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Abstract

Distributed Learning Environments represent the hibyad
communicationsand information technologyan improve
and widen access to educationvhile maintaining and
improving its quality. Such environments consist of
network applicationsand services. Good interactive
response time isrucial to their success.Slow responses
can quickly dissuade teacherand learners alike from
investing their time in the use of theseervices.
Responsiveness timingaken across 155Mb/s IP/ATM
networks have exposedtraditional monolithic server
performance as the malmottleneck ininteractiveresponse
time. A strategy of providing bigger afaster monolithic
serverhardware inresponse toeach occurrence ofystem
slow down is not ggoodsolution as it is expensive and
inflexible. Cluster computing has proven a successful and
cost effectivealternative to conventional supercomputing
and it would now seem to lappropriate toinvestigate its
application to the problem of highperformancenetwork
service provision. In order to researchthis issue a
replicated resource architecture has been designédtoess
the combinedpower of multiple independentcomputers.
The architecture isoutlinedand aninitial implementation
of its core component, aoherenceserver, is described.
Resultsare presentedvhich indicate that this approach is
viable within the context ofDistributed Learning
Environments.

* This work is supported by the SHEFC UMI, Phase II.

1. Introduction

The deployment of higlspeed wide areaetworks such
as 155Mb/s IP/ATM hasaised expectations of network
services and created new challenges for distributed
computing. We are involved in building a specific type of
service, a Distributed Learning Environment (DLE), which
exemplifies many of the challenges now facjrgviders
operating in modern high speed networks. A Didtvice
is typically hosted on a&ingle server nodeand front-ended
by a web server therebgnabling the exploitation of the
ubiquitous web browser as client software. (See Figure 1).
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Figure 1:
A Single Server Distributed Learning Environment

A high performance servicprovided by aDLE must
meet the primary objectives ofesponsivenessand
scalability.

* responsiveness good interactive response timecisicial
to the success of BLE. Usersexpect responséimes



which are commensurate with  personal computer
applications and may see a DLE as an unproductbeeof
time if it is perceived to beslow. A costmodel for
decomposing the time taken to fulfill interactidmestween
client(s) and server(s) has been developed and
measurementbased orthe model have beemade across
the Scottish IP/ATM networks [1]These clearly identify
server performance abe main bottleneck irinteractive
response. The costodelhas shown that within server
node the overhead formed byhe webserver component
forms only a small part of the overatlelay. The
significance of these results is that neither pledformance
of the network nor the front-end web servare significant
problems whercomparedwith the executiorspeed of the
program suite which constitutes the core service.
« scalability — DLEs may beusedintensively for short
periods by scheduledclasses of studentand need the
ability to maintain responsiveness as tlwad on the
service increases.The costmodel has beenapplied to
concurrent loadsand shows a logarithmicincrease in
responsdimes proportionate to the number of users. As
previously stated this delay dependsnainly on overall
server performance.lnitially provisioning a monolithic
system of sufficient capability to meet pedémand is not
a good solution athere is a very largdifference between
average and peak loads. Furthermsrall changes in the
scheduling or sizes of classesan quickly invalidate
predicted peaks. Scalabilitycan better bemet by
involving multiple nodes to providethe service and
spreading the load.

In addition to these two primamerformanceobjectives
a DLE should also be robuahddistribution transparent.
In terms of robustness it should be reliable, available and
fault tolerant. In terms dffansparencythe client should
be unaware othe distributed nature of servicgrovision.
To meet thesecombined objectives a system that
comprises of multiple independent nodescontaining
replicatedcopies of DLEresources would appear to be a
promising approach.Independence anteplication can be
used to support load sharing and scalability, and also
provide a goodasis for work on fault tolerance. Cluster
computing — thecost-effectiveexploitation of networked
groups of commodity computers as a single computational
resource —has proved successful as an alternative to
conventional supercomputing [2,3Bnd it now seems
appropriate to investigatehe further exploitation of
clusters for highperformancenetwork serviceprovision.
Wide areaclusters [4]are of particular interest as their
flexible distribution and dynamic constitution reflect the

distributed natureand wideload variance of &LE user
population. Thispaperoutlines thedesign of areplicated
resource architecturéor wide areaclusters and reports
experienceswith an initial implementation of itscore
component, the coherence server.

