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Abstract system (which hardware architects can build more efficyestid

cheaply). Our solution consists of a virtual machine layat sits
on top of the heterogeneous hardware and automaticallytulists
work to the different multiprocessing cores.

We have implemented a prototype of such a system that we call
CellVM. To the programmer, CellVM presents the interface of a
standard Java Virtual Machine (JVM). Internally, CellVMtén
prets JVM bytecodes by co-execution between the diffenamt-f
tional units contained on the Cell microprocessor. CellVht u
lizes an interpretation approach that we calbperative interpreta-

We present a runtime environment that implements a Javaairt
Machine by co-execution between the different functionaitau

of the heterogeneous Cell multiprocessing platform. Opragch
uses the Cell's scratchpad memory as a software-controiede

and contains an automatic software-based memory managemen
system for instruction and data caching. Profiling showschea

hit rate of above 90% for the instruction cache and above &% f
the data cache.

Categories and Subject Descriptors  D.3.4 [Programming Lan- tion, executing simple instructions directly on specializedogss-
guage§ Processors-acremental compilers; optimization; run-  sor cores, but requesting assistance from a general pucposéor
time environments D.1.3 [Concurrent Programminlg Parallel executing complex (and often rarely used) instructions.
programming Of particular note is our solution to the data latency proble

In the Cell architecture, the throughput-oriented prosesso not
have hardware-based data caches but provide softwarmtiedt
Keywords Java Virtual Machine, Cell Broadband Engine, just-in-  Scratchpad memories in conjunction with DMA capabilitissy
time compilation, dynamic parallelization to a streamlined division of labor in our cooperative intetption
environment is an efficient use of these scratchpad memasies
. distributed data cache. Our software-controlled dataingchigo-
1. Introduction rithm is surprisingly effective, achieving hit rates ab®@8s for the
The Cell Broadband Engine, jointly developed by IBM, Somyd a instruction cache and above 74% for the data cache for thehben

General Terms Design, Experimentation, Performance

Toshiba, is an emerging hardware platform for multimediziass. marks that we tested.

Unlike the symmetrical multi-core architectures that aeenb de- The remainder of this paper is organized as follows. Se&@ion
veloped for the desktop computing market, Cell implememis a gives a brief introduction to the Cell Broadband Engine Atexit
asymmetric architecture in which there is a general-pueposces- ture. Section 3 discusses the design rationale and implaiem
sor core derived from the PowerPC, and eight identical gyinput- details of CellVM, our Java Virtual Machine for the Cell aitele-
oriented cores implementing an entirely different ardtitee and ture. In Section 4, we describe the software-driven cachiegh-
instruction set that is targeted toward multimedia appilice. anism that we use on the throughput-oriented processos.cboe

Integrating different cores onto a single chip in this manne evaluate our approach, we have performed a series of benkhma
makes sense from a hardware designer’s perspective. Fan-the that we discuss in Section 5. Section 6 contains related viokk
tended application domain of multimedia applications, ihgwa lowed by our conclusions and and outlook to future work in-Sec
number of throughput-oriented processor cores is far nfteetve tion 7.
than trying to do the same work with general-purpose corbagtw
would also take up more space on the die. From a software de-
signer’s perspective, on the other hand, dealing with tiyenaset- 2. TheCédll Broadband Engine Architecture

rical architecture and multiple instruction sets of a hegeneous The Cell Broadband Engine Architecture (CBEA) [14] is a &Ag
multiprocessor makes programming considerably more diffic chip multiprocessor designed with multimedia applicagion
. _The goal of o_urwork Isto p_rowde_ the best of both worlds_, €M~ mind. The design goals [10] of the CBEA were chosen carefully

bining the benefits of aymmetrianulti-processor system (which is to address the fundamental challenges facing modern mirop

simpler for programmers) on top of asymmetrianulti-processor cessor development: high memory latencies, on-core poiger d
sipation, and physical processor frequency limitatiorastRjen-
erations of microprocessors achieved performance gairstlyno
through higher clock frequencies, deeper pipelines anc:mirst
sue width. However, since processor throughput has inedeas
much quicker pace than memory access time could be reduced,
modern processors often spend significant amounts of tintewga
out processor stalls resulting from code or data cache mi€sea
modern symmetric multiprocessor, for example, main merhasy

[Copyright notice will appear here once "preprint’ optierémoved.] a latency of upward of 1000 processor cycles. If data and eogle
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Figure 1. The heterogeneous Cell Architecture consists a Pow-
erPC Processor Element (PPE) and eight Synergistic Process
ing Elements (SPE), which are SIMD RISC cores optimized for
computation-intensive tasks. Communication between FFHE,
main memory and external interfaces is realized througtEtbe
ment Interconnect Bus (EIB).

not cached efficiently in near-processor caches, procéssmrgh-
put is limited to the bandwidth of main memory rather thampei
able to take advantage of the processor’s true computapomser,
forming an insurmountable performance limit also referreds
thememory wal[18].

Figure 1 shows the basic components of the Cell Broadband
Engine Architecture. It consists of a PowerPC Processané&ihs
(PPE), which is primarily intended to manage global resesiand
distributes work to on-chip Synergistic Processing EletnéBPE).
Each SPE is a SIMD RISC core optimized for computation inten-
sive tasks. Communication between the PPE, the SPEs, main me
ory, and external devices is realized through an Elemeetdoh-
nect Bus (EIB).

2.1 ThePower Processor Element

The PPE, which can be regarded as the Cell's main processor, i
optimized for high clock frequencies (up to 4 GHz) and power
efficiency. It is a dual-issue design that does not dynaryicat
order instructions at issue time (i.e., it provides in-oreleecution

of instructions). The core interleaves instructions framo ttom-
putational threads at the same time to optimize the use oéiss
slots, maintain maximum efficiency, and reduce pipelingliefhe
PPE is capable of executing two threads simultaneously anée
viewed as a two-way multiprocessor with shared data flow.ilFhe
lusion to the software is that two independent processititg ane

in place.

