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Abstract

Pipelined Processor Farms (PPF) area generic parallel-
processing structure suitable for continuous-flow, multi-
algorithm applications. PPF has been redesigned for a
multimedia workload which is multifunctional and multi-
modal. A dynamic object-based processing structure isim-
plemented which will map onto mobile stations. The PPF
processing model with asynchronous message-passingin a
multi-threaded environment isin effect a version of the actor
paradigmwhich is a dynamic form of encapsulated system.
Sable software facilities for distributed object-based sys-
tems which may include reflection are al so needed. The sup-
portive facilities of Java remote method invocation (RMI)
are currently being used by PPF. PPF and RMI have been
wedded together in a software toolkit, providing a devel op-
ment environment which includes performance prediction,
analysis, and guided code generation.

1. Introduction

The advent of distributed-object systems alows dis-
tributed computation to work in an environment based on
object request broker (ORB) middleware, standardised to
a convenient object bus. The end result could be a dy-
namic, possibly mobile, computational resource. It would
appear that distributed computation programming environ-
ments have lacked the software facilities to do all that they
might wish while conversely middleware has lacked a clear
computing structure to fit into. ORBs have therefore hith-
erto been used as the glue between large-scale systems,
for example linking speech recognition with speech under-
standing. In the medium term, if distributed computationis
to be supported the ORB model may shift in the direction
of medium-grained applications, less tolerant of communi-
cation overhead. Though many of the facilitiesfor effective
medium-grained distributed computation are now in place,
computingstructuresfor using thesefacilitieseffectively are

not. Design infrastructures for performance prediction and
analysisof an application of distributed computationaswell
as softwaretoolsto construct such applicationsare required.

Pipelined Processor Farms (PPF) [8] is a medium-
grained distributed computation system that has begun con-
version to an ORB environment. PPF already employsdis-
tributed objectsin order to prototype soft, real-time applica-
tions intended for eventual implementation on a variety of
target hardware [14], thus anticipating industrial interest in
networked embedded systems [11]. Examples of such ap-
plications, which involve a continuous flow of data, existin
video coding[7], vision[6], and image processing[13]. The
advantages of employing an ORB are standardised software
and ease in constructing a high-level design.

Our current experience, within a PPF software toolkit,
has been with the Java remote method invocation (RMI)
[27] ORB, which supports dynamic object loading. Stan-
dardisation allows Java components written by othersto be
incorporated as computational units into PPF, and for other
systems to employ a PPF as a computational resource. The
PPF is a container structure into which are inserted differ-
ing compute-intensive applications. The ability to put aside
low-level communicationissues allows more attention to be
paid to fashioning a dynamic system of object creation and
configuration, leading towards a ubiquitous actor process-
ing paradigm for distributed computation. The extent this
is possible depends on the facilities supported by a particu-
lar ORB, and the performance, which will depend on factors
such as choice of protocol (HTML/IIOP/DCOM), levels of
indirection, class loading latency, and security if reflectance
is employed.

This paper provides a case study showing how structure
can be captured within an integrated software toolkit. It is
useful first to examine why PPF has taken the routeit has.



2. Distributed computation
2.1. Some existing systems

Distributed computation’s main aim is to extract perfor-
mancefromashared resource. A humber of communication
harnesses have been developed to steal cycles from work-
stations either in a consensual fashion [19] or from within
an open network [35]. These activitieswere opportunist and
were not promoted as a general solution.

Various experiments crystallized in the Paralel Virtual
Machine (PVM) [18] for parallel computation on Unix-
based systems, distributed or parallel. PVM is not formally
object-aware but did represent away of introducing the ac-
tor paradigm. Unfortunately, this aspect of PVM has not
been uppermost, as PVM sometimes became a ready-made
message-passing facility onto which to layer other paral-
lel programming paradigms, for example Linda, and virtua
shared memory.

