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Abstract RC architectures are of interest because they have been
shown to speed up a wide range of applications from im-
Reconfigurable Computing (RC) is a technology that age processing to gene sequence matctihg Their dis-
makes use of programmable logic (FPGAS) in conjunction tinguishing feature is that they contain a limited amount
with a traditional microprocessor to accelerate general- of programmable logic in which arbitrary circuits can be
purpose computations. RC machines have demonstratedealized. Simply speaking, algorithms implemented with
impressive speedup on a variety of applications. Unfor- circuitry in the programmable logic execute very fast. In-
tunately, they are often difficult to program. This paper deed, many algorithms such as DES encryption have stun-
presents an experimental new RC platform, the RTR-JVM,ningly efficient hardware implementations. However, an-
which executes ordinary Java programs and makes use ofother class of algorithms does not map well to hardware.
online algorithms to select customized hardware at runtime. The following description of a real-world RC implementa-
The RTR-JVM is thus a means of automating reconfigurabletion shows how a reconfigurable computer handles compu-
computing. tations of both classes.
For the remainder of this paper, we can consider an RC
system to consist of a traditional von Neumann processor
1. Introduction (“processor” for short) augmented with a limited quantity
of programmable logic resources. Almost always, FPGAs
provide these resources. An FPGA, or Field Programmable
Gate array, is a device which can realize arbitrary sequential
logic circuits by programming a routing network to connect
hard-wired logic blocks in a specified manner (a more de-

It is well known' that the computational power of
general-purpose computers is growing exponentially. Nev-
ertheless, demand for computational power is growing even

faster. This deficit has driven research in new computer ariied explanation appears sabsubsection 2.1,2The two

chitectures which might overcome some limitations of cur- . . .
. ! components can be integrated in various ways, but for the
rent microprocessors. To date, most performance improve-

ments have stemmed from incremental (though by no mean ensuing discussion, the arrangement showfiguire Twill

trivial) enhancements of the theoretical von Neumann Ar-soe:lisilrjnmi?{am feature is that the EPGAS mav be repro-
chitecture. All of these designs, including the most recent b y P

superscalar CPUs, still execute a sequenced stream of mgrammed at any time while the computer runs. It is there-

structions taken from a fixddstruction set The instruction fore possible to program the logic with specific circuits as

o ; a program is loaded or even as it executes (“runtime recon-
setis a list of all of the operations the processor can perform,fi uration”). The program then executes most of its compu-
and it is fixed at the time of chip design. In contrast, it is in- 9 ' prog P

: : . . tation on the host processor, but transfers control to the RC
teresting to explore architectures that do not have this fixed, . ] ;
) ) L : ' logic to perform the specialized calculations. Some over-
instruction set limitation — architectures that aeeonfig-

. . ; simplifications have been made here, but this is the basic
urable This is the focus of a field known asconfigurable . ;
: theory of a reconfigurable architecture.
computing(RC).

It is now necessary to formally define some terms.
Lthough not rigorously established Firstly, we have already mentioned that the program will be




vention. These are the goals for the RC platform described
Memory Memory later in this paper.

It has already been stated that the platform must be pro-
grammable in a high-level language capable of generating
both hardware and software implementations (one for the
Processor RC logic processor and the other for the RC logic). Fortunately, it
has recently become possible to translate high-level soft-
ware programs into hardware specifications. For example,
Transmogrifier [] and Handel-C ]] are two translators that
operate on C language programs. Forgg fecently re-
leased by Xilinx, translates Java class files to Verilog HDL.

