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Abstract

A software framework for the parallel execution of se-
quential programs using C++ classes is presented. The
functional language Concurrent ML is used to implement
the underlying harness and to design the programming
interfaces. The hardware-independent harness promises
a composable multi-paradigm, unified approach to paral-
lelism across different technologies: PowerPCs, DSPs and
FPGAs. Performance results for an image processing case
study are given.

1 A Parallel Framework

This paper presents a software framework currently un-
der development for the parallel execution of applications.
The source of the application remainsin a sequential form
such as C++ with no annotations, language extensions, or
library callsfor parallelism. A framework in this context is
defined to be the the totality of the software infrastructure
that maps this sequential expression to parallel execution.
The framework consists of application class hierarchies, a
pre-compiler and an underlying “harness’ which is the ex-
ecutable code for controlling the parallel application. Only
the bottom layers of the harness are hardware dependent.

The resulting application code can run on any con-
ventional serial machine, or on any parale machine for
which a suitable harness has been written, because the
form is uncommitted to any type of parallel hardware. The
multi-paradigm nature of the harness enables the simulta-
neous exploitation of various common forms of parallelism
(e.g. data, pipeline and algorithmic parallelism) as well as
less regular parallelism via inherent extensibility. The pro-
grammer isthus unrestricted and may use different compos-
able parallel paradigms.

The harness dynamically monitors performance and op-
timises parallelisation parameters such as granularity dur-
ing execution, and thus may be described as “self-tuning”.

Such an approach is suitable for embedded real-time high-
bandwidth systemsin continuous operation where this self-
tuning phase is short compared to the lifetime of the execu-
tion run e.g radar target tracking. However, the approachis
also applicable to programs with a shorter run where data
from previous runs are available.

The sequence of events runs as follows: the classes used
indicate which types of parallelism can be exploited; a” pre-
compiler” examines the type signatures (or templates) of
function calls using these classes to identify exploitation
opportunities; the profiler shows where this has been worth-
while; and the harness iteratively retunes its parallelisation
parameters accordingly. To exploit parallelism the software
will need to be (re-)written to use framework application
classes. However, only as much or as little of an existing
application as necessary need be changed in order to obtain
the performance benefits required.

The remainder of this paper describes how different
paralel paradigms can be captured in a software frame-
work and how these are mapped to hardware. The com-
monest technique “data decomposition” serves as illustra-
tion, showing that applications that do not fit the tradi-
tional mould can still be captured (see Section 6). The use
of a functional language for developing Application Pro-
grammer Interfaces (APIs) and concurrent harnessesis dis-
cussed, and the results of parallelising an image processing
application following this model are presented. Finally, fu-
ture work for the RaPPID* project is described.

2 Hardware

The software framework addresses a set of applications
requiring critical real-time responses, but given the cost of
developing software also requires a lifetime of up to twenty
years. Similar software lifetimes [2] are seen in the avion-
icsindustry, where the software must adapt over itslifetime
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to successive generations of hardware, and indeed should
support software synthesis, i.e. the transfer from specialist
hardware to genera -purpose hardware running at increased
rates. Radar systems [3] areillustrative of large-scale, em-
bedded applications with sampl e rates now approaching 500
MHz. Multidimensional and non-linear signal-processing
techniques are being used for 2D and 3D imaging of ter-
rain or objects within Synthetic Aperture Radar (SAR), and
target-tracking radar is now required to give estimates of
the velocity of moving targets. Algorithm changes within
an application are endemic, though there are a few staples
such as the FFT. 1/0O bandwidth may be critical and air-
borne systems will require compact, low-power solutions.
This type of application is perhaps the antithesis of con-
sumer applications, being large-scale with few systems, but
without the transient lifetime of many applicationsdesigned
for the mass market.

