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Abstract

Deployment has emergedas a major challengein distributed real-time
and embedded (DRE) systems. Application deployment planners must
integrate numerous functional and non-functional constraints, such as se-
curity and performance, to produce correct deployment plans. The numer-
ous deployment constraints and their complex interactions make manually
deducing correct/e cien t deployments hard.

This paper preserts four contributions to the study of automated de-
ployment processes.First, it shows that a deployment planner and an as-
pect weaver accomplish the same abstract problem| i.e., mapping items
from a source set (advice or componerts) to items in a target set (join-
points or nodes) according to a set of rulesland usesthis abstract def-
inition of deployment planning to automate it with an aspect weaver.
Second, this paper describes how the ScatterML domain-specic aspect
language incorporates complex global constraints for specifying deploy-
ment pointcuts. Third, we show how aspect weaving can be reducedto a
constraint satisfaction problem and a constraint solver usedto deduce a
correct weaving. Fourth, we show that phrasing weaving as a constraint
satisfaction problem and automating deployment through a constraint
solver based weaver yields sewral key bene ts, ranging from guaranteed

deployment plan correctnessto bounds on worst casesolution quality.



1 Intro duction

Deployment planning is the processof building an architecture to assaiate soft-
ware componerts with computational nodes. This processhasemergedasa key
challenge in both modern enterprise and distributed real-time and embedded
(DRE) systems[11]. Enterprise and DRE systems are increasing deweloped
using componert-based software that allows the assenbly and deployment of
reusablesoftware artifacts into distributed applications. The intricate details of
communicating between componerts is encapsulatedby the middleware layers
underlying the componert-based application. By automatically handling the
low-level communication details of wiring componerts together, middleware al-
lows dewvelopers to deploy their componerts onto multiple physical nodes and
in many di erent con gurations without changing application functionality or
rewriting code.
A challengingdimensionof deployment, however, is that certain non-functional

concerns,sudc as performance and security, pull the deployment solution (de-

ployment plan) in di erent directions, asshown in Figure 1. For example,given
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Figure 1: Complex Opposing Concernsin Deployment Planning

two componerts to deploy, if one component must be placedin a de-militarized

zoneoutside the protection of a rew all and the other componert is collocated



with it, the application's throughput may improve at the cost of increasingits
attack surface[24]. In this example, deploying to meet performance concerns
can compromisesecurity. As shown in Section 3, it is hard to manually deploy a
group of componerts that meetsa complex set of non-functional requiremerts.

A key goal of an aspect weaver is to map items from a sourceset (the set
of crosscutting advice) to elemeris in a target set (the set of joinpoints in an
application) [2, 21]. The aspect weaver producesthis mapping via a seriesof
rules (e.g, patterns matching the namesof invoked methods) that determine
which sourceitem (advice) should be mapped to which target item (joinp oint).
This paper shows how the problem of matching items from a sourcesetto a
target set appearsin the domain of deployment planning.

In most aspect weaving domains, the aspect weaver must map the source
items to an extremely large set of target items (the numerousmethod and con-
structor calls in an application). Moreover, applications often use late-binding
and the aspect weaver does not know the exact items in the target set until
runtime. Finally, the aspect weaver may never know the ertire set of target
items, only the items that have beenencourtered (e.g. the set of methods, etc.
that have beeninvoked). Sincethe aspect weaver doesnot know the contents
(and may never know them) beforeruntime, it is extremely hard to honor global
constraints and nearly impossibleto perform optimization. Most weavers use
patterns, such asregular expressionsto match advice to joinpoints on the vy.

This paper shovs how an aspect weaver can be usedasa deployment planner
by building a domain-speci ¢ aspect language(DSAL) [27, 13, 28] for specify-
ing deployment rules as pointcuts. Existing pointcut languages,however, are
not well-suited for specifying the complex global constraints, such as resource
constraints, that are typical in deployment sincethey are designedfor mapping

adviceto an inde nite set of joinpoints. In the domain of deployment planning,



there is a known and nite set of target joinpoints.

This paper showvs how aspect weaving can be mapped to a constraint sat-
isfaction problem (CSP) [8, 30, 25 and how a constraint solver can be usedto
deriveacorrectland in somecasesoptimallasso ciation of adviceto joinpoints.
We have usedthis CSP reduction of weaving to create a constraint solver-based
aspect weaver, called Scatter, that can incorporate complex global constraints.
Scatter takesan instance of a DSAL for specifying crosscutting deployment con-
cernsasinput and outputs a deployment plan that is guaranteed to be correct
with respect to both global and local deploymert rules (and may be optimal).

Building an aspect weaver basedon a constraint solver is hard sinceit re-
quires performing a complextransformation of the pointcuts into a format, such
as a system of linear equations, used by a constraint solver. A key attribute
of our solution that simplies its use by domain-experts is our DSAL, called
ScatterML, that can specify pointcuts and overall global weaving constraints.
We have also developed a seriesof model transformations that reformulate Scat-
terML pointcuts as a CSP. ScatterML helps bridge the semartic gap between
the existing pointcut terminology familiar to domain experts and the CSP nota-
tion of a constraint solver. In particular, ScatterML provides a general-purpose
set of language primitiv es that allow it to capture a wide variety of pointcut
types.

The solution preserted in this paper signi cantly extendsour previous work
dewveloping constraint solver weaving and con guration solutions, which focused
on techniques and tools for deploying software componerts to electronic con-
trol units (ECUSs) in automobiles[26, 32], Enterprise Java Beansto application
seners[31], and Java 2 MicroEdition (J2ME) componerts to mobile devices[33].
The experiencewe gainedfrom developing model-driven and aspect-oriented de-

ployment tools for thesedomainsenabledus to identify the similarities between



aspect weaving and deployment planning. We have leveragedthese similarities
to model deployment constraints as pointcuts and automate deployment plan-
ning with a constraint solver-basedaspect weaver. This paper generalizesour

prior experienceand shows
The challengesof developing a DSAL for specifying deployment concerns,
How the ScatterML DSAL addressegheselanguagedesign challenges,
The challengesof weaving using an instance of ScatterML,
How aspect weaving can be mapped tod to a CSP, and

How our weaving engineusesa constraint solver to tackle the combinato-

rial problems of aspect weaving when global constraints are presert.

