model of standard

so that it ensures, in a portable way, that no back—end‘]av?. S?. that it Shg”'itbe ?33/ to 3e}[/helop and de_lbugf an
optimization causes interference with the GC. ;pp 'rcall(:ir:norl ? tes n((j)ph f,”an al ehn Vrectompls O;
In particular, the combination of uncooperative compiler, € rea-ime farget a opeiully only have to sort ou

uncooperative scheduler, and tight real-time requirement remaining timing-related issues on the target.

(low latency) makes a demanding challenge. Without con- ght? I_r]ur|1dtJ;';1va syEterP cfotr;]as\;;g]l;thrte?u;n(r)gulles: a“‘l])";‘vf'
trol over the scheduling, some compiler optimizations can- 0-% lransiator, a subset of the standard class fiorary

not be allowed, as threads may be preempted at any tir,ne_slightly refurbished for use in hard real-time systems, and

For instance, if we are using a copying or compacting GC the automatic memory management module W_ith a generic
algorithm, pointers must always be read from memory, and Garbage Collector Infcerface (GCI).' The relationship be-

not kept in registers, as the collector may move objects at'veen these mpdules is shown in Figure 1. .

(from the mutator's point of view) any time. The execution platform—scheduler, GC, class library,

The details of accurate concurrent GC in an uncoopera—em‘_IS very Important fo_r the behavior of_a Real-Time
tive environment are outside the scope of this paper, but is(RT) Java system. Compﬂed Java_code relies on t_he task
investigated in more depth in [14]. scheduler on the underlylng_operatlng system. It will alsp

need to cooperate closely with the RT memory manager in
such a way that timing predictability is accomplished, whil
memory consistency is maintained at all times.

One important design criterion in the Lund Java system

Research on real-time memory management and cOmMs that we want to retain the platform independence of stan-
piler technology at our department has evolved into a gard Java. It should be possible, with a very reasonable

2From the GC's point of view, the application is a process thanges, ~ amount of work, to port our run-time system to a new plat-
or mutates, the object-reference graph, causing objebistome garbage.  form equipped with a task scheduler.

3. The Lund Java system




3.1. JavazC at making it possible to schedule a concurrent GC as any
other thread, and thus transferring the responsibility for

The Java2C comp”er []_1] is a research prototype com- making the low-level schedulil_wg decisions frqm the GC to
piler, developed for the purpose of testing our ideas on howthe thread spheduler. By treating GC schedullng. on the GC
hard real-time Java could be implemented. The compilationcycle level instead of on the increment level, this strategy

process, see also figure 1, is sketched as follows: also fits well into an adaptive, feedback scheduling sys-
tem, which makes the approach suitable for flexible real-

e Given the main class of the Java application, the time systems. Taking that work into account, it appears rea-
compiler front-end performs name-, and type analy- sonable to accomplish real-time Java without extending the
sis, looking up and parsing depending classes whenmemory allocation model, in contrast with what is done in
needed. All dependant classes are inserted in one larggor example the two real-time Java specifications [1, 2].
Abstract Syntax Tree (AST).

e The AST is transformed from representing the parsed 3.3. Garbage collector interface

source-code to a, semantically equivalent, representa-
tion suitable for code generation and the Garbage Col-
lector Interface (GCI).

Different GC algorithms require different interaction
with the application. For instance, a compacting or copy-
ing collector requires a read-bardeas objects may move,

e The compiler back-end produces C code where all where a non-moving mark-sweep collector only requires

heap references are done using the GCI. a write barrief. These differences makes it error-prone
and troublesome to write code generators supporting more
3.2. Real-time garbage collection than just one type of GC algorithm, and it gets even worse

considering hand-written code, which would need a major

In order to be feasible for use in real-time systems, the rewrite for each supported GC type.

memory manager, including the GC, must be non-intrusive.f In t(l)"rder tol_setparate ar;\d hide thi. (ZC |mp![errflentatt;]or:
l.e., the GC should disturb the mutator threads as little as rom the application, we have speciied an intertace tha

possible. This means that using an incremental collector isprovides heap access primitives to the application [6]. The
V\QCI makes it possible to change the underlying GC algo-

necessary, but not enough; care must also be taken in how: . g L2

the increments are scheduled. The GC must also be accu['th_m_w'thom requiring any changes o the appllca_tlon_ code
rate, as a conservative GC cannot guarantee that all garbagzhIS includes providing the necessary synchronization for
is re’claimed reference and heap operations.

