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1 Introduction

1.1 Motivation and Goals

System monitoring has become an essential utility for managmglevelopment,
configuration and runtime administration of software systems. @eard specific
monitoring tools are being employed to test and calibrate sofsyatems offline and
to supervise, manage and adapt software systems at runtime. lhgnitblities are
generally used to collect data of different types. Namelyectt data can range
from a system's hardware and software resource consumption, sgsteen's usage
patterns and achieved quality attributes. Monitoring data is subgggaealysed in
order to determine a system's correctness, performance, ateradl utilisation, or
general SLA-conformance. Nonetheless, as systems are ibpgcantreasingly
complex and the available monitoring tools more sophisticated, proglgsiarger
amounts of heterogeneous data are being collected for systdysia and diagnosis
operations. Consequently, examining collected monitoring data is begoam
increasingly complex and costly task, especially when peridgioadjuired during
system execution.

Currently, monitoring utilities generally represent collectedadat the same
abstraction level, in a flat data structure. This implies tredsurements for abstract,
higher-level resources are not readily available and must slb&yalculated based
on the multiple low-level measurements available. For examptecdiculating a
cluster's CPU usage, one must repeatedly retrieve and aggregia from the
individual CPU probes available, corresponding to each processor prestat in
cluster. This process must be repeated separately byridispaterested in the CPU
cluster measure.

Composite Probes provide support for organising and managing monitoringrdata
large-scale, distributed software systems. The goal is tenéxflat monitoring
architectures with hierarchical constructs, in order to improve ratadeling and
analysis of massive amounts of monitoring data. Composite Probessedeas
building blocks for constructing flexible monitoring hierarchies, whiah process
monitoring data at different granularity levels. Data obtainethflow-level system
probes is propagated upwards through the monitoring hierarchy and emtadim
processed at each Composite Probe involved. Data-processing funcdionise
separately configured for each Composite Probe. Such configurabtefminclude
data aggregation, filtering and scheduling for statistical calonlaThe proposed
framework is based on a modular, configurable and extensible atahetewhich
allows the provided functionalities to be individually tuned or modified. The
framework's ongoing implementation is based on the Fractal component model.

1.2 The Composite Probes Monitoring Framework

Composite Probes is a generic monitoring framework for autonomipuworg. It
provides support for organising and managing monitoring data in larfe-sca
distributed software systems. The goal is to extend flat mamgt@nichitectures with
hierarchical constructs, in order to improve the understanding ahgiarnas massive
amounts of monitoring data.



Composite Probes are used as building blocks for constructingpl@exionitoring
hierarchies, which can process monitoring data at different grégularels. Data
obtained from low-level system probes is propagated upwards thrioeghanitoring
hierarchy and incrementally processed at each Composite Hrebeed. Data
processing functions can be separately configured for each Coenpusibe. The
most important configurable functions include data aggregation, filteand
scheduling for statistical calculation. The framework is basedaomodular,
configurable and extensible architecture, which allows the providetidoatties to
be individually tuned or modified. As a starting point, the current Cortgp&sobes
implementation uses and extends the monitoring part of the CLIRrgadion and
monitoring tool, and is based on the Fractal component technology. Twqrobm
types are provided in the Composite Probes framework. Basic Pasbessponsible
for extracting monitoring data from the managed system resouldeese probes
cannot be used to manage and organise data from multiple data sobecescdnd
probe type, Composite Probes, is provided for this purpose instead. CorRpobis
are used to encapsulate data from multiple, finer-grained probesjento simulate
abstract resources at a higher granularity level. For examplee provided scenario
in Figure 1, a Composite Probe is used to simulate a monitoring foota global
cluster CPU resource.

1.3 Example Scenario

A possible scenario where the Composite Probes framework can pleyech
involves monitoring a computer cluster.

Figure 1 provides a simplified example of a clustered systi#mtwo interconnected
machines. For monitoring this system, two Basic Probes are ddplmyeeach
machine for measuring their memory and CPU resource consumption.rdal a
scenario, it can be imagined that monitoring probes from a hundredneschould
produce a large amount of low-level data, making it hard to nligraraalyse in real-
time. To alleviate this difficulty, Composite Probes are useglggregate monitoring
data at different abstraction levels, such as system level anallastaster level. In
the example below, monitoring data extracted by the BasiceBrisbaggregated as
follows. Two Composite Probes are used to represent the overallfleadlosystem
(i.e. 'system1' and 'system2' Composite Probes). At a higk#aetion level, another
Composite Probe is used to represent measurements of the owestat thad (i.e.
‘cluster’ Composite Probe). Finally a Composite Probe is usecgaggr CPU
monitoring data from all cluster machines, so as to representvérall cluster CPU
load.
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2 Composite Probes Overview

2.1 Composite Probe types

Composite Probes can be classified into two major types, lmesédte Probe's roles
and functionalities (Figure 2). The first Probe type isBhsic Probewhose role is to
extract the actual monitoring data from the managed systsources. Basic Probes
representeaf nodes in the Probes hierarchy, meaning that they cannot be further
composed of other Probes. Basic Probes locally process collectenmg data and
subsequently forward it to subscribearentProbes.

The second Probe type is tGemposite Prohewhose role is to manage and organize
incoming monitoring data from multiple data sourceschitd Probes. Composite
Probes can contain other Composite and/or Basic Probes, which condtéute
Composite Probe's data sources. Composite Probes locally processinmc
monitoring data and subsequently forward it to subscria@dnt Probes. Local data
processing in Composite Probes involves data aggregation and filtering procedures
From an external perspective, clients are unable to differentiatavailable Probe
types. All access to a Probe is restricted to the Prob&mekinterface(s), which is
identical for all the Probe types (Figure 2).

A few probe-related naming conventions are in order at this point pocleify the
meaning of terms in this document. First, as a CLIF extenBimiesare sometimes
also referred to aBlades This is the more generic term used in CLIF to identify both
monitoring probes and load injectors. A second convention, depending on the,context
the termComposite Probes sometimes used to refer to all Probe types in general,
and sometimes to the specific Composite Probe type. Theceube all Probe types
may seem to be Composite Probes from an external clieniepévs More precisely,
clients are not aware of whether they enquire or control a&BasLomposite Probe.

To avoid confusion, in unclear contexts the term Probe is simply usgeharally
refer to all Probe types. Finally, the teRnimitive Probeis sometimes used to refer
to the Basic Probe type.