Throughout the paper, we refer to our constraint-based weaver as Scatter and
our DSAL as ScatterML.

The remainder of this paper is organized as follows: Section 2 showvs how
aspect weaving and deployment planning can be mapped to the sameabstract
problem; Section 3 describes the challengesof developing a DSAL to specify
crosscutting deployment concernsand how ScatterML addresseshem; Section4
analyzesempirical results that comparea manual deployment planning process
to a Scatter-basedplanning process;Section’5 comparesour work on ScatterML

with related researd; and Section 6 presens concluding remarks.

2 Aspect Weaving for Deployment

This section evaluates the processof aspect weaving [2] and showvs how the
processof assaiating advice with joinpoints is similar to deriving a deployment
of componerts to nodes (a deployment plan). By describing the similarities

betweenthe two processesve shonv how deployment planning can be automated



with an aspect weaver, which enablesdevelopers to leverage aspect-oriented
programming [22] techniquesto simplify deployment planning. The sectionalso
motivates why conventional pointcut languagesare not su cien t to specify all

the rules neededto guide a deployment planning process.

2.1 Comparing Deployment to Aspect Weaving

Aspect-oriented programming (AOP) assaiates reusable crosscutting software
logic (advice) with joinpoints (execution points in a program), as showvn on
the right-hand side of Figure 2). Advice is assa@iated with a joinpoint through
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Figure 2: Overview of Aspect Weaving

a pointcut speci cation (left-hand side of Figure 2). The pointcut species
rules or patterns to match a set of advice to joinpoints. The goal of an aspect
weaver is to mergethe pointcut speci cation, advice, and application code into
an executable program that invokesthe correct advice (basedon the pointcut
speci cations) when it reachesa given joinpoint.

At an abstract level, the goal of an aspect weaver is to take two sets(the set



of advice and the set of joinpoints) and produce a mapping of elemeris from the
sourceset (the advice) to elemerts in the target set (the joinpoints). Developers
guide the aspect weaver by providing it with a set of rules to determine if an
elemen in the sourceset can be assaiated with an elemert in the target set.
The assaiation rules are speci ed aspointcuts or assertionsthat must hold true
for the target joinpoint.

Pointcuts useassertions(typically patterns, such asregular expressions)hat
are chedked againstthe properties of a joinpoint. For example,atypical pointcut
will match a pattern against the name of a Java method. For example, the

AspectJ [2]] pointcut speci cation:

pointcut os() : call(void Node.setOS(String))

before() : os() {

//[do  something

would match against any method call to a N odeclass'setOS method. This
rule speci es a type to match against N odeand a method to match setOS. The
basicformat is to specify a pattern that can be matched against the properties
or attributes of a joinpoint to determine if a specic set of advice should be
executed. In this case,the pointcut speci cation is being matched against the
classname and method signature of the joinpoint.

The goal of deployment planning is to derive a valid mapping of software
componerts to nodes, as showvn in Figure 3. A deployment plan must meet
functional constraints, such as having the appropriate OS for ead componert
on its hosting node, and non-functional constraints, such as being able to pro-
cessa minimum number of requestsper second. Whereasaspect weaving is an

automated process,deployment planning has historically beena manual pro-



Before
Deployment

Deploy to JBoss

After
Deployment

Deploy to

Firewalled
Application
Server

Deploy to Servers
Requiring Database

Application
Server

i

Database
Server

Deploy to
Content

Content
Server

Figure 3: Overview of Deployment

cess[1Q].

Deployment planning also ts into the abstract problem de nition of nding
avalid assaiation of itemsin a sourcesetwith itemsin atarget setbasedon a set
of rules. With deployment, the sourceset contains the software componerts, the
target set cortains the available nodes, and the rules are speci ed as assertions
on the functional and non-functional properties of the nodes. For example, in
Enterprise Java Beans(EJBs) [29], a deployment planning processassignsbeans
to nodesand speci es which EJBs, servlets, and other related resourcesshould
be placed on which seners (left-hand side of Figure 3).

In AOP, an aspect weaver automates the processof assaiating advice with
joinpoints basedon a set of pointcut pattern expressions. With deployment
planning, however, an application deployer manually derivesthe correct place-
ment of componerts on nodesto satisfy the various crosscutting concernsof the
application, such assecurity and performance. Planning the deployment of com-

ponerts manually is tedious and error-prone and has beenshown to be a major



sourceof mistakesleading to system failure and down-time [10]. In particular,

manual deployment planning createsa number of signi cant problems:

The correctnessof manually planned deployments is not guaranteed with
respect to deployment constraints, e.g, a developer may assignone or
more componerts to nodes that have the wrong supporting libraries or

insu cien t memory.

Manual planned deployment provides no guarantee of the deployment op-
timality, e.g, a deployment planner may create a solution that usesfar

more nodesthan is acutally necessary

Manual deploymernt is time-consumingand expensive due to the high com-
plexity of deducinga deployment plan that adheresto the numerouscross-

cutting concernsof an application.

By viewing deployment planning as a processfor assaiating items from a
sourcesetwith items in a target set, an aspect weaver can be usedto automate
the processof assigningcomponerts to nodes. Automating deployment plan-
ning with an aspect weaver helps addressthe three challengesoutlined above.
First, as we show in Section 3.3, a constraint solver can be used by a weaver
to guarantee that a weaving solution respects the deployment constraints (ad-
dressingChallenge 1). Second,as discussedin Section 3.3, a constraint-solver
basedweaver can use di erent optimization and approximation algorithms to
achieve di erent lower bounds on the solution optimalit y and upper bounds on
the time spent weaving (addressingChallenge?2). Finally, automation eliminates

considerablemanual planning e ort [31] (addressingChallenge 3).



