
Cloud deployment of  
Service-Oriented Application 

u Cloud computing offers the possibility to 
easily/quickly/economically realize 
service-oriented applications 
n  Services are deployed on top of a 

virtualized infrastructure  

u Also in this specific context tools and 
languages emerged to deal with 
automatic deployment 
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Juju: a tool for 
(semi)automatic deployment 

u Juju is a language, developed by the 
Ubuntu community, for programming 
deployment scripts  

u It also has a GUI for graphical design 
of service-oriented applications to be 
deployed in the cloud: 
n  A taste of Juju: 

https://demo.jujucharms.com 
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The Wordpress 
running example 
u An optimised Wordpress installation: 
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Pros and Cons of Juju 

u Pros: 
n  rich library of deployable services 
n  GUI that can be used by non-expert users 

u Cons: 
n  No correctness check (all required 

functionalities connected to some provider) 
n  No suggestion about the deployment order 
n  No optimal resource usage (no 

minimization of the virtual machines costs) 
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Bottom-up vs Top-down 

u Juju is an example of a tool for bottom-
up deployment: 
n  Services are singularly selected and then 

connected to form a topology 

u There exists also top-down deployment: 
n  The overall topology is first designed 
n  Subsequently, a detailed corresponding  

deployment plan is specified 
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The reference language for 
top-down deployment 
u TOSCA: Topology and Orchestration 

Specification for Cloud Applications 
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Pros and Cons of TOSCA 

u Pros: 
n  Portability: cloud-provider agnostic 
n  Standard: cloud providers and software 

developers can expose their services /
artefacts in a TOSCA compliant way  

u Cons: 
n  Manual design of both topology and 

deployment plan  
n  No check of correctness 
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Barrel: automatic check of 
deployment plans 
u The  deployment actions should follow 

some precise ordering (see Juju demo) 
n  The ordering depends on local constraints: 

w Wordpress must be connected to a NFS-server 
before being scaled-up 

n  In TOSCA there is no way to specify such 
constraints (because it is top-down) 

n  Barrel extends TOSCA with such specification 

A. Brogi, A. Canciani, J. Soldani: Modelling and Analysing 
Cloud Application Management. In Proc. ESOCC 2015: 19-33  
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Example: a TOSCA topology 
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Example: corresponding 
TOSCA deployment plans 

Bertinoro 7-11/3/2016  Models and Languages for Service-Oriented and Cloud Computing 



Example: corresponding 
TOSCA deployment plans 
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ERROR: 
Apache must be 
run before being 

configurated 



Example: corresponding 
TOSCA deployment plans 
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ERROR: 
Debian is not 

started 



Example: corresponding 
TOSCA deployment plans 
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Automatic check of plans 
u There is a lack of information: 

n  We can intuitively realise possible errors in 
the plans … 

n  … but to automatically check them, we need 
to describe local deployment protocols 
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A taste of Barrel 

u With Barrel you can: 
n  Specify the deployment protocols 
n  Check the correctness of a sequence of 

deployment actions 
n  A plan is not correct if: 

w Perform an action with requirements unsatisfied 
w A component state has requirements unsatisfied 

n  You can try it at: 
http://ranma42.github.io/MProt/ 

 Bertinoro 7-11/3/2016  Models and Languages for Service-Oriented and Cloud Computing 



Bottom-up and Top-down 
approaches 

u In both the previously described 
approaches there are many decisions to 
be taken manually: 
n  which software components to select 
n  the overall application architecture 
n  the order of the configuration actions 
n  … 
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The challenge 

u Understand how much of these manual 
activities can be automatised: 
n  selection of the software components  

(selected from appropriate repositories like 
the Juju library) 

n  synthesis of the overall architecture 
n  planning of the configuration actions to be 

executed to realize the expected architecture 
n  … 
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A foundational study of this 
deployment problem 
u We have investigated this problem: 

n  Defined a formal language for single service 
deployment protocols (similar to Barrel) 

n  Formalised the “automatic deployment” 
problem 

n  Studied its complexity (under several 
assumptions) 

R. Di Cosmo, J. Mauro, S. Zacchiroli, G. Zavattaro:  
Aeolus: A component model for the cloud.  
Inf. Comput. 239: 100-121 (2014) 
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An anticipation about the final 
result of our research … 
u We have implemented a tool that: 

n  starting from a library of available services 
(equipped with a local deployment protocol) 

n  and the indication of a target component 
n  computes a global deployment plan  

w that reaches a correct configuration including at 
least an instance of the target component 

T.A. Lascu, J. Mauro, G. Zavattaro:  
Automatic deployment of component-based applications.  
Sci. Comput. Program. 113: 261-284 (2015) 
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Describing the Services: 
Component types 

u A component has provide and require ports 
u A component has an internal state machine 
u  Ports are active or inactive according to the 

current internal state 
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Provide 
ports 

Require 
ports 
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@Haproxy/Active/add_database

Template     

wordpress

@Httpd/Configured/get_document_root

Configured     

Active     

ActWithNFS     @Nfs_client/Active/mount

@Httpd/Active/start

@Wordpress/ActiveWithNfs/get_website

Installed     

Legend

Component

State

Initial State

Provide Port

Require Port

Example:  
the Wordpress component type 



Conflicts 
u Conflicts are expressed as special ports 

n  The apache web server is in conflict with 
the lighttpd web server 

Models and Languages for Service-Oriented and Cloud Computing Bertinoro 7-11/3/2016  



Capacity constraints  
u Provide (resp. require) ports could have 

an associated upper (resp. lower) 
bound to the number of connections 
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Configurations 
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u Component instances, with a current 
state, and complementary provide/require 
ports connected by bindings 



Configurations 
u Component instances, with a current 

state, and complementary provide/require 
ports connected by bindings 
n  Example: Kerberos with ldap support in 

Debian (example of circular dependency) 
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• unbind(r, id1, id2) that deletes the binding between the
provided port r of the component identified by id1 and
the required port of the component identified by id2;

• stateChange(id,s0,s1) that changes the state of the com-
ponent identified by id from s0 to s1.

It is worth noticing that there can be more than one
way to reach a given configuration of components. For in-
stance, one possible way to obtain the configuration de-
picted in Fig. 1 from scratch, is to first create the resources
via the actions create(wordpress,w), create(apache2,a), and
create(mysql,m). These three actions create three new com-
ponents identified by w, a, and m respectively. All these new
components will be in the uninst state that is the initial state for
all of them. Then the apache2 and mysql components can be
installed by performing the action stateChange(a,uninst, inst)
and stateChange(m,uninst, inst). At this point, to be able
to install wordpress, we need first to bind the mysql inst
port. This is done by performing bind(mysql inst,m,w). After
the creation of the binding, wordpress can be installed by
performing stateChange(w,uninst, inst). Finally the configu-
ration depicted in Fig. 1 can be obtained by performing the
bind(httpd,a,w) and stateChange(m, inst,run) actions.

Note that the unbind, delete, and stateChange actions some-
times cannot be performed since their execution would violate
the constraint that each active require port must be bound to
an active provide one. bind and create actions, instead, can
always be performed as bindings are allowed between ports
that are not active and we require that initial states do not
activate require ports.

As a final remark, we observe that the decision to use
one unique internal target state to specify the configuration
to be reached is not a limitation. In fact, this target state
could activate several require ports indicating an entire set of
functionalities that must be present in the final configuration.

III. THE PLANNING ALGORITHM

We now present our algorithm to solve the deployment prob-
lem defined in previous section. The algorithm is divided in
three phases, namely, reachability analysis, abstract planning
and plan generation.

The first phase computes the states of the components that
can be obtained, starting from an empty configuration. If the
target state can be reached, an abstract plan is generated
describing the needed types of components and a path to reach
the target state. Subsequently a concrete plan is obtained by
specifically instantiating the component types selected in the
abstract plan.

As a running example we model the compilation of package
kerberos with ldap support in a Debian system. To build ker-
beros (krb5) the libldap2-dev package of openldap is needed.
This package however depends on libkrb5-dev from krb5.
There is therefore a circular dependency between krb5 and
openldap. In Debian the generic way to deal with these cir-
cular dependencies is profile builds: every package caters for
multiple stages of staged/bootstrap build, so that if necessary a
package can have stage1, stage2, . . . before the final, normal,

build. In the kerberos case, krb5 is built in the first stage
missing out the generation of the krb5-ldap package. Then
openldap can be built directly into its normal build satisfying
its dependencies. Once openldap is built, krb5 can also be
build into its normal stage. This process would be modeled in
Aeolus as depicted in Fig. 2.

Fig. 2: Representation of the krb5 and openldap components.

A. Reachability analysis

The first step in the proposed technique checks if the the
desired target state can be reached. To do so all reachable
states are computed, for each of the component types in the
given universe. In the following we use the pair  T ,q⌦ to
denote a component type T and one of its state q.

An increasing sequence of sets of component-state pairs
S0, . . . ,Sn is built in such a way that Si+1 extends Si with
the new states that can be reached upon execution of a state-
Change action. The first set, S0, contains all the components
in their initial state, i.e. S0 = { T ,q0⌦ | q0 initial state of T }.
Formally Si+1 is the largest set satisfying the following con-
straints:

• Si ⇤ Si+1;
•  T ,q⌦ ⌃ Si+1 implies the existence of  T ,q⇧⌦ ⌃ Si such

that there is a transition from q⇧ to q in the state automaton
of T ;

•  T ,q⌦ ⌃ Si+1 implies that for every require port r acti-
vated by the state q of T there exists  T ⇧,q⇧⌦ ⌃ Si such
that the state q⇧ of T ⇧ activates a provide port r.

The generation of sets proceeds until a fix-point is reached
(i.e. Si+1 = Si). When the fix-point is reached, if the last set
does not contain the target pair it means a plan to achieve the
goal does not exist and therefore the procedure terminates.
Otherwise, we continue with the next phase.