CompositeBladelnterface

AbstractCompositeBlade

- dataCollectar : DataCallectar
- storageProxy  StorageProxsy
- adapter ; Adapter

T

CompositeBlade PrimitiveElade

+ addBladeiblade ; CompositeBladelnterface) : hoolean - bladelnsert © Insert

+ removeBlade(bladelD ; String) : bhoolean

Figure 2: Composite Probe types:



Primitive Probe(or Blade) doesot contain other Probes; it uses an Insert subcomponéeto
extract monitoring data directly from the system resources (also referred to aBasic Probg
Composite Probéor Blade) contains other Composite or Primitive IPobes

2.2 Unique identification and routing

2.2.1 Unique identification

All Composite Probes can be uniquely identified via a Probe I@lgadte Id). There
are two possible approaches for specifying Probe Ids so asstweetheir global
uniqueness through the monitoring hierarchy. The first approaah lebél Probes
with locally unique Ids and ensure the Probe's unique identificatiorisvabsolute
location within the monitoring hierarchy. This approach is valid onlyase the
monitoring hierarchy is a of a tree type. This means thahigrarchy has a single
root Probe and that each Probe in the hierarchy has a single parkatvia which it
can be reached. In this case, each Id must be unique only withtrespiscparent
Probe, meaning that all child Probes of a certain parent must larerti Ids. In this
scenario, each probe can be uniquely identified via the full path fine hierarchy's
root to the Probe. In a tree-like hierarchy, a single path can legiween the tree's
root and the targeted Probe. This property ensures each Probe's daigifeation
via this path. This approach has the advantage of not imposing absoloteeidke
entire monitoring hierarchy. This is an important benefit sincetablke of assigning
absolute Ids can become difficult in large-scale monitoring netwdikshe same
time, this approach has the significant disadvantage of restrittengpplicability
context to tree-like hierarchies.

The second option is to label Probes that are globally unique withimanéoring
hierarchy. This approach can support any graph-like hierarchy, wheheProbe can
be reached via several parent Probes. In addition, an extesrdltcliing to directly
access a certain Probe is not required to be aware of the aldakgment of that
Probe within the overall monitoring hierarchy. In the example inr€id, a client can
directly access the Systeml Composite Probe, in order to havdornmgnidata
representing the system load. In case absolute Ids are usedenhevitl not have to
be aware of the fact that the Systeml1 Probe is actuallyich afhihe Cluster Probe
within a Probe hierarchy. Similarly in the example in Figbyea client can directly
identify and access the targeted probe C3 via its unique Id, thtdrespecifying its
path within the overall hierarchy. For these reasons, the secomt oys selected
for the current Composite Probes implementation.

Other identification approaches can be envisaged based on differehinations of
the two principal approaches above.

2.2.2 Routing

In the Composite Probes context, routing refers to directing information floausgh

the monitoring hierarchy from a source Probe to a targeted Pidige.rooting
function is needed for two main purposes. One is to allow externatscliequire
monitoring data from a targeted Probe, while making the request on a different Probe.
This option can be useful for allowing a client to request data $eraral lower level
Probes, while holding a single reference to a high-level Prolieihierarchy. In the
example in Figure 1, a client can use the same cluster Compuslte to request
detailed monitoring data from all CPU and memory Basic Probebkencluster.



Similarly, the second reason for the routing function is to adleswts to send control
commands for a targeted Probe, while making the request on a different Probe.

In addition, it can also be considered that the routing functioeesled to propagate
monitoring data and control commands through the monitoring graph. In these
scenarios, the routing information is needed to identify a Probhét and parent
Probes, so as to forward them the control commands and monitoring data,
respectively.

A basic routing function is provided in the current Composite Probglementation.
The routing function is implemented in the Probe Delegation Marsadgpomponent
(subsection 3.5). The Delegation Manager uses routing tables to rettieg
information. In the current implementation routing data consists ofidkeand
locations of neighbouring Probes (i.e. child and parent Probes). In tordgrect
requests to Probes that are not in their immediate vicinity,geten Managers must
currently receive the path from their Probe to the targetedePinlthe example in
Figure 1. Example scenario of Composite Probes monitoring eeddssystem a
client request received by the cluster Probe and targeted @Ptié Probe will have
to provide the "cluster/System1/CPU1" path as a parameter. tmlgath between
the receiving node and the targeted one is required, rather thaullthatih from a
root node to the targeted one.

The current identification and routing solution was chosen fqrasided simplicity
while meeting all current requirements in an arbitrarylgrhierarchy. The solution
can be extended to provide Delegation Managers with further ronfmgnation and
capabilities, and consequently avoid requiring path information from every request.

2.3 Data types

This section discusses:
0 Data types managed by Composite Probes:
o0 long[] monitored parameter values
o String[] monitored parameter names, or labels
0 Performance considerations supporting this choice
0 Future extensions (section 6.1)

2.4 Information flow through Composite Probes

Two main information flows characterise monitoring hierarchiesdas Composite
Probes. These are the data flow and the control flow. In short, tadaattransports
monitoring data from the lower-level Basic Probes up throughigr@archy to the
root-level Composite Probes. The control flow transports control comnfeois
Composite Probes at higher hierarchical levels down through thechigrar the
Basic Probes. The two information flows are discussed in morel detr the
following subsections (2.4.1 and 2.4.2).

2.4.1 Data flow

The data flow transports monitoring information through the ComposibbeR
hierarchy. Monitoring data is propagated upwards from the Basic $cuecting
the data to the Composite Probes at the top of the hierarchy. HiglErample
scenario of Composite Probes monitoring a clustered system dingicieneral data
flow through a monitoring Probe and introduces the main related concebptsrans.
In short, a Probe will generally receive monitoring data from oneudtiple data



sources Incoming data will be locally processed and storelbes data Local data
represents the data monitored by the probe. For Basic Probes, kacal tthe data the
probe has actually monitored. In the case of Composite Probes, thed&iaa
simulates monitored data as if measured from a higher-levalnesthat the probe
represents. Local data is subsequently forwardedlaia sinks possibly being
processed or filtered before. Data sinks generally consist ofp@sita Probes at
upper hierarchical levels, representing monitoring probes for sietutasources at
higher abstraction levels. In addition, external clients can direngjuire a Probe for
retrieving its local data.