Figure 1. A simplified RC system The Verilog can then be synthesized to hardware using com-
monly available tools. Although research into HLL transla-
tion continues, the above tools are in our opinion adequate,

partitioned between the processor and RC logic. What areand the translation problem will not be discussed further.
the entities to be partioned? They are contiguous segments The remaining problem is automation of design parti-
of the algorithm calledeatures More formally, a feature  tioning. The challenge here is to select, at any given point
is the smallest portion of a program which may move from during program execution, the set of features that should be
hardware to software and back. No theoretical limit on fea- resident in hardware. Recall that this is called tbature
ture size exists; it is solely a function of the RC system. set It is true that there always exists aptimal feature set
For example, a feature might be as large as a Java class ohat set of features that will contribute the greatest overall
method, or as small as a basic block or smaller. The set ofspeedup to the application. Also notice that the limited ca-
features resident in hardware at any given time is called thepacity of the RC logic usually forbids the trivial solution of
feature setAll non-resident features execute in software on having all features resident. Furthermore, note that the opti-
the traditional processor. mal feature set is a function of both time and the program’s

The remainder of this paper will proceed as follows. input data. In other words, the optimal feature set will vary
Some fundamental challenges of RC will be layed out in continuously during program execution, requiring features
section 2and solutions based on automation and online al- to migrate back and forth between software and hardware.
gorithms will be suggested. As to implementing these solu- A class of architectures known amline architectures
tions,section contains details about the RTR-JVM, an au- can solve the feature selection problem more efficiently than
tomated RC system. Nexdgction 4presents some prelim-  existing approaches. In existing RC systems, feature selec-
inary performance results from the prototype system, while tion is most often performed at compile time by searching
section 5suggests future work based on these results. Fi-the program for hot spots and replacing them with hardware
nally, section fplaces these results in perspective and arguesimplementations](]. Alternatively, feature selection is not
the case for further work on systems similar to the RTR- performed at all; the entire application is converted to hard-

Bus

JVM. ware [1]. Clearly the latter approach is unsuitable for large
applications, and the former is limited for two main reasons:
2. Background (1) The compiled programs are generally not portable be-

cause different machines have varying types and quantities

The main problem with current RC systems is that they of RC resources, and (2) Selecting features for hardware im-
are difficult to program. To solve a problem on a recon- plementation at compile time can be difficult and inefficient,
figurable computer, programmers are often forced to de-especially when control flow is complex. Alternatively, sys-

sign software and hardware components separately. DesigheMs in which the programmer makes the partitioning deci-
methodologies for hardwaréd. using HDLSs or schematic sions can perform well with regard to 2, but demand a great

capture) are vastly different in concept from those of soft- dé@l of hardware expertise from their programmers].[
ware design. Additionally, low-level interfacing and par- Online RC systems can overcome these limitations because

titioning issues are often exposed to the programrher ( they are capable of using additional information gaided

making the software and hardware components communi-i”g program executioto select, synthesize, and instantiate
cate). One way to solve this problem is to increase automa-ardware features.

tion. Ideally, an RC system should be capable of generating The process by which the feature set is constructed and

the required hardware and software features from a single_Continually updated to approximate the optimal feature set

high-level source specification. The system should also per-'S called thefeature selection algorithrand it is anonline
form partitioning and interfacing without programmer inter- Problem Online problems have the property that inputs are



revealed one step at a time, and future inputs must be prethe routing network to connect these CLBs in the desired
dicted based only on past ones. The page replacement alway. The routing network, shown iRigure 4b), is a two-
gorithms used in virtual memory systems are a prime ex- dimensional mesh of switch elements. The control inputs
ample. Decisions about which pages to swap out must beof each switch are connected to a configuration RAM cell.
made without knowing what future access patterns will be. Thus by writing different data into the configuration RAM,
The feature selection algorithm must likewise predict future the switches are reprogrammed and the device is reconfig-
feature invocations based on past patterns. ured. The data pattern used to program the configuration
The online approach proposed here is analogous to theRAM is called the configuration bitstream.
one used by the Sun HotSpot Java Virtual Machine wherein ~ Generating a configuration bitstream from a high-level
runtime profiling data are gathered during execution. In the functional description of a circuit is a job feynthesisoft-
Sun JVM, this information is used to determine when to ware. This task is more complicated than it might first ap-
translate a method’s bytecode into native code. Others havepear. A program specified in a hardware description lan-
proposed ] that the same profiling information might also guage (HDL) must be synthesized into a netlist which de-
be used to decide when to instantiate features in hardwarescribes the circuit to be implemented in terms of intercon-
The research presented here differs from prior work becausenected components. This process can take in the range of
it represents a system capable of running pure, unmodifiedminutes to hours. The next phase, “place and route”, maps
high-level Java programs. This work also suggests addi-the netlist to a specific FPGA architecture. The place and
tional uses of runtime profiling (other than feature selection) route phase is even more computationally intensive than