2.2 Using Pointcuts to Specify Deployment Rules

Pointcut expressionscan be usedto specify sometypesof deployment rules. For
a simple local constraint on a componert's deployment, a pattern can be used

to match componerts to nodesbasedon attribute patterns:

pointcut os() : at(Node OS==Windows)

at() : os() {

/Ispecify  some Windows components to deploy

In this example, we created a pattern that matcheswhen a node is encoun-
tered (at(N ode::)) and the node has a Windows OS at(:::0S == Windows).
Later, we de ne a group of componerts that should be deployed to the node
if the pattern matchesat() : 0s():::. Using this simple pattern matching strat-
egy, an aspect weaver can automatically choosecomponerts for nodesto satisfy

numerous crosscutting deployment constraints. For example:

pointcut os() : at(Node OS==Window#£& Firewalled=true  && CPUModel=Xeon)

at) : os() {
/lspecify  some sensitive computationally intensive

/lcomponents to deploy

In this case,the rule is ass@iating somesecurity-sensitive componerts with
nodesthat are rew alled, have a Windows OS, and have a powerful Intel Xeon
processor. As this pointcut pseudo-cale shows, pointcuts can capture deploy-

mernt rules.
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3 Challenge - Developing a DSAL for Specifying
Crosscutting Deployment Concerns

Although it may appear that a slight modi cation of an existing pointcut lan-
guagewill su ce to allow deployment plannersto expressdeployment rules and
automate deployment planning with a aspect weaver, there are the following

challengesto building a custom pointcut languagefor deplaymert:

Challenge 1 - Existing pointcut languages are designed to express
mapping rules specically for Java, C++, or other third generation
programming languages. One goal of building a DSAL to specify deploy-
mernt planning concernsis to provide a seriesof languageabstractions that can
be reusedacrossapplication domains. Each domain, however, typically is con-
cernedwith dierent typesof elemeris.

Most existing AOP pointcut languages such asthe Joshpointcut language[6],
operate on a single type of sourceand input set (an advice set and a set of ex-
ecution points in an application). AspectJ assciates advice with points in
the control o w of a Java application(e.g, method invocations, constructor in-
vocations, etc.). With deployment, the application domain varies and what
constitutes the sourceset and the target set varies.

Automotiv e systems are focused on assaiating micro-controller code to
ECUs, while erterprise Java systemsare concernedwith mapping EJBs to appli-
cation seners. Designinga DSAL on a per-application domain basisto handle
the variations in settypesis both expensive and time consuming. At the same
time, however, DSAL designersdo not want to expose automotive dewelopers
to concepts, such as application seners, that are irrelevant to their domain.

Developing a exible set of languageelemers is tricky.
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Challenge 2 - Existing pointcut languages allow patterns and other
matc hing constrain ts based on the prop erties of the elements of a
single type of target set. The constraints or concernsthat guide the de-
ployment of componerts vary greatly acrossdomains. Again, in most pointcut
languages,such as Aspectl's, the attributes of the joinpoints are xed to the
domain of Java execution o ws and are limited to conceptssuch asthe cortain-
ing classtype, signature of the method invoked, etc. Regardlessof the type of
Java application being developed, the AspectJ attributes are relevant. In the
domain of deployment, the attributes that are important to ead domain vary
and thus a xed set of attributes (lik e AspectJ uses)will not su ce.

For example, when deploying Java Midlets to mobile devices, screensize,
JVM stadk size, device memory, and installed JRE libraries are important to
consider. For erterprise Java applications, rew alls, external library versions,
and application server con guration are examinedto derive a deployment. In
the automotive domain, domain experts analyzethe ECU memory, safety prop-
erties (such as distance from the perimeter of the car), and connectedbusses.
Producing a languagethat allows domain experts to capture a wide variety of

requiremert typesin a meaningful format acrossapplication domainsis hard.

Challenge 3 - Existing pointcut languages do not provide facilities

for specifying global constrain ts governing the matc hing of advice to
joinp oints. Deployment involves many concerns,such as performance, that
typically involve global constraints that are not addressedby current pointcut
languages.For example, if two componerts are collocated on the samenode, the
latency on calls betweenthe componerts is reduced. At the sametime, howevwer,
placing the componerts on the samenode increaseshe amount of memory that
is consumedon the node. A typical constraint on a deployment would be that

for all nodes,the memory requiremerts of the componerts deployed to a given

12



node do not exceedits available RAM. The various global constraints pull the
solution in di erent directions and make it hard to nd a valid solution.

Most pointcut languagesare not designedto specify thesetypesof global con-
straints becausehey must quickly match items againstaninde nite target setat
runtime. For example, even though somepoincut languagesmay o er generic
pointcut speci cation mecanisms such as queries [12] acrossthe target set,
these still have the potential for reasonableexecution time at runtime against
an arbitrary sizedtarget set. Somepointcut languages,suc asFOAL [23], have
explored adding time-basedconstraints to pointcuts (e.g., pointcut A is applied
after pointcut B), but theselanguagesdo allow for global constraints on the of
mapping sourceand target items { only on when the mapping occurs.

In deployment, if a componert is matched to a node, it may subtract from
the memory available on the node and changethe future matchesthat can be
made to the node. Matching a pointcut may also a ect componert placemer
due to safety concerns,such as\the anti-lo ck braking system and the steering
control cannot be deployed to the sameECU." Although componerts may be
functionally oblivious to where they and other componerts are deployed, they

are often non-functionally a ected by deployment locations.

3.1 ScatterML

Traditional pointcut languagesare gearedtowards specifying methods for match-
ing advice to joinpoints in a program's execution ow. We have deweloped
a DSAL for capturing crosscutting deployment constraints as pointcuts. The
pointcut speci cation is then usedby our deployment weaver, called Scatter, to
determine how to assaiate items from a sourceset (advice, componerts, etc.)
with items in atarget set (joinp oints, nodes, etc). We call our DSAL SaatterML .

ScatterML leveragesthe existing pattern matching pointcut approadc for

13



specifying the typical local deployment constraints on a componert, suc asthe
OS it requires, application server vendor, and available database connections.
For global constraints that do not t into the pattern matching paradigm, Scat-
terML provides an extended pointcut speci cation mecanism that is used by
a constraint solver. This extended mechanism is discussedin Section 3.3 and
addressesChallenge 3 from Section 3.