The basic.: idea behind the GC implementations in our The GCI is used both in the Infinitesimal Virtual Ma-
work is using a fine-grained incremental collector to allow chine (IV.M) [5] and mt_our Jag/azc _compllltlar, ?nd VYI'I:]h both
very low latency, and running it concurrently, coupled with non-moving, COtmpsCtlr?g aTh cop:/mfg cofiectors. The vary-
a suitable scheduling strategy, to ensure non-intrussgene INg requirements, both on the Set of memory access prim-

In 1998, Henriksson presented themi-concurrenGC itives and run-time aspects causes thg interface to contain
scheduling model [4], and showed that by analyzing the quite many operations, which mak_es it less than ideal fgr
application, it is possible to schedule GC in such a way manually written code, put as the intended use for GCl is
that the execution of high priority threads is not disturbed g?To?/(/altee\?eIcrc')odu(?cirgizpiﬁczlia\llli}:uzraolmmgg;ﬂ\r]]??hzg ig ;?rrf;a.‘;?r)
This is accomplished by freeing high priority threads from As al th is a trad ff’ bet K 10
doing any GC work during object allocation; that work is concern. As aways, there IS a trade-olt between keeping

the interface small and limiting the power of expression as

performed by a medium priority GC thread. Low priority . . -
threads perform a sitable amount of GC work at eachI|ttle as possible. Man.ually writing code that accesses the
heap through the GCl is, however, also quite doable.

allocation, using traditional incremental GC. Hence the ) L
' . ) The interface is implemented as a set of C preprocessor
term semi-concurrent, as the GC is concurrent to high : S o .
macros, and consists of primitives for initialization, et

priority threads but inlined in low priority ones. The X . . .
analysis needed for tuning the GC scheduling parameterslayoqt declaration, reference_vanable declaraﬂon,gh;é
location, reference access, field access, and functiom-decl

to guarantee that the application will never run out of ration and call. which adds up t 50 brimitives
memory when a high priority thread tries to allocate an ' P P '
object, is based on calculating worst case response times, 3inGC terminology, a read barrier is the operation transfogna refer-

for the high priority threads and the GC, using generalized ence toan object intoapointerto the memory Iocationtheclbjl’heterm
rate monotonic analysis [16]. barrier stems from that it prevents accesses to obsoletesopobjects.

. . 4A write barrier is used to inform an incremental GC about rerfiee
In 2003, Robertz and Henriksson presented the notion yssignments, to ensure that no live object is missed duestagels to the

of time-triggered GC schedulinfi.3], an approach aimed reference graph being made while it is being traversed bthe




4. Performance issues =

GC_REF(Typel, tnpl); /1 Typel tnpl;
GC_REF(Type2, tnp2); /1 Type2 tnp2;
GC_PUSH_ROOT(t np1)
3 ) ) GC_PUSH_ROOT( t np2)
The key requirements on a run-time system for real-timg oG ReF(tmp1, a b); 7/ tmpl = ab;
. . . e GC_CGET_REF(tnp2, tnpl, c); /1l tnmp2 = tnpl.c;
applications are predictability and low latency, and tred-re GC GET_REF(foo, tmp2, d); [/ foo = tmp2.d;
R R . GC_PCP_ROOT( t np1)
time properties of our approach have been previously ver; e pee_roor(tm2);