within the online RC context. synthesis, commonly taking many hours. When it com-
pletes, the configuration bitstream is available. Transferring
2.1. Technology Primer the bitstream to the FPGA takes on the order of microsec-

onds. Although current tools are discouragingly slow, on-
Before proceeding to the description of the RTR-JVM, a going work [L7] is showing dramatic progress in reducing
little more background is required. This section introduces place and route times.
technology and terminology that will be used extensively in

the ensuing discussion. 3. The RTR-JVM

2.1.1. The Java Virtual Machine In order to implement the proposed feature selection

Java is a popular high-level, object-oriented, buzzword- techniques as well as other optimizations to be discussed
compliant software programming language. The Ianguagelater' a prototype online R_C platform was developed._ The

itself is not particularly relevant to the following discus- system Is called the “Runtime Reconflgurable Java Viriual

sion, but the way in which Java programs are executed is.Machine” (RTR-JVM). An overview of the RTR-JVM sys-

Unlike most compilers which typically target a hardware €M iS shown irFigure 3 All method calls are intercepted
architecture such as SPARC or x86, Java compilers targey 2 Profiler module before being dispatched. This profiler
avirtual machine Although this virtual machine does not facilitates automanc reconfiguration by collecting perfor-_
correspond to any actual microprocessor architecture, anyMance data which can be used to compare the prospective
computer can execute compiled Java programs by emulatSPeedup of different qonﬁgurauon_s. The feature repla_ce-
ing this virtual machine in software. The piece of software Ment thread runs continuously, using data from the profiler
that performs this emulation and executes Java programs id° decide when to move features in and out of hardware.
known as the “Java Virtaul Machine” (JVM). JVMs come in The dispatcher is resp0n3|ble for marshalling arguments to
two major types. The simplest, the interpretive JVM, sim- nd from the hardware in the case of a hardware invoca-
ply fetches each VM instruction one at a time and performs tion. The dlagrqm alsq shows the pool of candidate features
a sequence of actual machine instructions for each one. The!‘ﬂnd th.e set of mstan_tlated featL_Jres. Importantly, the pool
more complex “Just in Time” (JIT) JVM compiles the VM of available features is read-onlyg, no new features are
code to native code before executing it, yielding a perfor- Synthesized at runtime).

mance increase. o .
3.1. Limitations and Assumptions

2.1.2. FPGAs .

The RTR-JVM is based on Kaffe v.1.0.7, a JVM chosen
An FPGA contains an array of identical logic units called for its open license and stability on the Linux platform. For
Combinational Logic Blocks (CLBs), shown Figure 4a). ease of implementation, the interpretive engine, as opposed
Modern FPGAs contain thousands or even tens of thousandso JIT, was chosen. The Forge Java-to-Verilog synthesis tool
of CLBs. Arbitrary circuits are realized by programming
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Figure 2. FPGA internal structure
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Figure 3. RTR-JVM block diagram



from Xilinx is used to generate Verilog HDL implementa- It follows that some profiling data must be gathered for
tions from Javaclass files. It introduces several restric-  software-resident classes as well so that hardware imple-
tions on the Java source. For example, classes may instantimentations can be compared with their software counter-
ate objects and arrays, but all references must be resolvablgarts. For that pupose, these statistics are gathered on a
in the class constructor. Additionally, floating-point vari- per-class basis and continuously updated at each time slice.
ables and operations are not currently permitted. Finally, Each is maintained as a sliding-window average of constant
at the time this project started, Forge synthesized completewidth:
classes onf Consequently, features in the current RTR-
JVM comprise complete classes and each must be a leaf i ¢
the call graph — it must not call methods outside of itself.