As input to the next phase, we consider a graph-like repre-
sentation, called reachability graph, of the sets S0, . . . ,Sn that
keeps track of all the possible ways to obtain the component
state-pairs at level i+1 from those at level i. More precisely,
the graph has as nodes the pairs in S0, . . . ,Sn: if one node
at level i+ 1 was already present at level i, the two nodes
are connected with an arc , if a state pair  T ,q⌦ at level
i+ 1 can be obtained from  T ,q⇧⌦ at level i by means of a
stateChange action, an �⌅ arc from the former to the latter is
added. Visually the reachability graph can therefore be seen as



Configurations 
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u Component instances, with a current 
state, and complementary provide/require 
ports connected by bindings 
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“deployment” problem 
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“Deployment” problem 

u  Input:  
n  A set of component types (called Universe)  
n  One target component type-state pair 

u Output: 
n  Yes, if there exists a deployment plan 
n  No, otherwise 

Deployment plan: 
a sequence of actions leading to a final configuration 
containing at least one component of the given target 
type, in the given target state 
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Deployment problem: 
example 
u Consider the problem of installing 

kerberos with ldap support in Debian 
n  Universe: packages krb5 and openldap 
n  Target: krb5 in normal state 
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• unbind(r, id1, id2) that deletes the binding between the
provided port r of the component identified by id1 and
the required port of the component identified by id2;

• stateChange(id,s0,s1) that changes the state of the com-
ponent identified by id from s0 to s1.

It is worth noticing that there can be more than one
way to reach a given configuration of components. For in-
stance, one possible way to obtain the configuration de-
picted in Fig. 1 from scratch, is to first create the resources
via the actions create(wordpress,w), create(apache2,a), and
create(mysql,m). These three actions create three new com-
ponents identified by w, a, and m respectively. All these new
components will be in the uninst state that is the initial state for
all of them. Then the apache2 and mysql components can be
installed by performing the action stateChange(a,uninst, inst)
and stateChange(m,uninst, inst). At this point, to be able
to install wordpress, we need first to bind the mysql inst
port. This is done by performing bind(mysql inst,m,w). After
the creation of the binding, wordpress can be installed by
performing stateChange(w,uninst, inst). Finally the configu-
ration depicted in Fig. 1 can be obtained by performing the
bind(httpd,a,w) and stateChange(m, inst,run) actions.

Note that the unbind, delete, and stateChange actions some-
times cannot be performed since their execution would violate
the constraint that each active require port must be bound to
an active provide one. bind and create actions, instead, can
always be performed as bindings are allowed between ports
that are not active and we require that initial states do not
activate require ports.

As a final remark, we observe that the decision to use
one unique internal target state to specify the configuration
to be reached is not a limitation. In fact, this target state
could activate several require ports indicating an entire set of
functionalities that must be present in the final configuration.

III. THE PLANNING ALGORITHM

We now present our algorithm to solve the deployment prob-
lem defined in previous section. The algorithm is divided in
three phases, namely, reachability analysis, abstract planning
and plan generation.

The first phase computes the states of the components that
can be obtained, starting from an empty configuration. If the
target state can be reached, an abstract plan is generated
describing the needed types of components and a path to reach
the target state. Subsequently a concrete plan is obtained by
specifically instantiating the component types selected in the
abstract plan.

As a running example we model the compilation of package
kerberos with ldap support in a Debian system. To build ker-
beros (krb5) the libldap2-dev package of openldap is needed.
This package however depends on libkrb5-dev from krb5.
There is therefore a circular dependency between krb5 and
openldap. In Debian the generic way to deal with these cir-
cular dependencies is profile builds: every package caters for
multiple stages of staged/bootstrap build, so that if necessary a
package can have stage1, stage2, . . . before the final, normal,

build. In the kerberos case, krb5 is built in the first stage
missing out the generation of the krb5-ldap package. Then
openldap can be built directly into its normal build satisfying
its dependencies. Once openldap is built, krb5 can also be
build into its normal stage. This process would be modeled in
Aeolus as depicted in Fig. 2.

Fig. 2: Representation of the krb5 and openldap components.
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The first step in the proposed technique checks if the the
desired target state can be reached. To do so all reachable
states are computed, for each of the component types in the
given universe. In the following we use the pair  T ,q⌦ to
denote a component type T and one of its state q.

An increasing sequence of sets of component-state pairs
S0, . . . ,Sn is built in such a way that Si+1 extends Si with
the new states that can be reached upon execution of a state-
Change action. The first set, S0, contains all the components
in their initial state, i.e. S0 = { T ,q0⌦ | q0 initial state of T }.
Formally Si+1 is the largest set satisfying the following con-
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that there is a transition from q⇧ to q in the state automaton
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•  T ,q⌦ ⌃ Si+1 implies that for every require port r acti-
vated by the state q of T there exists  T ⇧,q⇧⌦ ⌃ Si such
that the state q⇧ of T ⇧ activates a provide port r.

The generation of sets proceeds until a fix-point is reached
(i.e. Si+1 = Si). When the fix-point is reached, if the last set
does not contain the target pair it means a plan to achieve the
goal does not exist and therefore the procedure terminates.
Otherwise, we continue with the next phase.

As input to the next phase, we consider a graph-like repre-
sentation, called reachability graph, of the sets S0, . . . ,Sn that
keeps track of all the possible ways to obtain the component
state-pairs at level i+1 from those at level i. More precisely,
the graph has as nodes the pairs in S0, . . . ,Sn: if one node
at level i+ 1 was already present at level i, the two nodes
are connected with an arc , if a state pair  T ,q⌦ at level
i+ 1 can be obtained from  T ,q⇧⌦ at level i by means of a
stateChange action, an �⌅ arc from the former to the latter is
added. Visually the reachability graph can therefore be seen as



Deployment problem: 
example 
u Deployment plan:  

new(k:krb5),new(o:openldap), 
stateChange(k,uninst,stage1), 
bind(libkrb5-dev,o,k),stateChange(o,uninst,normal), 
bind(libldap2-dev,k,o), 
stateChange(k,stage1,normal) 
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• unbind(r, id1, id2) that deletes the binding between the
provided port r of the component identified by id1 and
the required port of the component identified by id2;

• stateChange(id,s0,s1) that changes the state of the com-
ponent identified by id from s0 to s1.

It is worth noticing that there can be more than one
way to reach a given configuration of components. For in-
stance, one possible way to obtain the configuration de-
picted in Fig. 1 from scratch, is to first create the resources
via the actions create(wordpress,w), create(apache2,a), and
create(mysql,m). These three actions create three new com-
ponents identified by w, a, and m respectively. All these new
components will be in the uninst state that is the initial state for
all of them. Then the apache2 and mysql components can be
installed by performing the action stateChange(a,uninst, inst)
and stateChange(m,uninst, inst). At this point, to be able
to install wordpress, we need first to bind the mysql inst
port. This is done by performing bind(mysql inst,m,w). After
the creation of the binding, wordpress can be installed by
performing stateChange(w,uninst, inst). Finally the configu-
ration depicted in Fig. 1 can be obtained by performing the
bind(httpd,a,w) and stateChange(m, inst,run) actions.

Note that the unbind, delete, and stateChange actions some-
times cannot be performed since their execution would violate
the constraint that each active require port must be bound to
an active provide one. bind and create actions, instead, can
always be performed as bindings are allowed between ports
that are not active and we require that initial states do not
activate require ports.

As a final remark, we observe that the decision to use
one unique internal target state to specify the configuration
to be reached is not a limitation. In fact, this target state
could activate several require ports indicating an entire set of
functionalities that must be present in the final configuration.

III. THE PLANNING ALGORITHM

We now present our algorithm to solve the deployment prob-
lem defined in previous section. The algorithm is divided in
three phases, namely, reachability analysis, abstract planning
and plan generation.

The first phase computes the states of the components that
can be obtained, starting from an empty configuration. If the
target state can be reached, an abstract plan is generated
describing the needed types of components and a path to reach
the target state. Subsequently a concrete plan is obtained by
specifically instantiating the component types selected in the
abstract plan.

As a running example we model the compilation of package
kerberos with ldap support in a Debian system. To build ker-
beros (krb5) the libldap2-dev package of openldap is needed.
This package however depends on libkrb5-dev from krb5.
There is therefore a circular dependency between krb5 and
openldap. In Debian the generic way to deal with these cir-
cular dependencies is profile builds: every package caters for
multiple stages of staged/bootstrap build, so that if necessary a
package can have stage1, stage2, . . . before the final, normal,

build. In the kerberos case, krb5 is built in the first stage
missing out the generation of the krb5-ldap package. Then
openldap can be built directly into its normal build satisfying
its dependencies. Once openldap is built, krb5 can also be
build into its normal stage. This process would be modeled in
Aeolus as depicted in Fig. 2.

Fig. 2: Representation of the krb5 and openldap components.
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The first step in the proposed technique checks if the the
desired target state can be reached. To do so all reachable
states are computed, for each of the component types in the
given universe. In the following we use the pair  T ,q⌦ to
denote a component type T and one of its state q.

An increasing sequence of sets of component-state pairs
S0, . . . ,Sn is built in such a way that Si+1 extends Si with
the new states that can be reached upon execution of a state-
Change action. The first set, S0, contains all the components
in their initial state, i.e. S0 = { T ,q0⌦ | q0 initial state of T }.
Formally Si+1 is the largest set satisfying the following con-
straints:

• Si ⇤ Si+1;
•  T ,q⌦ ⌃ Si+1 implies the existence of  T ,q⇧⌦ ⌃ Si such

that there is a transition from q⇧ to q in the state automaton
of T ;

•  T ,q⌦ ⌃ Si+1 implies that for every require port r acti-
vated by the state q of T there exists  T ⇧,q⇧⌦ ⌃ Si such
that the state q⇧ of T ⇧ activates a provide port r.