Its 64-bit Reduced Instruction Set Computing (RISC) core is
extended by a vector multimedia extension unit (VMX) and of-
fers branch prediction and a hardware-based transparenbrye
hierarchy. Hence, it is well suited for executing generaippse
programs and computational un-intensive tasks, such asines
management and input/output services. A traditional chiéer-
chy with a 32-KB first-level (L1) instruction and data cachrela
512-KB second level (L2) cache is used to hide memory lagsnci
The PPE also runs the operating system and is intended flsimar
for work distribution to SPEs and resource management.

The processor can be divided into three sub-units: theuastr
tion unit (IU), a fixed-point execution unit (XU) and a vectmalar
unit (VSU). The IU is responsible for instruction fetch, dede,
branch, issue and completion. It fetches four instructipeiscy-
cle per thread into a buffer and dispatches the instructioom
this buffer. After decoding and dependency checking th&uns
tions are dual-issued to an execution unit. Up to two insioas
per cycle can be executed, if the instructions are assigndiffér-
ent units. The XU consists of a 64-bit wide, 32 entry largesgah
purpose register file per thread, a fixed-point executioh amd a

SPE
SPU
Execution Local
Units Store
MFC
MMIO Register# DMA
Controller

EIB

Figure2. An SPE consists of a Synergistic Processing Unit (SPU)
and a Memory Flow Controller (MFC). Data and Instruction are
loaded to local store (LS) via direct memory access (DMA)tigh

the MFC, which can be done in parallel to execution. Furtlogem

a special set of registers allows the exchange of 32-bit agess
between an SPE and other elements.

load/store unit with a 16-entry store queue. The VSU alsmmai
tains a 64-bit wide, 32 entry large register file per threadelas

a ten-stage double precision pipeline. Additionally, ¢hier a 32-
entry by 128-bit vector register file per thread, and allrinstions
are 128-hit (Single Instruction Multiple Data) SIMD withryang
element width (2 x 64-bit, 4 x 32-bit, 8 x 16-bit, 16 x 8-bit,cah28

x 1-bit).

To support this overall design of executing dedicated tasks
designated execution units [11], the Cell architecturersfa num-
ber of unique hardware features, such as fast context sngttie-
tween SPEs and the PPE to call operating system functioas (th
are executed by the PPE) from SPEs.

2.2 The Synergistic Processing Element

While the PPE uses traditional hardware-basadsparentcaching
to hide the access time necessary to load and store data frdm a
to main memory, SPEs use a different mechanism: SPEs have
a three level memory structure (main memory, local storeb an
large unified register files). The large unified register fileves
to hold the majority of operands directly inside the CPU core
without having to spill values onto the stack. A medium-dilezal
store (256k in current Cell processors) is used to store SfE ¢
and temporary program results until the final results aretewri
back to main memory. SPEs can perform asynchronous, cdheren
DMA transfers between their local stores and main memory and
therefore do not need to stall while data moves back and forth
the interconnect bus.

SPEs are designed to execute regular computationally-inten
sive programs rather than general purpose software. Thizsal
to hide memory latencies without having to employ complexiha
ware mechanisms such as branch-prediction, out-of-ondecue
tion, and deep pipelining that are used for this purpose ireg#-
purpose processor cores. By focusing on regular and commgruta
ally intensive programs, SPEs can be built with much redbeed-
ware complexity and yet achieve a good utilization of prsoes
resources. This in turn reduces the overall core size of 8Ré&sal-
lows to pack more SPEs at a higher density onto a single rooite-
die.

Each SPE [8] is an independent execution unit with it's owa pr
gram counter, registers and 256KB local store (single pRAIZ
with 6 cycles access time), which can be regarded as a seftwar
controlled cache. Instructions and data are fetched from mam-
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ory to the local store via direct memory access (DMA). The SPE
can be divided into two sub-units, the Synergistic Procgskinit
(SPU) and the Memory Flow Controller (MFC) (Figure 2). The
SPU core is a 128-bit single instruction multiple data (SINRDSC
architecture.

Execution of instructions is strictly in order and branakegiction
units and scheduling logics are not present. Instead, aret2§
128-bit wide unified register file (integer, floating pointc.edata
types use the same register) is used to store values, rettiresses,
results of computation and so forth, which replaces expersgiec-
ulative hardware techniques. Each SPU owns two pipelimgs, i
which it can issue and complete up to two instructions petecyc
Whether an instruction goes to the “even” or the “odd” pipel
depends on the instruction type. For example, load and stere
structions are assigned to the odd pipeline and singlasioec
floating point instructions to the even pipeline.

2.3 TheElement Interconnect Bus

Communication between an SPU and the Element Interconnect B
(EIB) is realized through the the SPU’s Memory Flow Congpll
(MFC). The MFC of each SPE can enqueue up to 16 DMA com-
mands, which implies that the whole system can process rhare t
100 DMAs simultaneously. DMA transfers are coherent with re
spect to system storage, which means that a pointer fromREésP
main storage, for example, can be used as a starting poisst to i
sue a DMA command. Furthermore, the SPU is capable of contin-
uing execution in parallel with its MFC’'s DMA transfers. lisa
provides memory mapped 1/O registers (MMIO) and channels to
monitor DMA commands, SPU events and facilitate interpssee
communication via mailboxes and signal-notification. Maies

are a set of queues that support exchanges of 32-bit medsages
tween an SPE and other devices. Two one-entry mailbox qusees
provided for sending messages from the SPE (SPU Write Ontbou
Mailbox, SPU Write Outbound Interrupt Mailbox), and onertrg

to send messages to SPE (SPU Read Inbound Mailbox). Magboxe
are used in our implementation of the JVM to synchronize SRRE a
PPE threads.
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Figure 3. The basic design goal of CellVM is to abstract away
the heterogeneity of the underlying hardware architecRegular

Java programs can be executed on the Cell processor bydtsig

Java threads to the SPEs. The PPE services the small number of
bytecode instructions that cannot be handled locally on RE,S
such as object creation.