\'\ T /‘ outgoing data

Generic

date requess | Probe
clientt ——— local dat:

TTT o

data sources

Figure 3: Data flow through Composite Probes
The probe receives data from multiple sources, agggates the data and stores it locally
The probe filters the local data and sends the re#fito multiple data sinks
The probe's clients make direct requests for the tmal data

localdate

Figure 4 details the data flow view for Basic and Composibdé. It indicates the
main data-related differences between the two Probe types. Thalissimilarity is
in the source of monitoring data in the two cases. That is, Basles receive data
from a single data source, which is the instrumented systesurcesthey monitor.
On the other hand, Composite Probes receive data from multiple sandasust be
able therefore to aggregate them into meaningful local datac Beslbes do not need
this functionality since their monitoring data can be directly stored akdata. Local
data events can be used to calculate summary statistics iBé#sithand Composite
Probes. Statistics are used to summarize a set of observaionder to
communicate as much as possible and as simply as possibletoaéxdients and
higher-level Composite Probes. Such functions can include various oneaedian
functions, standard deviation, variance, minimum or maximum functionslditica,
both Probe types can filter their local data and forward it toiphelltata sinks, or
Composite Probes. The two Probe types are transparent from & @enspective, as
clients see all probes as Composite Probes, from a functional point of view.
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Figure 4. Data flow through Basic and Composite Prbe
Basic Probes use an Insert component to extract mitaring data from system resources
Composite Probes use an Aggregator to process ddtam multiple sources
Basic and Composite Probes use a Filter to procelesal data into outgoing data for data sinks

2.4.2 Control flow

The control flow transports control commands targeted at managingrtiees’
lifecycles. Such control commands can dictate a Probe's irdtialis starting,
stopping, pausing, resuming or terminating. Control commands ayetddrat a
certain Probe and can be propagated to uniformly affect tgetéal Probe's sub-
graph. As such, control commands can be forwarded from Composite Probes at higher
hierarchical levels down through the hierarchy to the Basic Ptebels This process
is detailed as follows.

All control operations receive two common parameters, in additionyt@@eration-
specific ones. These are tlaeget Id and thepropagate directive. The target Id
uniquely identifies the targeted Probe to which the control comnmsaddressed.
This implies that a Probe receiving a control command is not regdgske one that
will execute the command. A control operation will be forwarded feomeceiving
Probe down through the monitoring hierarchy until reaching igetad Probe, as
identified by the target Id. Routing information stored in the Psobelegation
Managers (subsection 3.5) is used to route a control commandtaogiésed Probe.
The specific manner in which Probe Ids (or Blade Ids) and routfogmation is
implemented in the current Component Probes version is described in section 2.2.
The second common control parameter is the propagation directive. Taimgbar
indicates whether or not the control command should be propagated throwsgibthe
graph that has the targeted Probe as root. If the propagate vdtue,ithe control
command will be executed on the targeted Probe, as well as childsProbes,
recursively.

2.5 Logical Architecture

The way Basic and Composite Probes are logically connected toafonmnitoring
hierarchy is depicted in Figure 5. Basic Probes are used racextonitoring data
from the managed system resources. Composite Probes are usededd amd



manage data from multiple Composite or Basic Probes. If a Prblie €e2nding data
to another Probe C2, we consider that C1dkill Probe with respect to C2 and C2 is
a parent Probe with respect to C1. Basic Probes can only be children to other
Composite Probes. Composite Probes can be parents to other b&dmposite
Probes and can also be Children for other Composite Probes.

Monitoring data received at each Probe is locally processedsahdequently
forwarded to the Probe's parents (imush data transfer). Monitoring data is
consequently propagated upwards throughout the Probe hierarchy, froowtst |
Basic Probes level up to the root Composite Probes level. Addiyionkénts can
request a Probe to return its local monitoring dataduk data transfer).

Clients can send control commands targeted at a certain Probe. omtrolands
can be configured to be recursively propagated to the targeibd'®children. In this
case, the control command will uniformly affect the targetetvées well as the sub-
hierarchy that has the targeted Probe as root.

As shown in Figure 5, clients can interact with Probes at amgrbiecal level and
not only via the root Probes. This means that a client can diiattiact with any
Probe in the hierarchy for requiring monitoring data or sending control commands.

e
@ <- - -client

Child role with respect
to C1

Data Flow

client

~
V\:_\
~

Control Flow

Parentrole with respec Monitored Resource

to B3 and B4

Basic Prob

Child role with respect
to C4 and C2

@®w < -

Composite Probe

Managed System ‘

Figure 5: Logical architecture of a Composite Probe hierarchy

2.6 Probe interconnection and hierarchy types

Various solutions can be envisaged for implementing the logicdiePhierarchy
discussed in the previous section (2.5 Logical Architecture). Sodutidgfer in the
way Basic and Composite Probes are connected together to formnitonng
hierarchy.

The current Composite Probes implementation is based on the Fcactgionent
model. In this context, Probes are implemented as Fractal compoaedts
interconnected via Fractal inter-component bindings. This allows bogh iler-
Probe communication via direct method calls, as well as distrimaennunication
based on Fractal RMI. Other communication protocols (e.g. based orodNIMS)
can be used to support the inter-Probe communication. To implementehiris,
the Probe subcomponent in charge of managing the Probe's communicatidre mus
implemented to support the desired protocol (subsection 3.5 The Delegation Manager).

! The Fractal open-source project: fractal.objecteep



Different Probes in a hierarchy can be configured so as to different
communication protocols.

Considering the Fractal-based implementation approach, two possiierseolhave
been identified for designing the Probe hierarchy architectugeir@=6). The first
solution is based oencapsulatinghild Probes into the parent Probes (Figure 6-a). In
case a child Probe has multiple parents all parent Probeshait she child Probe.
This implies that a root Probe component will recursively contdiRrabes in the
monitoring hierarchy to which it is connected. Considering the exahgpicted in
Figure 5, the Probe C1 will contain Probes C3 and C4, which willinm ¢ontain
Probes Bl and B2, and B3 and B4, respectively. Probe C2 will dyndantain
probes C3 and C4, sharing them with Probe C1. The encapsulation appicsch t
advantage of the Lifecycle management mechanisms inherent td-rtdwtal
component model. This means for example that starting or stoppinBrabe
components in a monitoring hierarchy would simply imply callingstaeFc() or
stopFc() method on the root Probe. The main disadvantage of this method is that
client calls to Probes placed lower in the hierarchy should,aat leitially, pass
through all the parent Probes encapsulating the targeted Protiee &xample in
Figure 5, the client accessing Probe C3, should initially passhei root Probe C1.
Another disadvantage of the encapsulation approach is a conceptual, architectural one.
It is linked to the fact that a Probe would contain both the subcompsotiemit
implement its functionality as well as its child subcomponenksnixied together at
the same level (e.g. Figure 8).