PVM is alarge-grained version of the actors paradigm
[3]. An actor is a dynamically-created distributed object
which communicates through method-invoking messages,
though PVM sends only data-bearing messages which can
cause the invocation of functions. In PVM and actor sys-
tems, messages are queued in ‘mailboxes and serviced in
asynchronous fashion. PVM messages are tagged, remov-
ing to some extent the restriction to one FIFO queue. An
actor can change or reflect its behaviour and state upon re-
ceiving a message and may generate an agent thread or cus-
tomer to carry out work on its behalf, though in PVM, only
heavyweight processes are spawned. Reflectioninthe sense
of changing the methods that can be executed is not avail-
ablein PVM. The actor may have atable of referencesto a
local set of actors or acquaintances, though againin PVM a
global table is maintained remote from the actor by a set of
interconnected nameserver daamons.

The P-RIO system [25], bearing some similarity to PPF,
employs PVM as its ‘middleware’ and it is suggested may
move to the Message Passing Interface (MPI) [21]. How-
ever, MPI1 abandoned dynamic spawning for performance
reasons which in itself is a further indication that many
applications of PVM simply exploited the convenience of
an existing message-passing harness without the underly-
ing model. For scientific applications which P-RIO tar-
gets, a surrogate parallel machine on a network of work-
stations (NOW) may be the correct direction. However,
many emerging multimedia applications are multifunction
[11], for example concurrently processing video data, au-
dio streams, and Web browsing, and impose significant
real-time constraints on latency, throughput, processor effi-
ciency, and synchronisation of concurrent threads of execu-
tion. The speed of processing may also change according
to the available bandwidth, required quality of service, and

data-dependent computational requirements. Additionally,
with computing embedded in mobile stations with restricted
resourcesthe mode of computation may needto alter, for ex-
ample the form of encryption or transmission protocol can
change.

Applicationsthat have migrated from implementation on
a dedicated parallel machine to a distributed environment
bring the static, performance-oriented model of computa-
tion. Inadistributed system, aflexible responseto changing
resources (and resource failure) is needed which is why we
seek to keep and extend the underlying model of PVM com-
putation. AsORB middlewarehasthe potential to do all that
PVM could do and more, this is the preferred route though
the granularity trap is present for an ORB asit has been for
PVM.

2.2. The PPF design pattern

The PPF design pattern [15], which isintended for appli-
cationswith a continuousflow of data, consists of a pipeline
of datafarms each one of which canincorporateinternal par-
alelism, Fig. 1. A pipelinewith asingle backplane [23] has
the advantage that it can map onto avariety of hardware ar-
chitectures. Each PPF hasafarmer responsiblefor distribut-
ing work to a set of workers which may be on a subsidiary
network. The deployment of worker tasks is determined by
the relative per-stage workload, the desired global through-
put, and the desired pipeline traversal latency. Feedback or
feedforward |oops enable synchronous constraintsto be in-
troduced but for practicality only one such loop may occur at
eachinput site. The PPF patternisan extension and general -
isation of a number of data-farming schemes. some NOW-
based [31]; some based on dedicated multicomputers [38];
some constructed as algorithmic skeletons [28]; and some
implicitly invoked in parallel extensions of C++ [20].
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Figure 1. PPF design pattern

2.3. PPF before ORBs

The PPF programming model prior to the advent of
ORBs [17] was close to the actor paradigm, though it orig-
inated as an asynchronous relaxation of CSP. Features such



as reflection and spawning of customer threads were not
presentinthisversion of PPF. Asa‘C’ compiler isthe com-
mon factor across many real-time systems, the design not
the implementation was actor-aware. Unlike PVM, PPF
utilised multi-threading, with implementationsfor Solaris 1
light-weight threads library, and VxWorks real -time operat-
ing system. With the advent of kernel-level threadsin So-
laris 2 and WindowsNT, PPF multithreading could be effi-
ciently deployed. A PPF worker module had a set of meth-
ods which can be invoked by messages from the farmer
module. Messages were queued in FIFO buffers controlled
by threads, though access to large data structures was man-
aged by semaphores. Multicast messages across afarm and
latterly urgent messages were also supported.