While our prototype system focuses on using SPEs for the exe-
cution of Java code, it would be conceivable to use the PP#di a
tion to the SPEs to run Java threads whenever no co-intatimet
requests are pending from any SPE. Our prototype also dlyrren
does not handle more than 8 concurrent Java threads. Thosasn
inherent limitation but merely an implementation shortéumech-
anism to multiplex SPEs between Java threads could be adtted w

The PPE and the SPEs communicate coherently with each otherrelative ease, in particular because the actual CoreVM skt

through the EIB. The EIB is a 4-ring structure (2 clockwise, 2
counterwise) for data, and a tree structure for commands avit
internal bandwidth of 96 Bytes per cycle. The EIB has two ek
interfaces, the MIC, which is the interface between main arym
and EIB and the BEI, which allows data transfer between EI an
1/0 devices.

3. CdlVM: A JavaVirtual Machine

The goal of CellVM is to create a homogeneous virtual machine
runtime environment on top of a heterogeneous processoitece
ture (Figure 3). The architectural differences betweenssid the
PPE are hidden from the programmer. Instead of having tagnog
specifically for an SPE with all its architectural limitati®, such as
the limited size of the local storage, programmers can weggi-

lar Java programs that are then executed by CellVM. In pdaic
CellVM distributes Java threads to the on-chip cores.

Our current prototype implementation is able to executéteig
Java threads in parallel by distributing them over eight SFach
SPE runs a core interpreter (CoreVM), which is able to exethe
majority of bytecodes without intervention and assistano the
PPE, which serves as the outer shell for all core interpsdteinel-
IVM). If the CoreVM encounters a bytecode instruction theigot
be executed locally, the SPE requests assistance from #i&/Bh
The PPE will then execute the bytecode instruction of bebflf
the SPE. We call this mechanism cooperative interpretaioco-
interpretation

would have to be stored and retrieved during a context swich
very small in comparison to the actual hardware context dsSP
(which is several kilobytes in size).

Only a small percentage of opcodes cannot be handled by
CoreVM. All opcodes that create new objects, including ysra
have to be executed by ShellVM since the entire Java heapréwhe
the new objects are stored) resides in main memory. Forehison
also object locking and unlocking is performed by ShellVMs@,
native method invocations are exclusively handled be Shll
for good reasons: First, native method invocations arellystaae
in regular Java applications. Executing them locally one®du
would require that the compiled code resides in local seragpich
in turn reduces the available space on local store for iogtniand
data caching. Second, if the native method uses or mangsutée
Java heap (e.g. array copying), a switch from CoreVM to $tll
cannot be avoided anyway. ShellVM'’s tasks also includesghe
solving of references that are not known at compile timealym
code-preparation, which will be explained in Section 3.2also
done on the PPE.

3.1 Overall Architecture

To implement our approach, we extended JamVM [13], an open
source Java Virtual Machine. We chose JamVM amongst availab
alternatives because of its very compact size, which is itapb
since a copy of the JamVM interpreter needs to reside in the
256kB local store of each SPE and subtracts from the localanem
available for storing data.
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Figure 4. Co-execution between the ShellVM (on the PPE) and a
CoreVM (on an SPE).

JamVM includes several different interpreter types. A tsWwi
interpreter” dispatches instructions using a loop-embddditch
statement at which each opcode is represented by one cade lab
This approach entails large performance drawbacks [9ijqodatly
for the SPE architecture since it does not posses a branditjoa
unit and at least three machine-level branch instructioaseae-
cuted per bytecode instruction. For this reason we decidecsé
JamVM'sdirect threadednterpreter. In this implementation, each
bytecode instruction is replaced by the address of the sporel-
ing code block implementing the corresponding bytecodeceff
Consequently, the number of machine-level branches pesdepc
can be reduced to one. Furthermore, JamVM wugeEnde rewrit-
ing, which can be used to store resolved information in the opkra
of an instruction (see Section 3.2).

CellVM effectively consists of two separate programs (Fig-
ure 4), compiled by two different compiler tool chains. Theeb

IVM is intended to run on PPE and the CoreVM is loaded onto each

SPE. The ShellVM manages most of CellVM'’s data structures, i
particular those that require large storage area such davaeeap,
constant pool and method area. CoreVM is the main bytecaee in
preter and responsible for managing the Java stack, JVMtezgi
and local caches, all of which are private to each SPE.

A major design goal of CellVM was to use the limited size
of the local store efficiently because transferring datanfroain
memory to local store via DMA incurs a latency of several medd
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Figure 5. Since the size of the local store is limited to 256K,
small and frequently used data structures are kept in mamange
The Java stack resembles a stack of a conventional progragnmi
language and is entirely kept inside the local store. Eaale\0d
also has a dedicated set of VM-internal registers, whiclugeel to
save the current state of the VM in case execution is trasdfer
the PPE to execute a complex bytecode instruction.

Starting up CellVM can be divided into two phases: First, the
ShellVM initializing process has to be completed, whichlides
initializing the ShellVM data areas (Java heap, native wgsh
stack, etc.), and preparation of the CoreVM interpretefoie
starting up a CoreVM, all required information is stored idaa
structure and the current method code is being preparedS@Eee
tion 3.2). Then, an SPE-thread is started and the initiaiprocess
of CoreVM, which represents the second phase can be perorme

cycles, depending on message size. Hence not all runtinee dat The second phase includes initialization of the cachestenttdns-

structures of the Java Virtual Machine can be held in thelloca
store as illustrated in Figure 5. The Java Virtual Machinackt

is analogous to a stack of a conventional programming layggua
such as C. It holds operands, computational results ancrengfis

for method invocation and method return values. Each CoreVM
maintains a set of internal registers describing the ctistie of
the VM, including a program counter, a pointer to the curtecal
variable set, a pointer to the top of the Java stack and sereferto

the current Java frame.

Each time a new method is invoked by CoreVM a new Java
frame is created. It holds all necessary information rexgliior
executing that particular method. It holds a pointer to thethod
code, which resides in main memory, and the correspondidg co
size. This information is used to initiate a DMA transfer,ighh
copies the entire method code to the bytecode cache (seerséct
Additionally, a pointer to the code in the cache is storedictvh

fer of the Java Frame information and the bytecodes. Oncevihe
mandatory DMA transfers have completed, CoreVM starts @xec
ing bytecodes until a switch to ShellVM is necessary.