The ScatterML languageallows developersto assaiate mapping rules (point-
cuts) with componernts, advice, or other source set items. The pointcuts are
represerted as constraints that must be matched by the node, joinpoint, or
other target elemen type that a sourceitem is mapped to. ScatterML has
been implemented both as a textual DSAL (which we use for the examples
provided) and as a graphical modeling language built on top of the Generic
Eclipse Modeling System (GEMS) [34], a part of the Eclipse GMT project. The
graphical modeling languageusesfeature modeling [19, 9] notations and model
transformation [5] to compile the graphical speci cations into ScatterML tex-
tual speci cations that can be leveragedby the Scatter deployment engine. A

screenshotfrom the graphical binding of ScatterML is shown in Figure 4.
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Figure 4: The Graphical Implementation of ScatterML in GEMS
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ScatterML allows ead target item to have an arbitrary set of attributes.
For example, a node may have OS, RAM _Amount, and CPU _Type attributes.
Pointcut rules are specied as constraints on the attributes of a node. For
example, the following ScatterML pointcut speci cation createsa pointcut that
matchestarget items with the attributes OS and | nter netAccessible and with

attribute valuesof "SELinux " and "f als€", respectively:

SecureLinuxComponents {
OS=Linux;

InternetAccesible=false;

When the SecureLiruxComponerts pointcut is matched againsta node, that
node is addedto the list of acceptabledeployment locations for the componerts

assaiated with SecureLiruxComponerts.

3.2 Addressing the Challenges of Developing a DSAL for

Deplo yment Pointcuts

The ScatterML DSAL examplefor specifying crosscutting deployment concerns

addresseghe challengesfrom Section 3 in the following ways:

Challenge 1! Solution: Allo w arbitrary sets of source/target element
typ esthrough exible naming and a pluggable association mechanism.
The SecureLiruxComponerts group can be a single componert or set of com-
ponerts that are assaiated with the crosscutting constraints. The speci cs
of what constitutes the SecureLiruxComponerts group is application domain
dependen. In the domain of deploying componerts to mobile devices,the Se-
cureLinuxComponerts could resolve to a set of Java Midlets. If the domain is

Enterprise Java, the componerts could resolve to EJBs and their assa@iated En-
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terprise Archive Resource les. ScatterML doesnot specify what the namesof
di erent deployment groups map to. The assaiation of namesto artifacts (e.g.
AspectJ advice, Java Midlets, or EJBs) is built for eac application domain by
creating a small adapter componert for the Scatter mapper that assaiatesthe
appropriate artifacts to deploy with the named group.

The namesof the groups can vary to match whatever application domain
the mapping concernsare being modeled for. The mapping engineonly needs
to have a mechanism for retrieving the correct deployment artifacts for a given
name. Moreover, what the componerts are being assaiated with is not speci ed
in the mapping. The mapping speci es the properties of the target item but
not whether it is a mobile device, EJB application server, or automotive ECU.
Again, an adapter is usedto perform the actual mapping function (e.g, inserting
apieceof adviceinto a Java application, adding an EJB to a deployment descrip-
tor). The terminology of the ScatterML DSAL therefore supports application
domain-speci ¢ conceptsthrough the useof arbitrary attribute and componernt
group names. The implementation of the mapping is provided through the user
of domain-speci ¢ adapters.

The following four examplesshow the application domain-independenceof

ScatterML:

/[Example 1. Java Advice to Joinpoints
TransactionPointcut
ContainingClass=com.my.bank.A ccount;
InvokedMethod=transfer;

Amount > 100;
}

/I Exampe2. EJB Applications
AccountEJB {
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ApplicationServerVendor = JBoss;
JVM_Version > 1.5;

HasAccountDatasource = true;

}

/I Example 3. Mobile Devices
FoodServicesMidlet {
JVM_Configuration = CDC;
JVM_Profile = MIDP;
MIDP_Version >= 1.1;
Device_Display_Width >= 128;

Device_Display_Height >= 256;

/I Example 4. Automotive Software to ECUs
AntiLockBrakingControl  {
DistanceFromCarPerimeter >= 0.75m;

ConnectedToBrakeActuator = true;

}

Example 1 createsa pointcut for Java advice that matchesthe invocation of
an Account class'tr ansf er method when it is called with an Amount param-
eter greater than 100 dollars. Example 2 assaiates an EJB with crosscutting
concernsrelated to the version of the Java Virtual Machine (JVM) and vendor
of the application server on the target node, as well as whether or not the tar-
get has a connectionto the Account datasource. Example 3 speci es concerns
relating to the con guration and prole of a JVM on a mobile device, as well
asits display size. Example 4 shows a simple safety concern for the distance
of a target ECU from the perimeter of the car. Moreover, the ECU must be

connectedto the brake actuators.
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Although domain-speci ¢ terminology is usedin ead example,the applica-
tion domains are shielded from ead other. Ordinarily, these pointcuts would
bein separate les for ead application domain and are shavn together only for
comparison. Domain experts would only work with the les and notations for
their assaiated domain. Instead, existing approacheswould needto develop a

DSAL for each domain to shield developersfrom the concernsof other domains.

Challenge 2! Solution: Allo w for constrain ts on arbitrary attribute/-
value pairs but require application domain-sp ecic mechanisms for
obtaining attribute values. Pointcuts are built by specifying constraints on
the attributes of the items they are matched against. Constraints are speci ed
as an attribute name, a comparison (e.g. <,=), and a comparisonvalue. The
attribute namecanbe an arbitrary namethat hasmeaningin the target domain.
Similarly, the comparisonvalue can be any value for which there is a known way
of applying the comparisonoperator to the value. This exible attribute/v alue
architecture allows the creation of domain-speci ¢ constraints through the use
of domain-speci ¢ attribute namesand values.

If there are a small number of target items, the values of attributes can be
assignedmanually. If there are alarge number of target items, automated probes
can be usedto evaluate the target nodesand produce attribute/v alue pairs for
ead node [31]. The only restriction on the namesand types of attributes is
that there exist a method for applying the comparison operator to the type.