ified [4, 9, 10, 12]. However, for a system to be practi-
cally feasible,_the in_Iined_ overhead must not_ be unaccept- Figure 2. Example of how GCI requires tem-
ably large. _Th|s section dlscuss_es hoyv tq a_chleve good gen- porary reference variables
eral execution performance while maintaining the hard real
time properties.
As our Java system needs to operate in an uncoopera-
tive environment, it must ensure that correct behavior anduse an auxiliaryoot stackfor each thread to keep track of
real-time performance is not jeopardized by compiler opti- the set of live local reference variables [4, 14].
mizations, concurrency issues or interference from eatern In a typical object oriented program, a large part of local
code. In isolation, each of these aspects do not pose a probvariables will be of reference types, and thus there will be
lem; the difficulty comes from the combination, which gives many root references. The use of GCI also makes it neces-
conflicting requirements. In our experience, the main bot- sary to introduce many temporary variables as complex con-
tleneck is the synchronization between mutator and collec-structs, such afoo = a. b. c. d, has to be split up into
tor. Under an uncooperative scheduler, preemption can oc-simple attribute accesses as shown in Figure 2. This means
cur at any instant. Therefore, all reference operations mus that a lot of roots has to be pushed on and popped from the
be protected to ensure mutual exclusion between collectorroot stack, causing a significant execution time overhead,
and mutator and, if we want low latency, the critical section primarily from the required synchronization.
must be small. However, this means a lot of synchroniza- It can, however, be observed that in order to ensure cor-
tion, which may add up to a significant execution time over- rect GC behavior, it is enough that each live object is reach-
head. It should be noted that this problem is due to the unco-able from one roSt This means that the amount of neces-
operative scheduler, and not the ahead-of-time compilatio sary root operations, and thereby the overhead, can be re-
a JVM using native threads would face the same problemsduced; if it can be statically determined that a variablé wil
if a non-intrusive concurrent GC was desired. only reference objects that are also referenced by another
The execution time overhead can be reduced in two ba-variable with longer lifetime, the “inner” variable doestno
sic ways: reducing the number of operations that require have to be registered as a root. We call thist aliasanaly-
synchronization or using cheap synchronization primitive ~ sis, and the compile-time analysis is trivial, as we do whole
program compilation. With this optimization, the push and

4.1. Reducing the need for synchronization pop operations in Figure 2 would be removed, which means
that there will be no additional overhead of having the tem-
porary variables explicitly in the code. In a typical Java
program, the amount of “root duplication” is, in our experi-
ence, very high, as the associativity between objects tend t
be high — betweefi0 % and70 % of roots (including tem-

oraries) were redundant in our experiments. A large por-
Eon of the required roots are temporary references reduire
to keep a newly allocated object live before its constructor
has completed. This is needed to keep latency low; as the
Root alias analysis A GC rootis a reference from out- ~ constructor can be of arbitrary length it cannot be treated a

side the garbage collected heap to an object on the heapatomic.
typically a global variable or a local variable on a stack.  As an example of how the root alias analysis works, we
The root references are used as starting points when the G@ake the code fragment in Figure 3. Thefeandb will
traverses the reference graph to identify live objects,and (or may) reference objects that are allocated in the context
GC cycle in a tracing collector typically starts with a stack of mai n, so these variables must be registered as roots, as
scanning phase, where the root references are identified [7]they are the only references to the new objects. On the other
As our implementation is constrained by an uncoopera- —— _ o
tive environment, we cannot scan the C stacks directly, as, s does nothold for copying collectors that use forwaggpointers
. . . . in the objects, as the roots are used for updating pointergeisas for
they (.:O”Fam no type mforma’qon which means that we can- finging live objects; for this optimization to work, the rehafrier must be
not discriminate between pointers and data. Therefore, weimplemented using an indirect table outside the object.

The level of required synchronization is affected both by
the choice of GC algorithm (e.g., if a read barrier is re-
quired or not) and by different implementation decisions in
the compiler and run-time system. This section gives exam-
ples of how those issues can be addressed in the compile
and in the run-time system, respectively.