The Synopsys sy_nthesis tool chain _is used to link cus- T,.(f) : CPU time expended per software invocation of
tom VHDL “glue logic” components which allow the host the class
to communicate with the Forge-generated cores and the re-
sultant design is synthesized with XST, the Xilinx Synthe- At this point, all of the data necessary for feature se-
sis Tools. The synthesis output is a configuration bitstreamlection has been defined. Using this information, the goal
suitable for programming one FPGA device. Although the is to construct a set of hardware featuldshat will pro-
long runtime of the commercial synthesis process currently vide maximal speedup. Intuitively, the prospective hard-
forbids runtime feature synthesis, we expect to overcomeware speedup for any given feature can be expressed as
this impediment in the future. Presently, all instantiable fea- the product of the percentage of CPU time that the fea-

(f) : Number of invocations per second incurred by
the class

tures are pre-generated before JVM startup. ture would consume executirig softwareand the per-call
speedup afforded by the hardware. Alternatively, consider
3.2. Feature Selection Algorithm the product of the feature invocation frequency and the per-

call time saved when the feature is in hardware. The latter

The goal of the profiler is to determirid, the optimal  Viewpoint gives the expected speedsify) as follows. The
feature set, at any given timeslice. Since each class is dactord is necessary when one or more features are resident
feature, it does this by calculating a methitfor each class. ~ in hardware and reflects the reduction in invocation rate that
Before defining this metric exactly, it is useful to have a Would occur if all features were in software.
gualitative understanding of the traits that make a feature
a strong candidate for hardware implementation. Intuition d=1+ Z rate(f) X (Tsw(f) = Thu(f))
suggests that it is desirable to select features that: feH

(a) use a lot of processor time

rate(f) X (Tsw(f) — Thw(f))
d

S(f) =

(b) do enough computational work to offset communica-

tion overhead (argument passin o
(arg P 9 Fortunately, it is not necessary to kndi(f) exactly;

(c) have a fast hardware implementation only a basis for comparing the relative merits of each fea-

] . , ture is needed. Therefore, the simp#( /), which ispro-
(d) have a hardware implementation that doesn’t use portional tothe theoretical speedup will suffice:
many resources

/ _
From these last two items, it is clear that the resource S'(f) = rate(f) x (Tsw(f) = Thw(f))

requirements and throughput of the hardware component

must be known in advance. Resource requirements for eaclqh

feature are expressed in termssits where the slot is the vides a measure of performance per cost, the desired figure

;smallest illolc?ble RC. logic unlt.t_ In It:r;)eG?Sﬁ of tk;te prtohto- of merit. Finally, to prevent thrashing when two classes of
ype, each siol comprises an entire - Mereaner, MesS&;milar merit exist, the metric for each class that is currently
statistics are referred to agots(f) and Ty, (f), respec-

. . hardware-resident is inflated by a constant multiple
tively. In the JVM, they are read at class load time from a y i

Normalizing the pseudo-speedd)(f) with respect to
e number of slots required by each implementation pro-

file calledX.hwspec whereX is the name of the class. Of S'(f)

course this file is only available if a pre-synthesized copy of Slots(f) xp :feH
the class exists. Recall that one of the simplifying assump- M(f) = S'(f) _
tions is that all synthesizable classae pre-synthesized. Slots(f) : otherwise