A second solution is to place all Probes at the same archéktdvel and link them
together in a flat hierarchy (Figure 6-b), similar to the ongiatied in the logical
architecture in Figure 5. This approach has the advantageouiiral clients direct
access to any Probe in the hierarchy. In the example ineFgua client can directly
access Probe C3, without having to pass through its parent Priisé(g)dditionally,

in this approach each Probe will only contain subcomponents needed to imipksme
functionality. This solves the architectural matter present in éheapsulation
approach. The main disadvantage of this approach is that it canndteuisddrent
Lifecycle management functionalities of the Fractal component imdtierefore,
starting or stopping a monitoring hierarchy will imply individualtalling the
startFc() or stopFc() operation on every Probe in the hierarchy. Nonetheless,
Composite Probes already provide a forwarding mechanism for ptomagantrol
commands, such as init, start or stop, through the monitoring hieraettiofs 2.4.2
and Figure 18). Hence, the same mechanism can be similarlgysdgb propagate
startFc  andstopFc lifecycle commands, when the flat hierarchy approach is used.
The current Composite Probes implementation uses Fractal bindingBrébe
interconnection. Both local and distributed communication scenarios are t&appor
via direct method calls and Fractal RMI, respectively. The encapsulgiooseh has
been initially selected in the current implementation.



Parent Probe

Child Probe n

Child Probe 2
Child Probe 1

'%]

Parent Probe

Child Probe 1

a)

Figure 6: Fractal hierarchy types

Child Probe 2

Child Probe n

a) encapsulation approach: parent probes recursivelgontain child probes
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2.7 Composite Probes as a CLIF extension

In this section:

0 compare Composite Probes roles /architecture /functions with CLIF
0 describe the parts that have been reused and/or extended from CLIF

0 Discuss back-compatibility with the CLIF probes



3 Composite Probes Architecture

3.1 Architecture Overview

Basic and Composite Probes provide identical external interfaceteature similar
internal architectures.

3.1.1 Probe interfaces

The main external interfaces equally provided by Basic and Corefg@sibes are as
follows:

Server interfaces:

- Blade Managementused by administrators to perform Probe management
operations. Such operations include setting or configuring the Probe's
aggregator, filter or scheduler functionalities (section 3.4)

- Data Collector Administrationused by clients to requests monitoring data or
meta-data on the managed resources

- Blade Contral used by administrators to perform control operations such as
init, start, pause, resume, or stop on a Probe

Client interfaces

- Data collector write delegateised to forward data events to parent Probes

- Blade response delegateised to send asynchronous responses to parent
Probes. These include notifications of abnormal situations such as the
unexpected termination of a Probe operation.

- Supervisor informationused to send Probe state information to parent Probes.
This is typically information on the current Probe's state.

NOTE: additional client interfaces would be needed in case Prolardhies were
built using the flat-hierarchy approach, instead of the curmdpsulation approach
(section 2.6):

- Data collector administration delegateused to forward data collector
administration requests to child Probes. This function is needed wheba P
receives an administration request that is not targeted at the current Probe.

- Blade control delegateused to forward and propagate control commands to
child Probes. This function is needed when a Probe receives alcontr
command that is addressed to a different targeted Probe. ltoinedsied
when a Probes receives a control command targeted at this Prdiehaevi
propagate directive set to true. This means that the Probe nagttexhe
command and forward it to all child Probes.

3.1.2 Probe subcomponents

The main architectural difference between the two probe tygmdts from their
different roles. Basic Probes are in charge of actuallyetig monitoring data from

the managed system. They uselasert subcomponent for this purpose. Composite
Probes are in charge of managing monitoring data received from mudtvper-level
Probes. Consequently, Composite Probes will not use an Insert subcomponent
themselves, but ussnnectiondo the lower-level Probes they must manage instead.

In the current implementation approach, Composite Probe hieram@tagebuilt by
means of Fractal component encapsulation. This means that ConRro&iés at a
certain hierarchical level wittontainthe Probes at the immediately lower hierarchical



level. The possible ways of connecting Composite Probes and comgfructi
monitoring hierarchies are discussed in section 2.5.

Apart from this difference, Basic and Composite Probes contain idgdent
subcomponents. Evidently, the way some of these subcomponents inter-coateuni
is influenced by whether the Probe contains an Insert subcomponeanhor
connections to lower-level Probe components (Figure 7 and Figure 8).

The main Probe subcomponents common to both Basic and Composite Prames are
follows:

- Data Collector(section 3.4): is the first to receive incoming monitoring data;
its role is to perform the initial data processing during runti8wme of the
main Data Collector functions include limited statisticalcakdtions on the
most recent data events; sending data events to the persigtage upport;
and forwarding data events to subscribed clients (e.g. parent Probes).

- Blade Adapter(section 3.6): manages asynchronous communication for the
Probe's control commands. Such commands dictate the Probe'ssatibali
start, pause, resume or stop. More precisely, a client that sewdstrol
command to a Probe will receive a response immediately, béfereontrol
command has been executed. Upon the control command's completion, the
client will receive an asynchronous response, signalling the ssiocdailure
of the command's execution. This prevents a Probe's clients frarg be
blocked while their control commands are being executed.

- Storage Proxy(section 3.7): manages monitoring data persistence, using a
certain storage support (e.g. a relational database, orsydilem). Incoming
monitoring data is initially received and processed by the Datiector. The
Data Collector subsequently sends the incoming monitoring events to the
Storage Proxy, which will send them to the persistent storagk Bsesisted
monitoring events can be used for further processing and complistist
analysis. A different Storage Proxy implementation will bededefor each
different persistent storage support used.

- Blade Managementepresents a portal for all management operations on the
Probe. Such operation can include setting a particular aggregationhaga
filtering criterion, or a certain time interval in a schedulfiigction. The
Blade Management component will direct management operations to the
specific component to which the operation is actually addressedOatg
Collector or Blade Adapter component). This approach allows eadie RPo
provide a single management interface, thus shielding external clientghom
Probe's internal architecture details.

- Child and Parent Delegation Manage(section 3.5): manage all Probe's
communication with child and parent Probes, respectively.