For example,the < operator should not be applied to strings sincethe mean-
ing is not well de ned. Since ScatterML can handle arbitrary attributes and
attribute types,it allows domain experts to leveragethe key domain-speci ¢ at-
tributes from their application domain. New operation types, suc as matching
against regular expressions,can be plugged into Scatter and assciated with a

new operator.
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Challenge 3! Solution: Create global constrain t operators. Asshawvn
in Section2.2, existing pointcut modelscan be usedto handle typesof concerns,
such as security. Deployment, however, involves many concerns,sud as per-
formance, that typically involve global constraints that are not addressedby
current pointcut languages.

For example, if two componerts are collocated on the samenode, the latency
on calls betweenthe componerts is reduced. At the sametime, however, placing
the componerts on the same node increasesthe amount of memory that is
consumedon the node. A typical constraint on a deployment would be that
for all nodes,the memory requiremerts of the componerts deployed to a given
node do not exceedits available RAM. The various global constraints pull the
solution in di erent directions and make it hard to nd a valid solution.

To addressthe limitations of applying existing pointcut languagesto de-
ployment planning, ScatterML includes four new global constraint operators
commonly neededin deployment (and may usefulin weaving for other domains
too) that are summarizedin Table 1. The operators are: Requir es, Excludes,

Select, and " The Requir es, Excludes, and Select operators are usedto
govern the mapping of two sourceitems to the sametarget item. For exam-
ple, the following pointcut usesthe Excludes operator to implemert a safety
constraint and ensurethat the AntiLo ckBrakingSystem componerts are not de-

ployed on the samenode (ECU) asthe SteeringCortrolSystem componerts:

AntiLockBrakingSystem  {
DistanceFromPerimiterOfCar > 0.75;

Excludes: SteeringControlSystem;

The Requir esoperator can be usedto guarantee the opposite, i.e., that two

items are always placed together. The Select operator is used for constraints
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Op erator Applied To Description

Requir es one or more other source items Ensures that all of the
specied source items are
mapp edto the same target
item

E xcludes one or more other source items Ensures that none of the

specied source items are
mapp edto the same target
item

Select[M I N:M AX ] a cardinalit y expression and
one or more other source items Ensures that at least MIN
and at most MAX of the
specied source items are
mapp ed to the same
target item

"o an integer value and

an attribute name Ensures that the sum of the
" values on a given

attribute by a matc hed

set of pointcuts does

not exceed the attribute

value on the

target item

Table 1: ScatterML Global Pointcut Constraints

involving the cardinality of a set of items placed with ead other. For example,
this pointcut allows either the SteeringCortrolSystem or the TractionControl-

Systemto be deployed with the AntiLo ckBrakingSystem:

AntiLockBrakingSystem {
DistanceFromPerimiterOfCar > 0.75;

Select: [0..1],SteeringControlSystem, TractionC ontr olSystem;

The Select operator takesa cardinality expression(M I N:::M AX ) and tells
the weaver that in order to match the sourceitem to a target item, that at least
MIN and at most M AX of the sourceitems from the select statemert must
alsobe mapped to the target item.

The " " operator is usedto specify resourceconsumption values for items
and enforceresourceconstraints. Given a set of pointcuts matched to a node,
the sumofthe" " attribute constraints of the matched pointcuts cannot exceed

the value of that attribute on the target item. The " " operator can be usedto
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specify constraints, such asthe sum of the memory consumedby the componerts
deployedto a node cannot exceed10 MB. For example,the following ScatterML
rule ensureshat if both the AntiLock Braking System and BrakeActuators are

deployed to the samenode, the node will have at least M emory  10:

AntiLockBrakingSystem {
DistanceFromPerimiterOfCar > 0.75;
Memory- 5;

}

BrakeAcuators {

Memory- 2;

3.3 Weaving with ScatterML Pointcuts

Adding new operators to specify global constraints is not in itself su cien t to

addressthe problems of applying existing weaving techniques to deployment.

Most existing weavers do not honor global constraints sincethey use a pattern

matching based approach to pair advice with joinpoints at runtime. Solving

complex global constraints is time-consuming and usually not feasible (nor de-
sired) at runtime. Using a runtime pattern matching approach makes sense
in most applications where there is either not an enumeration of all joinpoints

aheadof time (you don't know what componerts will be loaded) or there aretoo

many joinpoints to consider(an application usually has a signi cant number of

method and constructor invocations).

With deployment planning, there is a known and limited set of joinpoints
that are being matched against. This allows global constraints to be incor-
porated and dealt with at design-time. To make it possibleto use an aspect
weaver as a deployer, we implemerted a new weaving technique that adheres

to not only local pattern-based pointcuts but global constraints as well. The
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weaving technique usesa constraint solver to derive a solution to the abstract
mapping problem (outlined in Section2.1) that meetsboth the local and global
mapping constraints. The solution produced is a pre-calculated table that can
be used at runtime to lookup the target items that a sourceitem should be
mapped to. The weaver can be usedto map componerts to nodes, match ad-
vice to joinpoints, and other settypes.

Our prior work [26] on using an aspect weaver for deployment focusedon the
useof Prolog asan aspect weaver. This paper examinesa previously unexplored
aspect of weaving that usesa Java-basedconstraint solver called Choco [1] to
perform weaving while honoring global constraints. Below, we presen our for-
mulation of constraint-aware aspect weaving as a Constraint Satisfaction Prob-
lem (CSP). The mapping alsoincorporates an adaptation of our techniques for

handling resourceconstraints on feature models that we outlined in [31].