void main() { bool ean Vari abl eDecl arati on. i sNewRoot () {
Foo f; Bar b; bool ean result = false; Stnt stmt = null;
L ASTNode scope = get Surroundi ngScope();
f = new Foo(); foreach stnt in scope {
b = new Bar(); result |= stnt.isNewRoot(this); }
return result;
proc(f,b); }
} bool ean ExprStnt.i sNewRoot (Vari abl eDecl aration varDecl) {
void proc(Foo foo, Bar bar) { if (getExpr() instanceof AssignSinpleExpr) {
Test t1, t2; Bar bl Assi gnSi npl eExpr expr = (AssignSinpl eExpr) get Expr();
return expr.getDest().isUse(varDecl) &&
tl = foo.test1; expr. get Source().isNewRoot (); }
t2 = foo.test2; return fal se;
bl = bar.x();
L bool ean Met hodAccess. i sNewRoot () {return decl ().isNewRoot();}
} bool ean Var Access. i sNewRoot () {return decl ().isNewRoot ();}
class Foo { bool ean Met hodDecl . i sNewRoot (){ return returnsNewRoot ();}
Test testl, test2; bool ean I nstanceExpr.isNewRoot (){return true; }
bool ean Bl ock. ret urnsNewRoot () {
class Bar { bool ean result = false;
Bar b; for (int i=0; i<getNunBtnt(); i++) {
result |= getStnt(i).returnsNewRoot(); }
public Bar x() { return b; } return result;
} }
bool ean ReturnStnt. returnsNewRoot () {

bool ean result = false;

if (hasResult()) { result = getResult().isNewRoot(); }
- - return result;

Figure 3. Root alias example )

bool ean Met hodDecl . r et ur nsNewRoot () {
/1 Native nmethods do not have bodies, so let's be conservative
bool ean result = true;
if (hasBlock()) { result = getBlock().returnsNewRoot(); }

hand, inpr oc, we know that the parameters have been reg , et results
istered as roots in the calling scope. Local analysigiac,
can statically determine thatl andt 2 only reference ob-
jects that are reachable from (the attributes of) the parame  Figure 4. Root alias analysis in the front-end
ters, and therefore it is not necessary to register these var
ables as roots. In contrast, we cannot telhif is an alias

for something already rooted, or not. However, by analyz-
ing the methodBar . x() itis seen thak only returns an
object reachable from an attribute. Therefdré,does not
need to be registered as a root.

If we are doing whole-program compilation, all calls to
functions returning references can be analyzed and will fi-
nally boil down to either an attribute access (which doesn'’t
require rooting) or an allocation (which does). In a searat
compilation context, it is not generally possible to pemfior
the whole-program root alias analysis, but the local anslys

may still be used to get rid of unnecessary roots caused byroot stacks in multi-threaded programs Another ex-
temporary variables. ample of overhead caused by an uncooperative environment
The implementation of the root alias analysis is quite js the root stacks. In multi-threaded programs, each thread
simple, and the majority of the code is shown in figure 4. has its own root stack, and therefore, all root operatiags (i
In the case of class Overloading, the analySiS of whether a.push and pop) requires a pointer to the root stack of the cur-
method call may return a new root must analyze all over- rent thread. In a system where the thread scheduler is Java-
loaded implementations of the method which may be exe-aware, the root stack pointer is part of the execution cantex
cuted, which may yield a conservative result. For the sakeof each thread and is saved and restored automatically.
of readability, that code has been left out from the figure. In systems which cannot rely on scheduler cooperation,
this has to be handled in the application code. As the root
Function calls For function calls, the level of locking re- operations are part of the application code, and the current
quired depends on how reference arguments are passed -thread is not known at compile time, this must be looked up
as references or as actual pointers (i.e., if the read Iparrie at run time. However, looking up the root stack at each root
is executed in the caller or in the callee). In our imple- operation is quite inefficient so this should be done once for
mentation, reference structures are stack allocated arsd th each function call and cached. Similarly, if no root opera-
will not be moved by the GC. Therefore, if references are tions are done in a function (like in e.g. a typical math func-
called by reference (i.e., a pointer to the reference stract tion of the standard library), such lookup is unnecessary.
is passed) no new roots are pushed in the callee and no heapherefore, lookup of the thread root stack is done lazily at
locking is required. As the caller will always out-live the the first root operation of each function and the result is
callee, if parameters to functions are known to be rooted cached. This can be implemented quite efficiently.

in the calling context they don’t have to be rooted again in
the called context. Similarly, we know that the return value
of a function will be used in the calling function (or not
at all). Therefore, the variable that will receive the ratur
value must already be rooted so if we pass a reference to
this variable to the called function, it can be assigned be-
fore the return which removes the need to protect the return
value. If function arguments and return values are handled
in this way, no locking is required for function calls.