The generation of sets proceeds until a fix-point is reached
(i.e. Si+1 = Si). When the fix-point is reached, if the last set
does not contain the target pair it means a plan to achieve the
goal does not exist and therefore the procedure terminates.
Otherwise, we continue with the next phase.

As input to the next phase, we consider a graph-like repre-
sentation, called reachability graph, of the sets S0, . . . ,Sn that
keeps track of all the possible ways to obtain the component
state-pairs at level i+1 from those at level i. More precisely,
the graph has as nodes the pairs in S0, . . . ,Sn: if one node
at level i+ 1 was already present at level i, the two nodes
are connected with an arc , if a state pair  T ,q⌦ at level
i+ 1 can be obtained from  T ,q⇧⌦ at level i by means of a
stateChange action, an �⌅ arc from the former to the latter is
added. Visually the reachability graph can therefore be seen as
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• unbind(r, id1, id2) that deletes the binding between the
provided port r of the component identified by id1 and
the required port of the component identified by id2;

• stateChange(id,s0,s1) that changes the state of the com-
ponent identified by id from s0 to s1.

It is worth noticing that there can be more than one
way to reach a given configuration of components. For in-
stance, one possible way to obtain the configuration de-
picted in Fig. 1 from scratch, is to first create the resources
via the actions create(wordpress,w), create(apache2,a), and
create(mysql,m). These three actions create three new com-
ponents identified by w, a, and m respectively. All these new
components will be in the uninst state that is the initial state for
all of them. Then the apache2 and mysql components can be
installed by performing the action stateChange(a,uninst, inst)
and stateChange(m,uninst, inst). At this point, to be able
to install wordpress, we need first to bind the mysql inst
port. This is done by performing bind(mysql inst,m,w). After
the creation of the binding, wordpress can be installed by
performing stateChange(w,uninst, inst). Finally the configu-
ration depicted in Fig. 1 can be obtained by performing the
bind(httpd,a,w) and stateChange(m, inst,run) actions.

Note that the unbind, delete, and stateChange actions some-
times cannot be performed since their execution would violate
the constraint that each active require port must be bound to
an active provide one. bind and create actions, instead, can
always be performed as bindings are allowed between ports
that are not active and we require that initial states do not
activate require ports.

As a final remark, we observe that the decision to use
one unique internal target state to specify the configuration
to be reached is not a limitation. In fact, this target state
could activate several require ports indicating an entire set of
functionalities that must be present in the final configuration.

III. THE PLANNING ALGORITHM

We now present our algorithm to solve the deployment prob-
lem defined in previous section. The algorithm is divided in
three phases, namely, reachability analysis, abstract planning
and plan generation.

The first phase computes the states of the components that
can be obtained, starting from an empty configuration. If the
target state can be reached, an abstract plan is generated
describing the needed types of components and a path to reach
the target state. Subsequently a concrete plan is obtained by
specifically instantiating the component types selected in the
abstract plan.

As a running example we model the compilation of package
kerberos with ldap support in a Debian system. To build ker-
beros (krb5) the libldap2-dev package of openldap is needed.
This package however depends on libkrb5-dev from krb5.
There is therefore a circular dependency between krb5 and
openldap. In Debian the generic way to deal with these cir-
cular dependencies is profile builds: every package caters for
multiple stages of staged/bootstrap build, so that if necessary a
package can have stage1, stage2, . . . before the final, normal,

build. In the kerberos case, krb5 is built in the first stage
missing out the generation of the krb5-ldap package. Then
openldap can be built directly into its normal build satisfying
its dependencies. Once openldap is built, krb5 can also be
build into its normal stage. This process would be modeled in
Aeolus as depicted in Fig. 2.

Fig. 2: Representation of the krb5 and openldap components.

A. Reachability analysis

The first step in the proposed technique checks if the the
desired target state can be reached. To do so all reachable
states are computed, for each of the component types in the
given universe. In the following we use the pair  T ,q⌦ to
denote a component type T and one of its state q.

An increasing sequence of sets of component-state pairs
S0, . . . ,Sn is built in such a way that Si+1 extends Si with
the new states that can be reached upon execution of a state-
Change action. The first set, S0, contains all the components
in their initial state, i.e. S0 = { T ,q0⌦ | q0 initial state of T }.
Formally Si+1 is the largest set satisfying the following con-
straints:

• Si ⇤ Si+1;
•  T ,q⌦ ⌃ Si+1 implies the existence of  T ,q⇧⌦ ⌃ Si such

that there is a transition from q⇧ to q in the state automaton
of T ;

•  T ,q⌦ ⌃ Si+1 implies that for every require port r acti-
vated by the state q of T there exists  T ⇧,q⇧⌦ ⌃ Si such
that the state q⇧ of T ⇧ activates a provide port r.

The generation of sets proceeds until a fix-point is reached
(i.e. Si+1 = Si). When the fix-point is reached, if the last set
does not contain the target pair it means a plan to achieve the
goal does not exist and therefore the procedure terminates.
Otherwise, we continue with the next phase.

As input to the next phase, we consider a graph-like repre-
sentation, called reachability graph, of the sets S0, . . . ,Sn that
keeps track of all the possible ways to obtain the component
state-pairs at level i+1 from those at level i. More precisely,
the graph has as nodes the pairs in S0, . . . ,Sn: if one node
at level i+ 1 was already present at level i, the two nodes
are connected with an arc , if a state pair  T ,q⌦ at level
i+ 1 can be obtained from  T ,q⇧⌦ at level i by means of a
stateChange action, an �⌅ arc from the former to the latter is
added. Visually the reachability graph can therefore be seen as
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• unbind(r, id1, id2) that deletes the binding between the
provided port r of the component identified by id1 and
the required port of the component identified by id2;

• stateChange(id,s0,s1) that changes the state of the com-
ponent identified by id from s0 to s1.

It is worth noticing that there can be more than one
way to reach a given configuration of components. For in-
stance, one possible way to obtain the configuration de-
picted in Fig. 1 from scratch, is to first create the resources
via the actions create(wordpress,w), create(apache2,a), and
create(mysql,m). These three actions create three new com-
ponents identified by w, a, and m respectively. All these new
components will be in the uninst state that is the initial state for
all of them. Then the apache2 and mysql components can be
installed by performing the action stateChange(a,uninst, inst)
and stateChange(m,uninst, inst). At this point, to be able
to install wordpress, we need first to bind the mysql inst
port. This is done by performing bind(mysql inst,m,w). After
the creation of the binding, wordpress can be installed by
performing stateChange(w,uninst, inst). Finally the configu-
ration depicted in Fig. 1 can be obtained by performing the
bind(httpd,a,w) and stateChange(m, inst,run) actions.

Note that the unbind, delete, and stateChange actions some-
times cannot be performed since their execution would violate
the constraint that each active require port must be bound to
an active provide one. bind and create actions, instead, can
always be performed as bindings are allowed between ports
that are not active and we require that initial states do not
activate require ports.

As a final remark, we observe that the decision to use
one unique internal target state to specify the configuration
to be reached is not a limitation. In fact, this target state
could activate several require ports indicating an entire set of
functionalities that must be present in the final configuration.

III. THE PLANNING ALGORITHM

We now present our algorithm to solve the deployment prob-
lem defined in previous section. The algorithm is divided in
three phases, namely, reachability analysis, abstract planning
and plan generation.

The first phase computes the states of the components that
can be obtained, starting from an empty configuration. If the
target state can be reached, an abstract plan is generated
describing the needed types of components and a path to reach
the target state. Subsequently a concrete plan is obtained by
specifically instantiating the component types selected in the
abstract plan.

As a running example we model the compilation of package
kerberos with ldap support in a Debian system. To build ker-
beros (krb5) the libldap2-dev package of openldap is needed.
This package however depends on libkrb5-dev from krb5.
There is therefore a circular dependency between krb5 and
openldap. In Debian the generic way to deal with these cir-
cular dependencies is profile builds: every package caters for
multiple stages of staged/bootstrap build, so that if necessary a
package can have stage1, stage2, . . . before the final, normal,

build. In the kerberos case, krb5 is built in the first stage
missing out the generation of the krb5-ldap package. Then
openldap can be built directly into its normal build satisfying
its dependencies. Once openldap is built, krb5 can also be
build into its normal stage. This process would be modeled in
Aeolus as depicted in Fig. 2.

Fig. 2: Representation of the krb5 and openldap components.

A. Reachability analysis

The first step in the proposed technique checks if the the
desired target state can be reached. To do so all reachable
states are computed, for each of the component types in the
given universe. In the following we use the pair  T ,q⌦ to
denote a component type T and one of its state q.

An increasing sequence of sets of component-state pairs
S0, . . . ,Sn is built in such a way that Si+1 extends Si with
the new states that can be reached upon execution of a state-
Change action. The first set, S0, contains all the components
in their initial state, i.e. S0 = { T ,q0⌦ | q0 initial state of T }.
Formally Si+1 is the largest set satisfying the following con-
straints:

• Si ⇤ Si+1;
•  T ,q⌦ ⌃ Si+1 implies the existence of  T ,q⇧⌦ ⌃ Si such

that there is a transition from q⇧ to q in the state automaton
of T ;

•  T ,q⌦ ⌃ Si+1 implies that for every require port r acti-
vated by the state q of T there exists  T ⇧,q⇧⌦ ⌃ Si such
that the state q⇧ of T ⇧ activates a provide port r.

The generation of sets proceeds until a fix-point is reached
(i.e. Si+1 = Si). When the fix-point is reached, if the last set
does not contain the target pair it means a plan to achieve the
goal does not exist and therefore the procedure terminates.
Otherwise, we continue with the next phase.

