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Abstract— Experimental design methods have long been used the systems development life-cy¢®@DLC) methodology, but
in scientific areas such as agriculture, biology and physics to explicitly takes into account théearning outcomesat each
minimise error and assure validity. Although most network stage of the project.

researchers performing experiments with testbeds and simula- Th tributi f thi is th i f |
tions implicitly follow scientific method, until recently there has € contribution of this paper IS the reporting of our early

been little emphasis on improving experimental design methods. exper_iences Wi_th planning the»(perime_ntal design Iife-cycle
Traditional experimental design focuses on experiments where (ED life-cycle) in the context of experimental research in the

the scope and objectives are relatively constrained, however management of Alcatel Australia’s new-generation EEN. To
network research in innovative areas where there is little or no our knowledge, there have been no published papers about

precedence often has changing objectives that evolve over time. .
We describe the learning-outcome approach to the experimental applying ED as a part of the SDLC. To our knowledge,

design life-cycle that applies the concepts of systems developmenthere haye peen no published papers about using the learning
life-cycle models used in software engineering, as well as learning taxonomies in the context of this paper.

taxonomies used in education. Our approach extends traditional The remainder of this paper is organised in four sections.
2?%?23%33' gfezlggor%ozriﬁ\gl;d;ageipg?nrweenctglmr%fgaerﬁwr?ro?ggt In Section Il, we provide references to some publications
into manageable stages that are designed rather than improvised, about ED. In Section III, we .descrlbe the ED, life-cycle as
leading to a well-structured way of assessing the knowledge @ part of the .SDLC- In Sectlon IV, we describe how two
gained. We provide an insight into our experiences with this common learning taxonomies can be used to better understand

approach in the context of experimental research in manage- the learning outcomes at each stage of the project.
ment of Alcatel Australia’s new-generation Enriched Experience

Network. II. EXPERIMENTAL DESIGN

Index Terms—experimental research, experimental design, R A. Fisher [1] pioneered a major portion of theory within
[‘g;’)"ﬁéﬁqymgyggefn“;eggv eﬁgg%heen‘i lﬁ:f’gé?gce network, leaming {he supject of ED in the 1930s, and the statistical methods have
’ matured in the fields of agriculture, health science and physics.
Hinkelmann and Kempthorne describe the three principles of
. INTRODUCTION replication, randomisationand blocking (local control) that

HE problem space for thmanagemenof Alcatel Aus- need to be considered in the design of experiments through
tralia’s new-generationEnriched Experience Network freatment designerror-control designand sampling and ob-

(EEN)! is very broad, makingxperimental researcthrough Servation desigin [2]. _ ) .
simulation and testbed environments a daunting task. Tra-1N€ topic of ED applied to simulations can be found in
ditionally, experimental desigriED) techniques have been@ NUmber of papers. Hatami et al [3] describes experiences
used as a strategy for planning, conducting, analysing apfydesigned experiments as part.of their S|ml_JIat|on project
interpreting experiments so that sound and valid conclusioffthodology from a manufa(_:turlng perspective. Work by
can be drawn efficiently, effectively and economically. ED prdi_)ono_hue [4] provides an overview Of_ resear<_:h on stra_teg|c (_1e-
vides experimenters a greater understanding and power oY iSsues that are unique to experimentation in a simulation
the experimental process. However, the evolving objectivB8vironment. Blosch and Antony [5] provide a case study of
particularly during the early stages of our project, the numbgte Royal Navy's use of ED and computer-based simulation.

of factors associated with complex distributed systems, ah@" @nd Kelton [6] describe methods to help design the runs
the multi-disciplinary nature of our research effort requirefgr S|r_nulat|o_n models and mterpretlng f[helr_ OL{tP“t- _
hile their work focuses on designing individual experi-

an approach that not only encompasses ED as a part 0 ) i
ments, they do not consider the process of breaking up a large
Submitted to the 2003 Australian Telecommunications, Networks af@Search project into multiple stages in the ED life-cycle.
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at the beginning of the project, while larger and more complex Experments [ Exparimonts | Resos ] Use Results >

Objectives,

experiments can only be designed after discoveries are made| questons &
from earlier exploratory experiments. When the problem space | ™"
is very broad, it is logical to break up the experiments into

stages that are more manageable. Instead of simply changing Design berform Analyse
the objectives as discoveries are made, the experiments need || Experiments || Experiments ||  Results
to systematicallyevolve over time. Consideration must be

given to ensure that the experiments are designed and @t Incremental Experimental Design Life-Cycle Model
just improvised whenever changes to objectives are made, .