Additionally, Basic Probes contain an extra subcomponent, specifackoneonitored
resource type:

- Insert (section 3.8): extracts the actual monitoring data from the geana
system resources. Evidently, a different Insert implementatioveesled for
monitoring different resource types (e.g. different Insert @mgntations will
be used to monitor a UNIX system's CPU and a Windows system's memory).

The presented Probe subcomponents are described in more detait®inss®d The
Data Collector Component, 3.5 The The Delegation Manager Components, 3.6 The
Blade Adapter Component, 3.7 The Storage Proxy Component and 3.8 The Insert



Component. The following two sections (3.2 and 3.3) present the genenalaint
architectures of Basic and Composite Probes. They indicateapehe main Probe
subcomponents are linked together to provide the Probe's functionality.tdrlageS
Proxy component is not used in the current Composite Probes implaoreatad is
therefore not depicted in the Probe architecture diagrams.

3.2 Basic Probe Architecture

Figure 7 shows the Basic Probe subcomponents, their main insedadethe way
they are bound to each other and to the Probe's external interfaces.
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Figure 7: Basic Probe architecture

3.3 Composite Probe Architecture

Figure 8 shows the Composite Probe subcomponents, their main irgesfactehe
way they are bound to each other and to the Probe's external interfaces.
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3.4 The Data Collector Component

Figure 9 shows the overall architecture of a Data Colletiorponent. It depicts the
main external and internal interfaces, subcomponents and binding&igthie also
shows how a Data Collectors interacts with the child and pardeg&i®mn Managers
in order to communicate with child and parent Probes, respectively.

The main external interfaces provided by a Data Collector are as follows:
Server interfaces:

- Data collector managementsed by administrators to configure the data
collector, by setting and tuning its aggregation, filtering and dsdhmey

functions

Data collector write used by data sources to send new monitoring events.

Data sources consist of Interceptors in Basic Probes and ofRiulliks in

Composite Probes.

Data collector administrationused by Probe clients to request monitoring
data and meta-data on the managed resources.
Client interfaces:

- Parent delegation manageused for all communication with parent Probes
Child delegation manageused for all communication with child Probes
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3.4.1 Aggregator

The Aggregator is a configurable data-processing subcomponent of the
DataCollector component of each Composite Probe (Figure 9). Multiple
Aggregator types can be available and each Composite Probe canfigered with

a different aggregator type.

Role

The Aggregator's role is to manage incoming data from multiptestatrces, or child
probes (Figure 3 and Figure 4). It specifies how data from multiplecss is being
processed in order to calculate the probe's local data (Figure 10).
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Figure 10: General data flow in a composite probe ggregator:

The Aggregator processes incoming data from multigl sources and stores the result as local data

Aggregator Types

An aggregator's data management policy will depend on two major factors.
The first factor is the desired processing function to be appligdeomcoming data.
This function is used for calculating summary statistics, whigh smbsequently
stored as local data. Possible data processing functions can inelioles mean or
median functions, standard deviation, variance, minimum or maximum functions.
The second factor is related to the aggregator's data sdypess In one possible
scenario, all aggregator's data sources are of the same hypandans that all data
sources send the same type of data, with similar formats anticalesemantics. In
this case, the aggregator can merge the data received lerdifferent sources
together and apply its processing function over the entire datansekample of this
scenario can be a cluster CPU aggregator that receives data frople"@RI probes.
In this example the aggregator calculates the overall clugteriGad, based on data
received from CPU probes installed on every cluster machine.
In a second scenario, an aggregator's data sources are w@ndifigoes. This means
that various data sources send different types of data, in diffemenats and/or with
different semantics. In this scenario, the aggregator sapsiratelyprocess each data
set that it receives from each different data source. An geanh this scenario can be
an aggregator that calculates a system's general load basgata received from
various system resource probes. In this scenario, a different ppsbwily be used to
monitor each system resource type. This implies that the loadgeggr will receive
data from different probe types, such as memory probes, CPU pdafleprobes and
network probes. In this scenario, the aggregator should separatelgat@aeceived
from its different sources, rather than merging all data together.
Two aggregator types are provided in the current Composite Probesniempégion
(Figure 11):

- ManyPerldenticTypeAggregator: used to aggregate data from identical

data sources. Each measure will be a long[] containing multipkemeder

values. For example, a CPU probe will send values for the %CPU, %CPU user

and %CPU kernel parameters, with each new measurement. ABalatzes
must send the same parameters and in the same order (
- Figurel).



- OnePerTypeAggregator: used to aggregate data from different source types.
Each measure can contain a single parameter value, formsitéeldrag[] type
of size one (

- Figurel).

Aggregator Interface

The mosimportant methodprovided by an aggregator class include (Figure 11):

- addMeasure( IdentifiableProbeEvent newMeasure ): called by a data
source to send a new measure. The IdentifiableProbeEvent pardnuteles the
source's identification information (i.e. unique id) and the new data values.

- calculateStats(): calculates the summary statistics and stores the resiocas
data. Statistics are calculated accordingly to the aggregapmtific function and are
based on data collected in the aggregator over the most recent interval (3.dlBe3rhe

- getCalculatedStats(): called by the aggregator's clients in order to obtain the
local monitoring data. The local data returned represents the syrstatistics calculated
over the most recently completed interval. All such requeatde over a certain interval
will receive the same local data values, as calculated at the end of tioeipiaterval.
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Figure 11: Aggregator class diagram

Extensibility

Additional aggregator types can be implemented and used for datssgngcén
Composite Probes. The sole restriction is that all aggregators impiement the
GenericProbeAggregator interface (Figure 11).

3.4.2 Forwarding Filter

The Forwarding Filter (or Filter) is a configurable data-processing subcomponent of
the DataCollector component of each Composite Probe (Figure 8 and Figure 9).
Multiple Filter types can be available and each Composite Rrabdée configured
with a different filter type.



Role

The Forwarding Filter's role is to determine the outgoing wakee sent to the probe's
data sinks, or parent probes (Figure 3 and Figure 4). It specifiethbdacal data is
being processed for preparing the probe's outgoing data (Figure 12).

sink_1 sink_2 sink_n

~f

local data

[ —

Composite Probe

Figure 12: General data flow in a composite probe iker:

The Filter processes the local data to obtain theubgoing data for the probe's sinks

Forwarding Filter Types

A typical filter determines which subset of the input datd kel sent as output data.
Different filter types can be implemented to specify diffeéridtering policies. In the
Composite Probes context, a filter will always use the lpoalbe data as input and
provide a filtered data as output. The filter is unaware of whéltleeoutput data will
be sent out to one or multiple data sinks. All inter-probe communicigtioranaged
by the probe's Delegation Manager instead (subsection 3.5 The DelegatioreNlanag
Two filter types are available in the current Composite Prabwlementation, as
shown in Figure 13:

- SingleParamFilter: this filter selects a single data element from the input
data set and sends this element as the output data set. Thesede® select
the exact data set parameter is a configurable attribute.