Communication between CoreVM and ShellVM is realized
through four mechanisms that have various latencies. Th& mo
expensive way of communication is a switch of execution from
CoreVM to ShellVM. In case CoreVM has to ask for assistance
for executing an opcode, a snapshot of the internal statg@m
counter, current method, etc.) of CoreVM has to be updated in
a data structure callethailbox The mailbox is transfered via a
single DMA to main memory. This information is used to restor
the current state of the requesting CoreVM on the PPE. Alfter t
DMA transfer is completed, an interrupt is raised on the PBRE (
writing a 32-bit message to a special register) and the stgden-
struction is executed by ShellVM. Meanwhile, the CoreVM twai
for the ShellVM to complete the request. After completiohes

is used when returning from a method in case the code is still IVM notifies the appropriate CoreVM by sending a message to

present in the cache. Also the access flags of the curreniodheth
are stored in the CoreVM frame, since in case of a synchrdnize
or native method invocation a switch of control to ShellVMsha

be initialized. Finally, a pointer to the previous frame &&d when
returning from a method.

a memory-mapped /O register. The CoreVM again initialiaes
DMA transfer, adapts it's internal state and continues veite-
cution. Summing up, we need two DMA transfers, two notifica-
tion messages and the time used for executing the requestebef
CoreVM can continue executing the next instruction.
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The second mechanism, used for locking and unlocking of ob- In our specific implementation of the JVM, we reserve for each
jects, only needs three communication messages. We needdo s bytecode 8 bytes to store dynamically resolved informatiwhile

two messages to ShellVM, using two different destinatigisters, this does inflate the size of the bytecode program signifigaartd
whereas one message contains the instruction to eitheiologhk- thus limits the number of methods we can cache in the locat sto
lock the object and the other the 32-bit address of the abjdtar before we have to evict a method from the code cache, it does
executing the request, the third message (sent by Shel\Md¥H) n  have the advantage that the number of DMA transfers and xionte
fies CoreVM of its’ completion. Altough we also switch exdout switches can be reduced dramatically. Furthermore, theaods
from CoreVM to ShellVM, we can save two DMA transfers and can be used to save a cache lookup. The op@®@BAYLENGTH,
instead send one more message. for example, determines the length of an array and puts d@ the
The third, still less expensive mechanism is a blocking DMA operand stack. We have installed a cache that holds thenkeofjt
transfer, which is mainly used for copying data and instancfrom the arrays that are local to the SPE’s private storage area.
main memory to local store. As described in Section 2 the &ell In our implementation, code preparation is split into two
chitecture is capable of issuing DMA transfers in paralbeexe- parts, a pre-preparation phase performed by the PPE, andta po

cution. However, this mechanism is not applicable whenirgad  preparation phase performed by the SPE after the methoddzige
data from main memory, since it must be guaranteed thatstéegle = has been cached. The post-preparation phase enters thedeca

data is already in place before execution can be continuetthet dress of the machine code sequence implementing the bgecod

ory, pre-fetching of data or instructions, realized by a bdock- into the instruction stream. This address is known only ®©SPE

ing DMA transfer would be possible. However, implementihist and thus cannot be filled in by the PPE.

mechanism is very hard to realize since sophisticated leuyd of Opcode rewriting is another method of minimizing communica

future program behavior is required. tion between CoreVM and ShellVM. A dynamic opcode rewriting
Issuing a non-blocking DMA transfer allowing copying data mechanism is used by the SPE to replace opcodes on the fly with

from or to local storage in parallel to execution can be peali so-called “quick opcodes” which update instructions wigimam-

without significant latency. The MFC of each SPE is able toagan ically derived information. The opcodeETSTATIC, for example,
up to 16 DMA transfers in a queue. We have implemented a buffer can be rewritten by resolving the reference to the consteat p

that temporarily holds data that will be copied back to masmm and storing it in the attached operand. The next time thisquear

ory (write DMA transfer). The current version of CellVM doest opcode is executed, the reference can be used to initiate & DM

use non-blocking DMA transfers for copying data from maimme transfer and gather the actual value from main memory. Gpcod

ory to local store (read DMA transfer) since the capacity 6B rewriting is entirely done locally on each SPE with the instions

is sufficient for all read DMA transfers in all applicatiorested so stored in the bytecode cache. As a consequence, No Syrnzdoni

far. tion overhead in a multithreaded application is requirdte @raw-
back however is that resolved information is lost in casectiehe

3.2 Code Optimization Strategies has to be purged. This drawback is kept at a minimum in our im-

In order to achieve reasonable performance, two requireseve glee(r:?iggtgt.gr.] because the cache miss rate is negligiblyl ¢se

to be fulfilled: First, the number of DMA transfers has to betke

at a minimum. Second, switching from SPE to PPE should be
avoided whenever possible because latencies due to cemtigh-

ing, mandatory DMA transfers and mailbox communicationuocc

In addition to avoiding these latencies, it is also impartanof-
fload as much of the workload to the SPEs as possible, since all
SPEs compete for the attention of the PPE when issuing rexjues
for assistance. If there were too many parallel requests PRE
could become a performance bottleneck.

In order to meet these design requirements, we use software-
managed caches (see Section 4) to cache frequently usestrdiata L
tures gnd instructifnns inthe SPE)s’ local storeg. Furtﬁmnmrate- 33 Limitationsof CellVM
gies such as code preparation and opcode rewriting areextitpt Since CellVM is not able to distribute workload of a singlestided
reduce the number of DMA transfers and switches. application to multiple execution units, maximum perfonoa can

Before a method is invoked on CoreVM, the bytecode of the only be achieved if the executing Java program actually aggd
corresponding method is prepared by ShellVM. The opdduz parallel threads. Since every Java thread is physicallyptooione

Another way of reducing mandatory switches from CoreVM
to ShellVM is by extension of the instruction set of the JVM
through the introduction of new opcodes. As CellVM uses GNU
classpath version 0.91 and numerous function calls to trettm
library are “native” methods (for example sin(x), sqrt(j¢c.) we
decided to introduce nemath opcodesShellVM is able to detect
a function call to the math library and tells CoreVM to rewrihe
native function call into a corresponding math opcode, Wiuan
be executed locally on an SPE.