4.2. Reducing the cost of synchronization

gc_lock();

.g.c;unl ock();
gc_lock();

With fine-grained memory operations and heap-intensive
applications, such as Java programs, the heap is almost al-
ways locked, so whenever preemption occurs, the probabil
ity that the heap is locked is high. Assume that a thr&@dd (
is executing and is in the middle of a memory operation.
Then, a context switch occurs; the thread that is scheduled
to run (T2) will probably try to lock the heap very soon af-
ter the context switch and be blocked. ThHEh, which is
holding the heap lock, is scheduled to run again until it re-
leases the heap lock, allowifi@ to continue its execution.  points, high priority threads may be delayed indefinitely.
This means that there will be three context switches insteadOne solution is switching to “native” preemption when call-
of one, increasing the execution time overhead due to SUChng external code and then switching back to preemption-
context switch chatter points when executing known code. However, calling ex-

Low latency due to locking is a requirement, so just in- ternal code would then have a performance penalty due to
creasing the size of the critical sections is not a viable so-the additional housekeeping required and scheduler imple-
lution. Therefore, we need a solution that allows very fine- mentation would be more complex.
grained preemption without the overhead of frequent un-
locking and re-locking. We also need to make sure that
context switches are not performed when the heap is locked

This section will sketch three possible solutions based
on turning off interrupts, preemption points, and a progose
technique, lazy locking, respectively.

.g.c;unl ock();
gc_lock();

VVVVYV

.g;:._unl ock();

Figure 5. Locking example: Small atomic op-
erations cause frequent locking.

Lazy locking If turning off interrupts or using preemption
points is not possible or desirable, an alternative styeftag
reducing the locking overhead is based on the observation
that, while the frequent locking and unlocking is requined i
order to achieve low latency, in the common case, the heap
is unlocked, and then shortly re-locked by the same thread.
Turning offinterrupts ~ The straight forward solutionisto  Thys, most of the locking operations are really unnecessary
simply implementgc_| ock() by turning off (clock) in-  and could be removed without changing the behavior of the
terrupts andyc_unl ock() by turning them on again. On  program (other than reduced overhead). The problem is just
most architectures, interrupt requests that arrive whm-in - determining which lock and unlock operations that need to
rupts are masked are latched, so that when the interrupts arge performed. This could be done statically, but the anglysi
turned back on, any missed interrupt will be generated andwould be difficult and highly dependent on the low-level
the corresponding interrupt routine is executed. On suchgcheduling, control flow based on input data, etc. Therefore
an architecture, this will give the desired semantics hati 3 dynamic, on-line approach is preferable.
time-slice ends, and preemption should take place, whenthe gqr example, take a code sequence like in Figure 5. If we
heap is locked, the context switch is delayed until the heapare executing in the marked region, and no clock interrupt
lock is released. Turning off interrupts may, however, rotb  has arrived (i.e., the thread will not yet be preempted), it
allowed by the OS, or have negative effects on other parts ofjg unnecessary to perform the unlocking and re-locking op-
the system, e.g., interrupt-based drivers for peripheedds  erations. Thus, if we could dynamically decide whether to
perform the unlock/lock operations (in a way that is much
Preemption points By using a scheduler which only al- cheaper than actually performing the locking), the ovethea
low preemption at certain, pre-determined points, we cancould be reduced. Then, when a clock interrupt occurs, the
avoid frequent locking/unlocking. In fact, if the memory heap should really be unlocked at the next unlock instruc-
accesses are taken into account when placing preemptiortion and the context switch performed.
points so that preemption is only allowed when the heap is  One way of implementing this is by having two versions
in a consistent state, no additional housekeeping or sgachr of the operations: the actual lock/unlock operations (Wwhic
nization is needed in order to ensure correct GC operation. are executed when the locking is required) and “NOP” ver-
However, preemption points are problematic for two rea- sions that are used when unlocking and re-locking isn’'t nec-
sons. The firstis that most standard real-time operating sys essary. Then, the run-time system ensures that the correct
tems don't support them. The second one is that calling version is run at each time to both guarantee the correct se-
external native code (that doesn’t have preemption points)mantics and achieve the best performance. In principle, an
may cause priority inversion. An illustrating example is a implementation of this scheme looks like in Figure 6. This
background thread calling an external routine with a long method gives similar behavior as preemption points with
execution time. As external code doesn't have preemptionregard to heap accesses, but without requiring additional