- TransparentFilter: this filter has no effect, meaning that the entire input
data set is sent unchanged as the output data set. This filtebekas
implemented in order to maintain an uniform data processing path thadiug
Composite Probes, irrespective of their specific, internal configuration.

Forwarding Filter Interface

The most important methods implemented by a forwarding filter include:
- filterStats( IdentifiableProbeEvent probe ): filters the local
probe data received as parameter conforming to its filtering policy
- getForwardedLabels(): returns the filtered subset of labels corresponding
to the filtered subset of data that this filter provides as outpuenlP probes
that receive this probe's filtered data will use this method terrdene the



exact labels (monitored parameter names) corresponding to that da
(monitored parameter values).
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Figure 13: Forwarding Filter class diagram

Extensibility

Additional filter types can be implemented and used for data pingaasComposite
Probes. The sole restriction is that all filters must implemehe
GenericForwardingFilter interface (Figure 13).

3.4.3 Scheduler

The Scheduleiis a configurable subcomponent of thetaCollector component of
each Composite Probe (Figure 8 and Figure 9). The Schedulatdumationing can
differ between different Scheduler implementations. Each ConepBsdbe can be
configured with a different Scheduler type.

Role

The Scheduler's role is to dictate the Composite Probe's datesgnupatervals
Incoming data events are being collected over each intertalheAend of each
interval, all collected data is used to calculate the Compésibbe's summary
statistics. The Aggregator (3.4.1) is in charge of perfornhegstatistical calculations
on data events collected over the most recently completed intEneatollected data
events used to calculate the local statistics are subseqdeldted. The calculated
statistics are sent out to the probe's data sinks, or parent Fipee 3 and Figure
4). In summary, the Scheduler dictates the intervals at whicbcted data is used to
calculate local statistics, which are subsequently filtexred forwarded to parent
probes.

Each Scheduler has an associaleask The Scheduler will trigger the Task's
execution at the end of each interval.



Scheduler Types

The e

xact manner in which a Scheduler determines the Compuslte's intervals

depends on the scheduling policy it implements. All schedulers ane afrnew data
events being received. Each specific Scheduler implementatiofmcasecwhether or

not to

use this information. Likewise, the Scheduler's Task camplemented to

trigger various data processing or forwarding functions.
Two Scheduler types are available in the current Composite Piopesmentation

(Figur

e 14):

ThresholdScheduler: determines intervals based on the number of
monitoring data events received by the probe. This scheduler aises
configurable threshold to determine the end of each interval. Fonpdsaa
threshold set to a value of three means that the end ofreacai is signaled
each time three data events have been received. The numbereiokdec
events is reset at the beginning of each interval.

PeriodicScheduler: determines intervals on a strict time basis. This
scheduler implementation ignores all information on new incoming data
events. The Scheduler uses a configurable time period to detehairad of
each interval.

A single Task is available in the current Composite Probes implementation:

StatsCalculatorTask: triggers the Aggregator's statistical calculation
function. This means that at the end of each interval all data exatgsted
during the completed interval are used to calculate the local patbeld the
current implementation, calculated statistics are immedglidiékred and
forwarded to the probe's parents.

Current Implementation
The most important methods provided by a Scheduler include:

setTask() : sets the task that the scheduler will trigger at the enchdi e
interval

propertyChange( newEvent ) . signals the Scheduler the arrival of a new
monitoring data event. The new event parameter contains thevaecei
monitoring data values. The way this event is used depends on thecspecifi
implementation of each Scheduler type.

e O

Genericqcheduler GenerjcTask

+propertyChangelevent: PropertyChangeEvent) +run)
+setTask{task: GenericTiask)

AbstractScheduler | 119955 | gratsCalculatorTask

AN
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Figure 14: Scheduler class diagram



3.5 The Delegation Manager Component

Role

The role of a Delegation Manager of a certain Composite Psobe handle any
communication with entities external to that Composite Probe.hén durrent
implementation Delegation Managers communicate exclusivelyothittr Composite
Probes, which are whether children or parents to the Delegationgkt&awn
Composite Probe.

Delegation Manager Types

Two main factors determine the different types of Delegation Managers.

The first factor is the communication support the Delegation Manesgs to perform

the actual communication with the external entities. The cu@€entposite Probes
implementation uses Fractal component bindings all inter-Probe conatianic
Consequently, the communication support is based on method calls for local
communication and on Fractal RMI for distributed scenarios. Additioeédation
Managers can be implemented to provide support for further communication
protocols such as JMS- or IMX-based.

The second factor is the type of communication the Delegation Manager ndigtene
This factor is defined by the type of messages the Delegation Elamagt be able to
handle (i.e. receive and send). Based on this criterion, Delegatiorgdtanzan be
classified as follows (Delegation Manager interfaces in Figure 15):

- Data Collector Delegation Manager for parent communication
(ParentDCDelelegationManager interface): handles communication
initiated by the Data Collector and targeted to the CompositeeRrparents.
This includes for example the transmission of filtered data t€Ctmposite
Probe's parents.

- Data Collector Delegation Manager for child communication
(ChildDCDelelegationManager interface): handles communicatioratedti
by the Data Collector and targeted to the Composite Probe'sechil@his
includes the transmission of client data requests that areteédrgt lower-
level Composite Probe in the hierarchy. In the example in Figuaecllent
can ask the Cluster Probe to return the data of the CPU1 Probelierite c
will specify the unique ID of the CPU1 Probe in their requestthis
scenario, the Cluster Probe will determine that it is notatgeted Probe for
this request and will use its corresponding Delegation Manager warfbr
the request to the successor Probe en-route to the destination,casthithe
Systeml Probe. The Systeml Probe will follow the same prozdssvard
the request to the targeted CPU1 Probe.

- Blade Adapter Delegation Manager for parent communication: handles
communication initiated by the Blade Adapter and targeted to ahgpGsite
Probe's parentérentBADelelegationManager interface). This includes
for example control commands such as init, start or stop probe.

