
Exploiting FPGA Con
urren
y to Enhan
eJVM Performan
eJames ParnisS
hool of Computer S
ien
e & Software EngineeringThe University of Western Australia35 Stirling Highway,Crawley, W. A. 6009parnij01�
sse.uwa.edu.auSeptember 13, 2003Abstra
tThe Java Programming Language has been praised for its platformindependen
e and portability, but be
ause of its slow exe
ution speedon a software Java Virtual Ma
hine (JVM), some people de
ide touse faster languages su
h as C. Building a JVM in hardware is anobvious solution to this problem. Several approa
hes have been takento try to a
hieve the best solution. One approa
h is by redu
ingthe number of Java instru
tions a program has to exe
ute along withdire
tly exe
uting instru
tions in hardware, for example on a FieldProgrammable Gate Array (FPGA), to in
rease the exe
ution speed.Another approa
h is the translation of Java Byte Codes into native
ode by a FPGA and then exe
uting the native 
ode on a 
onventionalCPU. Others have developed a multi-threaded JVM and exploitedthe parallelism o�ered by a FPGA and have spe
i�
ally designed theJVM for real-time systems. This paper 
ompares and 
ontrasts allthese approa
hes and then 
on
ludes that the parallelism of a FPGAshould be exploited in the most general way possible by not restri
tingthe threads of exe
ution to a spe
i�
 task.Keywords: fpga, 
pu, jvm.CR Classi�
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1 Introdu
tionField Programmable Gate Arrays (FPGAs) are a relatively new te
hnology.Due to the fa
t that they haven't been around too long, they haven't beendeveloped as mu
h as general purpose pro
essors. Leaving this aside, FPGAshave the potential to make a big impa
t on the 
omputer market. FPGAs arealready being used in appli
ations today su
h as satellites, portable ele
troni
devi
es, and devi
es that require their 
ir
uitry to be 
hanged on a regularbasis. FPGAs are ideal for devi
es that run on batteries due to the low power
onsumption to work ratio.There is an abundan
e of resear
h being done on FPGAs | one of theseresear
h areas is building a 
onventional Central Pro
essor Unit (CPU) ona FPGA. Some CPUs have been spe
i�
ally designed to a
t as a Java Vir-tual Ma
hine (JVM). Resear
hers have built JVMs that are very similar tosoftware JVMs, but have added a few optimisations su
h as 
ompressingmultiple program instru
tions into one instru
tion and built the JVMs onhardware [6℄ instead of using the 
onventional software approa
h. Allian
eCore [1℄ take on a very similar approa
h, but also add in extra fun
tionalitysu
h as support for other programming languages su
h as C. There has alsobeen resear
h into building a JVM that 
an run four threads of exe
ution inparallel, but with the limitation that these threads of exe
ution are assignedto spe
i�
 tasks, su
h as for interrupt handling [3℄. Radhakrishnan et al. [5℄build a system similar to a software Just-In-Time (JIT) Compiler [7℄, but ona FPGA. Ha et al. [2℄ build a JVM on a FPGA to speed up the exe
ution ofweb based Java Appli
ations.This paper dis
usses how people have taken advantage of FPGAs to buildJVMs. It will �rst dis
uss the advantages of a FPGA and how these advan-tages have been used. It will then go on to dis
uss the limitations and howthey have been dealt with. The appli
ations of using a FPGA for a JVM isalso looked at. It will then 
on
lude that the parallelism of a FPGA shouldbe used to 
reate multiple threads of exe
ution and that they should not bespe
ialised for a spe
i�
 task.2 Java Virtual Ma
hine advantages with FP-GAsA JVM is a 
omplex ma
hine with many se
urity features, and its 
omplexnature makes mapping it to a 
onventional CPU a hard task. A FPGA isa re
on�gurable devi
e su
h that you 
an build your own ele
troni
 
ir
uiton it with great ease and also 
hange it after it has been built. This makes2



a FPGA ideal to test and re-test multiple designs. Be
ause of its 
exiblenature it is possible to build a very eÆ
ient JVM on a FPGA.Ha et al. [2℄ gain an advantage by exe
uting expensive Java instru
tions inhardware, on the FPGA, to speed up Internet appli
ations that use the JVM.This way the advantage of having a platform independent language is stilla
hieved, but be
ause of being exe
uted in hardware the speed of exe
utionis in
reased. S
hoeberl [6℄ takes advantage of a FPGA in his system wherehe makes use of the multiple ports of the blo
k RAM devi
es on a FPGAto 
ompress four instru
tions into one, thus in
reasing the eÆ
ien
y of thema
hine fourfold. In addition to this he also optimises the instru
tions thatare to be exe
uted, further in
reasing the speed.Implementing a JVM on a FPGA has advantages su
h as being able tobuild parallel 
ir
uits. Kreuzinger et al. [3℄ take advantage of the parallelismof a FPGA when building their JVM in that they have designed a system
apable of running multiple threads in parallel, but with the limitation thatthese threads are assigned to spe
i�
 tasks and are left idle when that task isnot a
tive, for example a task 
ould be to a

ept input from a mi
rophone.Radhakrishnan et al. [5℄ take on an approa
h that is similar to a Just-In-Time (JIT) 
ompiler [7℄, but take advantage of using a FPGA to do thetranslation of Java byte-
odes into native 
ode instead of the translationbeing done in software. They a
hieve an overall better performan
e than aregular software JIT 
ompiler. The fa
t that the JVM exe
utes in hardwareinstead of software along with the 
exibility of a FPGA devi
e makes theJVM do more work in fewer 
lo
k 
y
les. These advantages add strength tothe argument that one should build a JVM on a FPGA, but along with theseadvantages 
ome 
ertain limitations that also must be looked at and will bedis
ussed in the next se
tion.3 Limitations of using a FPGA for buildingJVMsFPGAs are great when 
exibility of design is a major issue, whi
h is the 
asewhen developing a 
omplex system. A system is never perfe
t on
e built, italways needs to be 
hanged over and over again | this makes FPGAs ex
el-lent development and building equipment. Yet, FPGAs also have limitations,as any hardware devi
e has, due to the prede�ned spa
e and limited mem-ory, although the latest FPGAs are over
oming this with in
reased spa
e andmemory. A JVM is a very 
omplex high-level ma
hine, and be
ause of thisit is extremely hard to �t a fully 
edged JVM on a FPGA. To over
ome this3