A two-level computer model has been proposed [11] that
will consist of an invariant network-level structure and a
variant node-level structure. An embodiment of the two-
level computer in given in Figure 1. The first level con-
sists of a Sparc host with a Myrinet [4] NIC (Network In-
terface Card), itself controlled by a LANai communication
coprocessor. The host is responsible for initialization of
its computation coprocessor and subsegquent message han-
dling. The computation coprocessor consists of five FPGAs
with on-board NIC. The FPGAs are connected to the host
by an 8-way crosshar to form what Myrinet call a System
Area Network. (The FPGAS can aso be connected locally
in a ring topology for exchange of global results.) Higher-
level connectivity isviaMyrinet LAN, which replicates, for
commodity processors, aform of interconnect that has been
common on supercomputers such as the Cray T3D.

Myrinet interface

Level 1 Host processor
P — T 000000
Level 2
FPGA FPGA FPGA FPGA FPGA

Figure 1. Two-level computer example.

From Figure 2, it can be seen how this architecture is
applied to radar target tracking. After data-capture and pre-
processing of images by SAR, stage two, Focus of Atten-
tion (FOA), is responsible for extracting regions of inter-
est within images with potentia targets, e.g. moving vehi-

cles. Second-level detection (SLD), performs simple time-
domain template matching, which is embarrassingly paral-
lel. The same processing structure can be applied to sonar
beam-forming. However, in detailed studies [7] for time-
delay, and frequency-space beam-forming, it was estab-
lished that there are non-obvious trade-offs between DSPs
and FPGAsin terms of, respectively, memory access block-
ages caused by irregular addressing patterns, and a future
bottleneck caused by alimit to the number of i/o pins avail -
able on an FPGA. These hardware vagaries illustrate the
need for a flexible software structure.

o
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SLD Driver | Myrinet interconnect |

First level
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Figure 2. ATR pipeline.

Interestingly from the point of view of the need for soft-
ware synthesis, an SMP (Symmetric Multiprocessor) is an
aternative architecture [1] with fewer beams but interpo-
lation of samples. A 12-processor Sun Ultra Enterprise
achieved a speed-up of eleven with a throughput of 4.8
GFLOP/s. Word-level SIMD parallelism within the SPARC
VIS instruction set was used, together with multithreading.

Turning to the design of individual nodes, there has been
an observable shift towards soft architectures (which are
runtime configurable), and away from a fixed hardware.
Microprocessors with embedded FPGA coprocessors, such
as the Chameleon CS112 [12] are now available. Xilinx's
Virtex-11 Pro platform FPGA [13] shown in Figure 3 is at
the time of writing available on evaluation boards, and is
the most recent embodiment of the architecture targeted by
this framework. The Virtex-11 Pro incorporates up to four
embedded PowerPC 405 cores connected by an on-chip
IBM CoreConnect bus; up to eight RocketlO 3.125 Gb/s
transceivers; up to 12 Digital Clock Managers (DCMs) and
other sundry logic items al on the one chip. These are to
be found within a sea of Configurable Logic Blocks (CLBS)
that constitute the atoms of the FPGA. The Virtex-l1l Pro
clearly displaysthe same two-level computer model.

2.1 Project Hardware

The wider objective of the project is to move towards an
uncommitted form of parallelismin order to provideunified
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Figure 3. Virtex-ll Pro FPGA

support for awider range of parallel and indeed hybrid par-
alel architectures with such components as Digital Signal
Processors (DSPs), conventional Central Processing Units
(CPUs) and Field Programmable Gate Arrays (FPGAS -
see Section 2.3). Support for the ubiquitous Networks of
Workstations (NOWSs) architectureis planned as part of this
drive. However, the preliminary approach of the project is
to use a conventional multi-processor network that is well-
established in the embedded system domain.