Communication in distributed PPF implementations has
been through the socket application programmers inter-
face (APl), whereas kindred systems like PVM employ
the semantics if not the actuality of remote procedure call
(RPC) with data marshalling and exchange data representa-
tion (XDR). Fig. 2 [9] shows client invocation of a remote
method via a proxy object. Unlike PVM, which providesa
support network of user-level deamon processes, and unlike
RPC, PPF has hitherto not had supportivefacilities. PPF has
been implemented in homogeneous environments, though
a backplane bus can provide enhanced bandwidth over the
worker network in order to avoid bottlenecks. Where an ap-
plication was transferred between different hardware archi-
tectures a new implementation of the model occurred. Con-
versely, RPC is intended for heterogeneous environments,
but requiring system-level daamons, a name-server to bind
servers, and a stub compiler (r pcgen). Because RPC is
synchronous, in the sense that the caller stalls until the re-
sults return, PVM preferred a socket-based system of com-
munication. Unfortunately, it can be difficult to employ
sockets in a generalised fashion, requiring individualised
implementations.

In an ORB-based PPF, we seek the same structure as of -
fered before by PPF but with additional dynamism.

client process Server process

proxy object [ Gpe T o

Figure 2. RPC paradigm

2.4. Suitability of the Actor paradigm

There are practical problems with a true actor model as
advocated in[3] and whichisshowninFig. 3[22], withtwo
possi bl ereplacement behaviours, staying the same or chang-
ing. For example, in ABCL [39], an extrawait stateisin-
troduced which allows selection of specific messages from
aqueue. Without such modificationsthere is the possibility
of unbounded delay. M essage queues are assumed to be in-
finite, whilein PV M message queues are implemented by a
complex system of dynamically-createdbuffers. PPFiscon-
strained by its design pattern and by the templating system,
thus avoiding the implications of a complete actor model.
The constraint is an aid to correctness checking. Message-
passing asamodel of parallelism[5], whichisan intermedi-
ate step between actors and PV M, isin the Cantor language
afine-grained model of computation. Ingeneral, there needs
to be guidance to the devel oper as to a practical granularity
level for the architecture/hardwarefor which the application
is targeted. Performance prediction, which can be cross-
architectural, is an essential adjunct to a distributed compu-
tation development environment.

A true actor system may be more appropriateto a multi-
agent adaptive system, for example through the Merle IV
language [10], which changes behaviour frequently and in-
trinsically, while distributed computation is served by a
modestly dynamic system.
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Figure 3. The Actor model



3. PPF in an ORB environment
3.1. PPF templates

ThePPF structure has been captured in aset of templates!
in which the worker moduleis designed as an actor and the
farmer module acts as a work scheduler, encapsulating the
parallel structure within the template. Implicit methods of
encapsulating parallelism such as path expressions are pos-
sible. In opting for an explicit means — an object manager
—PPF is similar to a number of distributed-object program-
ming environments notably ALPS[37]. Intermediate mech-
anisms such as the synchroniser [2] are possible. The PPF
template design and implementations have instrumentation
built-in so that the performance can be monitored. When
used to construct prototypes and on distributed systems, the
trace data is stamped by alogical clock, while for perfor-
mance tuning and on multicomputers, a globa clock has
been implemented. The ability to build in an infrastructure
into adistributed object can be extended: to afault-tolerance
monitoring system responding to heart-beats from a watch-
dog object; and to reconfigurability. Applications with a
time-varying workload will require changingtherelativeal-
location of workers between the stages of a pipeline, though
clearly thisraises many organisationissues. In general, PPF
now favours building in as much structure as possible antic-
ipating future needs. The need to predict performance has
resulted in a PPF toolkit into which templates are now em-
bedded.