problem, people have limited the amount of the JVM spe
i�
ation [4℄ theyhave implemented.S
hoeberl [6℄ and Kreuzinger et al. [3℄ only implement 
ertain subsetsof the JVM spe
i�
ation, but even with this limitation the devi
es are wellsuited to be embedded in prede�ned systems. S
hoeberl [6℄ over
omes thespa
e limitation by having a supporting host ma
hine that the FPGA 
om-muni
ates with and that does 
ertain pre-pro
essing tasks to take away someof the higher level a
tivities that are required by a JVM. Allian
e Core [1℄in their CPU boast of an optimised 
ir
uit that only takes up to 3% of atop-of-the-line FPGA. Although building a JVM for a FPGA has 
ertainlimitations due to the nature of the devi
e, there are also many appli
ationsthat they 
an be used for. These appli
ations will be dis
ussed in the nextse
tion.4 Appli
ations of JVMs on FPGAsWe are starting to see an in
rease in the number of portable ele
troni
 devi
esused. The mobile phone is one of the �rst on the market and now thelatest 
raze is MP3 players. These ele
troni
 devi
es have 
ir
uitry that isdesigned to perform tasks su
h as produ
ing sound, manipulating sound,transferring data, and performing algorithms. Be
ause portable devi
es runon batteries, one of the main design issues is building a 
ir
uit that 
onsumesthe least amount of power possible in order to gain the most running timeon a devi
e. The less power 
onsumed, the better. FPGAs ex
el in this lowpower 
onsumption �eld due to their ability to be designed in su
h a waythat they a
hieve multiple tasks at the same time, and thus use less power.S
hoeberl [6℄ takes advantage of this when designing his JVM in that heoptimises what would usually be done in four 
lo
k 
y
les to one 
lo
k 
y
le,for example by using the multiple ports on the blo
k RAM to do an additioninstru
tion in one 
lo
k 
y
le instead of four. This a
hieves the goal of usingless power. This is ideal for portable devi
es that use a JVM to run 
ertaintasks as it would 
onsume less power than a software JVM and also JVMsthat don't take advantage of the FPGA te
hnology.Kreuzinger et al. [3℄ take advantage of the parallelism of a FPGA byimplementing a multi-threaded system, ea
h thread being represented by aseparate se
tion of 
ir
uitry on the FPGA. The threads are all assigned toa spe
i�
 task that 
an be 
arried out at the same moment in time, insteadof the non-multi-threaded solution that would only have one pie
e of 
ir-
uitry 
ontrolling all the tasks and would be using more power be
ause itwould require more 
lo
k 
y
les to 
omplete the tasks. Allian
e Core [1℄ say4



that their devi
e is aimed at the following appli
ations: Internet applian
es,multimedia 
ontrollers, automotive devi
es, network/swit
h pro
essors, set-top boxes, networked embedded 
ontrollers, terminals, PDAs, TVs, printers,
opiers, and smart 
ards. Ha et al. [2℄ have aimed their system at Java ap-pli
ations that are web based, taking the pla
e of a regular software JVM inorder to in
rease the speed.A software JVM is relatively slow 
ompared with exe
uting native 
odedire
tly on a CPU. JIT 
ompilers try to over
ome this by using software to
onvert the Java Byte Codes into native 
ode just before exe
ution. Radhakr-ishnan et al. [5℄ use a FPGA to perform this task. Be
ause of the 
onversionbeing done in hardware 
ompared to software there is a major in
rease inspeed. This is an example of how a FPGA 
an be used in a 
onventional
omputer to aid in in
reasing the speed of a JVM. Although the FPGA isa
ting as a JVM, the a
tual exe
ution of the instru
tions is being done innative 
ode on a 
onventional CPU. On the other hand, Kreuzinger et al. [3℄and S
hoeberl [6℄ designed systems where the Java byte 
odes are dire
tlyexe
uted on the FPGA.5 Con
lusionJava has an advantage of being platform independent, but be
ause of the
onventional software JVM, it has a slower exe
ution speed than a programthat does not have to be interpreted before being exe
uted on a 
onventionalCPU. Building a JVM in hardware over
omes the speed problem, but keepsthe advantage of having a platform independent language. FPGAs havebeen used to build JVMs and explore the advantages of building a JVM inhardware. An approa
h of using multiple read and write ports on the FPGAblo
k RAM and optimising the Java byte 
odes has been explored by someresear
hers [6℄ [1℄ [5℄. Ha et al. [2℄ have investigated the use of FPGAs fora

elerating Java web appli
ations. FPGAs by nature have a great deal of
exibility when it 
omes to running 
ir
uits in parallel. Kreuzinger et al. [3℄use this 
exibility in designing a four threaded JVM aimed spe
i�
ally atreal-time systems. I believe that the next step for JVMs and FPGAs wouldbe to design a multi-threaded system similar to Kreuzinger et al. [3℄, but notdedi
ate threads to a parti
ular task or design the devi
e spe
i�
ally for areal time system. Instead, to approa
h it on a more abstra
t level by havingthe threads identi
al in stru
ture, not restri
ting them to spe
i�
 tasks, andgiving them a more 
exible nature.
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