2Forge now has a method invocation interface



The final metricM has units ofs”sfi“”, but the criti- during which no reconfigurable hardware may be synthe-
cal reader might note that since the prototype system allowssized or instantiated. This lockout period enables the run-
only one feature per FPGA, the division by slot count is su- time statistics to stabilize before any costly decisions are
perfluous. This will not be true in future implementations. based upon them. Third, even though statistics collection
In either case, after obtaining metrics for each instantiable occurs at every timeslice (ie. evetgm.S), hardware swap
class, the new feature set can be determined according t@vents are only allowed to occur ever§0m.S. This en-
these steps: sures that the cost of copying the configuration bitstream to

the FPGAs (not accounted for i) remains negligible.
1. Create a temporary structure to hold the new feature

set. 3.3. Communicating with Hardware

2. Create a table of classes sorted in order of decreasing
M. The task of efficiently transferring data (operands and
state information) to and from the RC resources is a chal-
3. Traversing the table from top to bottom and proceed- lenging one indeed, especially when these transfers must
ing until all RC resources have been exhausted, addtraverse a slow bus such as PCI. Past effoit§ have
classes to the new feature set. used a stream-based paradigm, grouping operands, results,
and configuration data into packets and taking advantage
of DMA. Although efficient for large packet sizes, this ap-
proach does not work well for transferring small amounts
of data. Since many features manipulate only a few bytes of
To illustrate this process, assume tfiable 1represents ~ data, it eould be helpful to have an intelligent transfer mech-
the current state of the profiler. Clasdeand3 are in hard- ~ @nism capable of choosing the appropriate transfer mode for
ware, having obtained the highest scores on the precedingt@ch transaction. Work on such a mechanism is underway,
timeslice. Therefore, their metrics are inflated by a factor but in the meantime a very flexible temporary solution has
of 8 — in this casel.20. When hardware selection is again been adopted. Associated with each instantiable feature is
performed in the current time slice, the ordering changes. 2 Shared objectgo ) library, which exports stubf] func-
Based on the rightmost column, the system would try first tions that interface with the hardware-resident class. These
to instantiate class, thend, then3, and finally2, traversing ~ functions perform control tasks such as feature invocation
the sorted list until all RC resources are exhausted. Note tha@nd state exchange. Since each class has a separate stub
itis generally? not satisfactory to stop once a class has beenlibrary, data transfer methods can potentially be optimized
found which will not fit because lower-ranked classes may On & per-class basis. Each library defines the following sym-
still exist whichwill fit. Since it is known that all classes in ~ Pols:

ﬂrle tgble will _contrlb_ute ahspeelduiﬂhﬁu <|;[Sé))'|lt 1S usuh- enter _hardware : Called to load the bit file into an
ally better to instantiate these lower-ranked classes than to FPGA and to perform intitial configuration of the

let RC resources remain idle. hardware. Any additional system resources required

4. Synchronize the new feature set to the hardware, re-
verting expired features to their software implemen-
tations.

Class | rate | Tow | Thu | slots | Resident] M by the hardware can also be mapped at this time.
? IZZZ ”fg "ZS - k\)g)sl 10/ glg; leave _hardware : Called when a class leaves hardware.
9 17 5 9 3 No 0'0170 State information is retrieved from the hardware and
3 3 45 9 5 Yes 0’0259 written back into the software object data structures.
4 15 | 10 5 9 No 0.0375 Any resources held by the hardware are released.

call _X: Called whenever a hardware-resident featiire

is invoked. The appropriate state (corresponding to
the object being referenced) is loaded into the hard-
ware, operands are transmitted, and the result is re-
turned.

Table 1. Example merit calculation.

Now that the basic selection process has been outlined,
a few caveats should be mentioned. First, when a class is
resident in hardware, it$},, variable can not be updated.
Instead, the value from the previous time slice is used. Sec- Above,state informatiorrefers to data that is associated
ond, there is an enforced lockout period at interpreter startupwith a particular feature instance. To clarify this defini-
e o tion in terms of the JVM, consider that although exactly
Itis acceptable to stop at this point in the prototype system because all . . . .
classes are of the same size (a full 4085 FPGA) one hardware entity exists per instantiated class, each class
might correspond to multiple software objects (ie. many
instances of the class). Each object has its own instance




variables, comprising a state that must be saved and restored
when the hardware operates on a different object. Currently,
this state is stored only in the software structures of the JVM
and must be synchronized with the hardware each time a
method is applied to a new object. There are more efficient
solutions, such as mirroring the data in fast memory near
the RC logic such that hardware features can directly access
the appropriate state given only an instance ID.