3.2. PPF toolkit

Though intended as a performance prediction graphi-
cal toolkit in fact the PPF Analyser, Predictor Template
Toolkit (APTT) [16] has become an integrated system for
distributed computation. The construction of APTT has
made us awarethat a distributed computation system should
beintegral to a supportive framework and not the other way
round. In other words, the prediction and analysis support
is not an afterthought, but an essential way of knowing the
behaviour of the system. APTT is written in Java, raising
the issue of how to implement the PPF programming model
from within APTT. Javais eminently portable and intrinsi-
cally multi-threaded [26] allowing PPF buffering, commu-
nication, and computation threads. Current work is aimed
at PC networks running Windows NT. Java RMI is an ex-
tension of RPC. There is a stub compiler (r m c), a secu-
rity manager, server proxy objects (skeletons), and exported
client stub objects. Unfortunately, from Section 2, unmod-
ified RPC is synchronous and asymmetrical, being client-
server. However, as client-server is alogica arrangement,

1Theterm‘template’ refersto away of guiding the construction of PPFs
and not in the C++ sense as a generic class.

in data-farms worker and farmer can alternate their role in
the client-server relationship to remove the asymmetry.

APTT supportsadesigncycle, Fig. 4, aimed at producing
pipelineswith asingle primary dataflow constructed froma
set of parallel datafarms. Sequential bottlenecksare masked
by single processor stages. While the core functionality is
provided by APTT, the normal supportivesoftwaretoolscan
be employed, examplesbeing the SNiFF class browser, [34]
Quantify [29] profiler with object code instrumentation, and
Purify memory debugger (though for C++ not Java). Itisas-
sumed in Fig. 4 that a significantly-sized (10k lines-of-code
and above) legacy applicationis split into code sections and
indeed anumber of implementationshavetaken placein this
manner, for example a face identification pipeline. How-
ever, itis possible to directly enter code and message struc-
turesinto the current template builder.

Profiling the development code enables a tentative allo-
cation of functionsto different stages of the pipeline based
on mean timing ratios. Normally, the potential for loop par-
alelism will determine the per-stage weighting of worker
processes. A set of inner-loop timings enable distribution
fitting by statistical or other means. |dentifying ajob as one
iteration of the inner loop, jobs can then be grouped into
tasks. Note that the grouping results in a change in distri-
bution as the addition of distributionsis a convolution.

Fig. 5 shows a snapshot of the predictor running a sim-
ulation of a handwritten postcode recognition system [6].
The pipeline backplane occupies the main window with de-
tails of the stage activity such as buffer and processor us-
age available from subsidiary windows. Processor activity
isshown using colour by analogy with stop/go displays. The
communication arrows change colour from black, through
red to white to highlight ‘ hotspots'. The arrows also widen
and contract. However, the cumul ative mean bandwidth, not
instantaneous bandwidth is displayed in order to avoid an
over-animated display. The colour scaling is adjustable to
centre on critical datarates as otherwise the variation across
the whole bandwidth range is too low to show up. Pipeline
traversal latency is also indicated in a persistent display.
Component jobs are marked off at task boundaries, with the
task latency determined by the slowest job. Though persis-
tent displays convey more information, they need to be bal-
anced with features marking progress, whichiswhy the pro-
cessor activity diagram and message motion arrows are in-
cluded.

3.3. The PPF template system

RMI hasathree-layered software architecture with trans-
port level protocol (TCP/IP circuit-oriented) handling at the
lowest level, and choice of communication model, (unicast
point-to-point), at the intermediate level below the applica
tion layer. Because RMI is specialised for Java applications
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Figure 4. Design cycle

remote object loading, dynamic class and stub loading are
supportedin PPF.2 Polymorphicloading can occur, whereby
asub-typeof adeclaredtypeisloaded. On each processor, a
registry must be run to act as anameserver for remote object
method invocation. The registry is not persistent as remote
object garbage collection takes place by means of reference
counting. These facilities are nearer to the dynamic, pos-
sibly mobile, model of distributed computation that is the
favoured course for PPF.

In the PPF template, the Java vector class, which can
be made to transparently grow and shrink as work requests
are serviced, removes the need to provide concurrent access
management. To avoid synchronousdelay the implemented
design requires the data farmer to poll the remote worker
processes acting as servers. Conveniently, thisfitsapolling
gueueing model of performance estimation. Java's pre-
emptive priority-based thread scheduling can be adapted to
provide aresponsive structure.