2.2 Multi-Processor Networ k

The initial target hardware, shown in Figures 4 and 5,
consists of four PowerPC (PPC) processors connected by a
high speed Myrinet network. Efficient parallelisation is of-
ten limited by the lack of inter-processor bandwidth and it
is significant that our choice of hardware prioritised com-
munication performance over node performance. Note that
aMyrinet link is also provided to the host PC, to ensure that
the bandwidth to the host (generaly 1/0) is not unbalanced
compared to the rest of the system. Thislink also allowsthe
host PC to become one of the processing nodes if required
- albeit one with differing processing characteristics. The
communication capability is supplied via a Myrinet PCI
card within the PC, and four Myrinet PCI daughterboards,
each housed on one of the four VME PowerPC cards. The

Single Point-to-Point Communication

Communication Direction | Data Bandwidth
PPC — PPC 44 MB/s
PPC — x86 49 MB/s
x86 — PPC 44 MB/s

Table 1. achievable Myrinet performance

daughterboardsconformto the PCI Mezzanine-Card (PCM)
format. These hardware decisions proved wise in retrospect
- see the analysis of parallel performancein Section 6.
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Figure 4. Target Hardware Schematic

The nodes are 450 MHz PPC, while the host PC is 800
MHz. The Myrinet network is a switching one support-
ing point-to-point full-duplex 2+2 Gb/s links. Of course,
the best realisable data rates are considerably less than the
raw hardware ratings suggest, and test software provided
by Myricom givesthe results summarised in Table 1. These
suggests that the current weak-point is the receiving end, as
performance picks up when receiving is done on the higher
specification processor. Figures 6 and 7 show the effect
of varying message size on bandwidth and latency respec-
tively.

Although not truly processor to processor, an attempt
was made to take x86 — x86 timing measurements by start-
ing off the“send” and “receive” ends on the same x86 work-
station. This did not work, so loopback software was used
instead on both the x86 and PPC. In this case, messages do
the full round trip, so bandwidth is down and latency is up.
The loopback software unsurprisingly shows better perfor-
mance on the faster processor.
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Figure 5. Target Hardware

Where the PPC is the sending processor in a non-
loopback communication, there are extreme anomalies in
performance for certain message sizes. Figure 7 shows
the effect is caused by the latency jumping by multiples of
around 600 iS. There is perhaps a problem with the PPC
software as no such effect occurs on the x86, although it
may be an artifact of the scheduling quanta of the operat-
ing system on the PPC. Otherwise, latency increases lin-
early with message size, showing that intermediate memory
stores are involved.

Message sizes have to be about 4 kbytes for the max-
imum point-to-point bandwidth to be achieved. The best
performance observed was around 50 Mbytes/s ~ 0.4 Gb/s
whichis“of theorder” of theoretical GM bandwidth (which
iseither 1 or 2 Gb/s) but still falls rather short.

23 FPGA

A particularly interesting emerging target architectureis
the FPGA. Given the increasing gate count of such devices
it is becoming possible to directly compile down increasing
amounts of a high level language (such as’C’) into silicon.
Hardware is inherently parallel and the potentia to exploit
massive parallelism on such devicesis clear. Thedifficulties
of doing so are of expression (representing suitable concur-
rency using a conventional software language which is gen-
erally inherently sequential) and of implementation (what
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Figure 6. Myrinet bandwidth
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Figure 7. Myrinet latency

model to employ to map aline of software into a hardware
structure).

One commercia solution is Handel C [5], which is a
concurrent C-based programming language modelled upon
CSP (Communicating Sequential Processes) [8]. Itis com-
piled down to a hardware description language (VHDL or
usually EDIF). There are two distinct ways of expressing
concurrency in Handel C.

e asynchronous pipeline model
Successive lines of code are directly pipelined in
hardware.

e an asynchronous model

Communication occurs between concurrent code
modules via channels constructed in hardware.

The overall clocking of the system is dictated by the
slowest line of code - a fundamental tenet of the Handel-



C programming model is that each line of code, however
complex, takes one clock tick to execute and this in turn
affects the maximum speed of the clocking possible.