All of the above interface library stubs must currently be
hand-coded on a per-class basis, but there is nothing to pre- ~ ~ ‘=--mm oo m o
clude automation. It is conceivable that the Java compiler
toolchain (ie. Forge) could be modified to generate stubs Figure 4. ACE2 card architecture.
for each class automatically, selecting the commumication
modes which are most appropriate for each class. The com-
piler might also determine where to store state information of DMA). Word-by-word transfers with memory mapping
for a given class. If there are few instances, they might be are more appropriate for transferring the small amounts of
mirrored in the SRAM connected to the RC resources, or if data involved in feature invocation. Even so, every trans-
there are many they may be stored exclusively in host mem-action has to cross two peripheral busses, which is a seri-
ory. ous bottleneck for latency-sensitive applications such as the

RTR-JVM.

Gigabit Ethernet PMC

64MB
DRAM

Host PCI

4. Results 4.2. Experiments

Post-publication addendum (02-11-06): The following
evaluation does not show a useful speedup. The JVM
we used (Kaffe without JIT) is extremely slow. If com-
pared against a modern high-performance JVM like SUN'’s
hotspot, even the hardware-accelerated platform would
look slow. However, with greater development effort, the
techniques of this paper could be applied to a better JVM,
and a real speedup might result.

The RC-JVM is still in an extremely early state of de-
velopment and no practical applications have yet been run.
Tests to date have focused on validating the feature selection
and invocation methods and on improving 1/0O performance.
The following sections describe the results of these efforts
and lay out plans for more practical demonstrations.

Bandwidth Tests In order for the RTR-JVM to be suc-
Previously described was the RTR-JVM software, which cessful at all, software and RC resources must communicate
is largely independent of the target platform. The results with a minimum of overhead. Three communication meth-
presented here are tightly coupled to the hardware platform,ods were considered: DMA, PIO, and memory-mapping.
and unfortunately, the available hardware is extremely un- DMA makes optimal use of bus bandwidth by transferring
suitable for this particular application. The hardware does data across the bus in blocks, but each transfer requires
not support partial reconfiguration and contains fewer CLBs many cycles to prepare. Involvement of the operating sys-
than currently available devices. Nevertheless, it functionstem kernel (a system call) is also required. In other words,
as a proof-of-concept, showing the selection algorithm in it suffers from highlatency In the PIO mode, each word

action. of data is across the bus separately, yielding lower band-
width and also lower latency. A system call is still required.
4.1. Prototype Hardware Platform Memory mapping is a technique that gives an application

direct access to memory so that transfers can be performed

For these experiments, an ACE2 Reconfigurable Com-without a system call. As in PIO mode, bandwidth is sub-
puting card is installed in an x86-based Linux PC. The optimal, but latency is minimalFigure 5shows the rela-
ACE2 card, manufactured by TSI-Telsys, carries two Xil- tive speeds of each method when transferring three words
inx 4085 FPGAs for a total 06200 CLBs. Although un-  of data.
used in these experiments, the card also featur&&PARC
CPU, FIFOs, SRAM, and DRAM. Also unused is the Giga- profiler Overhead On a Pentium-Ill550Mhz bench-
bit Ethernet controller. For reference, a block diagram of the mark system with the profiling system enabled in dry-run
card is shown irFigure 4 The Linux device driver, which  mode (no features are actually instantiated), the modified
was originally optimized for high-bandwidth applications, jyM scored1.19 on the Scimark2 4] benchmark, while
was modified to do memory-mapped transactions (insteadthe un-modified Kaffe-1.0.7 interpretive JVM scored?