3.4 Mapping Aspect Weaving to a CSP

A CSP is a set of variables and a set of constraints over thesevariables. A con-
straint solver derivesa lakeling (set of values) for the variables that simultane-
ously satis es the set of constraints. For example,"a+ b< c¢" isa CSP involving
the variables a, b, and c. A correct labeling of the CSPisa= 1;b= 1;c= 3.
To map aspect weaving to a CSP, we create a matrix of variables where
the columns are the items in the target set (e.g, joinpoints) and the rows are
the sourceitems (e.g.,advice). We call this matrix the weaving matrix. The
value at a position < i;j > is 1 if the iy item should be mapped to the j,
joinpoint and zero otherwise. For deployment weaving, the rows represen the
componert groups and the columns represen the nodes. Each value in the
matrix is represeried by the variable Wj . The weaving matrix is shown in the

bottom of Figure 5.
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| Attribute Matrix
#

\Jointpoint A1|Jointpoint A2| Jointpoint Bg

Method

'mm\ Naimie Balance() | Items() Initiate()

- Class Account Portfolio Transfer
) Parameters |  none none Int Amount
Constraint | We=1-> Ay = Transfer, Wo; = 1 > Ay = Transfer, ...

Constraint ‘
Constraint ‘
Constraint

Pointcut:Portfolio.ltems()
)

Weaving Matrix

Solver ol AT oot A2 oot &

Tx Advice 0 0 1
Log Advice 0 1 0
Caching
Advice ! 0 0
Monitor
Advice © L Y

Figure 5: Reducing Aspect Weaving to a CSP and Generating a Weaving with
a Constraint Solver

The weaving matrix is supplemered with an attribute matrix. The rows of
the attribute matrix represen the di erent attributes that can be present on a
target item. The columnsrepresen the target items. The value at a position <
i; ] > isthe attribute valueof the iy, attribute at the jy, joinpoint. For example,
if the \RAM" attribute is the 2nd attribute in the matrix and \Windo wsNodel1"
is the 3rd target item, the value at < 2;3 > is the value of WindowsNodel's
RAM attribute. Each cell of the attribute matrix is represened by a variable

Aj . The attribute matrix is shown in the middle of Figure 5.

3.5 Mapping ScatterML to a CSP

The ScatterML pointcut speci cation is transformed into a set of constraints
over the W and A variables for the matrix cells. For example, the following
ScatterML fragmert can be translated into a CSP for deriving a deployment

over two di erent ECUs (weaving matrix columns0 and 1):
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AntiLockBrakingSystem {
DistanceFromPerimiterOfCar > 0.75;

Excludes: SteeringControlSystem;

Assumethat the DistanceFromPerimeterofCar attribute is the Oth attribute.
Moreover, assumethat the AntiLo ckBrakingSystem is row 0 and the Steering-
ControlSystem is row 1. The ScatterML fragmert is translated as follows:

(Woo = 1! Ago > 075 (Woo = 1! Wy = 0)* (Wor = 1! Agp >
0:75 (Wor = 11 Wiy = 0)* (Woo + Wor = 1)

The (Wgo = 1! Ago > 0:75) speci es that if the AntiLo ckBrakingSystem
is deployedto E CUg, the DistancerromThePerimeterOfCar attribute for ECUg
must be greaterthan 0.75. The constraint (Wgo = 1! Wy = 0) speci es that if
the AntiLo ckBrakingSystemis deployedto E CUp, then the SteeringCortrolSys-
tem is not deployed there aswell. The next two constraints can be mapped back
to the original ScatterML in a similar fashion. The nal constraint ensuresthat
the AntiLo ckBrakingSystem is never deployed in two locations. This constraint
can easilybe removed or turned into a rangeto specify the minimum/maxim um

number of joinpoints the componert group can be matched against.

3.6 Solving the Weaving CSP

To solvefor avalid labeling of the CSP, valuesmust be lled in for the attributes
Ago and Ap;. Thesevaluescan either be speci ed through and auxiliary input
le to Scatter that provides values for eadh ECU's attributes, through static
analysis of the classesand methods of an application, or through probes that
evaluate the ECUs and extract their attribute values. This initial step of lling
in valuesfor the attributes of the joinpoints is shown in the top of Figure 5.

Once the CSP has been produced and the values of the A; variables set,
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a constraint solver can be usedto derive a labeling for the Wj; variables. The
result of labeling the CSP will be a matrix that can be usedto determine if
the iy, sourceitem should be mapped into the jy target item. The weaving
matrix can then be usedto statically assaiate advice with joinpoints at com-
pilation, dynamically assiate advice with joinpoints at runtime, or to assign

componerts to nodesduring deployment.

3.7 Benets of a CSP Weaving Mo del

Using a constraint solver to calculate a table for matching advice to joinpoints
provides seweral benets. For example, the solution produced by the solver
(if one is found) is guaranteed to be correct with respect to both local and
global weaving constraints. Moreover, a solver can handle many complex global
constraints and large CSPsthat would be infeasibleto managemanually or with
a strictly pattern matching type approach. Solverscan alsobe usedto produce
CSP labelings that maximize or minimize a function.

In the AntiLo ckBrakingSystem example from Section 3.5, the solver could
be asked to maximize the sum WggAgg + Wo1Ag1, Which would have the e ect
of placing the AntiLo ckBrakingSystem as far from the perimeter of the car as
possible. In caseswhere only a certain percertage of optimalit y is required, the
solver can usedi erent approximation techniquesto trade solution quality for
increasedsolving speed. The tradeo, however, can be performed in a manner
to still guarantee a worst casebound on solution quality.

A key motivation for creating ScatterML wasto provide a high-level domain-
speci ¢ languageto specify constraints. Directly using the CSP formulation
shown in this section is tedious and error-prone. ScatterML raisesthe level
of abstraction usedto specify mapping constraints and allows domain experts

to leveragethe automated CSP approach to weaving. The Scatter deployment
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engine automatically performs the transformation from ScatterML models to
CSPs.

An interesting e ect of viewing aspect weaving as a specialized instance of
our abstract setmapping problem is that it can be usedto show that product [7,
17] con guration from feature models can be viewed as a weaving activity. The
reduction of product con guration to CSP labeling provided by Benavides [4]
and the CSP model of deployment we have producedin other work is identical to
the CSP model for weaving. Advancesin aspect weaving technigues using this
view of matching componerts or advice to joinpoints can therefore be applied

to both the domains of deployment and product con guration.