Our approach to ED recognises that experimental research | Oviecves Design Perform | | Analyse

Experimental Stage 3
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has a life-cycle with a beginning, an operational life and a ypomeses ]
. . . Learning Stage 2 [,
conclusion similar to the SDLC. Obiectves. Design Perorm | | Analyse | [ oo
Thiele introduces the basic concepts of SDLC processes in |_Hypotneses Experiments | | Experiments Results 3
[7]. An SDLC model depicts the significant phases or activities ==L Do oo i
. . . sctives, esign erform nalyse
of a software systems project from conception until the product | Guesterss = Expe,m?ems ™ Experiments | ] Rosty | Use Resuls %
is retired. It specifies the relationships between project phaseS,gsme: .
including transition criteria, feedback mechanisms, milestones, | s | 0990 | Perom | e gy |
Hypotheses xperiments Experiments Results

baselines, reviews, and deliverables.
Three fundamental life-cycle models are introduced ifig 2. Evolutionary Experimental Design Life-Cycle Model
ISO/IEC TR 15271 [8] and further refined using system life-
cycle stages in ISO/IEC 15288 [9]. They are the waterfall,
incremental, and evolutionary models. Typically, a life-cycle The incremental mode(Fig. 1) uses a pre-defined set of
model addresses the following phases of a software projegiultiple passes based on a set of experimental objectives,
requirements, design, implementation, integration, testing, qfuestions and hypotheses defined at the start of the project but
erations and maintenance. that are implemented through a series of stages. The objectives
In the context of experimental research, we are desigare not expected to change throughout the project. The stages
ing and performing experiments instead of designing amday be serial and / or partially overlapped in parallel. Though
implementing software systems. The requirements phasetlie objectives, questions and hypotheses are all known and
the SDLC model is adapted to the objective, questions addfined at the start of the project, the relationships between
hypotheses phase of the ED life-cycle. The software desigach individual experiment does not need to be known. All of
phase adapts to the ED life-cycle considerations consistithg: factors that can be controlled are known before performing
of treatment designerror control designand observation any experiment. This model is similar to factor grouping
designas described in [2]. The implementation phase adaptsitotraditional ED. Experience gained at each finished stage
actually performing the experiments to obtain results. Insteddes not significantly affect the objectives of the next stage.
of resulting in a software build that is integrated, testeBrom the researcher’s point of view, the knowledge and
and used, we result in knowledge that is synthesised at thederstanding of the topic will increase incrementally.
conclusion of each stage of the ED life-cycle. The evolutionary mode(Fig. 2) differs in that the experi-
The choice of which model to use in the ED life-cycle demental objectives, questions and hypotheses are progressively
pends on a number of things: how well known the objectivederived and refined with each stage. This is ideal in cases
questions and hypotheses are; the number of experimenthkre objectives are unclear or can not be defined due to lack
factors that have been identified; how well the investigataf knowledge in the area being investigated. It is important
understands the problem (as classified in the learning outcowi¢h this model to constrain the number of stages to an
taxonomy in the next section); whether the objectives asgppropriate number as the initial lack of clear experimental
expected to change and evolve throughout the project; and holyectives will often result in some back-tracking. This model
soon the investigator is required to produce documentationi¢obest suited when there has been no precedence to the
communicate progress status. research being performed. Experience with each finished stage
The waterfall modelis essentially a single-pass approacts incorporated in objectives for the next experimental stage.
based on experimental objectives, questions and hypotheSemn the researcher’s point of view, the knowledge and
gathered at the start of the project. The single pass approacierstanding of the topic will “evolve” over time.
is similar to the classical ED process for an individual experi- In practice, these fundamental models may be combined to
ment, and has relevance to projects with relatively simple aoteate hybrid models more suitable for a particular situation.
well-defined experimental objectives. This model is imprad-or example, the investigator may begin with a number of
tical for most research projects because it is unable to deahple experiments using an incremental approach. This is
with the complexity of numerous factors. The remaining twaseful because the results of these simple experiments may be
models are more suitable for complex experimental researctocumented early in the project to demonstrate the issues to