Of course, this “rule” could be relaxed and compilers
could trandate a single line of user code into several lines
of hardware code, but the effect of this would be rather too
chaotic at today’s level of technology! The asynchronous
model decouples the need for different hardware modules
to explicitly synchronisei.e. it would be very difficult to en-
sure that two modules executed exactly the same number
of lines of code between successive communications, es-
pecially for any kind of large-scale code devel opment with
conditional branches. So while a tuned Handel-C program
may look radically different from the starting point, the ad-
vantage of this approach for FPGA development is that this
starting point of ahigh level language (in thiscase’C’) ex-
ists.

The product moves the increasingly massively parallel
capability of an FPGA from the remit of the hardware en-
gineer (in ever dwindling supply) into the domain of the
software engineer. And while a software approach will not
be optimal, it is an open question whether in the longer term
the difference in performance will be regarded as insignifi-
cant asthe difference between assembler and high level lan-
guage usage, especially given the ever increasing levels of
genuine hardware parallelism that FPGA's can support. The
correspondence between this asynchronous model particu-
larly and that of message passing architecturesis clear, and
providesthe scope for unification.

3. Templates

Sub-divisions to achieve parallelism can be of data (di-
vide and conquer); code (algorithmic parallelism) or time
(pipelining). In fact pipeline parallelism is a sub-case of al-
gorithmic parallelism, where the code is representable by a
linear rather than ageneral graph. For illustration, let usfor-
malise a generalised divide and conquer templatein afunc-
tional language such as CML (Concurrent Meta-L anguage
[10]). Just as values and variables have types in CML so
dofunctions. at an2 hastypereal * real -> real
because it mapsapair of real numbersto another real num-
ber. Software modules, called “structures’, in CML bun-
dle together types, values and functions but not variables.
There is no concept of a variable in a functional language,
so one can think of a CML structure as a class without state.
This, in a single sweep, automatically removes the source
of many programming errors. A structure too has a type or
“signature” which consists of the types of the components
that are externally visible. Provided a user writes a CML
structure to match the following signature, then the user’'s
software can be executed in parallel:

signature SIG =
sig
type input;
type out put;
val process :
val conbine :
val split
end;

i nput -> output;
out put * output -> output;
: input -> input * input;

This argument extendsto languages other than CML, but
the Object-Oriented (OO) formulation for the target lan-
guage (C++) would complicate the discussion. Once the
user’s software is in the correct form, the C++ precompiler
intercepts the process function and replaces it with a call
to the harness. The harness manages the parallel execution
of the task, splitting the input recursively until the required
granularity is achieved or until further splitting would be-
come meaningless. How much of this software does the
programmer have to supply? The input and output type
variables and the process function are inherited from the
original application, thus the only additional work for the
programmer is to supply the split and combine functions.
However with certain data types such as geometric grids
in certain circumstances, the way such structures should
be split and combined is obvious and can be pre-supplied
by the system instead. If the split or combine or both are
non-standard and have to be supplied by the user, then it is
possible that the derived class can be reused as a new cus-
tomised paradigm, giving extensibility. Similar abstractions
are provided to capture geometric, algorithmic, and pipeline
parallelism.

4. Protocol Stack

This section compares the protocol stack of a traditional
parallel execution harness (the left of Figure 8), with that
proposed by the RaPPID project (the right of Figure 8).

traditional RaPPID
framework framework

application application
geometric harness RaPPID classes

RaPPID harness

CML portability layer CML portability layer

PPC + Myrinet
PPC + Myrinet

O application code
. system code

O proprietary/standard

Q software
C] hardware

Figure 8. Protocol Stacks



4.1. Traditional

Thetraditional protocol stack model was used to port an
Augmented Redlity (AR) application [9] to the message-
passing architecture of the PPC multi-processor network
described in Section 2.2. This congtitutes a baseline sys-
tem for future comparison. The harness was written on
top of the MPI (Message Passing Interconnect) message
passing standard which in turn uses the Myrinet proprietary
GM (Glenn's Messages) communication library. Infact, the
Hardhat Linux running on each node was sufficiently min-
imal that it did not alow the use of an off-the-shelf MPI
implementation, and the MPI layer had to be written from
scratch.