2. A Replicated Resource Architecture
(RRA)

Figure 2 illustrates a conceptual outline of the RRA in
the context of a founode DLE service. The layers are
labeled 1 - 6. Layers 3, dnd 5 arepartitionedinto four
nodes. The other layers are strictly abstract.

1. Web browsers are used as client software.

2. Connections to a service pass throudbaa balancing
mechanism. This masks the actual numbearaafes in
service, and may trigger attempts rexruit newnodes,
or to shrink the pool ofctive serversdependent on
load. The purpose othis layer is support the
abstraction of a single uniform service.

3. One conventional web server runs on each node.

4. One or more CGI programand program invocations
run on each node.

5. Exactly onecoherence serveuns oneachnode. The
coherence server ithe framework forregistering and
implementing a per-resourcetype synchronisation
requirement and coherence mechanism.

6. The persistent state of the DLE identical when
viewed from any node. Inpractice the state is
physically replicated but shouldappear identical on
every nodewvhenthereare no outstanding messages in
the system
The issuesaised bythe core layer(6) are atthe heart

of the problems facing the successful construction of an

RRA. If the time taken to stabilise aipdate, which may

occur atany node, istoo high then the illusion of a

common state will not be maintained. On the otteerd,

if a synchronisation mechanism is too optimistic then it

runs the risk of leaving the system in an inconsistent

state. The adoption of a single uniforgoherence
mechanism is unlikely to provefficient in meeting all
requirements because, kjint of its universality, itmust

at the very least meet the strictestjuirements, which are

likely to createthe greatest delays. Accordingly we

propose toadopt a “policy-per-resource” approach, as
described in the next section.
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Figure 2: A Conceptual Outline of a Replicated Resource Architecture on Four Nodes

3. DLE Resource Synchronisation and
Replication

DLEs consist ofsubject-specific componenembedded
in a general frameworkhat supportsresources events
users and groups DLE resources are deliberately not
defined rigorously as thatwould obstruct pedagogical
imperatives. Example resource typeslude computational
objects, interactive multimedia channelad simple web
pages. Resourceseoften shared bygroups of users and
require synchronisation policies tandle concurrent access.
The mechanisms which implement these policsésuld
reflect and exploit high-level resource-specific features to
minimise interactive response times.

Different types of shared resource require differagpes
of synchronisation so it is important to suppouigersity
of such needs. Whatpproachshould be taken? larder to
maximise performance we propose to treat the
synchronisation requirements for each DLE resource
individually. The scope fore-useand generalitywithin a
replicated resource architectdoe DLEs will therefore be
discovered experimentally. In order to support
experimentation local synchronisation mechanidmse

been implemented in the context of@herence servéCS).
A CS can bemore effective in implementing concurrency
control than programsvoked directly bythe webserver
because there isnly everone instance of the CS running,
while there may be multiple invocations of other programs.
One of the main aims of the systearchitecture is to
exploit cost-effectivecommoditybasedclusters so itmust
support thecreation of shared resourceswith different
synchronisation policies which will work on both single
and replicated instances of these resourc&is means the
CS must beable to maintain global as well ascal
coherence. Figure 3 shows the role of the C®raviding
global as well as locatoherence. Three server nodes are
collaborating to providing a uniforreervice formultiple
clients. The exact means for achieving glotiatierencewill
depend onthe type of resource. Extending a local
synchronisation mechanism to tHistributed scenario may
not always be possible.g. file-locking, ordesirablee.g.
because of lengthened response times. cbherence server
therefore supportmultiple mechanisms irder tosupport
various policies in as efficient a manner as is possible.
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Figure 3: A Three Node Service

4. Case Study: A Replicated Notebook
Resource

Finesse [5] is an example of a Dlherethe focus is
on financial management.Shared resources ifinesse
include alightweight groupwaretool called anotebook
which integrates bulletiboard andmailing list functions
and aninvestment portfoliavhich is managed by aroup
of users which hasccess to a database afrrent share
prices. In both cases amany readers / many writers

isolated andhiddenfrom each other. In the case of a group
working to manage aportfolio support for shared
awareness ivighly desirable in addition tdhe integrity
enforced by the synchronisation mechanism.