vor d (g0l ock) (vl d) heap consistency. This, of course, requires detailed-infor
vord (*ge_unt ock (vor d; mation about the inner workings of the optimizing back-
e end and target architecture and cannot be done in a simple
e ock = fhon or portable way.
Loi d gc_unl ock_real (voi d)
{ unl ock( heap_nut ex) ; .
yield0); 5. Experimental results
void f_nop(void) { return; }
voi d, re;chedul e(void) A A
R P b We have performed a number of experiments in order to
,Scunl ook = ge_unlock_real; | verify the appli_cability of our proposed real-time Javq—sys
, 7 performactual context siteh 1/ tem. We will first present measurements on latencies for
! a hard real-time Java application using automatic memory

management. Then we will show a comparison of general
Figure 6. Lazy locking implementation sketch execution performance between our Java system and some
other Java compilers and run-time systems, including a na-
tive C solution as a reference. Finally, we will study how the
presented techniques and optimizations affect performanc
housekeeping in order to allow external native code to be  The experiment setup used in Section 5.1 was a synthetic
run with real-time guarantees. benchmark resembling a typical real-time application; pe-
If modifying the scheduler is not possible, or practically riodic threads allocating a number of different objectsheac
feasible, much of the benefit of lazy locking can still be sample, corresponding to a set of threads controlling a-phys
obtained if the OS has a call-back hook for a method to beica| process. It was executed on a 333 MHz Pentium Il run-
called at context switches. In faCt, this is the method used i ning Linux and RTAIL The experiment Setup used in Sec-
our Linux/RTAI prototype, and it gives the same reduction tions 5.3 and 5.4 was a low level servo controller for an
of the number of locking operations, but does not addressaABB IRB-2000 industrial robot. Given a desired motor an-
context switch chatter. That may, however, be a reasonableyle for each of the six joints, suitable torque values and the
trade-off for not having to modify the scheduler. corresponding AC motor currents are calculated. Both ser-
There are, of course, many other small details that mustyos executed on a 350 MHz PowerPC G3 with 32 MB RAM
be taken care of when implementing such a scheme; e.g.running Linux/RTAI. The execution performance compar-
the system must ensure that the heap is always unlockedson in Section 5.2 consists of two benchmarks from the
before a blocking call is made or before a thread dies; oth-emb_benctsuite [15] and was executed on a P4 2,8 GHz

erwise there is a risk of deadlock. workstation with 1 GB RAM running Debian GNU/Linux.
4.3. Compiler optimization effects 5.1. Latency
Another problem with locking is that the lock/unlock op- This experiment examines if the use of GC in a real-time

erations are function calls or inline assembler, and that te  Java system causes any jitter in the highest priority thread

to break basic blocks and interfere with compiler optimiza- The heap is sufficiently small so as to guarantee that at least

tions. This is, partly, intentional, as many optimizatiame one full GC cycle will be run during the experiment.

not safe in the general case. E.g., we must make sure that Figure 7 shows measured latency and response times for

pointers (gotten through the read barrier) to objects are al the highest priority thread in a heavily loaded system (CPU

ways read from memory as objects may have moved sinceutilization >90%) using mark-compact and mark-sweep GC

the last access, etc., when we enter the next critical sectio algorithms. Latency is in the interval-12 us for the mark-

and such race conditions will lead to memory corruption. compact GC an@ — 14 us for the mark-sweep GC while
However, this is really only needed when a context response times are measured to be in the inteB2alsl3 .5

switch actually has taken place; as long as the same thread ignd27 — 41 us for the respective GC. The execution time

executing, any optimization is legal, as long as the heap andof a sample was abow0 p.s. The experiment shows that

all references in memory are consistent at the next contextthe main source of response time jitter is the release atenc

switch. Thus, performance could be improved significantly and when a task has been started it is not disturbed further.