4 Empirical Results

Exp erimen tal design. To evaluate the benets of using an aspect weaver
as a deployment planner, we developed a deployment scenarioin the automo-
tive domain to apply both a manual and ScatterML-baseddeployment planning
processto. The automotiv e scenarioencompassethe deployment of v e compo-
nents to a set of three ECUs. The componerts and their assaiated constraints

are showvn in the ScatterML pointcuts below:

ABS{

Memory- 1,
Requires:BrakeActuators;
}

BrakeActutators{

Memory 10;
FirmwareVendor = Z;

Firmware Version > 1.2;

}
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SteeringControl{
Excludes: ABS;

Firmware Version > 1.6;

}

Infotainment{
Memory- 3;

}
GPSNavSystem{

Memory- 5
}

The ScatterML speci cation includes a set of pointcut rules. For example,
the AB S componert must be deployed with the BrakeActuators componert.
The SteeringContr ol componert cannot be placed on the same ECU as the
AB S componert. The componerts consumel, 10, 0, 3, and 5 memory units
respectively. The componerts can be deployedto three ECUs with the following

capabilities:

ECU1

Memory= 9

Cost = 10
FirmwareVendor = Z

Firmware Version 15

ECU2

Memory= 12

Cost = 16
FirmwareVendor = Z

Firmware Version = 1.9

ECU3
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Memory= 15
Cost = 19
FirmwareVendor = Z

Firmware Version = 1.9

As can be seenfrom the listing of ECUs, each ECU has a cost assciated
with it. The goal of the deployment planning processis to producethe minimum

cost deployment plan.

Analysis of manual deployment planning. First, we applied a manual
processto derive an optimal deployment plan. The stepsrequired to perform
the deployment planning processare shown in Figure 6. In the rst 16 steps,
ead componert is analyzedand a list of feasiblehosting ECUs is produced. In
step 7, the feasible ECU lists for the AB S and BrakeAcutators are merged,
sincethey must be deployedtogether. In steps19-36,the valid hosting ECUs for
the AB S+ BrakeAcutator s and the Steering Contr ol are usedto enumerate and
ched all remaining possibly valid deployment combinations for the componerts
(the deployment plans are speci ed asstrings X,Y,Z,A,B that indicate the ABS
is deployed to ECUX, the BrakeActuators are deployed to ECUY, etc.). In
steps37-46,the costis calculated for eat feasibledeployment plan. Finally, in
step 47, the optimal cost deployment plan is chosenfor ead of the remaining

valid deployment scenarios.

Analysis of scatter deployment planning.  After conducting the analysis
of manually deriving a deployment plan for the example application, we per-
formed the same analysis using Scatter. The set of stepsto nd an optimal
deployment plan with Scatter is shown in Figure 7. In steps1-5, the pointcuts
for capturing the deploymernt rules for the v e componerts are created. In steps

6-8, the attribute values of the target ECUs are specied. In step 9, the cost
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Figure 6: StepsRequired for Manual Deployment Planning

Figure 7: StepsRequired for Scatter Deployment Planning
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function to optimize is speci ed. Finally, in step 10, Scatter is invoked to de-
rive an optimal mapping of componerts to nodes basedon the specied cost

function.

Analysis of results. Comparing the stepsfor the manual deployment plan-
ning processin Figure 6 and the Scatter processin Figure 7 shows that the
Scatter-basedprocessrequires 78.7% fewer steps. Scatter has a total of 9 steps
in which errors that are not guaranteed to be detected can be made (invok-
ing Scatter incorrectly will be agged as an error). All 47 steps of the manual
process,in contrast, can potentially create errors that will not be detected.

To test the running time of Scatter on the example problem, we invoked
the Scatter weaver 1,000times and recordedthe average,worst, and best case
execution times. The averageexecution time of Scatter was 16ms. The worst
caseexecutiontime of Scatter was34ms. The bestcaseexecutiontime of Scatter
was1ms. To out perform Scatter, a human would needto perform the 47 steps,
outlined in Figure 6, in at most 34ms.

In summary, not only does Scatter save a large amount of deployment plan-
ning steps, but it also reducesthe number of points at which errors can be
made. As the number of componerts and nodesincreasesthe savings produced
by Scatter will becomeeven more signi cant. There will be components™des
possible deployments to chedk with a manual process. Scatter sorts through

these possibledeployments on the deployment planner's behalf.

5 Related Work

This sectioncomparesour work on Scatter with related work on aspect-oriented

weaving and deployment planning.
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5.1 AOP-based Related Work

The idea of using modeling and aspect weaving to weave deployment aspects
into Domain-speci ¢ Modeling Languages(DSMLS) is preserted by Balasubra-
manian [3]. That work focuseson a di erent problem from Scatter, namely how
to improve the comprehensibility and help automate modeling tasks related to
the speci cation of a component-based system's functional structure and and
the artifacts assaiated with the structures. Balasubramanian's work helps to
automate the determination of what comprisesthe sourceand target setsthat
must be woven in a deployment. In contrast, Scatter focuseson the complex
task of nding away of mapping the sourceand target setsto eact other. More-
over, their approad relieson a weaving engine,called C-Saw that doesnot have
Scatter's ability to capture or solve global weaving constraints. Scatter and Bal-
asubramanian'swork are complemenary in that Balasubramanian's work can
be usedto specify and managethe sourceand target setsthrough models and
C-Saw aspect weaving, while Scatter can be usedto specify mapping rules and
deducecomplex mappings for the sourceand target sets.

Gray et al. [16] presert researd shaving how aspect-orientation can be used
to reduce tangling and improve model quality in model-driven developmen.
The techniques of capturing constraints as crosscutting concernsand assciat-
ing them with model componerts is closely related to the ideas of capturing
deployment concernsand asscaiating them with componert groups. A key dif-
ferentiator betweenthe two approadcesis that Scatter is designedto perform
constraint-aware weaving with the constraints whereasthe goal of Gray's ap-
proach is to improve model quality and reducetangling. Gray's approach does
not provide deployment weaving basedon global constraints as Scatter does.