(load constant), for example, loads a constant value fra@ctm- SPE, a Java program that has more than eight parallel thvadds
stant pool and puts it on the Java operand stack, which is-main have 8 such threads running on SPEs and the remaining threads
tained locally in the local store of an SPE. Before code magjmn, need to execute on the PPE. Our current implementation dutes n
as specified in the Java Virtual Machine Specification [161LDC have any heuristic to route threads to SPEs vs. the PPE in such
bytecode is followed by an index that specifies an offset theo cases. Also using native or synchronized methods in apjaits
runtime constant pool of the method being currently exatute “hot spots” makes CellVM intolerably slow, since switchesr

stead of having to perform this lookup every time e instruc- CoreVM to ShellVM have to be issued.

tion is executed, it is possible to replace the index by theac Our current prototype does not offer a cache coherent view of
lookup result, which is a direct pointer to the data item,\@rethe memory for threads running on SPEs. Each SPE caches pales of t
data item itself. This brings significant performance gdgiCel- main memory in its local store. When SPEs update the same mem-

IVM, because each time the prepared bytecnleis executed, we ory location concurrently, there is no guarantee which SRE w

can suppress a blocking read DMA transfer to the constant poo  prevail with its memory write. Since SPE caches are spedvalat
Code preparation can be performed for various opcodeshwhic collisions can also occur if SPEs operate on main memory-loca

also saves numerous switches from SPE to PPE. Referendes thations near to each other since cached but actually uncharmdess

do not change during the entire runtime of the application ca might be written back into main memory, potentially overtng

be resolved in the preparation phase and stored into thagher  changes made by another SPE.

5 2006/12/23



‘ key ‘oﬁset‘ bytecodep ‘ key ‘ offsel* bytecod§

Figure 6. The instruction cache is organized as an array. The key

since all dynamically resolved information is lost in case tache
has to be purged.

The data cache is divided into three different types: thayarr
cache, single-key caches and dual-key-caches. The arche ca
consists of a previously defined number of elements. Eachezie
maintains three keys. One key is given by the starting addoés
the array in main memory, the other two represent the steexin

of a method and the offset to the next key can be read using and the stop index of the cached array fraction. An array &ach

the d-form addressing mode without the need for explicit address
arithmetic.

Several avenues exist to remedy this issue. In hardware mul-

tiprocessors, cache coherency is often implemented throaghe
coherency protocols. Another common approach is to intedx-
plicit memory barriers that provide certain coherency gutges
only when needed. We are currently investigating how thesk a
similar mechanisms can be implemented in software on thessSPE

4. Automated Software-Controlled Memory
Management of SPES' L ocal Stores

The local store of an SPE is used to hold data and instructens
quired for program execution. Organizing the limited lostdre
efficiently is therefore very important in terms of avoidipgces-
sor stalls due to missing instructions or data. The maincditfy
of caching main memory regions in the local store is that éiyv
difficult to predict which memory regions a program is goingt-
cess next. Moreover, even a fairly trivial and imprecisedfmtion
algorithm requires significant memory access monitoringictv
we have to provide in software. Instead of implementing aegan
software-driven main memory cache, we decided to only caphe
cific data structure for which we have a solid understandfribeir
access pattern in the local store.

The local store is pre-allocated to dedicated cache poclsnat
pile time. We use static pool sizes because dynamic cachis poo
require utilizing dynamic memory allocation on the SPEsjclvh
we found to be very slow on the SPE. Performance measurement
on IBM's cycle-accurate and memory-timing accurate Cetiida-
tor [12] indicate that both malloc and free are very expemsivthe
SPE. Allocating and freeing 1KB of local store memory také28l
cycles, 546 cycles alone due to branch misses and 426 du¢sto da
dependencies. It is unlikely that this overhead could beiced
significantly merely through a more efficient implementati®he
SPE is simply not designed for the kind of pointer-chasimgied
for implementing a dynamic memory pool.

Theinstruction cachestores bytecodes of multiple methods in
local storage. The cache is organized as a big array, agéited in
Figure 6. Index zero contains the key of the first method, tvisc
given by the address of the corresponding method in main memo
Index one, which represents the code size, gives an offsiieto
next key in the instruction cache array. Index two contahmes t
thirst bytecode. A lookup in the instruction cache is perfed
by reading the first key at index zero and comparing it with the
address of the new method. In case of a cache hit, a pointeeto t
first bytecode is returned. Otherwise, the offset at pasitine is
used the find the next key in the instruction cache array. Gzgsy
the cache as a big array has the advantage, that array etecaent
be accessed using tlieform addressing mode. At this, the load-
address is determined from the sum of a register and an inateedi
offset (e.g.: lgd(load-addr,offset)). Using the d-formatxess array
elements saves the overhead stemming from incrementiragridne
pointer. The disadvantage however is that if the cache lzheel
its limit, the whole cache has to be purged, since it wouldbhee
fragmented. A high instruction cache hit rate is very imaott

lookup is performed by comparing the corresponding addséths
keyl and checking, weather the index lies in between key2 and
key3. Furthermore, each element also stores the arrayhlembich

is used to perform a bounds check of the entire cached region
at once. This results in performance gains especially ferSRE
architecture, since a cache hit guarantees, that the reqguiesiex

lies within the array. Consequently @nstatementcan be saved,
which in case of miss-prediction results in a penalty of 88-1
cycles. The data field of cache element is used to hold thg arra
data. If the data field is not large enough to hold the entirayar
only a fraction of the array is loaded onto local store. We als
implemented an algorithm, which is able to detect, whether t
elements are accessed by incrementing or decrementingdbr. i
However, this strategy fails, if the number of frequentlgessed
arrays exceeds the number of array cache elements, sirfteacit
cache miss one cache element is replaced by a new one. Also if
array accesses are performed randomly (and only a fractitheo
array can be cached) a successful caching strategy cary lmerdl
implemented.

