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Abstract

Systemghat can dynamically adapt their operating parametehamging conditions

are increasinglyneeded, especiallfor long-lived or large applicationurrent self-
adaptivealgorithms tend to be directed at particular optimisations and rarely operate in
concert with other optimisations. The static nature of conventsys#éms design is not
conducive to adaptation. Further, the poor structure and uncoordinated manhiehin
individual optimisations are incorporated leads to unconstrained complexity of
operation.Such lack of structure canlead to poorer thanexpected or pathological
performance, especially wheteeavy demands aranade upon the system. The
Compliant Systems Architecture is a desiggime whichdefines a strict methodology

of system composition. In this methodologyach application layer or operational
abstraction is separated into the policy and mechanism parts, and the interfaces include
features allowing policy information to be passed. This methodology combitiethe
simplification of system operation of orthogonally persistesystems allows the
construction ofadaptivecontrol structures irwhich it is tractable toreason about
interactions of policies and provide a global control of operation.airhds to provide
experience and insights in self tuning autptivesystemshatwill also be ofvalue in

more general purpose operating systems and application designs.

1 Introduction

The key to the run-time efficiency of any software architecture snsurethat the
correct components aivailableand ready tause atthe timethey are required. For
example, within astoragehierarchy, it is clearly beneficial to run-time efficiency to
ensure that the data and programs are in the cqulast in thestorage hierarchwhen

they are requiredbr use. Thus registealocation mechanisms, caching techniques and
page replacement algorithms should be co-ordinated and optimised for such an effect.

To achieveoptimum application efficiency, whichequires application-specific
knowledge, a software architect must address two major questions. They are:

* How does the system discover what the application is doing?

* How should the architecture be structured to utilise the above knowledge?
Conventional software architectures, which we would teom-compliant provide static
abstract layers and operational abstractionndet the averagpredicted needs of the
majority of cases. The application knowledge discovery is typically perfostagdally

by simulating and benchmarking the applications. The architecture is then structured to
perform well under the benchmarkconditions. Optimisationsre oftenbased on
strategiessuch asoverall throughput andmay use average orcommon application
execution profiles. Indeed an extensive study of memory allocpidiN+95] severely
guestions the value of this methodology.

In contrast acompliantarchitecture is defined to be omdiich is able to mould
itself to theneeds of garticular application. It ishuscompliant to thes@eeds. The
key difference in the ComplianBystems Architecture (CSA) approach isthat
policy/mechanism separation is provided not just at partigulenfacesput coherently
throughout the architecture. This then allows static and dynamic pEwgions at any
level to be mapped all the way through to the raw machine.

The advantage of the static interfaqgroach ighat it provides digh degree of
code reuse and therefosavings, in terms of code re-writirend portability. Many



applications may reuse the interface without regard to its implementdtarever,they

do so at thepossible expense ahdividual performancesince the optimisations
necessary fomndividual cases cannot baccommodated in the general case. Thus, in
such anarchitecture individual applicatiorenly occasionallyrun optimally, and even
then it is by accident.

Previous work on self-tuningpas typically only been providedor individual
mechanisms.For example, rate ofgarbage collection:Cook et al [CKW+96],
reclustering: Mclver and King [MK94], buffer allocation: Brown et al [BCL96], caching
policies for object and paging systems [GKK+99], [GG97], [JS94],[O0W93].

Our aim is tobuild a self-tuning anddaptivepersistent software architecture as
an exemplar of the compliasystemsarchitecture. The realisation tfis system is
expected to yieldnsights into integrated self-tuning anddaptive methodologies of
value in the broad arena ofsystem architectures. Thisas notbeen systematically
attempted previously, partly because of the industrial needndet many other
commercialconstraints and partly becausetloé academic neefr a wide variety of
skills and experience.

2 Compliant Systems Architecture
Complexsystemsare typically a mixture of individual layeredib-systems anthteral
compositions of sub-systems. tonventionalsystems it is seldorthat a distinction
between the mechanism by whichsab-system igmplementedand the policies by
which it acts is made. Such a distinction is even less evident when considering the nature
of interactions between sub-systems.
Because of the rigorously defined separation of mechanism and policy in CSA we
can meaningfully understand, and hence control the interaction of adaptive policies. In a
layered structure the interfackstween the levels of the architectdedine a set of up-
calls and down-calls. The down-calls constitute the mecharfsmhghehigher layers
may callupon.These include callfor passingpolicy information. Up-calls constitute
entry points to the higher layers that mayused to requegiolicy information. At any
particular layer, the mechanism provided fronbelow, together with the policies
implemented at that level, constitute mechanism for the higher layers. Thus for layering:
policy, [ mechanism, = mechanism  (rule 1)
In a similar manner, laterally composed operational abstractions communicate policy and
mechanism informatiorusing anagreed protocokffectively via an IPC. Again the
interfaces constitute entry points that can be used to request policy informatgurcbut
policy/mechanismpassingcan be bi-directional. So betweemy two such lateral
abstractions, P and Q, thé&is policy regarding Q(written P- Q) togetherwith the
mechanisnmused tocommunicatefrom Q to P constitutéhe mechanism by which P
communicates with Q. Hence we have:
policy,_, U0 mechanism,_ , = mechanism_j, (rule 2)

and symmetrically
policy,_, [l mechanism_ , = mechanism,

A system can thus be defined through recursive use of rule 2 composed with rule 1.