As input to the next phase, we consider a graph-like repre-
sentation, called reachability graph, of the sets S0, . . . ,Sn that
keeps track of all the possible ways to obtain the component
state-pairs at level i+1 from those at level i. More precisely,
the graph has as nodes the pairs in S0, . . . ,Sn: if one node
at level i+ 1 was already present at level i, the two nodes
are connected with an arc , if a state pair  T ,q⌦ at level
i+ 1 can be obtained from  T ,q⇧⌦ at level i by means of a
stateChange action, an �⌅ arc from the former to the latter is
added. Visually the reachability graph can therefore be seen as
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• unbind(r, id1, id2) that deletes the binding between the
provided port r of the component identified by id1 and
the required port of the component identified by id2;

• stateChange(id,s0,s1) that changes the state of the com-
ponent identified by id from s0 to s1.

It is worth noticing that there can be more than one
way to reach a given configuration of components. For in-
stance, one possible way to obtain the configuration de-
picted in Fig. 1 from scratch, is to first create the resources
via the actions create(wordpress,w), create(apache2,a), and
create(mysql,m). These three actions create three new com-
ponents identified by w, a, and m respectively. All these new
components will be in the uninst state that is the initial state for
all of them. Then the apache2 and mysql components can be
installed by performing the action stateChange(a,uninst, inst)
and stateChange(m,uninst, inst). At this point, to be able
to install wordpress, we need first to bind the mysql inst
port. This is done by performing bind(mysql inst,m,w). After
the creation of the binding, wordpress can be installed by
performing stateChange(w,uninst, inst). Finally the configu-
ration depicted in Fig. 1 can be obtained by performing the
bind(httpd,a,w) and stateChange(m, inst,run) actions.

Note that the unbind, delete, and stateChange actions some-
times cannot be performed since their execution would violate
the constraint that each active require port must be bound to
an active provide one. bind and create actions, instead, can
always be performed as bindings are allowed between ports
that are not active and we require that initial states do not
activate require ports.

As a final remark, we observe that the decision to use
one unique internal target state to specify the configuration
to be reached is not a limitation. In fact, this target state
could activate several require ports indicating an entire set of
functionalities that must be present in the final configuration.

III. THE PLANNING ALGORITHM

We now present our algorithm to solve the deployment prob-
lem defined in previous section. The algorithm is divided in
three phases, namely, reachability analysis, abstract planning
and plan generation.

The first phase computes the states of the components that
can be obtained, starting from an empty configuration. If the
target state can be reached, an abstract plan is generated
describing the needed types of components and a path to reach
the target state. Subsequently a concrete plan is obtained by
specifically instantiating the component types selected in the
abstract plan.

As a running example we model the compilation of package
kerberos with ldap support in a Debian system. To build ker-
beros (krb5) the libldap2-dev package of openldap is needed.
This package however depends on libkrb5-dev from krb5.
There is therefore a circular dependency between krb5 and
openldap. In Debian the generic way to deal with these cir-
cular dependencies is profile builds: every package caters for
multiple stages of staged/bootstrap build, so that if necessary a
package can have stage1, stage2, . . . before the final, normal,

build. In the kerberos case, krb5 is built in the first stage
missing out the generation of the krb5-ldap package. Then
openldap can be built directly into its normal build satisfying
its dependencies. Once openldap is built, krb5 can also be
build into its normal stage. This process would be modeled in
Aeolus as depicted in Fig. 2.

Fig. 2: Representation of the krb5 and openldap components.

A. Reachability analysis

The first step in the proposed technique checks if the the
desired target state can be reached. To do so all reachable
states are computed, for each of the component types in the
given universe. In the following we use the pair  T ,q⌦ to
denote a component type T and one of its state q.

An increasing sequence of sets of component-state pairs
S0, . . . ,Sn is built in such a way that Si+1 extends Si with
the new states that can be reached upon execution of a state-
Change action. The first set, S0, contains all the components
in their initial state, i.e. S0 = { T ,q0⌦ | q0 initial state of T }.
Formally Si+1 is the largest set satisfying the following con-
straints:

• Si ⇤ Si+1;
•  T ,q⌦ ⌃ Si+1 implies the existence of  T ,q⇧⌦ ⌃ Si such

that there is a transition from q⇧ to q in the state automaton
of T ;

•  T ,q⌦ ⌃ Si+1 implies that for every require port r acti-
vated by the state q of T there exists  T ⇧,q⇧⌦ ⌃ Si such
that the state q⇧ of T ⇧ activates a provide port r.

The generation of sets proceeds until a fix-point is reached
(i.e. Si+1 = Si). When the fix-point is reached, if the last set
does not contain the target pair it means a plan to achieve the
goal does not exist and therefore the procedure terminates.
Otherwise, we continue with the next phase.

As input to the next phase, we consider a graph-like repre-
sentation, called reachability graph, of the sets S0, . . . ,Sn that
keeps track of all the possible ways to obtain the component
state-pairs at level i+1 from those at level i. More precisely,
the graph has as nodes the pairs in S0, . . . ,Sn: if one node
at level i+ 1 was already present at level i, the two nodes
are connected with an arc , if a state pair  T ,q⌦ at level
i+ 1 can be obtained from  T ,q⇧⌦ at level i by means of a
stateChange action, an �⌅ arc from the former to the latter is
added. Visually the reachability graph can therefore be seen as
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• unbind(r, id1, id2) that deletes the binding between the
provided port r of the component identified by id1 and
the required port of the component identified by id2;

• stateChange(id,s0,s1) that changes the state of the com-
ponent identified by id from s0 to s1.

It is worth noticing that there can be more than one
way to reach a given configuration of components. For in-
stance, one possible way to obtain the configuration de-
picted in Fig. 1 from scratch, is to first create the resources
via the actions create(wordpress,w), create(apache2,a), and
create(mysql,m). These three actions create three new com-
ponents identified by w, a, and m respectively. All these new
components will be in the uninst state that is the initial state for
all of them. Then the apache2 and mysql components can be
installed by performing the action stateChange(a,uninst, inst)
and stateChange(m,uninst, inst). At this point, to be able
to install wordpress, we need first to bind the mysql inst
port. This is done by performing bind(mysql inst,m,w). After
the creation of the binding, wordpress can be installed by
performing stateChange(w,uninst, inst). Finally the configu-
ration depicted in Fig. 1 can be obtained by performing the
bind(httpd,a,w) and stateChange(m, inst,run) actions.

Note that the unbind, delete, and stateChange actions some-
times cannot be performed since their execution would violate
the constraint that each active require port must be bound to
an active provide one. bind and create actions, instead, can
always be performed as bindings are allowed between ports
that are not active and we require that initial states do not
activate require ports.

As a final remark, we observe that the decision to use
one unique internal target state to specify the configuration
to be reached is not a limitation. In fact, this target state
could activate several require ports indicating an entire set of
functionalities that must be present in the final configuration.

III. THE PLANNING ALGORITHM

We now present our algorithm to solve the deployment prob-
lem defined in previous section. The algorithm is divided in
three phases, namely, reachability analysis, abstract planning
and plan generation.

The first phase computes the states of the components that
can be obtained, starting from an empty configuration. If the
target state can be reached, an abstract plan is generated
describing the needed types of components and a path to reach
the target state. Subsequently a concrete plan is obtained by
specifically instantiating the component types selected in the
abstract plan.

As a running example we model the compilation of package
kerberos with ldap support in a Debian system. To build ker-
beros (krb5) the libldap2-dev package of openldap is needed.
This package however depends on libkrb5-dev from krb5.
There is therefore a circular dependency between krb5 and
openldap. In Debian the generic way to deal with these cir-
cular dependencies is profile builds: every package caters for
multiple stages of staged/bootstrap build, so that if necessary a
package can have stage1, stage2, . . . before the final, normal,

build. In the kerberos case, krb5 is built in the first stage
missing out the generation of the krb5-ldap package. Then
openldap can be built directly into its normal build satisfying
its dependencies. Once openldap is built, krb5 can also be
build into its normal stage. This process would be modeled in
Aeolus as depicted in Fig. 2.

Fig. 2: Representation of the krb5 and openldap components.

A. Reachability analysis

The first step in the proposed technique checks if the the
desired target state can be reached. To do so all reachable
states are computed, for each of the component types in the
given universe. In the following we use the pair  T ,q⌦ to
denote a component type T and one of its state q.

An increasing sequence of sets of component-state pairs
S0, . . . ,Sn is built in such a way that Si+1 extends Si with
the new states that can be reached upon execution of a state-
Change action. The first set, S0, contains all the components
in their initial state, i.e. S0 = { T ,q0⌦ | q0 initial state of T }.
Formally Si+1 is the largest set satisfying the following con-
straints:

• Si ⇤ Si+1;
•  T ,q⌦ ⌃ Si+1 implies the existence of  T ,q⇧⌦ ⌃ Si such

that there is a transition from q⇧ to q in the state automaton
of T ;

•  T ,q⌦ ⌃ Si+1 implies that for every require port r acti-
vated by the state q of T there exists  T ⇧,q⇧⌦ ⌃ Si such
that the state q⇧ of T ⇧ activates a provide port r.

The generation of sets proceeds until a fix-point is reached
(i.e. Si+1 = Si). When the fix-point is reached, if the last set
does not contain the target pair it means a plan to achieve the
goal does not exist and therefore the procedure terminates.
Otherwise, we continue with the next phase.

As input to the next phase, we consider a graph-like repre-
sentation, called reachability graph, of the sets S0, . . . ,Sn that
keeps track of all the possible ways to obtain the component
state-pairs at level i+1 from those at level i. More precisely,
the graph has as nodes the pairs in S0, . . . ,Sn: if one node
at level i+ 1 was already present at level i, the two nodes
are connected with an arc , if a state pair  T ,q⌦ at level
i+ 1 can be obtained from  T ,q⇧⌦ at level i by means of a
stateChange action, an �⌅ arc from the former to the latter is
added. Visually the reachability graph can therefore be seen as
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• unbind(r, id1, id2) that deletes the binding between the
provided port r of the component identified by id1 and
the required port of the component identified by id2;

• stateChange(id,s0,s1) that changes the state of the com-
ponent identified by id from s0 to s1.