Single-key caches are used for the JVML opcoGEESTATIC,
PUTSTATIC, GETFIELD, PUTFIELD and ARRAYLENGTH. A key,
which is uniquely defined by the address in main memory, is as-
signed to the corresponding value. If the opcGd&STATIC, for
example is executed, a lookup into the cache is performechda
of a cache hit, a read DMA-transfer can be saved. In case of a
cache miss, an existing cache element is replaced by a new ele
ment, by writing the content of the element to be replaced bac
main memory and obtaining the new value from main memory. Al-
though two DMA transfers have to be performed, the writingkba
can be done in parallel with execution. Dual-key caches aeelu
Stor the opcodeTABLESWITCH and INVOKEVIRTUAL. The caching

of a virtual method invocation, for example, is done by asisig

the address of the class to key one and the index into the shetho
table to key two. The value in this case is a data structuledal
method-block, which holds all necessary information forthmod
invocation, such as access flags or code address.

The caches are optimized for the SPE-architecture in tefms o
accessing keys and data (except bytecodes and array dake) wi
gwords only. Scalar (subquadword) loads and stores regeweral
instructions to format the data for the use on the SIMD aechitre
of the SPE. Scalar loads must be placed into the preferrdéd slo
Scalar stores require a read, scalar insert and write aperdahese
extra formatting instructions reduce performance.

5. Benchmarks

To evaluate the performance of our prototype implemeniatie
conducted a series of benchmarks using the Java Grande -Bench
mark Suite [15] (sequential version). The baseline for aemdh-
marks is JamVM running on the PPE of the Cell, and that baselin
is compared to running 1 to 8 Java threads in parallel usiagth
SPEs of the Cell processor. The benchmarks were conductad on
Cell blade server courtesy of IBM, running a 2.6.14 Linuxriedr
populated with eight SPEs.

To get a basic understand of the performance characteristic
of CellVM, we ran a series of micro benchmarks using the Java
Grande Section 1 benchmark suite. Section 1 contains serathb
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Benchmark JamVM | CellvM Difference [%]
loop 9.002.10| 10.180.71 112.92%
arithmetic 8.063.43| 6.633.55 82.23%
method invocation| 3.786.27| 383.66 10.13%
math opcodes | 863.578 | 1.574.535 182.33%

Figure 7. Basic performance evaluation of CellVM using Java
Grande Section 1 benchmarks. The values are performed-opera
tions per second.

mark programs measuring low-level VM operations such at cas
ing, arithmetic operations, and method calls.

Following the micro benchmarks we used Section 2 of the Java
Grande benchmark suite to evaluate the performance of @iy
a series of real-world computation intensive kernels. Hzech-
mark was scaled up from running on a single SPE to running in
parallel on all 8 SPEs of the Cell. Since CellVM currently soet
offer a cache-coherent view of main memory, we executed 8 in-
stances of the serial version of the Java Grande benchmaidin
allel instead of using the multi-threaded version. This wases-
sary because the multithreaded version of Java Grande hsesds
memory for thread synchronization, which fails due to theakve
consistency model of CellVM.

5.1 Basic Performance Evaluation

The results for the Java Grande micro benchmarks (Sectiarel)
shown in Figure 7. In this benchmark, a single SPE was pitte
against the PPE of the Cell processor. The results are ndtggyo
considering that the SPE occupies significantly less chigespn
the die and runs at a lower clock rate than the PPE core.

In case of the loop benchmark the Java thread running on an
SPE outperforms JamVM'’s performance on the PPE. For the- arit
metic micro benchmark, which performs a series of integet an
floating point additions, subtractions, multiplicatioremd divi-
sions, CellVM's performance is near the performance of J&¥mV
(82%). As in case of the loop benchmark, the CoreVM can run the
entire benchmark on the SPE without intervention from th& PP
which explains the solid performance results.

The method invocation benchmark is much less favorable for
CellVM. Since each method invocation requires either cliasu
tion with the ShellVM or a DMA transfer, performance is dedge
significantly. Fortunately, in actual application code thog invo-
cations are usually not predominant since they are expeisior
a simple Java VM such JamVM as well. While certainly not as ex-
pensive as for CellVM, this additional cost is apparentlffisient
to discourage programmers from excessive use of methodanvo
tions without performing any worth-while calculations iohes the
method body.

It is also important to note that the method invocation bench
mark measures the worst case scenario for CellVM: invokymg s
chronized methods. In case of first time (method code is reit re
dent in instruction cache) regular method invocations\0dlhas
to consult PPE in order to dynamically resolve informatidfhen
the same instruction is executed a second time, this infitmmaan
be used to transfer the required information for methoddation
via DMA. Returning from that method is entirely handled byESP
In case of a synchronized method, the SPE has to yield badREo P
for both, method invocation (object lock) and method ret{lioak
release). This overhead could be reduced by exploringtdgeE&-
to-SPE synchronization in favor of performing all synctization
exclusively on the PPE (which is the case in our current pypt).

Since method invocations are so expensive, performancleean
improved dramatically by inlining method calls in such a viag
SPE can execute the called method without intervention fitwen

d

[ instruction cache
[ data cache
Il total

t rate

h

benchmark

Figure 9. Instruction and data cache hit rate for each benchmark
program.

PPE. CellVM is able to detect and rewrite the bytecode forr@3 f
quently used mathematical operations suchias cos, tan, sqrt
andpow. In the standard JamVM interpreter, these operations are
implemented as calls to native methods in the Java libranis T

is of course sub-optimal for CellVM, which would have to con-
sult with the PPE for every mathematical operation. Inst&za-

IVM detects these method calls and rewrites them to intespal
codes which directly implement the mathematical operafidms
yields a significant performance boost, allowing CellVM tdper-
form the PPE/JamVM by 82.33%. Without this optimizatiorg th
PPE/JamVM performed the mathematical micro benchmark 134
times faster than CellVM.