if it was possible to implement lazy locking in a way that

the fast case did not break basic blocks. We believe that this5.2. Performance

could be done with self-modifying code, injecting the lock-

/unlock operations into the code where they are needed and For the performance comparison with some non real-

modifying the lock/unlock instructions so that they ensure time Java runtime environments, two applications from
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5.3. Lazy locking

Martin Schoeberls [15] embedded benchmarks suite were

used;sievedoes little more than access elements in arrays, This experiment investigates the impact of lazy lock-

while kfl is a real control application for a small embedded ing on the number of lock operations that are actually per-

system here run in a simulated environment. The Java2Cformed. Figure 9 shows the frequencies of locks in the

tests were compiled and run using mutex synchronizationvanilla version and real and lazy locks in the lazy version.

and with root alias analysis. This shows that only a small fraction of the locks actu-
As shown in figure 8, performance suffers heavily from ally need to be performed and thus that the locking over-

using a mark-compact GC due to the read barrier; as readdiead can be significantly reduced. For instance, in the re-

are typically more common than writes, the expensive syn- ceiver thread, which performs most of the computations,

chronization mechanism has a bigger impact on overall per-only 0.03% of the lock instructions in the code actually

formance. The mark-sweep GC performs much better, es-cause a mutex operation.

pecially in the more realistikfl benchmark program. Note

that the differences between using a batch GC and the twos.4. GC algorithm, synchronization mechanismand

real-time GC algorithms is the cost for synchronizing with root alias optimization

an incremental algorithm. For a fair comparison, only the

batch-copy example should be compared to the other three g re 10 shows how the choice of locking primitive and
Java execution environments in terms of throughput perfor- 1o (oot alias optimization affects total throughput, tee
mance as they do not have real-time GC. It does, however,ayimum possible sample rate. The big difference between
|IIu_strate that the cost of syn_chronlzatlon may be Qevas- the mark-sweep and the mark-compact collector is caused
tating to performance if care is not taken. The configura- p the extra synchronization required for the read barrier |
tion used here corresponds to number 2 in Figure 10, SOe mark-compact case. With synchronization turnef, off
with more efficient synchronization, the penalty of mark- o6 is no big difference between a moving and a non-

compact would be significantly less. _ moving collector. In this example, the overhead of the read
Incrementality always comes at the cost of increased run-parrier is compensated by the cheaper allocation
time overhead, and for batch applications it yields no bene- |, this experiment, lazy locking was implemented with

fit; as the application never sleeps, any GC work will delay {he call-back method, instead of modifying the scheduler,
the application. A typical real-time control system, on the

other hand, consists of a set of periodic tasks. Thus, an in-  é0f course, running without synchronization is not safe amy cause
cremental GC can be scheduled so that it will not disturb the race conditions and memory corruption, so this is done flaremce only
application, reducing the impact of the GC overhead signif- 274 S nota practically usable configuration. .

. . In the mark-compact collector, allocation is done by simiplgre-
icantly. In addition, the long GC pauses make a batch GC menting a pointer, whereas in the mark-sweep case, fresdich and

unsuitable for real-time applications. block splitting is done.
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Mackinac: Based on Sun’s HotSpot technology, but com-
piling Java classes at initialization time instead of dur-
ing runtime, applications executing on the mackinac is
predicted to achieve similar performance as equivalent

7 C++ applications. Just like HotSpot, it will take quite

some CPU power and memory to run mackinac.