In [MBG+99a] we suggedhat the followingdecisionshave to bemade to instantiate

such an architecture:

» the number of operational abstractions in the architecture and layering with in these

» the system functionsthat the architecture allows applications to contfelg.
recovery, scheduling, clock ticks etc)

» the method used for specifying policy information

» the methodused for passing systemformation between architectureomponents
and system functions (up-calls, down-call and lateral IPC calls)

Any architecture implementing the above can be made to be compliant without the need

of any common or regular interface mechanisms.



Adaptive and Self-Tuning Control
Adaptive systemsmay be defined asystemswhich automaticallyuse the results of
current and past performance and operating conditions to alter their behaviour. A system
which altersits behaviour so as tbestserve theneeds of aclient application is
compliant to that application.
Adaptive control of computesystemscan be characterised Ipyirposeinto three
categories:
* External performance goal: where tlgstem seeks tonaintain an externally
measurable performance specification, such as a defined rate of transactions
* Internal performance goal: whersome internal performance specification is
generally expected to help system operation if ih&@ntainedsuch asmaintaining
garbage below a given fraction of heap space.
* Ah Hoc: where no individual metric isneasured to definaction, but some self
directed action is takelpased upon general expectation thaystem operatiowill
be enhanced, such as pre-fetching of disk blocks based upon recent access patterns.
Clearly each of these regimes can be modified in behaviour dynamkalynstance,
by varying the target transaction ratbanging the fraction of heap; or modifying the
heuristic for block pre-fetch. Further, these modifications may themselves be the result
of some additionahdaptivesystem’saction. Thus ahierarchy ofadaptivecontrol is
created. This hierarchy is one defined through the policy interface of each layer.
The functioning of aself-tuning systemmay be broken intothree phases,
measurement, predictiaand reaction[GKK+99].Following this taxonomy weliscuss
self-tuning and adaptive paradigms.

Measurement

Measurement in contradystems igypically a matter ofmeasuring the output of a
process, e.g. output rate of a productadiaptivecomputersystemsneasurement takes
the form of maintaining ahistory from which more complexresults are derived.
Broadly this history is used for two purposes:

* To directly drive some heuristic algorithm, e.g. predicting which pages to prefetch
» To maintain a dynamic prediction function, that is used in a feedback system.

Prediction

Typically the most difficult part of anadaptivesystem is inthe predictionphase.
Conventionalprocesscontrol systemsare usuallyblessedwith a reasonablywell

understood process, orieat is often amenable tmathematical analysisand with

typically well behavedransfer functions. This both aids analysis and hglpgrantee
stability of the system. Computer systems are sadly not nearly so well behaved.

The majority of adaptive control systems describedxplicitly assumethat the
prediction function isvell behavedindeed the functiomust be monotonic. Functions
that deparfrom this shape, or worséunctionsthat exhibit steps, oevendual values
almost certainly will result in unstable behaviour.

Some systemattempt to create a dynamic predictive mdoesed uporrecent
system performance. E.drown, Mehta, Carey andLivny [BCL96] base the
correlation of transaction performance laffer allocation on a moving window of
recent transactions. This function is used to provide the buffer size for new transactions,
so that the transaction will have a known performance.

The crucial flaw insuch predictive systems ighat theyonly work well if the
underlying system is itself well behaved and free from phase changes. It is aizaimed
the underlying databaseverincorrectly allocatebuffer pages. Thuthey assume it
never suffers from thrashing behaviour.

The prediction functiomustclearly cost less tcevaluateand maintain than the
fraction of system operatiogavedthroughthe optimisationFurthermorethe operation
of the optimisation itself may change the operating parameters ofystem (for
instance througleachepollution) andthus careful measurements are always needed to
validate operation.



In self adaptivesystems described thdiar, optimisationshave been limited in
operation because they are only able to bujdedictivefunction based upon lanited
understanding of system action (e.g. through a pattern of page accesses). In contrast the
CSA approach explicitly providdsr policy information to be transmitted to alayer,
and used to enhance the value of the prediction functions.

Reaction
The reactionphase embodiethe optimisation technique. Auch it can take almost
arbitrary form, however a number of general paradigms are evident.

» Change of operationgbarameter, whereby simple system tuningparameter is
changed with the intention of affecting system operation.

» Direct action,whereby a thesystem takes particularaction,such agnitiating pre-
fetching of data, or starting a garbage collector.