In Fig. 6, the threads (ovals) have high priority given
to communication facilitating threads while worker tasks
threads, each with a local message queue, run at reduced
priority. In fact, each module contains a number of worker
task instances which can either provide different functional -
ity or multiple instances of the same functionality. Parallel
slackness [36], whereby if one instance is blocked another
instance of the same worker task can take over, is a method
of masking communication latency originally introduced to
allow one architecture to simulate another. There are lim-
its to the number of threads that can be gainfully employed

2Dynamic class loading is also a feature of mobile agent systems con-

structed under RMI.

[1]. Therefore additionally, buffering of messages contain-
ing work reguests can mask latency. Allocation of work
is arranged by a work manager, which provides an order-
ing structure. Scheduling of threadsis divorced from order-
ing through a highest priority user-level scheduling thread.
The scheduling thread suspendsitself for agiventimeinter-
val. When it is rescheduled by the Java operating system,
the scheduling thread adjusts the priority of the worker task
threads before suspending again. The RMI server includes
the skeleton stub created by r m c.

Worker Module

| tofarmer
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[ |

work manager
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worker tasks
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Figure 6. Java RMI Worker Module

On inception, worker modules multicast their names and
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associated addresses. Associated with each name can be
the computational servicesoffered. Multicastingisprovided
through the Java socket API. The intended multicast recipi-
ent is the farmer module. If and when aworker module be-
comes available then the farmer module sends out requests
for work processing. Multicast names and services are also
collected by worker modules, allowing co-operative, intra-
farm, processing to take place. A rather limited example
of co-operative processing in work farms is the exchange
of border regions during image processing. Multicasts are
employed for distribution of start-up parameters. In some
applications, such as the H.263 hybrid video encoder [30],
global data is distributed after every round of processing,
e.g. the current quantisation level.

In some actor systems[39], urgent messages are sent asa
way of avoiding blocking at the head of the queue. Thereis
also ascheduling issue when several different functionsare
performed by aworker module if a FIFO message queueis
enforced. However, thisismoreof aproblemfor ahard real -
time system than it iswhen deadlines are less strict in a soft
system.

Once sufficient work messages have been sent out, the
farmer module polls the worker processes for processed
work. There are a variety of servicing schemes[33] for ar-
ranging polling such as waiting for work before proceeding,
or waiting for aset number of processed items, but these are
beyondthe scope of this paper. On distributed-memory mul-
ticomputers, afarmer would not normally poll for work. In-
stead, worker processes request work on completion. The
advantage of casting the relationship in this way is that the
worker processes can balance their own workload. How-
ever, polling has been applied to bandwidth sharing by dy-
namic link-swapping in an otherwise fixed connection sys-
tem[12].

As an aternative to work reguests, an object not desig-

nated as remote can be serialised or reified and sent as a
standard application parameter from the farmer module to
the remote server, the worker module. This allows the re-
mote worker after suitable casting to execute or revert the
methods of that object. Due to polymorphismiit is not nec-
essary for thereceivingworker to be aware of theimplemen-
tation of amethod. In thisway, the worker module actsas a
meta-object acting transparently to the methods embedded
in the worker tasks which are the object itself. At the mo-
ment, thisis only possible because RMI is confined to Java
and hence the internal representation of objectsis fixed. In
asimilar way, stubs, which are designated as remote, can be
dynamically sent to afarmer module, the client, thusaiding
in configuration of the PPF. These reflection facilities have
previously been availableonly in actor systems, e.g. ABCL,
Merle 1V, and 3-Lisp, designed before the onset of mobile
stations. In effect, reflectanceis aform of code reuse or in-
heritance for dynamic systems.