The casestudyreported here usetie notebookwhich
is the simplest type afesourcewithin the system. The
target responseéme for a noteboolupdate totake place
and return to the wuser is onesecond. Local
synchronization (concurrency control) requirements are
minimal — the notebooklata is write-locked while being
updated and released eompletion. Concurreradditions

semantics must be defined and supported even for a single 5 serialised onthe write-lock.  If there are concurrent

resourceinstance on a singlaode. Inthe case of the
notebook concurrent updatesre either additions (new
notes) or deletions. Concurrent additions shouldgptied
(order is not important) but multiple deletions of game
entry must beletected andnly one applied. There is no
need to ever refuse a useguest -two usersconcurrently
deleting the same message should see that medslatesl.
By contrast, anyoncurrent updates to portfolio may be

in conflict and mediation or cancellation necessary. For
example, if two members of a group attempt to sell the

attempts todelete anote the notebook applicatiomust
ensure that only one delete is applied. Thiadkieved in

a single server DLE by allocating each noten&jue serial
number and ignoring attempts todelete anon-existent
note. Global synchronisatio(replication) requirements
for a notebook include the need to avoid duplicate deletions
being applied,but also mandatethat all copies of a
notebook are identical when thereare no outstanding
update messages. Both these synchronisatiguirements
can bemet byreplacing the assignment of locallpique

same shares at the same time then the system cannot allow ¢gria| numbers with globallyinique numbers. Message

both requests to be processedhis example alsgaises

processingorder andserial number maintenan@ee based

the shared context issue: the needs of co-operative working logical clocks.

where awarenessof others actions is importantersus
traditional databaseatomicity where users actions are



4.1 Notebook Coherence Mechanism

An adaptation oLamport's logical clock algorithm [6]
is used toensurethat eachnote is assigned aglobally
unique seriahumber,andthat serial numberare totally
ordered. Messages betweemodes include aunique
message identifieconsisting of aserver identifierand the

value of the logical clock in the originating server. On

receipt of a message a server chablksclock value of the

message timestamp and compares it with its local clock. If

its local clock is less than theeceivedtimestamp it is
incremented to be greatéhan thereceivedtimestamp.

This ensures that messages arrive after they have been sent

in terms of global logical timand providesthe basis for
lost message detectiaand atotal ordering ofnotes. The
following stepsare involved in a notebookupdate on
multiple servers:

e The user submits the update (addition or deletion) to a

web server

e The web server invokes the CGI
application.

e The applicatiornvalidatesthe requestand passes it to
the CS

e The application optimistically
notebook image to the web server

* Meanwhile the CS multicasts aipdate request to the
full group of servers (including itself)

» Each server process#® request and multicasts an
acknowledgement.

* Nodes waituntil they have seerall acknowledgments
before committing the new notebook image to disk.

If there are concurrent updates at a single nodecimss

the system they are serialised by the l6z8ed orglobally

unique serialnumbers. Note that thisesource-specific

solution is moreefficient than e.g. an atomitransaction

which would require anore complexandtime consuming

agreement protocol, and impede concurrent processing.

4.2 Results

Table 1lists the costs ofeplicating the notebook on
multiple servers. The components are as follows:

notebook

returns the new

Server Time taken by the point-of-contact
coherence server to respond to the client.

Request

Processing Time taken byeach server to carrgut the
request.

Client The lifetime of the client.

Coherence Time from arrival ofrequest athe point-of-

contact server until all servers have

processedhe requestand confirmed with
each other.

Network Time from arrival of request atpoint-of-
contact until all servers see the request.
Serve[ request | Client | Coherencd Network
(ms) | processing (ms) (ms) (ms)
servers (ms)
1 0.71 0.4% 4.49 0.711 0.00
2 6.04 1.08 6.0[7 4.45 .
4 9.25 0.91 5.8)7 11.39 2.42
8 22.7( 0.44 3.98 38.18 2.§7
Table 1: Timing Results
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Figure 4: Server and Client Time

Figure 4 shows the relative amounts of time (ms) spent

in the coherence servandthe client CGI program. Not
surprisingly, the CS timéncreasesith servernumbers.