- Blade Adapter Delegation Manager for child communication
(ChildBADelelegationManager interface): handles communication
initiated by the Blade Adapter and targeted to the CompositeeRrchildren.
This includes asynchronous response messages such as systeratioform
alarms.



Two Delegation Managers were defined in the current implementsd meet the
aforementioned communication requirements. These are the
ChildDelegationManagerimpl and ParentDelegationManagerimpl classes,
which are responsible for all communication with the child and parenpGsite
Probes, respectively. Based on this present design, Delegaticag&tarof different
types can be implemented and used so as to allow a certagtgrbe used for
communicating with parent probes and a different protocol for commigmoaith
children probes (Figure 15).

Figure 15: Delegation Manager class diagram

Routing Table

Delegation Managers use Routing Tables for managing informatioheotatgeted
external entities with which they communicate. This informationudes the
identities and locations of neighbouring external entities. In aasegeted node is
not directly accessible from the current node, a Routing Tablendets the
successor node on the path en-route to the targeted node. In the es@@nplgo in
Fig X Routing Tables at each node are used to root a requeseteeae the Cluster
probe, requiring information from the CPUL probe. In this example, the stegile
be routed from the Cluster probe to the System1 probe and finaltyaotual target,
the CPUL1 probe.

The current Composite Probes implementation uses Fractal componeimigbifor
inter-Composite Probes communication. Consequently, the Routing Table
implementation manages the associations between the ids anccentefierences of
the neighbouring Composite Probes. A Hashtable object is used ag stopgort for
these associations.



3.6 The Blade Adapter Component

Figure 16 depicts the Blade Adapter's interfaces and the wantbeonnected to the
child and parent Delegation Managers, for communication with child pament
Components, respectively. The general roles of these interfaces allewvas: f
Server interfaces
- Blade adapter managemenised by administrators to configure the Blade
Adapter
- Blade control used by administrators to send control commands to the Blade
Adapter. Such commands include the initialisation, start or stop of the Probe.
- Subordinates informatiorused by child Probes to send state information or
alarms
- Insert responseused by child Probes to send asynchronous responses,
typically signalling an abnormal or unexpected event
Client interfaces:
- Parent delegation managefior all communication with parent Probes
- Child delegation managefor all communication with child Probes
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Manager “ _
4 child
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Figure 16: Blade Adapter architecture and delegatio management

3.6.1 Threading considerations

In this subsection:

0 One Thread per Blade Adapter instance - one Blade Adaptemdastaer
Composite Probe

0 Note: Another thread per Scheduler — Scheduler instances canrbd ahaong
several Composite Probes

3.7 The Storage Proxy Component

This section will discuss:

0 Main Storage Proxy interfaces and subcomponents
0 Currently not implemented in Composite Probes

0 Will reuse Storage Proxy implementation of CLIF



3.8 The Insert Component

Insert components must have the same type (i.e. provided and reiquéréaces)
irrespective of their provider and the type of system resdhee monitor. Clearly,
the Insert component's implementation will vary with different pters and
monitored system resource types.
The main external interfaces of the Insert component are as follows:
Server interfaces:
- Blade control used by the Blade Adapter to asynchronously forward control
commands to the Insert component.
Client interfaces:
- Data collector write used to send collected monitoring data to the Basic
Probe's Data Collector (Figure 7)
- Insert responseused to signal abnormal situations to the Basic Probe's Blade
Adapter (Figure 7)



4 Information Flow Implementation

4.1 Data Flow Implementation

Figure 17 shows how new data events from an external data sewequentially
handled by the Data Collector's subcomponents. The data is subsequevdiyléd
to parent Probes, via the parent Delegation Manager.

New data events received by the Data Collector (DC) fieecoreDC subcomponent
of the DC) are immediately forwarded to the DC's aggregatos. aggregator first
signals the new event to the DC's scheduler. The exact manwkrch the scheduler
will use this information depends on the particular policy the schedunf@ements.
The aggregator subsequently merges the new data event with thegegigtnts
already collected during the current interval. The exact nmatime aggregation
process is performed depends on the particular aggregation policy iempésh At
the end of each interval, the scheduler executes its associakedcoamsequently
calling the aggregator's calculation function. The aggregator asdsuthe Probe's
summary statistics, based on all data events collected durirgpigleted interval.
Next, the aggregator signals the availability of new sumrsiatystics to the core data
collector. These statistics are then immediately filtemed farwarded to the parent
delegation manager, which propagates them to subscribed parent Probes.

Figure 17: Data flow inside a Composite Probe - thBata Collector handles incoming monitoring
evens, schedules intervals, calculates local stéitis, filters outgoing data and forwards data to
parent Probes

4.2 Control Flow Implementation

The way an init control operation is handled by a Composite Probe andjateghao
its child probes is depicted in Figure 18. Composite Probes use acgeoetiol
mechanism for handling control commands. This means that thersatheds are
being called for handling all control commands, forwarding theispemmmand
name and parameters as arguments. In the example in Figure d&neiiic control
methods, such as performCtrlOperation , do_operation or
propagate_control_operation , receive arOP_INIT parameter that indicates that
this is an init operation. As shown in the diagram in Figure 18,08er Blade



Adapter initially sends an 'operation in progress' response to #ém. clihe client is
consequently unblocked and can perform other tasks while waitindnéocantrol
operation to complete. The Blade Adapter subsequently executes the contridbiopera
and sends an asynchronous response to the client upon completion.

All control operations receive two common parameters in additi@myooperation-
specific ones (section 2.4.2). These are the target Probe Id and the propagate dir
When executing a control command the Blade Adapter initially chiédkss the
targeted Probe, by comparing its Bade Id (or Probe Id) with thetéad Id received.

If this Probe is not the targeted Probe, then the Blade Adaptetysforwards the
control command to the next Probe en-route to the targeted Probe. This is done via the
Probe's Delegation Manager (subsection 3.5), which holds routing infornaatcbn
can communicate with neighbouring Probes. If the current Probe isdirtiee
targeted Probe, then the Blade Adapter verifies the propatiedetive. If this
parameter is true, the control command is first forwarded fecwdion to all the
Probe's children. The current Probe subsequently waits until itvesceall
asynchronous responses indicating the control operation's completiontioa ettild
Probes. The Probe evaluates the responses and if it ‘considersatisfiactory’ it
proceeds to executing the control command itself. A specific funcsiamsed to
determine the successful command execution on a Probe's sub-graphpmdke
received completion responses. The current implementation considerseeution
successful only if a successful completion response is received from @lPcbldes.