The template design decouples the (farmer) client from
worker (server) by polling, moving away from a syn-
chronous model of computation. Parallel slackness and
buffering are user-level techniques employed by us to re-
duce communication latency thus widening the class of ap-
plications suitable for RMI. Though we have called our de-
sign a template in fact a more apt description would be a
software component, in the sense that acomponent encapsu-
lates dynamic behaviour in contrast to objectswhich are pas-
sive. Thecorrect features of any component design might be
arrived at through categorical data theory [32]. Ideally, any
object can be the subject of the dynamic structure provided
by the component. The performance implications of using
that object should be available through performance predic-
tion. Complexity theory is one way to make an estimate.
Alternatively, as we have done in APTT, a stochastic esti-
mate based on queueing theory or simulation can be made,



which can subsequently by extrapolated to other machines,
with scaling according to appropriately benchmarked pa-
rameters.

3.4. Code generation

Code generators (CG) [24] enable application codeto be
entered in a schematic manner in a graphical format. [4]
for Linda applications is an example of a code generator
which is an enhanced text editor. The APTT code gener-
ator allows a graphical PPF to be constructed in a guided
fashion from a menu of farmers and workers. Each mod-
ule has a set of properties associated with it, which appear
in a pop-up menu. An example property would be a label
identifying which application code extract isto be executed.
Snippets of code are entered through a text editor allowing
subsequent changes. The CG end-user is presented with a
dataflow model. A set of triggers are needed to start pro-
cessing. Thelayout of messagesis enteredin aseparate part
of the CG editor. Once the construction processis complete
thereare commandsto compileand run. Sincetheentry pro-
cessishigh-level, the end-user is not confinedto RMI asthe
Java snippets could be embedded in (say) MPI implemented
inJava. Infact, thereis nothing about the structurethat con-
fines data-entry to Java, as‘C’' could be entered into the ed-
itor.

3.5. Adapting to networked computation

We have given some thought to inception and synchroni-
sation of a networked PPF computation. One planisto start
with one master farmer module which is always present and
apool of farmer and worker modules which can be chained
together. As currently implemented, thefirst farmisformed
dynamically to save time. When processed work is ready
to go on to another PPF stage, the first farmer inspects for
farmer multicasts and selects a ready farmer. A more flex-
ible arrangement is shown in Fig. 7. The pipeline manager
(PM) is contacted from a pool of PPF elements on aknown
port/multicast address. The PM then ascribes the ‘ gender’
(either farmer of worker) to a PPF element. Having set-up
the PPF, Fig 8, the PM reflects its behaviour to become a
PPF monitor. Each instance of afarmer is characterised by
the type of datamanager: at the start and end of apipelinea
file datamanager is assigned, while in intermediate stages a
message reception and relay manager is needed.

Asdescribed in Section 3.3, RMI can pass objects as pa-
rameters to a server provided that the objects are seriais
able, allowing in effect PPF to dynamically load code onto a
worker, though there are issues of casting. For the purposes
of automatic configuration, objects designated asremote can
be passed from server to client though in this case only the

stub object arrives.® In principal, an application can be as-
sembled on a PPF from a central source, or the application
can be extended by passing stubs (having first sent naming
information). A further issue to addressis security, as code
distribution is much like virus distribution.

pipeline
manager

Figure 7. Inchoate PPF

4. Conclusion

Pipelines of Processor Farms (PPF) is a schematic de-
sign method for distributed computation. PPF is concerned
with real-time multimedia processing. ORB-style process-
ing is a continuation of a direction PPF had already taken
towards encapsulated parallel systems. However, we have
altered the way the RMI ORB would normally be used to
suit medium-grained processing, widening the problem do-
mainthat can betackled. A coredesign pattern hasbeen pre-
sented for which application studies already exist. We have
embedded the distributed computation design within an in-
tegrated toolkit, APTT, to include performance prediction,
analysis, and code generation. If PPF isto adapt to the new
mobile computational environment then dynamic pipelines
will be needed. The fact that PPF modules are based upon
a modified actor model makes that conversion easier. Dy-
namic pipelines are possible under RMI to some extent, but
careful thought needsto be given to what design patternsand
middleware facilities are needed.

3 As the stub object is strictly constrained, it becomes necessary to pro-
vide a customised security manager.
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