Transaction Speed by Method erence for instantiating thenigure 7shows the time to

process eight million bytes of data for both the RTR-JVM
and the unmodified Kaffe interpretive JVM. As expected,
the encrypt and decrypt features are in hardware for most
values of RX%, and total speedup is approximatel.
When very few packets are being receivéti{(%< 0.4),

the encrypt and Hamming generator functions come to dom-
inate and speedup increase$to A similar condition pre-
vails whenRX > 99.6. In all cases, the RTR-JVM’s ac-

AP tions result in near-optimal feature assignment and substan-
tial speedup.
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Figure 5. Small packet transfer rate by method o
4.4. Performance Limitations

(higher is better). Clearly, the profiling overhead is negli-  Limited communication bandwidth will negate speedup
gible in this case. This is especially encouraging given the in many situations. For example, tRex 8 IDCT used in the
fact that the current profiler implementation is ratheivea  JPEG and MPEG codecs can execute in Gfilgycles on an
and could be re-written much more efficiently. SSE-enabled x86 processai.[Of course any Java imple-

mentation, whether JIT or not, will be significanty slower
Trial Run with Trivial Bitfile ~ One trivial application that ~ than that. In any case, it would be trivial to beat software
was used throughout testing contained a single synthesizIDCT performance with synthesized hardware if only data
able feature — aAdder class that simply adds two integers were readily accessible to the RC fabric. The connecting
and returns the result. The communication-to-computationbus is clearly a major limitation in current designs, but new
ratio is very high, so this feature will not provide any platforms might move RC resources close enough to the
speedup, but it surprisingly doesslbwexecution as much  processor that this is not a concern. The Xilinx Virtex-1I
as expected. When forced to use the hardware implementaPro, for example, embeds one or more PowerPC proces-
tion, the JVM ran a loop of six milliomdd() callsin 31.8 sors directly in the FPGA fabric. Other projects, such as
seconds as opposed to 29.0 seconds using software. ThiSARP [L0], have demonstrated that it is feasable to allow
simple test demonstrates that, with the interpretive JVM, reconfigurable logic to access memory through the proces-
speedups on practical applications with larger feature sizessor cache, allowing the CPU and RC logic to access memory
should be demonstrable. symmetrically. Both approaches ameliorate the bandwidth

problem.
4.3. A Non-Trivial Test Kernel

5. Future Work

It may seem that due to limitations in both software and

hardware, the prototype system is crippled whenitcomesto Here an attempt is made to redress the over-
executing practical applications. This is not the case. Thesimplifications of sectior®. Thus far, only a small portion
following test demonstrated the RC-JVM's ability to exe- of the RTR-JVM’s potential has been illuminated. Each of
cute non-trivial features in hardwafegure 6 This simple thefollowing short sections introduces a topic for future re-

test kernel models the common task of securely and reli- search that follows as a direct consequence of the current
ably exchanging data over a network. It consists of four work.

features, all of which are synthesizable: a DES encryptor,

a DES decryptor, a Hamming code generator, and a HaMg ntime Feature Synthesis So far, the assumption has

ming code verifier. A simple test driver generates random paan that all of the program's features have been synthe-

data and feeds it to both the transmit and receive paths, W'thsized at compile-time. This approach is time-consuming

RX% of the generated packets traversing the receive pathyq impairs portability. Run-time feature synthesis ad-
and the remainder following the transmit path. dresses both problems. The time cost can be reduced by

In this application,_ all four features experience a Sloeedulosynthesizing at runtime only those features that prove “inter-
when implemented in hardware. The speedup factors ar‘E’esting” based on runtime profiling metrics. Further, the cost

approximatelyl0 for the encryption features forthe Ham- .o, e amortized over several program runs, since features
ming code generator, arifor the Hamming code verifier. o hersist on disk indefinitely once synthesized. Still, syn-

The cryptography features take much longer to execute thany,egjq tg0ls must be improved significantly before runtime
the ECC features, a fact that explains the RTR-JVM’s pref- synthesis becomes practical.
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Figure 6. Test kernel with four instantiable features
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Figure 7. Network kernel benchmark execution times.