Note that with eighterversthe target interactiveesponse
time of less than one second is still easily achieve.
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Figure 5:Coherence Delay
Figure 5 shows théncrease in delayms) asserver
numbers increase. Again, the target respoinse is well
within reach.



5. Related Work

Replication strategiesind high performance network
service are both active, although usuallyndependent
research topics in thefield of distributed processing.
Schneidel7] describes a fundamentabnceptuabpproach
to replication based on state machines. Distribdgdbase
systems [8] support globatoherence basedntirely on
atomic transactions. Synchronisation toolkits such as Isis
[9] aim to caterfor all possiblesituations throughgroup
communication semanticand virtual synchrony. In all
these cases fault tolerance and data integrity are the primary
objectivesand there is little or no concernfor service
performance interms of real time responsiveness. A
further drawback with adopting a uniform approach such as
atomic transactions to all synchronizati@guirements is
that it precludes the exploitation of higherlevel
application semantics fqrerformance, as demonstrated in
the notebook case study.

[10] presents an high-levekoftware architecture for
providing network services using a cluster of workstations.
Issues of load balancing, fautileranceandscalability are
considered. Atthe same time, distillation ofveb page
content is alsoused as ameans of improving the
performance ofweb servers. The type dfervice being
provided is mainly read-only and consists of repeated
multiple downloads in response to multiple simple
requests. This is quite different from a Dubere there is
a highdegree ofinteractivity and the service is actively
computing on behalf of the user.

[11] suggests the implementation aofpecialised
operating systems for servers as a set of libraries on top of
a custom-built operating system, the exokerpelyiding
applications with direct, protected access thardware
resourcesThis approach focuses on server efficiency and
resource utilisation. It is not suitablefor cluster
computinghowever aghe exokernel cannotreadily be
used as commodity software.

[12] proposes a model fothe construction and
management ohighly available services. It idased on
two protocols for replica synchronisationand group
communication, and adopts the state machipgroach of
Schneidef7]. The key DLE issue of responsiveness is
not considered.

The SWEB server [13] is eluster-based serveesigned
for the Alexandria Digital Library projectand provides
high performanceHTTP service byusing a cluster of
workstations withembeddedoad balancing algorithms to
maximise performance. The extrafunctionality of the

HTTP server is achieved yddingappropriate modules to
the HTTP demon.

In summary there appears to béttle other work
specifically focusing on the use of clusters foigh
performance servicprovision. Nonetheless much of our
work is grounded inthe growingbody of researctinto
replication and synchronisation in distributed systems.

6 . Conclusions and Future Work

Interactive responsetime is a key measure of
performance irDistributed Learningenvironemnts. The
programme of workdescribed inthis paper has been
motivated by measurementaade across relativelyfast
wide area networks which haveshown that server
performance isthe single most significant bottleneck in
interactive responséimes. Thedecision toopt for a
cluster-basedsolution reflects the nature ofDistributed
Learning Environments -high variance in loads and
widely distributed user populations. Clusters are
traditionally employed inthe area of high-performance
numerical computation,where a single user, single
program may run for d&w minutes or hoursand then
terminate. A Distributed Learning Environmemtakes
different demands on a cluster in that the persistent state of
sharedresourcesmust be maintained indefinitely in a
dynamic multi-user situationwhere interactive response
times are the measure of performance.

In order to exploit clusters for DLEs areplicated
resource architecturbas beensketched. The approach
taken to RRA design and construction has been to support
DLE resourcetypes in theirindividual needsrather than
attempt tocreate asystem which supports atbnceivable
synchronisation requirements. lorder to support
experimentation and re-use a core mechanism, the
coherenceserver, has been implementadd tested in the
context of an3-node servesystem. Wehavedescribed a
the case study of a simple resource, the notebook. Results
haveshown thecoherence servezoncept to be valid and
beneficial. The next stage tfis work will develop the
coherence server tsupport replication of othermore
complex, types of resource.

Future workincludesimplementations of mechanisms
to dynamically managé¢he pool ofavailable servers and
provide fault tolerance. The former wédHapt[14] and the
latter will draw on theoretical worfound in [15, 16] but
will still maintain cost-effective higiperformance network
service provision for DLEs as the primary objective.
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