It is worth noticing that there can be more than one
way to reach a given configuration of components. For in-
stance, one possible way to obtain the configuration de-
picted in Fig. 1 from scratch, is to first create the resources
via the actions create(wordpress,w), create(apache2,a), and
create(mysql,m). These three actions create three new com-
ponents identified by w, a, and m respectively. All these new
components will be in the uninst state that is the initial state for
all of them. Then the apache2 and mysql components can be
installed by performing the action stateChange(a,uninst, inst)
and stateChange(m,uninst, inst). At this point, to be able
to install wordpress, we need first to bind the mysql inst
port. This is done by performing bind(mysql inst,m,w). After
the creation of the binding, wordpress can be installed by
performing stateChange(w,uninst, inst). Finally the configu-
ration depicted in Fig. 1 can be obtained by performing the
bind(httpd,a,w) and stateChange(m, inst,run) actions.

Note that the unbind, delete, and stateChange actions some-
times cannot be performed since their execution would violate
the constraint that each active require port must be bound to
an active provide one. bind and create actions, instead, can
always be performed as bindings are allowed between ports
that are not active and we require that initial states do not
activate require ports.

As a final remark, we observe that the decision to use
one unique internal target state to specify the configuration
to be reached is not a limitation. In fact, this target state
could activate several require ports indicating an entire set of
functionalities that must be present in the final configuration.

III. THE PLANNING ALGORITHM

We now present our algorithm to solve the deployment prob-
lem defined in previous section. The algorithm is divided in
three phases, namely, reachability analysis, abstract planning
and plan generation.

The first phase computes the states of the components that
can be obtained, starting from an empty configuration. If the
target state can be reached, an abstract plan is generated
describing the needed types of components and a path to reach
the target state. Subsequently a concrete plan is obtained by
specifically instantiating the component types selected in the
abstract plan.

As a running example we model the compilation of package
kerberos with ldap support in a Debian system. To build ker-
beros (krb5) the libldap2-dev package of openldap is needed.
This package however depends on libkrb5-dev from krb5.
There is therefore a circular dependency between krb5 and
openldap. In Debian the generic way to deal with these cir-
cular dependencies is profile builds: every package caters for
multiple stages of staged/bootstrap build, so that if necessary a
package can have stage1, stage2, . . . before the final, normal,

build. In the kerberos case, krb5 is built in the first stage
missing out the generation of the krb5-ldap package. Then
openldap can be built directly into its normal build satisfying
its dependencies. Once openldap is built, krb5 can also be
build into its normal stage. This process would be modeled in
Aeolus as depicted in Fig. 2.

Fig. 2: Representation of the krb5 and openldap components.

A. Reachability analysis

The first step in the proposed technique checks if the the
desired target state can be reached. To do so all reachable
states are computed, for each of the component types in the
given universe. In the following we use the pair  T ,q⌦ to
denote a component type T and one of its state q.

An increasing sequence of sets of component-state pairs
S0, . . . ,Sn is built in such a way that Si+1 extends Si with
the new states that can be reached upon execution of a state-
Change action. The first set, S0, contains all the components
in their initial state, i.e. S0 = { T ,q0⌦ | q0 initial state of T }.
Formally Si+1 is the largest set satisfying the following con-
straints:

• Si ⇤ Si+1;
•  T ,q⌦ ⌃ Si+1 implies the existence of  T ,q⇧⌦ ⌃ Si such

that there is a transition from q⇧ to q in the state automaton
of T ;

•  T ,q⌦ ⌃ Si+1 implies that for every require port r acti-
vated by the state q of T there exists  T ⇧,q⇧⌦ ⌃ Si such
that the state q⇧ of T ⇧ activates a provide port r.

The generation of sets proceeds until a fix-point is reached
(i.e. Si+1 = Si). When the fix-point is reached, if the last set
does not contain the target pair it means a plan to achieve the
goal does not exist and therefore the procedure terminates.
Otherwise, we continue with the next phase.

As input to the next phase, we consider a graph-like repre-
sentation, called reachability graph, of the sets S0, . . . ,Sn that
keeps track of all the possible ways to obtain the component
state-pairs at level i+1 from those at level i. More precisely,
the graph has as nodes the pairs in S0, . . . ,Sn: if one node
at level i+ 1 was already present at level i, the two nodes
are connected with an arc , if a state pair  T ,q⌦ at level
i+ 1 can be obtained from  T ,q⇧⌦ at level i by means of a
stateChange action, an �⌅ arc from the former to the latter is
added. Visually the reachability graph can therefore be seen as

k o 
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• unbind(r, id1, id2) that deletes the binding between the
provided port r of the component identified by id1 and
the required port of the component identified by id2;

• stateChange(id,s0,s1) that changes the state of the com-
ponent identified by id from s0 to s1.

It is worth noticing that there can be more than one
way to reach a given configuration of components. For in-
stance, one possible way to obtain the configuration de-
picted in Fig. 1 from scratch, is to first create the resources
via the actions create(wordpress,w), create(apache2,a), and
create(mysql,m). These three actions create three new com-
ponents identified by w, a, and m respectively. All these new
components will be in the uninst state that is the initial state for
all of them. Then the apache2 and mysql components can be
installed by performing the action stateChange(a,uninst, inst)
and stateChange(m,uninst, inst). At this point, to be able
to install wordpress, we need first to bind the mysql inst
port. This is done by performing bind(mysql inst,m,w). After
the creation of the binding, wordpress can be installed by
performing stateChange(w,uninst, inst). Finally the configu-
ration depicted in Fig. 1 can be obtained by performing the
bind(httpd,a,w) and stateChange(m, inst,run) actions.

Note that the unbind, delete, and stateChange actions some-
times cannot be performed since their execution would violate
the constraint that each active require port must be bound to
an active provide one. bind and create actions, instead, can
always be performed as bindings are allowed between ports
that are not active and we require that initial states do not
activate require ports.

As a final remark, we observe that the decision to use
one unique internal target state to specify the configuration
to be reached is not a limitation. In fact, this target state
could activate several require ports indicating an entire set of
functionalities that must be present in the final configuration.

III. THE PLANNING ALGORITHM

We now present our algorithm to solve the deployment prob-
lem defined in previous section. The algorithm is divided in
three phases, namely, reachability analysis, abstract planning
and plan generation.

The first phase computes the states of the components that
can be obtained, starting from an empty configuration. If the
target state can be reached, an abstract plan is generated
describing the needed types of components and a path to reach
the target state. Subsequently a concrete plan is obtained by
specifically instantiating the component types selected in the
abstract plan.

As a running example we model the compilation of package
kerberos with ldap support in a Debian system. To build ker-
beros (krb5) the libldap2-dev package of openldap is needed.
This package however depends on libkrb5-dev from krb5.
There is therefore a circular dependency between krb5 and
openldap. In Debian the generic way to deal with these cir-
cular dependencies is profile builds: every package caters for
multiple stages of staged/bootstrap build, so that if necessary a
package can have stage1, stage2, . . . before the final, normal,

build. In the kerberos case, krb5 is built in the first stage
missing out the generation of the krb5-ldap package. Then
openldap can be built directly into its normal build satisfying
its dependencies. Once openldap is built, krb5 can also be
build into its normal stage. This process would be modeled in
Aeolus as depicted in Fig. 2.

Fig. 2: Representation of the krb5 and openldap components.

A. Reachability analysis

The first step in the proposed technique checks if the the
desired target state can be reached. To do so all reachable
states are computed, for each of the component types in the
given universe. In the following we use the pair  T ,q⌦ to
denote a component type T and one of its state q.

An increasing sequence of sets of component-state pairs
S0, . . . ,Sn is built in such a way that Si+1 extends Si with
the new states that can be reached upon execution of a state-
Change action. The first set, S0, contains all the components
in their initial state, i.e. S0 = { T ,q0⌦ | q0 initial state of T }.
Formally Si+1 is the largest set satisfying the following con-
straints:

• Si ⇤ Si+1;
•  T ,q⌦ ⌃ Si+1 implies the existence of  T ,q⇧⌦ ⌃ Si such

that there is a transition from q⇧ to q in the state automaton
of T ;

•  T ,q⌦ ⌃ Si+1 implies that for every require port r acti-
vated by the state q of T there exists  T ⇧,q⇧⌦ ⌃ Si such
that the state q⇧ of T ⇧ activates a provide port r.

The generation of sets proceeds until a fix-point is reached
(i.e. Si+1 = Si). When the fix-point is reached, if the last set
does not contain the target pair it means a plan to achieve the
goal does not exist and therefore the procedure terminates.
Otherwise, we continue with the next phase.

As input to the next phase, we consider a graph-like repre-
sentation, called reachability graph, of the sets S0, . . . ,Sn that
keeps track of all the possible ways to obtain the component
state-pairs at level i+1 from those at level i. More precisely,
the graph has as nodes the pairs in S0, . . . ,Sn: if one node
at level i+ 1 was already present at level i, the two nodes
are connected with an arc , if a state pair  T ,q⌦ at level
i+ 1 can be obtained from  T ,q⇧⌦ at level i by means of a
stateChange action, an �⌅ arc from the former to the latter is
added. Visually the reachability graph can therefore be seen as
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Component model Deployment is 

Full component model Undecidable 
 



Deployment undecidable 

u We prove that the deployment problem 
is undecidable 

u The proof is by reduction from  
2 counter machines (2CMs) 
n  A program composed of increment, 

decrement or jump-if-zero,  
or halt instructions… 

n  …on two counters holding natural numbers 
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Encoding 2CMs 
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One component for 
each unit in a counter 

One component  
for the program 



..with persistent unit 
components 

u To avoid unit component deletion,  
we realise a “lively” embrace  
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Component model Deployment is 

Full component model Undecidable 
 

No capacity constraints Ackermann-hard 
 



Decidability result without 
capacity constraints 

u Backward search algorithm based on 
the theory of WSTS (Well-Structured 
Transition Systems) 
n  WSTS are popular in the context of infinite 

state systems verification 
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…. 
Target conf. Initial conf. 
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…. 