5.2 Application Performance Evaluation

We explored CellVM's behavior in more complex applicatiass

ing the modified version of the sequential Java Grande beadhm
suite. When running multi-threaded applications, three$yof per-
formance bottlenecks might occur: First, if a large amodnm
codes has to be handled by ShellVM, the PPE can become con-
gested by too many requests, since all CoreVMs are competing
for the ShellVM's attention. Second, if the amount of blogki
read DMA transfers is comparably high, long latencies gcgince
CoreVM cannot continue with execution until the DMA transfe
has completed. Finally, if the total number of pending DMA re
quests exceeds the MFC’s DMA queue size, the SPE has to stall
until a slot in the queue becomes available.

Our Benchmarks were performed using 1-8 threads, each of
them executing its own instance of the benchmark concuyrent
CellVM was configured with an Java Stack Size of 20KByte, anin
struction cache of 40Kbyte and a data cache of 10 Kbyte. The pe
formance, when using the multi-threaded version, was tted
by adding up the results of each thread. Figure 8 shows tlkat th
performance of each benchmark increases linearly with time-n
ber of used threads, which is a strong indicator that nettreePPE
nor the EIB are congested.

Figure 10 gives an overview of the issued DMA transfers of all
tested applications. While blocking read DMA transfers biogtk-
ing write DMA transfers have long latencies, the non-blagki
write DMA transfers can be issued in parallel with executithe
number of blocking write DMA transfers is negligibly smahd
mainly used for writing CoreVM specific internal data to main
memory, which is used to restore the actual state on the\84ell
This is implemented as a blocking DMA transfer, since it ftalse
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Figure8. Speedup for Java Grande Section 2 benchmarks relative petfermance of JamVM on the PPE when using 1 to 8 parallel SPE
threads.

Benchmark| reads | blocking writes| non-blocking writes| total [million]
Series 99.83% 0.04% 0.13% 480
LU 7.99% 0.03% 91.98% 752
HeapSort | 61.03% 0.02% 38.95% 1.120
Crypt 61.95% 0.10% 37.95% 184
SOR 8.18% 0.01% 91.81% 1.752
FFT 38.40% 0.0042% 61.60% 5.008
Sparse 84.40% 0.0037% 15.60% 9.128

Figure 10. Number of DMA reads, and blocking and non blocking writesé¢ach benchmark program. Almost all writes are non-blocking
and can complete while the SPE continues with program eixcut

ensured that data is already in place before the ShellVM gan e The second best performance results were achieved by the
cute the request. In most benchmark programs, such nokibtpc IDEA encryption benchmark. Altough the cache hit rate isyonl
DMA writes constitute a large fraction of bus transfers (FFig11). 88%, this benchmark has the lowest number of DMA transfers.
Figure 9 gives an overview of instruction and data cacheabétsr The low cache hit rate does not have a great impact on total per
of every single benchmark. formance, since in comparison to other benchmarks, theesaate
The number of switches from CoreVM to ShellVM is negligi-  used infrequently.
bly small for all tested applications. Over 99.99% of all oges The sparse matrix multiplication benchmark shows the worst
are executed by CoreVM. This is can be traced back to the high performance results. This is mainly because array accessger-
instruction cache hit rate and our VM'’s extraordinary effiay in formed randomly, which makes efficient data caching impuesi
rewriting opcodes to quick-opcodes. Enlarging the array cache results in an even worse perfarenan

The Series benchmarks, which calculates the first 10k coeffi- Due to the fact that available space in the local store is angfel
cients of the functiorf (x) = (z+1)” is characterized by an exten-  enough to hold the entire array, enlarging the number ofeath
sive use of transcendental and trigonometric functionghigh ements simply increases the overhead when performing aecach
this benchmark has the third most DMA transfers, it perfobest. lookup. Also, increasing the data field of a cache elementaesl
This is mainly because it profits from the frequent use of th@ n  performance since the latency that comes with a DMA trardsder
math opcodes. In comparison to JamVM running on the PPE only, pends on the message size.
where most of the calls into the math-library are native fiomc In order to demonstrate the efficiency of our optimizatioats:-
calls, CellVM is able to execute these instructions digectl gies, we ran the LUFact benchmark with different caching set
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Figure 11. Ratio of DMA reads to DMA writes. DMA writes
can complete concurrently while program execution coetnu
whereas DMA reads stall the execution.
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Figure 12. Performance of the LUFact benchmark for different
caching settings.

tings. Figure 12 shows the resulting performance. Dedttiyahe
instruction cache results in a performance loss by a fadtat. o
While the number of read DMA transfers due to missing instruc
tions only slightly increases by 0.6%, the overhead fromtdaving
back and forth between CoreVM and ShellVM to re-fetch method
code (which is now not cached) reduces performance dramati-
cally. When performing the benchmark with instruction agatmly

190 x 10® switches have to be performed. Disabling the instruction
cache results if.2 x 10° switches, which is an increase by a factor
of 12.

Running the benchmark without data cache slows the applica-
tion down by a factor of 2.4. This is mainly caused by the highy
cache hit rate of 97.8%. When conducting the benchmark veith d
cache, we only have 8.6 read DMA transfers per 1000 execyted o
codes. This number increases to 450 read DMA transfers (@ 10
executed opcodes.

Finally, disabling the buffered write-back mechanism hesin
an performance decrease by 24% since the majority of all DMA
transfers (92%) can be issued in parallel with executioe.dverall
performance loss is a factor of 11.

6. Related Work

Using Java to develop parallel and distributed applicatioas be-
come increasingly popular over the past years. Jameelardoda
et al. [1] give a survey of current parallel Java projectsistixg
approaches can be roughly divided into three categories.

The first category of systems replaces the standard JVM by
building a new system or using the current available inftest
ture for parallelism. Titanium [17], for example, develdpat the
University of California, Berkley is a Java dialect used farge
scale scientific applications. It is a compiler based apgrpahich
compiles Titanium programs into C code. It has the advanthge
programs written for a shared memory model can be executed on
distributed systems without modification. In contrast tosystem,
Titanium is not compatible with JVM, and cannot execute déad
Java programs.