JD_I, | ) | | JamaicaVM: Aicas GmBH and IPD Universitat Karl-
sruhe have implemented a combined JVM and Java

Figure 10. The effect on throughput of differ- bytecode-to-native compiler called Jamaica [18, 17,
ent locking primitives and root optimization. 19]. The Jamaica VM is always responsible for
The configurations are 1) Mutex locking, 2) garbage collection and the task scheduling, while some
Mutex locking with root alias optimization, classes may be natively compiled and call the VM for
3) Lazy mutex locking, 4) Lazy mutex lock- services such as memory allocation. The GC prin-
ing with root alias optimization, 5) Interrupt ciple U_SEd IS a non-moving type with fixed memory
masking (cli/sti), 6) Interrupt masking with block size for eliminating external fragm_entanon. T_he
root alias optimization, 7) No locking and 8) amount of GC work to do at each object allocation
No locking with root alias optimization is scheduled dynamically with respect to the current

amount of free memory, and task latency (also for high
priority tasks) will vary accordingly.

The varying task latency and the fact that the fixed size
memory block scheme makes linking with non-GC-
aware code modules complicated, make the Jamaica
system inappropriate for small embedded systems and
for flexible hard real-time systems.

so it only shows the savings from doing fewer locks. It re-
mains to be investigated how large the effects of context
switch chatter are. The call-back method also adds to the
overhead of each context switch, so an implementation in-
side the scheduler would yield a much bigger improvement.
JRate: JRate [3] is implemented as an extension of GCJ
6. Related work to support the RTSJ. Since it is an ahead-of-time com-
piled solution, performance should be acceptable also

The concept of natively compile Java code and/or mak- on modest platforms.

ing Java viable for use in systems with hard timing con-  However capable of achieving good real-time perfor-
straints is not new and there is plenty of both academic andmance, all implementations of the RTSJ do have one large
industrial work published. However, in the range of small drawback in common. Instead of focusing on how to solve
sized embedded systems we are targeting there are not verihe real-time garbage collection problem, they resort {0 in
many projects trying to implement Java for hard real-time troducing additional memory types which can be used by
systemawith automatic memory management. high priority threads. This will, in effect, return memory
The Real-Time Specification for Java (RTSJ) [1, 20] is management to the error-prone programmer, who will have
generally acknowledged as the specification to follow when to figure out which objects may reference which other ob-
implementing real-time Java. Implementations include: jects without violating the various memory access rules.



7. Conclusions

In order to make Java a viable programming language for
embedded real-time systems development, performance is
the crucial factor in both senses of the term. Short and con-

(4]

(5]

R. Henriksson.Scheduling Garbage Collection in Embed-
ded System$PhD thesis, Department of Computer Science,
Lund Institute of Technology, July 1998.

A. Ive. Towards an embedded real-time java virtual ma-
chine. Licentiate thesis, Department of Computer Science,
Lund Institute of Technology, 2003.

stant latencies must be guaranteed, while execution perfor [6] A. Ive, A. Blomdell, T. Ekman, R. Henriksson, A. Nilsson,

mance must not degrade too much compared to implemen-
tations in other programming languages. Another important

factor is to preserve the flexibility of Java allowing reihé

Java applications to execute on many different platforms
with different operating systems, including non real-time

operating systems for development and debugging.

However, flexibility in natively compiled Java also

(7]

(8]

K. Nilsson, and S. Gestegard-Robertz. Garbage collector
interface. InProceedings of NWPER 200fugust 2002.

R. Jones and R. LinsGarbage Collection: Algorithms for
Automatic Dynamic Memory Managementohn Wiley &
Sons, 1996.

The Real-Time Java Platform, a technical white paper.
http://research. sun. com proj ects/ macki nac/
macki nac_whi t epaper . pdf , June 2004.

means that we must consider an uncooperative environ- [9] A. Nilsson. Compiling Java for Real-Time Systems. Lieen

ment. Neither the task scheduler, nor the back-end C com-
piler can be assumed aware of incremental GC. Hence, there

is a tradeoff to be made between flexibility, latency, and [10]

throughput. This paper has identified some potential bot-

tlenecks caused by the uncooperative environment, and pre-
sented techniques, both in our Java compiler and in the run-
time system, for reducing the execution time overhead and

enhance throughput while maintaining low task latency.

Experimental evidence show that we can achieve very
low latency and jitter as well as reasonable throughput.

[11]

[12]

Given our contributions and results, we do see compiled [13]

real-time Java, or a similar language such as C#, as indus-

trially viable in a near future.
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