Decidability result without 
capacity constraints 

Target conf. Initial conf. 

u Key point: 
ordering C1≤C2 on configurations s.t. 
n  if C1 has a given component, also C2 has it 
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…. 

Decidability result without 
capacity constraints 

Target conf. Initial conf. 

u Key point: 
ordering C1≤C2 on configurations s.t. 
n  if C1 has a given component, also C2 has it 
n  if C1≤C2 and C1àC1’ then C2àC2’ with C1’≤C2’ 
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…. 

Decidability result without 
capacity constraints 

Target conf. Initial conf. 

u Key point: 
ordering C1≤C2 on configurations s.t. 
n  if C1 has a given component, also C2 has it 
n  if C1≤C2 and C1àC1’ then C2àC2’ with C1’≤C2’ 
n  ≤ is a wqo: finite basis and fixpoint guaranteed 
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…. 

Decidability result without 
capacity constraints 

Target conf. Initial conf. 

u Key point: 
ordering C1≤C2 on configurations s.t. 
n  if C1 has a given component, also C2 has it 
n  if C1≤C2 and C1àC1’ then C2àC2’ with C1’≤C2’ 
n  ≤ is a wqo: finite basis and fixpoint guaranteed 
 
  



u Key point: 
ordering C1≤C2 on configurations s.t. 
n  if C1 has a given component, also C2 has it 
n  if C1≤C2 and C1àC1’ then C2àC2’ with C1’≤C2’ 
n  ≤ is a wqo: finite basis and fixpoint guaranteed 
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…. 

…. 

Decidability result without 
capacity constraints 

Target conf. Initial conf. 



Complexity 
u The complexity of the problem is 

Ackermann-hard (reduction from 
coverability in reset Petri nets) 
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Component model Deployment is 

Full component model Undecidable 
 

No capacity constraints Ackermann-hard 
 

No capacity constraints, 
No conflicts 

Quadratic 
              



Quadratic algorithm without 
constraints and conflicts 
u Forward reachability algorithm  

n  all reachable states computed by saturation 
  

Algorithm 1 Checking achievability in the Aeolus� model

function Achievability(U , T , q)
absConf := {⌦T ⇥, T ⇥.init↵ | T ⇥ ⇥ U}
provPort :=

�
⇧T �,q�⌃⇤absConf {dom(T ⇥.P(q⇥))}

repeat
new := {⌦T ⇥, q⇥↵ | ⌦T ⇥, q⇥⇥↵ ⇥ absConf , (q⇥⇥, q⇥) ⇥ T ⇥.trans}\absConf
newPort :=

�
⇧T �,q�⌃⇤new{dom(T ⇥.P(q⇥))}

while ⌅⌦T ⇥, q⇥↵ ⇥ new . dom(T ⇥.R(q⇥)) ⇤� provPort ⌥ newPort do
new := new \ {⌦T ⇥, q⇥↵}
newPort :=

�
⇧T �,q�⌃⇤new{dom(T ⇥.P(q⇥))}

end while
absConf := absConf ⌥ new
provPort := provPort ⌥ newPort

until new = ⇧
if ⌦T , q↵ ⇥ absConf then return true
else return false
end if

end function

to consider only evolutions where the set of available pairs ⌦T , q↵ does not
decrease. Namely, we perform a symbolic forward exploration starting from
an abstract configuration containing all the pairs ⌦T ⇥, T ⇥.init↵ representing
components in their initial state. Then we extend the abstract configuration
by adding step-by-step new pairs ⌦T ⇥, q⇥↵.

Algorithm 1 checks achievability by relying on two auxiliary data struc-
tures: absConf is the set of pairs ⌦T ⇥, q⇥↵ indicating the type and state of the
components in the current abstract configuration, and provPort is the set of
provide ports active in such a configuration. The algorithm incrementally
extends absConf until it is no longer possible to add new pairs. Termination
of the algorithm is guaranteed because there are only finitely many type-state
pairs in a universe of component types.

At each iteration, the potential new pairs are initially computed by check-
ing the automata transitions, and then they are stored in the set new . Not
all those states could be actually reached as one needs to check whether their
require ports are included in the available provide ports provPort or in the
ports activated by the new states. This is done by a one-by-one elimination
of pairs ⌦T ⇥, q⇥↵ from new when their requirements are unsatisfiable. During

35

Models and Languages for Service-Oriented and Cloud Computing Bertinoro 7-11/3/2016  



Example:  
the kerberos case-study 

Bertinoro 7-11/3/2016  Models and Languages for Service-Oriented and Cloud Computing 

• unbind(r, id1, id2) that deletes the binding between the
provided port r of the component identified by id1 and
the required port of the component identified by id2;

• stateChange(id,s0,s1) that changes the state of the com-
ponent identified by id from s0 to s1.

It is worth noticing that there can be more than one
way to reach a given configuration of components. For in-
stance, one possible way to obtain the configuration de-
picted in Fig. 1 from scratch, is to first create the resources
via the actions create(wordpress,w), create(apache2,a), and
create(mysql,m). These three actions create three new com-
ponents identified by w, a, and m respectively. All these new
components will be in the uninst state that is the initial state for
all of them. Then the apache2 and mysql components can be
installed by performing the action stateChange(a,uninst, inst)
and stateChange(m,uninst, inst). At this point, to be able
to install wordpress, we need first to bind the mysql inst
port. This is done by performing bind(mysql inst,m,w). After
the creation of the binding, wordpress can be installed by
performing stateChange(w,uninst, inst). Finally the configu-
ration depicted in Fig. 1 can be obtained by performing the
bind(httpd,a,w) and stateChange(m, inst,run) actions.

Note that the unbind, delete, and stateChange actions some-
times cannot be performed since their execution would violate
the constraint that each active require port must be bound to
an active provide one. bind and create actions, instead, can
always be performed as bindings are allowed between ports
that are not active and we require that initial states do not
activate require ports.

As a final remark, we observe that the decision to use
one unique internal target state to specify the configuration
to be reached is not a limitation. In fact, this target state
could activate several require ports indicating an entire set of
functionalities that must be present in the final configuration.

III. THE PLANNING ALGORITHM

We now present our algorithm to solve the deployment prob-
lem defined in previous section. The algorithm is divided in
three phases, namely, reachability analysis, abstract planning
and plan generation.

The first phase computes the states of the components that
can be obtained, starting from an empty configuration. If the
target state can be reached, an abstract plan is generated
describing the needed types of components and a path to reach
the target state. Subsequently a concrete plan is obtained by
specifically instantiating the component types selected in the
abstract plan.

As a running example we model the compilation of package
kerberos with ldap support in a Debian system. To build ker-
beros (krb5) the libldap2-dev package of openldap is needed.
This package however depends on libkrb5-dev from krb5.
There is therefore a circular dependency between krb5 and
openldap. In Debian the generic way to deal with these cir-
cular dependencies is profile builds: every package caters for
multiple stages of staged/bootstrap build, so that if necessary a
package can have stage1, stage2, . . . before the final, normal,

build. In the kerberos case, krb5 is built in the first stage
missing out the generation of the krb5-ldap package. Then
openldap can be built directly into its normal build satisfying
its dependencies. Once openldap is built, krb5 can also be
build into its normal stage. This process would be modeled in
Aeolus as depicted in Fig. 2.

Fig. 2: Representation of the krb5 and openldap components.

A. Reachability analysis

The first step in the proposed technique checks if the the
desired target state can be reached. To do so all reachable
states are computed, for each of the component types in the
given universe. In the following we use the pair  T ,q⌦ to
denote a component type T and one of its state q.

An increasing sequence of sets of component-state pairs
S0, . . . ,Sn is built in such a way that Si+1 extends Si with
the new states that can be reached upon execution of a state-
Change action. The first set, S0, contains all the components
in their initial state, i.e. S0 = { T ,q0⌦ | q0 initial state of T }.
Formally Si+1 is the largest set satisfying the following con-
straints:

• Si ⇤ Si+1;
•  T ,q⌦ ⌃ Si+1 implies the existence of  T ,q⇧⌦ ⌃ Si such

that there is a transition from q⇧ to q in the state automaton
of T ;

•  T ,q⌦ ⌃ Si+1 implies that for every require port r acti-
vated by the state q of T there exists  T ⇧,q⇧⌦ ⌃ Si such
that the state q⇧ of T ⇧ activates a provide port r.

The generation of sets proceeds until a fix-point is reached
(i.e. Si+1 = Si). When the fix-point is reached, if the last set
does not contain the target pair it means a plan to achieve the
goal does not exist and therefore the procedure terminates.
Otherwise, we continue with the next phase.

As input to the next phase, we consider a graph-like repre-
sentation, called reachability graph, of the sets S0, . . . ,Sn that
keeps track of all the possible ways to obtain the component
state-pairs at level i+1 from those at level i. More precisely,
the graph has as nodes the pairs in S0, . . . ,Sn: if one node
at level i+ 1 was already present at level i, the two nodes
are connected with an arc , if a state pair  T ,q⌦ at level
i+ 1 can be obtained from  T ,q⇧⌦ at level i by means of a
stateChange action, an �⌅ arc from the former to the latter is
added. Visually the reachability graph can therefore be seen as
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a pyramid of levels of component-states having arrows �⇤ or
arcs between two consecutive levels as the one in Fig. 3.