4.2. RaPPID

Significantly, the aternative RaPPID harness is written
in CML. The portability layer supports the small and ele-
gant CML model which is based on CSP just as Handel-C.
Adopting a clean CSP model alows the harness to be sup-
ported on avariety of architectures, and Figure 8 shows how
this may unify the programming of FPGAs and message
passing architectures.

5. Functional Prototyping

Functional languages [6] offer exceptionally rapid pro-
totyping. Their power of expression leads to high level
compact code, that can be altered at minimal cost. A har-
nessis parameterised by an application, and suitably afunc-
tional language allows application code to be handled as
any other data e.g. code and data can be sent down com-
munication channels. The APIs and the harness themselves
have been devel oped through the use of CML, which pro-
vides powerful constructs for concurrency and communi-
cation and removes concerns of memory management and
clean process termination: there are garbage collectors for
both! Several generations of software are necessary before
an APl isestablished - and functional rapid prototyping was
used to shorten this process. In CML, communication oc-
curs synchronously across channels. A channel is typed,
and can only be used to transmit data of that type. The
send andr ecv functionsare actually not CML primitives,
but are derived instead from typed channel event primitives
sendEvt andr ecvEvt asfollows:

val send = sync o sendEvt;
val recv = sync o recvEvt;
(* o indicates functional conposition *)

(* sync waits for the event to be enabled *)

These simple primitives and derivations contrast
sharply with the plethora of buffered/unbuffered, syn-
chronous/asynchronous communication functions in MPI.

A short but complete CML program provides an insight
into the model. The main process spawns processes A and
B. These are connected by two channels. B receives one
of two communications from A - the first that (indetermi-
nately) becomes possible. Note: the use of events does not
commit to a communication (allowing a clean model of se-
lection). Note also the exceptionally compact expression of
acomplete parallel operation.

fun A chl ch2 () =
sync( choose[ sendEvt(chl, "hello 1"),
sendEvt (ch2, "hello 2") ] );

fun B chl ch2 () =

let val msg = sync( choose[ recvEvt(chl),
recvEvt (ch2) 1 );

inprint ( "received " = msg = "\n" ) end;

fun main ()
let val chl channel (); val ch2 = channel ();
in spawn (A chl ch2); spawn (B chl ch2) end;

RunCML. doit ( nmain, NONE);

How far can CML betaken on thejourney towardsafina
parallel target machine? The PPC system runs a primitive
realtime version of Linux on its nodes and so any harness
must interfaceto the GM ' C’ library. Similarly for FPGAS,
any harness must link to Handel-C code. Unexpectedly and
fortuitously, past prototyping experience [9] has shown that
itispossibleto port CML codeto’C’ at thelast minute. Al-
though the programming model is radically different, one
can manually port CML to 'C’ roughly on a line-to-line
basis. Tools are also available to automatically translate
CML to’'C’, though the output is virtually indecipherable
and thus impossible to interface to other 'C’' code. Over-
al, this means that the harness should run on top of a’'C’
layer, but should itself stay in CML, or at least a closely-
alied form. The CML portability layer should be as small
and clean as possible. This aim is well supported by the
minimal elegance of CML itself.

6. Sample Application and Results

The following case study involves the region processing
stages of an AR application. The approach is to initialy
parallelise the application using a traditional harness and
manual tuning. Once the novel harnesses have been devel -
oped, parallel execution is re-attempted. The performance
comparisons give a direct measure of the efficiency of the
second approach.

The serial operation of the region processing is shown
in Figure 9. A 256-level greyscale image (i2s56) is adap-
tively filtered to a 3-level greyscale image (i3) to enable a
subsequent region decomposition. The connectivity and ge-
ometry of theregionimage (i) are derived and respectively
described by agraph (¢) and atable (¢) datastructure. These



Application Phase Communication
Phase Data Bandwidth
scatter 28 MB/s
gather 56 MB/s

accumulate 12 MB/s

Table 2. application bandwidths

are then used to identify known visual targets placed within
the scene and thereby work out the camera position in 3D
space.