management and non-technical personnel. Following the firesearching Differentiated Services might provide a single
set of simple experiments, a number of stages may be plantggothesis that traffic marked as Expedited Forwarding will
using an evolutionary approach. be protected even when co-existing with heavy background
Much of the motivation behind utilising a life-cycle model idraffic. In this case, the student is not too sure why this happens
to provide structure to avoid the problems of the ‘undisciplineahd is not aware of cases where this might not be true.
hacker’. In the same manner, encompassing ED as part of thén the third level, termednulti-structural the investigator
SDLC methodology allows investigators to break up a largiesigns more than one experiment and provides multiple
experimental project into manageable stages — an appro&gpotheses but generally does not inter-relate these. The ED
that might be familiar to some engineers, but not all. Howevaetill tends to assume that the answer can be found in one
there are some key differences to the design of systems aep, but a collection of single step experiments are offered
the design of experiments for research. The ultimate goal tof choose from. For example, the student in the previous
systems design is to make a product that satisfies requiremeetample might provide another hypothesis that traffic marked
whereas in research, the investigator is interested in gainiag Expedited Forwarding will start to be dropped when the
knowledge and understanding a topic. Developed systethsoughput exceeds a certain rate. In this case, the student is
are more tangible and foreseeable than the knowledge that too sure why this happens and is not aware of the effects
is uncovered in research. This learning process needs todb@ropping aggregate traffic.
formally characterised so that we are actively aware of theln the fourth level, termedelational, the investigator de-
outcomes and capabilities at each stage of the ED life-cyclsigns more than one experiment, provides multiple hypotheses,
and demonstrates a clear understanding of inter-relationships
IV. THE LEARNING-OUTCOME APPROACH between these — either through some reasoned logic, a theory

o ) ) or through a method of evaluating and selecting the most
The application of learning taxonomies such as Bloomg, s opriate design and hypothesis. ED is characterised by a

Cogpitive Taxonomy of LearniRg10] and Biggs and Collis" 1 ti-stage approach to a determination of the “facts”. For
Structure of the Observed Learning Outcome (SOLY],  example, the student in the previous examples now aiso has
[12], [13] can help in understanding the learning outcomes &t¢lear understanding that Expedited Forwarding traffic will
each stage of the project. By approaching the ED life-Cyclg,y pe protected if the PHB has been over-provisioned, and
with a focus on learning outcomes, these taxonomies allow &t if much aggregate traffic is dropped, then there will be
project goals and objectives to evolve without compromisingyyerse effects for numerous micro-flows.

design, and provides a convenient structure for management, the fitth level, termecextendedabstract, the investigator

to keep track of progress in terms of knowledge gained. INRsjgns more than one experiment and provides multiple
multi-disciplinary research effort such as ours, the 'ear”'f‘ﬂypotheses that not only demonstrate a clear understanding
outcome approach helps plan the ED life-cycle by structuring inerrelationships but also extend the initial problem. For
the understanding of each others perspectives in order dpample, the student in the previous examples recognises some
integrate separate ideas into a coherent whole. issues with Differentiated Services and extends the problem

Some examples of how SOLO can be used to characterjge gyggesting there may be a need for admission control
levels of performance when carrying out experimental resear, nagement to solve this particular issue.

are provided below. _ _ _ The application of the SOLO taxonomy in experimental net-
At the first level, termecpre-structural the investigator is \york research is one way of structuring the knowledge gained
unable to or can not design an experiment or test a hypothegigm each experimental stage. Depending on the difficulty of
This is the stage where either nothing can be done or somgs experimental research, it may be beneficial to begin by
thing is done for no real reason other than the fact that it c@@nstraining the objectives, questions and hypotheses to the
be done. This is the stage that describes the “undisciplinggyy |evels in order to obtain familiarity and gain a complete
hacker”, who might be skilled at connecting wires togethegngerstanding of the problem space. As the understanding of

but is unable to hava priori questions and hypotheses. Thergg (opic increases, this naturally leads to the progression to
is nothing wrong with starting out by exploring the problemy, e advanced levels.

space at a pre-structural level because this experience is often
the stepping stone to the subsequent levels.

In the second level, termeghi-structural the investigator
designs single experiments and provides simple hypotheseDur project is framed around the problem of managing Al-
The ED assumes that the answer can be found in one stegel Australia’s new-generation Enriched Experience Network
and that there is only one answer. For example, a stud¢BEN). One aspect is Policy-based Network Management,

which is briefly described in the first part of this section.

2Bloom created this taxonomy for categorizing level of abstraction of To perform experimental research and to verify and validate
questions that commonly occur in educational settings. The six stages in

increasing complexity are: knowledge, comprehension, application, analy§$i' results, we are developing the Open Experimental Platform
synthesis, and evaluation. (OEP) consisting of a number of advanced network testbeds