Memory Access from Hardware Features Many fea- cal to instantiate multiple features in a single FPGA. We

tures behave as functions. They take in a fixed number ofhave already acquired GRIP-Z] [cards which possess this

arguments and return a result without affecting the systemcapability, and they will be used in the construction of a

memory. In these cases, the JVM sends all data needed byext-generation RTR-JVM platform. Extending the RTR-

the feature (the arguments to the function) at each invoca-JVM to exploit this capability is a priority.

tion. There are cases, however, when it is better for the hard-

ware to be giverdirect access to the data in system mem- Constant Value Propagation By invoking a profiler call-

ory. Image processing applications are one example, sincehack for each feature invocation, a history of arguments

features make random access to the image data which repassed to each feature could be maintained. Analysis of this

sides as an array in main memory. To facilitate direct mem- history could reveal arguments that remain constant across

ory access from hardware, FORGE could be modified to many calls, especially constant arrays (eg. in convolution

insert memory access states which would gererate memoriiltering). This information can be passed to the synthesis

requests and stall feature execution until completion of the phase to create a special version of the feature with particu-

request. lar constant arguments. Such specialized features often ex-
ecute faster and require less space because the synthesizer

Non-Leaf Features Throughout this paper it has been as- is able to eliminate extraneous logic and registef§. |

sumed that the classes implemented in hardware make no

method calls outside of the class. Clearly, this is an over- 6. Conclusions

simplification. Hardware features should be able to invoke

other features residing in either hardware or software. Tak- ~ An RC machine augmented with runtime profiling capa-

ing this into account, determination of the optimal feature bilities can provide both ease of programming and consider-

set becomes more difficult. A particular feature might pro- aple speedup for a wide range of applications. Many of the

duce significant speedup if implemented in hardware only problems encountered during implementation have already

when the supporting features it invokes are also in hard-been solved. Others are being actively researched. The de-

ware. Thus the new set calculation must take into accountyvelopment of heirarchical place-and-route tools may soon

all method calls which a candidate feature makes, and themake runtime synthesis practical. Meanwhile, the integra-

probability with which they occur. tion of CPUs and reconfigurable fabrics on a single chip will
eliminate the communication barrier and open RC to a wide

JIT Compilation Since it is based on an interpretive range of bandwidth-intensive applications (eg. multimedia).

JVM, the current implementation is much slower than other ~ Online algorithms are ideally suited to RC application

JVMs which perform “Just in Time” (JIT) code translation. because they can help maximize the use of limited hard-

The interpretive route was chosen for ease of implemtation,ware resources and eliminates the guesswork associated

but adding similar capabilities to a JIT JVM presents no ma- with static feature assignment. They can also assist in

jor challenges. It simply requires the insertion of profiling other RC-related optimizations. These advantages come at

callbacks into the compiled code and the Kaffe JVM already very low cost; in the demonstration system, the overhead

generates some such hooks to support xProf in its JIT en-of the profiler is unmeasurable. With future work planned

gine. Running under JIWill, however, decrease software to develop a JIT-based machine and improved data transfer

execution time and therefordecrease the speeduliv- mechanism, the RTR-JVM may soon be able to accelerate a

ered by the RC hardware. For example, the SciMark bench-wide range of practical applications.

mark assigns the Kaffe interpretive JVM a scorelof7,

whereas the Kaffe JIT JVM attain$.04 SciMarks. There- ~ Acknowledgements

fore, a hardware class scoring a respectable 10 under

the interpretive JVM would result in an approximatew- Thank go to Dr. Keith Underwood of Sandia National
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JVM will run relatively slowly, while RC bandwidth willbe  generation GRIP2 hardware. Also contributing were Kr-
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