In [14], France et al. layout a framework for composing aspects and deter-

mining if the composition haserrors. The technique proposedby Franceet al. is
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not focusedon deployment but hassimilar goalsof allowing developersto create
automated medanismsfor composing and ensuring the correctnessof aspects.
Scatter and Scatter allow aspectsto be composedalong with a model of com-
ponerts and nodesto create a deployment plan. WhereasFranceet al. propose
using testing to ched for correctness,the Scatter approach usesa constraint
solver to guarantee that the derived composition is correct. Moreover, the Scat-
ter approad is speci cally designedto handle concernsrelated to deploymert,
such as resourceconstraints and dependencies.

Klose et al. [23] present an aspect language called FOAL that transforms
program tracesinto Prolog knowledgebasesand speci es pointcuts asconditions
over the traces. FOAL is focusedon providing temporal constraints between
pointcuts (e.g. advice A is applied beforeadvice B). Although FOAL allows for
aform of context-aware matching of pointcuts, the constraints are basedon time.
Scatter focuseson allowing constraints basedon the structure and resourcesof
joinpoints, which is a requiremert for using an aspect weaver for deployment.
Moreover, as Klose points out in their paper, they have no known application
for their technique. In contrast, Scatter has clear application domains and also

provides the ability to perform optimization, which FOAL doesnot.

5.2 Deployment Planning Related W ork

Ivan et al. [18] presert an Al-based deployment planning engine. lvan's work al-
lows the speci cation of similar constraints to Scatter. lvan's planner is focused
on runtime migration of servicescloserto a client and thus does not perform
optimization. In contrast, Scatter is a design-time tool and can perform opti-
mization of deployments basedon a complex cost function.

Kichkaylo et al. [20] presert an extensionof Sekitei Al planning to nd opti-

mal resource-baseddeployment plans for componerts. Kichkaylo's work labels
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available resourcessuc as network bandwidth, with discrete levelsand indica-
tions if they can be upgraded or downgraded. Kichkaylo's planning techniques
are designedto improve the placemen of componerts to nodesasresourceavail-
ability changes.WhereasKichkaylo is primarily concernedwith resource-based
constraints, Scatter is designedfor deriving deployments when there are a high
level of dependency platform, security, and other hetergeneousonstraint types.
Moreover, Scatter is gearedtowards design-time deployment planning and op-
timization whereasKichkaylo's work is focusedon online planning. Kichkaylo's
techniques attempt to optimize bandwidth and CPU resourceswhereas Scat-
ter also permits the inclusion of other arbitrary domain-speci ¢ optimization
criteria, such as hardware costsand distance from car perimeter.

Benavides et al. [4] have preserted a method for reducing a feature selec-
tion problem to a CSP. This paper builds on the work of Benavides et al. by
showing how deployment and aspect weaving can be reducedto a related CSP
model. Moreover, Scatter extendsBenavides' solution with resourceconstraints.
Finally, Benavides does not provide a domain-speci ¢ language for capturing
crosscutting deployment concernslike Scatter.

SmartFrog [15] is a tool for specifying and automating complex deployments.
SmartFrog usesa similar view of deployment to Scatter, namely componerts and
nodes. SmartFrog and Scatter although seeminglysimilar are designedto solve
di erent problemsof deployment. Scatter is focusedon addressingthe challenges
of deducing the correct allocation of componerts to nodesor deployment plan
whereasSmartFrog is designedto executea deployment plan correctly. Smart-
Frog doesnot provide any facilities for deriving a correct deployment plan from

a model of componerts and their crosscutting concernsas Scatter does.
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6 Concluding Remarks

Deployment is a complex processthat involvesmerging the non-functional and
functional concernsof numerous componerts into a correct deployment plan.
Manually producing a deployment plan, howevwer, is a tedious and error-prone
process. By viewing deployment as an processfor assaiating items from a
source set with items from a target set, many complex and time-consuming
parts of deployment can be automated with an aspect weaver.

This paper described how deployment can be automated with an aspect
weaver. In particular, we used pointcuts to specify rules for how componerts
are matched to nodesand then usedan aspect weaver to mergecomponerts au-
tomatically into their correct deployment locations. Deployment often relies on
global constraints, however, which are not well-supported with existing pointcut
languages. This paper therefore describes how the ScatterML DSAL speci es
deployment rules by extending their pattern matching-based syntax with ele-
mernts for capturing global deployment concerns,such as dependenciesbetween
componerts and resourceconstraints. We also showved how a constraint solver
can be usedto weave crosscutting deployment concerns,speci ed as pointcuts,
into a deployment plan.

From our experience developing and applying ScatterML to deploy Java
Midlets to mobile devices,EJBs to application servers, and CCM applications

to seners, we learned the following lessons:

Aspect weaving and deployment canboth be reducedto the abstract prob-
lem of mapping items from a sourceset (advice, componerts) to items in
a target set (joinp oints, nodes) basedon a set of rules (pointcuts, deploy-
ment constraints). Using this abstract de nition of weaving allows the use
of an aspect weaver to automate deployment planning. There are other

domains, such asthe con guration of product-lines, that canbe viewed as
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specializations of this sameabstract problem [31].

The abstract source! target mapping problem can be phrasedasa CSP
and a constraint solver usedto derive a correct mapping. It is tedious
and error-prone, however, to formulate the CSP to solve this mapping
problem. The CSP formulation of the problem can be made amenable
to dewelopers through the use of a DSAL and automated transformation

from DSAL instancesto CSP instances.

Mistakesin global pointcut constraints are hard to debug. In future work,
we plan to investigate di erent techniques for debugging CSP labeling

failures.

Although a constraint solver can produce an optimal labeling, optimiza-
tion can require large amounts of time for complex mappings. Developers
must carefully test each mapping problem to ensurethat it is not too

time-consumingto optimize.

Although pointcuts are typically assaiated with AOP they are a natural
way of capturing deployment constraints. For example, the feasiblity of
matching an EJB to an application server can be expressedas a pattern

that the properties of the application server must possess.

In future work, we plan to extend our constraint solver weaving approac
to weaving advice into Java applications. ScatterML is an open-sourceproject

available from CVS at www.sf.net/proje ct s/g ens.
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