°Biggs provides a systematic way of organising how aleamer's performanggid simulation environments that are representative of core,
grows in complexity when mastering many tasks. The five stages in increasrj%a d t | f EENSs. Wi highliahti
complexity are: pre-structural, uni-structural, multi-structural, relational, arffdd9€, @CCESS and customer layers o S. Vve are highlighting

extended abstract. the importance of the learning-outcome approach to the ED

V. EXPERIENCES ATALCATEL AUSTRALIA



life-cycle in the OEP to minimise error, assure validity andynamic policy isoutsourcinghe management responsibilities
increase efficiency. We describe our experiences with selectiogother agents and the network devices to respond to dynamic
stages in the ED life-cycle for our research in the second paxtents [22].
of this section. It is well noted that policies are to be expected to change
dynamically due to changing network conditions or due to
evolutionof needs and requirements over time. In this case pol-
icy is a means of making management systems programmable
Policy is a generalised concept that formalises the spegiithout a full system re-development [23]. This flexible and
fication of system behaviour. A particular application of thigraceful evolution will help to improve adaptability and reduce
concept is called Policy-based Network Management (PBNMyanagement system churn.
This is a novel approach that fuses IP networks with the This is not to say that the policy road is without ordeals. The
service-level management concepts that are more commorpiily policy schema mapping currently defined is LDAP-based,
traditional telecommunications network management systemgich lacks change notification and transactional/referential
Most IP networks are managed in a device-centric fashigitegrity [14], [20], [24] that are necessary for dynamic pol-
since there are numerous issues with the Simple Netwagy management. Additional areas of work include non-QoS
Management Protocol (SNMP) [14], [15], [16]. Since SNMRnodels, policy language standardisation, policy refinement and
has not kept pace with the evolution of IP network devicesnflict detection/resolution.
and each vendor’s specific features, it is primarily used for |t is important to recognise that few of these claims about
periodic monitoring. Devices tend to be configured manualpplicy have ever been validated formally or applied to real-
by Command Line Interfaces (CLI) or semi-automated scriptfe production systems of large scale [17]. Regardless of
The lack of a coherent and service-orientated managem@ether “policy” is used or not, we must evaluate the im-
platform for IP networks is a serious issue for EENs that Wiﬂortance of changes to the configuration of the network to
significantly increase operational costs and lower availabiliiaintaining service-level qualities. Here lies the importance
as operators struggle to keep up with their unreliable agdl the learning-outcome approach to the ED life-cycle in its

unpredictable networks. application to experimental research and validation of these
PBNM can potentially contribute to a number of importangolicy claims.

areas in network management. Providing a cohesive interface
that performs comprehensive network management functions
helps operators to cope with the increasing complexity 5
the network through a unified information model [14]. This Network management and policy are becoming more com-
interface also provides greater opportunities for automatipticated: this requires us to start somewhere simple to build
[17] and inter-operability [18] since vendor-specifics can bgp a more complex understanding of what policy is and
hidden by increasing the abstraction of the configuratiomhere it will help. We consider that the differences between
models. Large-scale networks will benefit the most since thaving static and dynamic policies are significant to network
scalability of management will be vastly improved and serviceaanagement, since one does not perform any configuration
level management will become the primary concern of theshanges, whereas the other modifies the static policies in
automated network management systems. accordance with monitoring and feedback from the network.
EENs go far beyond the requirements of the existing I®Bnce we make observations in simple experiments, we can
networks that are prevalent in enterprises since they masblve our ED to formulate new objectives and hypotheses
deal with carrier-class issues. The introduction of multiplaccording to the results. There might be a need to apply
diverse services that will be customer and service focussmdre iteration or recursion if the results largely contradict our
establishes the need for measures that provide a Qualityeapectations.
Experience (QOE) to the subscribers to ensure their satisfactiodditionally we consider that policy becomes more complex
and enjoyment of the services that they are paying for [18hrough its pervasiveness in two dimensions. The horizontal
This translates to some capability for end-to-end Quality dfimension considers the richness of the policy model in
Service (QoS) within the network itself, since applicatiocapturing the mechanisms for control and monitoring. The
performance is a large contributor to contentment with theertical dimension considers the levels of abstraction of the
offered services. policy models that help to bridge the gap between high-
Unfortunately, end-to-end QoS is still not a reality and conievel requirements and SLAs and low-level device behaviours.
prehensive and reactive management systems are necessaffi¢ése additional dimensions are other ways that we can
close the gap on service management through intelligent Trakpand the complexity and breadth of our experiments in
fic Engineering [19] and other approaches. This is often callégfms of analysing policy. The horizontal dimension provides
dynamic policy since the behaviour is modified over timemore adaptability, whereas the vertical dimension adds more
One form of dynamic policy ideedback where monitoring dynamic behaviour and responsiveness.
activities by the management system lead to changes in th&Ve will start with experiments to examine traffic behaviour
low-level policies [14], [17], [20], [21]. In this case, the manwithout QoS provisions (no policy control - “best-effort”
agement system is adjusting the network according to changredfic handling, no policing, etc). This will be followed by the
in demand or changing network conditions. Another form aftroduction of simple, static policies such as the application of

A. What is Policy-Based Network Management?

Stage Selection
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