Fig. 3: Reachability graph for the kerberos running example.

The first level of Fig. 3 contains the two components krb5
and openldap in their initial states. In the second level the
component krb5 in stage1 state is added since it can be derived
from the krb5 component in state uninst. The component
openldap in normal state can not be added at this level since it
requires the interface libkrb5-dev, not yet provided. openldap
in normal state is added however in the third level since
libkrb5-dev is now provided by krb5 in state stage1. Finally,
in the fourth level, the target state is added deriving it from
krb5 in state stage1. This last level is also the fix-point since
no new component-state pairs can be generated from it.

Note that keeping component copies allows one to consider
different ways a component can use to reach a state. This adds
flexibility in deciding how a target can be reached.

B. Abstract Planning

After generating the reachability graph we compute an
abstract plan.

We first describe the structure of an abstract plan and
then explain how this can be derived from the reachability
graph. An abstract plan is a directed graph where the nodes
represent either a create, delete, or stateChange action, and
arcs represent action precedence constraints. In the following
we denote with ⇧z,q,q⌅⌃ a stateChange from q to q⌅ of instance
z, with ⇧z,e,q0⌃ the create action of the instance z in the initial
state q0, and with ⇧z,q,e⌃ the delete action on the instance z
in state q. We consider three types of precedence arcs:

• �⇤: states the precedence of stateChange actions on the
same component instance; formally ⇧z,x,x⌅⌃ �⇤ ⇧z,x⌅,x⌅⌅⌃
where x⌅ is a state and x,x⌅⌅ are either states or the special
symbol e denoting absence of the instance z;

•
r⇣ where r is an interface: states that if an action deploys

an instance z⌅ in a state y⌅ requiring r, provided by z in
state y, then state y must be entered before entering state
y⌅, formally ⇧z,x,y⌃

r⇣⇧z⌅,x⌅,y⌅⌃;
•

r99K, where r is an interface, is the dual of the previous
arrow: it states that if an action deploys an instance z⌅
in a state y⌅ requiring r, provided by z in state y, then
state y⌅ must be exited before exiting state y, formally
⇧z⌅,y⌅,u⌅⌃ r99K⇧z,y,u⌃.

We are now ready to describe how an abstract plan is
obtained. Starting from the reachability graph we select the

(a)

(b)

Fig. 4: Generation of abstract plan for the kerberos example.

target component-state pair at the bottom of the pyramid.
From the bottom level we then proceed upward selecting the
components that are used to deploy the selected component-
state pairs at the lower level. To do so, for every selected
component at level i + 1, we select at level i one of its
predecessors (i.e. a component-state pair connected via the
�⇤ arrow) or a copy (i.e. a component-state pair connected
via the arc). Moreover, for every require port activated by
the selected component-state pairs of level i+ 1 that are not
copies, we select a component-state pair at level i that is able
to satisfy the requirement, and we keep track of this choice.

For the kerberos case, Fig. 4a shows that in the last level
krb5 in normal state is selected. Since krb5 can be only
obtained via krb5 in state stage1 we select krb5 in state stage1
in the previous level. Moreover since krb5 in state normal
requires libldap2-dev we select at level 2 also the component
openldap in state normal. Iterating this selection process we
may end up in the scenario depicted in Fig. 4b.

We would like to underline that during the selection of
component-state pairs different choices could be made. For
instance in Fig. 4b at the second level we could have selected
component krb5 in state uninst to deploy the same component
in state stage1 and component krb5 in state stage1 to provide
the libkrb5-dev interface. These choices have an impact on the
number of instances employed to reach the goal. In order to
minimize this number we rely on heuristics.1 In particular,
for the selection of component-state pairs, we choose the
one that is able to satisfy the maximum number of (not
already satisfied) requirements. In case of ties we select the
component that can be obtained from an initial configuration
satisfying less requirements. In case of ties we prefer a
copy and, if the component is instead newly obtained, we
select the one that can be obtained with less state changes.
Similarly, when component-state pairs are selected to satisfy
some requirements, we select first the one able to satisfy the
maximum number of requirements, in case of ties the one that
can be obtained with less interfaces and, in case of a tie, the

1. Heuristics are used to reduce the complexity of finding the best choice.
Indeed, exploring all the possibilities to compute a (global) minimum can be
done just at an exponential cost

• unbind(r, id1, id2) that deletes the binding between the
provided port r of the component identified by id1 and
the required port of the component identified by id2;

• stateChange(id,s0,s1) that changes the state of the com-
ponent identified by id from s0 to s1.

It is worth noticing that there can be more than one
way to reach a given configuration of components. For in-
stance, one possible way to obtain the configuration de-
picted in Fig. 1 from scratch, is to first create the resources
via the actions create(wordpress,w), create(apache2,a), and
create(mysql,m). These three actions create three new com-
ponents identified by w, a, and m respectively. All these new
components will be in the uninst state that is the initial state for
all of them. Then the apache2 and mysql components can be
installed by performing the action stateChange(a,uninst, inst)
and stateChange(m,uninst, inst). At this point, to be able
to install wordpress, we need first to bind the mysql inst
port. This is done by performing bind(mysql inst,m,w). After
the creation of the binding, wordpress can be installed by
performing stateChange(w,uninst, inst). Finally the configu-
ration depicted in Fig. 1 can be obtained by performing the
bind(httpd,a,w) and stateChange(m, inst,run) actions.

Note that the unbind, delete, and stateChange actions some-
times cannot be performed since their execution would violate
the constraint that each active require port must be bound to
an active provide one. bind and create actions, instead, can
always be performed as bindings are allowed between ports
that are not active and we require that initial states do not
activate require ports.

As a final remark, we observe that the decision to use
one unique internal target state to specify the configuration
to be reached is not a limitation. In fact, this target state
could activate several require ports indicating an entire set of
functionalities that must be present in the final configuration.

III. THE PLANNING ALGORITHM

We now present our algorithm to solve the deployment prob-
lem defined in previous section. The algorithm is divided in
three phases, namely, reachability analysis, abstract planning
and plan generation.

The first phase computes the states of the components that
can be obtained, starting from an empty configuration. If the
target state can be reached, an abstract plan is generated
describing the needed types of components and a path to reach
the target state. Subsequently a concrete plan is obtained by
specifically instantiating the component types selected in the
abstract plan.

As a running example we model the compilation of package
kerberos with ldap support in a Debian system. To build ker-
beros (krb5) the libldap2-dev package of openldap is needed.
This package however depends on libkrb5-dev from krb5.
There is therefore a circular dependency between krb5 and
openldap. In Debian the generic way to deal with these cir-
cular dependencies is profile builds: every package caters for
multiple stages of staged/bootstrap build, so that if necessary a
package can have stage1, stage2, . . . before the final, normal,

build. In the kerberos case, krb5 is built in the first stage
missing out the generation of the krb5-ldap package. Then
openldap can be built directly into its normal build satisfying
its dependencies. Once openldap is built, krb5 can also be
build into its normal stage. This process would be modeled in
Aeolus as depicted in Fig. 2.

Fig. 2: Representation of the krb5 and openldap components.

A. Reachability analysis

The first step in the proposed technique checks if the the
desired target state can be reached. To do so all reachable
states are computed, for each of the component types in the
given universe. In the following we use the pair  T ,q⌦ to
denote a component type T and one of its state q.

An increasing sequence of sets of component-state pairs
S0, . . . ,Sn is built in such a way that Si+1 extends Si with
the new states that can be reached upon execution of a state-
Change action. The first set, S0, contains all the components
in their initial state, i.e. S0 = { T ,q0⌦ | q0 initial state of T }.
Formally Si+1 is the largest set satisfying the following con-
straints:

• Si ⇤ Si+1;
•  T ,q⌦ ⌃ Si+1 implies the existence of  T ,q⇧⌦ ⌃ Si such

that there is a transition from q⇧ to q in the state automaton
of T ;

•  T ,q⌦ ⌃ Si+1 implies that for every require port r acti-
vated by the state q of T there exists  T ⇧,q⇧⌦ ⌃ Si such
that the state q⇧ of T ⇧ activates a provide port r.

The generation of sets proceeds until a fix-point is reached
(i.e. Si+1 = Si). When the fix-point is reached, if the last set
does not contain the target pair it means a plan to achieve the
goal does not exist and therefore the procedure terminates.
Otherwise, we continue with the next phase.

As input to the next phase, we consider a graph-like repre-
sentation, called reachability graph, of the sets S0, . . . ,Sn that
keeps track of all the possible ways to obtain the component
state-pairs at level i+1 from those at level i. More precisely,
the graph has as nodes the pairs in S0, . . . ,Sn: if one node
at level i+ 1 was already present at level i, the two nodes
are connected with an arc , if a state pair  T ,q⌦ at level
i+ 1 can be obtained from  T ,q⇧⌦ at level i by means of a
stateChange action, an �⌅ arc from the former to the latter is
added. Visually the reachability graph can therefore be seen as

Initial states 



Example:  
the kerberos case-study 

Bertinoro 7-11/3/2016  Models and Languages for Service-Oriented and Cloud Computing 

a pyramid of levels of component-states having arrows �⇤ or
arcs between two consecutive levels as the one in Fig. 3.

Fig. 3: Reachability graph for the kerberos running example.

The first level of Fig. 3 contains the two components krb5
and openldap in their initial states. In the second level the
component krb5 in stage1 state is added since it can be derived
from the krb5 component in state uninst. The component
openldap in normal state can not be added at this level since it
requires the interface libkrb5-dev, not yet provided. openldap
in normal state is added however in the third level since
libkrb5-dev is now provided by krb5 in state stage1. Finally,
in the fourth level, the target state is added deriving it from
krb5 in state stage1. This last level is also the fix-point since
no new component-state pairs can be generated from it.