* Changingthe selection of aubsystem’soperation,possibly bythe selection of a
new policy mechanism.

Abstract Layer Flattening

A significant optimisation of system operatican be achieved when a multi-layered
implementation is flattened, removing inefficienctise to unnecessagata copying,

and control transfer. Moreover, such flattening may be done so as to favour a particular
activity or usage patternThe ability to creatsuchflattening dynamicallyand later, to
replace them dynamically is a powerful paradigm for an adaptive system. Flattening of a
layered implementation typicallyequires significant programmaezffort, and deep
understanding of the operationtbe targetsystem. Irnthe future, it might be expected

that utilities that can automatically generate flattened implementations might be created
for specialised tasks, based upon the insights gainedifimhand generation dfarlier
flattenings. Examples of optimisation incorporated suoh aflattening might include
choices of particular buffehashtable and cache management strategiasd use of
protocolsthat aresuited to particulameeds (i.elatency vs bandwidth vs reliability
tradeoffs.) These tradeoffs are, in principle, of the same nature as those ctzaleas

policy for the individualmechanisms in the layered implementation. The abilityake

those same optimisations of policy and apgtgm in consort with the inherent
performance advantages of a flattened implementation providea#iie forevengreater
system performance.

System Stability

The integration of multiple subsystems, each with adaptive control regimes isthagoal
is fraught. The reliability and stability of a higher-level control regime depapals on
all the subsystems behaving predictably and, most importantly, smoothly.

For instance, optimisations for memory allocation are typically designed to control
and maintain locality of data. Data localiyll clearly affect other layers of the storage
hierarchy, and indeed the optimisations @saally designedvith some knowledge of
the behaviour of the hierarchy (e.g. clustering related objects on pages). Such techniques
often work extremelywell in many circumstances, arfdil spectacularly in others,
sometimes each behaviour evidencing itself at different times in the same application.

One ofthe most important aspects atlaptivecontrol involves the detection and
management ophase changepABJ+92]. Phasechanges arghose pointswhere
sudden changes in performance occur. Well known examples includaséeofpage
thrashing in a virtual memory system; and, in general, sudden drops in performance as a
data set size exceeds the cache used to hold it. Garbage collection in the face of memory
exhaustion similarly exhibits pathological phase changes.

The literature is replete witbxamples of targeted and special case optimisations
and control algorithms tdmprove system performance, usually performance as
measured by processing speedhe difficulty is that each individual algorithm is
inherently selfish, and will only act to optimise its own logehls. Thiscan(and often
does)lead to conflicts, which cafurtherlead to pathological or oscillatory behaviour.
Building a monolithic optimisation and contrsystem inwhich the entiresystem’s



behaviour is monitored and controlled is both extremely difficult and fixestiérdaces,
yielding an system that is very difficult to evolve with future demands.

Due tothe nature of computer systems, there is not the mabe@retical
approachthat exists in controbystems. Thugacticsfor ameliorating interactionsvill
be derivedfrom expert understanding ¢iie actualoperation of thesystem and are
unlikely to be easily codified as an automatic mechanism. Some general tactics include:

Dampening of action: Many pathological behaviours are evidenced by a catastrophic
change in system function. Avell know example is pagehrashing which is
unambiguously characterised by a systenereCPU usage isnostly idle, about one

fifth system, and a small fractiamser. Using suclmetrics, an overlookingystem
control mechanism cadetectfailures in optimisationpolicy, and act to change the
operating parameters of the individual policy mechanisms. In the face of many failures
moving to a generioperating paradignfor indeed the random selection paradigm
described belowyill move asystem back to avorkable (if sub-optimal) operating
condition.

Random choice:For the purposes of analysis, and as a valuable policy aviisright,

a baseline policy is always possible, avieere arandom choice of thpossibleactions

is taken. Fomactivitiessuch agpage discard or schedulingych apolicy canhave real
benefits, in particular it can decorrelate any relationtap twopolicies mayhave that

might lead to pathological behaviour. Further, using a random choice provides a basis to
which all other policies can be compared. Indeed a system could be construdbeshin

every policy decision was made randomly. Such a system might be expected to perform
tolerablywell, and be immune to oscillatotyehaviour,and interactiorbetween policy
layers. Anability to dynamically switch optimising policy tone of randomchoice

allows the system to act temoveinteractions that may be creating oscillatory or other
pathological behaviour.

Conclusions and Future Work

We believe that a system based upon:

» the strictly defined and controlled layering of policy and mechanism of our
compliant systems design,

 the complete control ofall layers afforded by our persistent systems
implementations

» the major semantic simplifications of an orthogonally persistent environment

allows an integrated adaptivetyptimising system to be synthesised. A system based

uponthese regimeshouldyield insightsinto the nature andtility of self-tuning and

adaptivedesigns for avide range of system architectures. Further work is required to

betterunderstandhe nature of interactions, and to codify and generate ngoeous

methods of dealing with these interactions.
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