The Java Parallel Virtual Machine [7] (JPVM) is entirely tari
ten in java and provides explicit message passing baseibdist
memory MIMD parallel programming. Benchmarking a (512xp12
matrix multiplication resulted in a speed-up of 6.7 using8ces-
sors. Code written for the JPVM can not be ported to the JVM.
Being not compatible to JVM gives developers more freedom to
exploit parallelism of the underlying system, but on thesothand
entails the drawback, that portability is lost.

The second category of parallel Java systems extends Jtva wi
classes and libraries to provide explicit parallelizafiomctions in-
stead of replacing the entire JVM. ParaWeb [3], for exampée;
mits the utilization of computational resources of the iings. It
allows users to upload programs and execute them on muttipte
chines in a heterogeneous environment. The drawback o&fhis
proach is of course, that a large overhead arises causechblyrsy
nization between the executing nodes. ParaWeb is relatedrto
work to the extend that it enables parallel programming Wita
while still maintaining compatibility with the original JM.

The third category of parallel Java systems aims at provid-
ing seamless parallelization for multi-threaded appiaes. This
approach does not require programmers to take care of the par
allelization process. Any Java multi-threaded applicatian be
run in parallel on a distributed system. The advantage &f dpk
proach is, that conventional Java applications can be ramowi
any changes. CellVM falls into this third category. Otheamples
include cJVM [2]. cJVm is a clustered Java virtual machinat th
distributes multiple java threads to nodes of a cluster. disad-
vantage however is, that optimizations in communicatignghkro-
nization and locality are difficult. CellVM is likely able toutper-
form cJVM, because its execution units are all located orsémee
die and thus communication and synchronization cost aratlgre
reduced.

Investigations on automated optimizations techniqueshen t
compiler level for the Cell architecture were investigateg
Eichenberger et al. [6]. They present optimization techegyin
compiler based branch predication, instruction fetch, geder-
ation of scalar codes on SIMD units. The penalty for a miss-
predicted branch on the SPE is given by 18-19 cycles, because
branches are detected at a time where already multiple fall-
instructions are in flight. One way of reducing miss-preadits is
the conversion of #-then-elsestatement into a select instruction.
An alternative is given by the determination of the likelyt@ame
of a branch. This can be achieved either by doing compilelyaisa
or by user-directives. Furthermore the SPE provides a bramt
instruction, which specifies the location of a branch atlikely
target. Likely branch outcomes can be determined by branch p
filing, which is done statically, or manually by the prograem

Instruction fetch on the SPE is divided into two subtasks: in
struction scheduling and bundling. The main task of the dalee
is to determine instructions on a critical path and give ttegh-
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the Java stack as a stack of vectors, instead of as a stackd$ wo
and using SPU-specific intrinsics instead of regular C-code
Another area of improvement is dynamic compilation. CellVM
is currently a pure interpreter. To compete with compiliggtems
(such as IBM's PowerPC JVM), we will have to add a dynamic
compiler to the system that emits SPU code. It is an open m&sea

est priority. While the constraints of ordinary instructischedulers
are latencies and the use of resources the SPE additioaldly the
number of instructions into consideration. For example anbin-
hint instruction must not be too far away @256 instructions) from
the branch target and also not too closes(instructions). The chal-
lenge of the instruction bundling subtask is to ensure,dhair of

instruction, which are expected to be dual-issued satigfeeSPE’s
instruction issue constraints, since the SPE is only abéx¢zute
two instructions in parallel, if they are assigned eithethi® even
or to the odd pipeline, as described in Section 2.2. For best p
formance, the authors propose a unified scheduling and ibgndl
phase.

Due to the nature of SPE’s SIMD architecture executing scala
code is not efficient. For example loading and storing of sub-
quadword data types is affected with several dependemtigigins
[4]. The authors propose several steps to overcome thidgumob
First, they allocate all scalar variables in the primaryt siotheir
own 128-bit chunk of memory. Then, they perform aggressive
register allocation to make good use of the large unifiedstegi
file. As a result, most variables reside in the primary slothefir
registers. Consequently, the expensive load and stoneidtisins
are not needed. Besides that, they attempt the automgisoaidize
the code.

Another important performance issue on the Cell architeds
the use of single, double and triple buffering schemes, wvhide
the latency stemmed by DMA transfers by overlapping the asmp
tation with communication. Tong Chen et al. [5] and Yuan Zb&o
al. [20] present various techniques to overcome this prmbleel-
IVM uses a buffer when writing from local store to main memory

Also work independent from the Cell architecture can be fbun
in literature, which addresses software controlled cagh®hia-
Lin Yang et al. [19] for example propose a software contiblle
cache architecture, which distributes data types to diffecache
regions. When a specific data type is needed, only the desijna
cache region needs to be activated. Measurements of ajgisopr
applications, such as MPEG-2 decoder show energy savings up
40%.

7. Conclusion and Outlook

We have presented CellVM, a Java virtual machine that egscut
Java programs cooperatively on different cores of a hetereous
multi-processor. In our design, the most common Java bgteco
instructions are executed directly on the throughputrtee SPU
cores, while more complex instructions and those that requain
memory interaction are processed by the main PPU core.

In order to mask expensive data transfers between main mem-
ory and the throughput-oriented SPUs, we have devised aaeft
based caching strategy that maintains local copies of ématijiac-
cessed data structures such as method bytecodes and arg®id-i
local memory. Our experiments show that this caching dyate
effective.

Experiments also show that cooperative interpretatioblis @
distribute most of the activity to SPUs, so that even 8 siamdbus
Java threads running on 8 SPUs do not saturate the PPU cdre wit
service requests. Using all 8 SPUs in parallel, our systemakée
to significantly outperform pure PPU-bound interpretation

We plan to continue working on CellVM. The current SPU-
interpreter (CoreVM) is a close derivate of JamVM and imple-
mented in C. Its performance is well below the theoreticalkpe
performance, which is mostly due to alignment constraiBBUs
are designed to operate on vectors, and not scalar values Bie
JamVM interpreter was not written with this fact in mind, gve
stack access (and thus every operand access) currenttg aesig-
nificant overhead. We plan to eliminate this overhead byrimijag
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question by how much the reduced overhead due to eliminating
terpretation will be outweighed by the negative impact afidnal
DMA transfers during compilation.
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