The sequence diagram in Figure 18 shows how an init control commanthgs be
handled by a Probe's Blade Adapter. The example scenario conthdérghe
receiving Probe is indeed the targeted Probe and that the propadgjegictive is true.
The diagram shows how the generic control flow management mechignisad to
implement the control command processing procedure described in tieupre
paragraph.



Figure 18: Control flow inside a Composite Probe the Blade Adapter asynchronously handles
incoming control operations using a generic mechasim: propagate control operation to children,
wait for all child operations to complete, performcontrol operation locally and send operation-

completed message to parent Probes



5 Composite Probes extensibility

The modular Composite Probes design allows the current implementatibe
extended in various ways. The main extension points include the moniésm@dce
types, the aggregation, filtering and scheduling functions, communigatodocols
and provided storage support.

5.1 Monitored resource types

The current Composite Probes implementation provides monitoring sufgort
resources such as CPU, memory, network, disk and JVM, on Windows aixd UN
systems. Additional Basic Probe types can be implemented antessignmtegrated
into the Composite Probes framework. For example, new probes caddbd for
monitoring application workloads, instance cache sizes, or thread andcionne
pools. The only requirement for new Basic Probes is that they imptgment the
external Probe's interfaces (subsection 3.1.1 Probe interfacesjingmonitoring
probes can also be integrated as Composite Probes, provided theyappedvto
provide the required interfaces. In case an existing monitoring praiveot be
modified, it can still be used as a semi-compliant Composite Pid¢ii® means that
the probe's provided monitoring data will be used to send data evedisriposite
Probes, while control commands will not be supported. In other words, semi-
compliant probes can be used to provide monitoring data but cannot be comirolled
configured.

5.2 Data processing procedures and functions

The current Composite Probes implementation provides basic aggred&tandfi
and scheduling functions. Additional aggregator, filter and schedoepa@nents can
be implemented so as to extend the implemented data processingspdifee only
restriction is that the new components must implement the corresgaagijnegator,
filter or scheduler interfaces (subsections 3.4.1, 3.4.2 and 3.4.3).

5.3 Inter-Probe communication protocols

The current Composite Probes implementation uses Fractal componeinmigbifor
inter-Probe communication. Composite Probes can be extended to supparhalddit
communication protocols, by implementing new Delegation Managers for those
protocols (section 3.5).

5.4 Persistent storage support

The initial Composite Probe implementation will reuse the storsgpport and
functions provided by the CLIF framework. This will be achievedréysing the

Storage Proxy component in CLIF, which provides persistent stetgu@ort based
on a file system. Other storage support types, such as relatiaabhsies, can be
added by implementing corresponding Storage Proxy components thatacage

the new persistence types.



6 Future work

Several extensions can be envisaged to the Composite Probes frejmswas to
support additional data formats and data-processing functions.

6.1 Additional data types and formats

The current Composite Probes implementation is limited téotly§  andString]

data types, for managing the values and names of monitored pasamespectively
(section 2.3 Data types). This approach can be extended sesagptrt additional
information and/or additional data formats. As such, Composite Probdxedarther
developed to provide more comprehensive meta-data on the monitored resbarce
example, a CPU monitoring Probe could provide information on the procetsga,
producer and speed. This information would be provided in addition to the current
information on the monitored parameter names and values, such as %CPU, %
user and %CPU kernel, which are generic to any CPU resource.

The additional meta-data proposed (e.g. Objects o xml format) \beulddeed more
expensive to transport to monitoring clients than the simple long|[] values cuaently
However, this meta-data will rarely change and will therefarely be updated. In
the meantime, in some cases such meta-data can be crucialcéonpaehensive
analysis of the received monitoring values.

6.2 Flexible data-processing architecture

The Composite Probes architecture (sections 3.2, 3.3 and 3.4) can be extended so as to
support more flexible data-processing constructs. In the cudesign, the data-
processing path and architecture are fixed. More preciselyming monitoring data
is received by the Probe's Aggregator and signalled to the ®i®Bbkéduler. The
Scheduler will dictate when the Aggregator is to calculate summarstisgtased on
previously collected data events. Calculated statisticsansequently filtered and
forwarded to subscribed client and/or parent Probes. This procetleréxlity is
currently limited to specifying the precise aggregation, sciegluhnd filtering
algorithms. However, architectural changes are not explsighported to allow more
flexible data processing paths. Increased flexibility wouldvalspecifying such data
processing paths so as to involve several combined aggregators, sdiguiarked
with various filters and schedulers.
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Figure 19: An arbitrary data-processing example basd on
a flexible Composite Probe architecture

6.2.1 Composite aggregators and filters

Two solutions are presently available for specifying such-plateessing paths in the
current Composite Probes implementation.

The first solution is to create one Composite Probe instancevery needed
aggregator and obtain the desired combined aggregation function bypoodiesgly
linking these Composite Probe instances together. The main disayivasftahis
solution is that it may not scale well if complicated agglegatunctions are needed
for combining data from few child Probes. This is becauseQulnposite Probe
instances would be created to perform relatively simple aggoagatiocedures,
which may introduce unnecessary overheads. Therefore, this solutiahlty
depends on the scale at which it is implemented and the overall timapahe
introduced overheads on the monitoring system's performance.

The second solution is to implement custom aggregators that comfily thd
Composite Probes specification, so as to implement the desired d¢@mpos
aggregation function. Such aggregators can indeed be built by composing other
aggregators, but this would be an ad-hoc design specific to eadtiosolThe
Composite Probes architecture can be extended to support building sudmaggre



in a uniform manner, by simply specifying the desired combinatiorexasting
aggregator components.

6.2.2 Different filters for different subscribers

In this subsection:
0 Currently all data subscribers receive the same data.
0 Extend to allow local data to be processed by differentdiked allow
different subscriber groups receive data from different filters

6.2.3 Multiple schedulers

In this subsection:

o0 Different schedulers for timing different data-processing and
forwarding functions

0 A scheduler can dictate when data is to be calculated, when dataes
filtered and when data is to be forwarded

0 If flexible data-processing chains can be built out of linkable-data
processing components, a separate scheduler can be attached to each
data-processing component in order to determine when the component
is to calculate and forward its processed data to the next component
the chain.

0 Scheduler instances can be shared

6.2.4 Flexible data-processing chains

In this subsection:
0 Data inputs,
0 Flexible linked-chain of aggregators, schedulers and filters
0 Data outputs
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