The initial manual parallelisation provided good parallel
efficiency. Indeed, it would be pointless to proceed to test
a semi-automated system when a successful parallelisation
is not possible. However, the application was chosen be-
cause the computeintensive final stage of composing pixels
into distinct regions does not fit a purely traditional geo-
metric approach. Figure 10 shows the parallelisation of the
algorithm, where for the sake of simple illustration the im-
ageis processed in only two halves. aleft-hand sub-image
(i256), and aright-hand sub-image (i2s6), . Each half-
image can be processed independently, except that prior to
filtering, edge data has to be exchanged and the graph and
table results have to be eventually combined in anon-trivial
accumulate operation. The sequence of communicationsis
asfollows:

1. host scatters input image to worker processors
2. worker processors swap edge data
3. accumulate processor gathers result image fragments

4. accumulate processor accumul ates graphs and tables

It should be noted that it is not strictly necessary to gather
the result image, but thisis useful to check the correct op-
eration of the code. The accumulate operations form a bi-
nary tree with associated processing at each branch node,
whereasthe gather operationis merely a many-to-onecolla-
tion. However, in our simple example with two worker pro-
cessors, the communication patterns are indistinguishable.
The total data bandwidths measured during these commu-
nication phases are shown in Table 2. These are respectable
comparedto the“raw” figuresin Table 1, especially asthese
are application figures with an additional layer of a home-
brew MPI implementation underneath. Indeed the gather
performance indicates that two simultaneous point-to-point
links (the maximum possible in our configuration) must be
in simultaneousoperation as it exceedsthe raw performance
of asinglelink. The scatter performanceis notably half the
gather performance, while the accumul ate figure is compar-
atively less useful, as it aso involves a degree of computa:
tion.

E‘:| camera

digitising l

l,ss 256-level image
filtering l

is 3-level image
painting l

i region image
r

/N

region table
t (ggeometry) g

| |

target location
position determination

region adjacency graph
(topology)

Figure 9. serial image processing

No Parallelisation Type
CPUs Simple + Combine
1 7.5fps (100 %) 8.7fps (100 %)
2 120fps  (80%) | 16.4fps (94 %)
4 196fps  (66%) | 31.5fps (90 %)

Table 3. performance (frames per second) and
efficiency of AR application

Overall, there is a useful mix of computation in the ap-
plication, becausetheinitial image processing issimply ge-
ometrically paralel in contrast to the later accumulation.
Moreover, the image-processing stages are themselves suit-
able for future pipelining. The parallel efficiency was first
measured with simple geometric parallelism used on its
own, and then additionally using the parallelism obtained
through the accumulation operation. The results in Table
3 show that to obtain a significant speed-up, especialy for
larger numbers of processors, the more difficult parallelism
also needs to be tackled.

7. Discussion

The current harness is static and needs to be enhanced
to dynamically respond to the monitored performance as
well as to be ported to native parallel hardware. Simi-
larly, the callsto the harness have been manually placed into
the application code, whereas these should be automatically
edited in by apre-compiler.
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Figure 10. parallel image processing

8. Conclusion

The path to parallelism described in this paper has
proven encouraging on two fronts:

e good parallel efficiency of tricky-to-parallelise appli-
cations written to fit the proposed APl model

e positive software engineering experience of functional
language use in the concurrent domain

For the manual parallelisation, the complication of produc-
ing an “accumulate” function was added to by the necessity
of handling all communication and all concurrency as addi-
tional work loads. The aim of the project is not to spare the
application programmer from the task of writing the accu-
mulate operator, but of ensuring that thisis the only burden
and that the framework which accepts this operator is in-
dependent of hardware architecture. In short, the program-
mer’'sroleis related to the application task at hand not the
paralel system being used. The strength of the approach is
to support multiple simultaneous paradigms of parallelism,
both those which are standard and those which are semi-
customised - certainly theirregularity of the test application
described precludes the use of a conventional harness.
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