Note that keeping component copies allows one to consider
different ways a component can use to reach a state. This adds
flexibility in deciding how a target can be reached.

B. Abstract Planning

After generating the reachability graph we compute an
abstract plan.

We first describe the structure of an abstract plan and
then explain how this can be derived from the reachability
graph. An abstract plan is a directed graph where the nodes
represent either a create, delete, or stateChange action, and
arcs represent action precedence constraints. In the following
we denote with ⇧z,q,q⌅⌃ a stateChange from q to q⌅ of instance
z, with ⇧z,e,q0⌃ the create action of the instance z in the initial
state q0, and with ⇧z,q,e⌃ the delete action on the instance z
in state q. We consider three types of precedence arcs:

• �⇤: states the precedence of stateChange actions on the
same component instance; formally ⇧z,x,x⌅⌃ �⇤ ⇧z,x⌅,x⌅⌅⌃
where x⌅ is a state and x,x⌅⌅ are either states or the special
symbol e denoting absence of the instance z;

•
r⇣ where r is an interface: states that if an action deploys

an instance z⌅ in a state y⌅ requiring r, provided by z in
state y, then state y must be entered before entering state
y⌅, formally ⇧z,x,y⌃

r⇣⇧z⌅,x⌅,y⌅⌃;
•

r99K, where r is an interface, is the dual of the previous
arrow: it states that if an action deploys an instance z⌅
in a state y⌅ requiring r, provided by z in state y, then
state y⌅ must be exited before exiting state y, formally
⇧z⌅,y⌅,u⌅⌃ r99K⇧z,y,u⌃.

We are now ready to describe how an abstract plan is
obtained. Starting from the reachability graph we select the
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Fig. 4: Generation of abstract plan for the kerberos example.

target component-state pair at the bottom of the pyramid.
From the bottom level we then proceed upward selecting the
components that are used to deploy the selected component-
state pairs at the lower level. To do so, for every selected
component at level i + 1, we select at level i one of its
predecessors (i.e. a component-state pair connected via the
�⇤ arrow) or a copy (i.e. a component-state pair connected
via the arc). Moreover, for every require port activated by
the selected component-state pairs of level i+ 1 that are not
copies, we select a component-state pair at level i that is able
to satisfy the requirement, and we keep track of this choice.

For the kerberos case, Fig. 4a shows that in the last level
krb5 in normal state is selected. Since krb5 can be only
obtained via krb5 in state stage1 we select krb5 in state stage1
in the previous level. Moreover since krb5 in state normal
requires libldap2-dev we select at level 2 also the component
openldap in state normal. Iterating this selection process we
may end up in the scenario depicted in Fig. 4b.

We would like to underline that during the selection of
component-state pairs different choices could be made. For
instance in Fig. 4b at the second level we could have selected
component krb5 in state uninst to deploy the same component
in state stage1 and component krb5 in state stage1 to provide
the libkrb5-dev interface. These choices have an impact on the
number of instances employed to reach the goal. In order to
minimize this number we rely on heuristics.1 In particular,
for the selection of component-state pairs, we choose the
one that is able to satisfy the maximum number of (not
already satisfied) requirements. In case of ties we select the
component that can be obtained from an initial configuration
satisfying less requirements. In case of ties we prefer a
copy and, if the component is instead newly obtained, we
select the one that can be obtained with less state changes.
Similarly, when component-state pairs are selected to satisfy
some requirements, we select first the one able to satisfy the
maximum number of requirements, in case of ties the one that
can be obtained with less interfaces and, in case of a tie, the

1. Heuristics are used to reduce the complexity of finding the best choice.
Indeed, exploring all the possibilities to compute a (global) minimum can be
done just at an exponential cost

• unbind(r, id1, id2) that deletes the binding between the
provided port r of the component identified by id1 and
the required port of the component identified by id2;

• stateChange(id,s0,s1) that changes the state of the com-
ponent identified by id from s0 to s1.

It is worth noticing that there can be more than one
way to reach a given configuration of components. For in-
stance, one possible way to obtain the configuration de-
picted in Fig. 1 from scratch, is to first create the resources
via the actions create(wordpress,w), create(apache2,a), and
create(mysql,m). These three actions create three new com-
ponents identified by w, a, and m respectively. All these new
components will be in the uninst state that is the initial state for
all of them. Then the apache2 and mysql components can be
installed by performing the action stateChange(a,uninst, inst)
and stateChange(m,uninst, inst). At this point, to be able
to install wordpress, we need first to bind the mysql inst
port. This is done by performing bind(mysql inst,m,w). After
the creation of the binding, wordpress can be installed by
performing stateChange(w,uninst, inst). Finally the configu-
ration depicted in Fig. 1 can be obtained by performing the
bind(httpd,a,w) and stateChange(m, inst,run) actions.

Note that the unbind, delete, and stateChange actions some-
times cannot be performed since their execution would violate
the constraint that each active require port must be bound to
an active provide one. bind and create actions, instead, can
always be performed as bindings are allowed between ports
that are not active and we require that initial states do not
activate require ports.

As a final remark, we observe that the decision to use
one unique internal target state to specify the configuration
to be reached is not a limitation. In fact, this target state
could activate several require ports indicating an entire set of
functionalities that must be present in the final configuration.

III. THE PLANNING ALGORITHM

We now present our algorithm to solve the deployment prob-
lem defined in previous section. The algorithm is divided in
three phases, namely, reachability analysis, abstract planning
and plan generation.

The first phase computes the states of the components that
can be obtained, starting from an empty configuration. If the
target state can be reached, an abstract plan is generated
describing the needed types of components and a path to reach
the target state. Subsequently a concrete plan is obtained by
specifically instantiating the component types selected in the
abstract plan.

As a running example we model the compilation of package
kerberos with ldap support in a Debian system. To build ker-
beros (krb5) the libldap2-dev package of openldap is needed.
This package however depends on libkrb5-dev from krb5.
There is therefore a circular dependency between krb5 and
openldap. In Debian the generic way to deal with these cir-
cular dependencies is profile builds: every package caters for
multiple stages of staged/bootstrap build, so that if necessary a
package can have stage1, stage2, . . . before the final, normal,

build. In the kerberos case, krb5 is built in the first stage
missing out the generation of the krb5-ldap package. Then
openldap can be built directly into its normal build satisfying
its dependencies. Once openldap is built, krb5 can also be
build into its normal stage. This process would be modeled in
Aeolus as depicted in Fig. 2.

Fig. 2: Representation of the krb5 and openldap components.

A. Reachability analysis

The first step in the proposed technique checks if the the
desired target state can be reached. To do so all reachable
states are computed, for each of the component types in the
given universe. In the following we use the pair  T ,q⌦ to
denote a component type T and one of its state q.

An increasing sequence of sets of component-state pairs
S0, . . . ,Sn is built in such a way that Si+1 extends Si with
the new states that can be reached upon execution of a state-
Change action. The first set, S0, contains all the components
in their initial state, i.e. S0 = { T ,q0⌦ | q0 initial state of T }.
Formally Si+1 is the largest set satisfying the following con-
straints:

• Si ⇤ Si+1;
•  T ,q⌦ ⌃ Si+1 implies the existence of  T ,q⇧⌦ ⌃ Si such

that there is a transition from q⇧ to q in the state automaton
of T ;

•  T ,q⌦ ⌃ Si+1 implies that for every require port r acti-
vated by the state q of T there exists  T ⇧,q⇧⌦ ⌃ Si such
that the state q⇧ of T ⇧ activates a provide port r.

The generation of sets proceeds until a fix-point is reached
(i.e. Si+1 = Si). When the fix-point is reached, if the last set
does not contain the target pair it means a plan to achieve the
goal does not exist and therefore the procedure terminates.
Otherwise, we continue with the next phase.

As input to the next phase, we consider a graph-like repre-
sentation, called reachability graph, of the sets S0, . . . ,Sn that
keeps track of all the possible ways to obtain the component
state-pairs at level i+1 from those at level i. More precisely,
the graph has as nodes the pairs in S0, . . . ,Sn: if one node
at level i+ 1 was already present at level i, the two nodes
are connected with an arc , if a state pair  T ,q⌦ at level
i+ 1 can be obtained from  T ,q⇧⌦ at level i by means of a
stateChange action, an �⌅ arc from the former to the latter is
added. Visually the reachability graph can therefore be seen as
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a pyramid of levels of component-states having arrows �⇤ or
arcs between two consecutive levels as the one in Fig. 3.

Fig. 3: Reachability graph for the kerberos running example.

The first level of Fig. 3 contains the two components krb5
and openldap in their initial states. In the second level the
component krb5 in stage1 state is added since it can be derived
from the krb5 component in state uninst. The component
openldap in normal state can not be added at this level since it
requires the interface libkrb5-dev, not yet provided. openldap
in normal state is added however in the third level since
libkrb5-dev is now provided by krb5 in state stage1. Finally,
in the fourth level, the target state is added deriving it from
krb5 in state stage1. This last level is also the fix-point since
no new component-state pairs can be generated from it.

Note that keeping component copies allows one to consider
different ways a component can use to reach a state. This adds
flexibility in deciding how a target can be reached.

B. Abstract Planning

After generating the reachability graph we compute an
abstract plan.

We first describe the structure of an abstract plan and
then explain how this can be derived from the reachability
graph. An abstract plan is a directed graph where the nodes
represent either a create, delete, or stateChange action, and
arcs represent action precedence constraints. In the following
we denote with ⇧z,q,q⌅⌃ a stateChange from q to q⌅ of instance
z, with ⇧z,e,q0⌃ the create action of the instance z in the initial
state q0, and with ⇧z,q,e⌃ the delete action on the instance z
in state q. We consider three types of precedence arcs:

• �⇤: states the precedence of stateChange actions on the
same component instance; formally ⇧z,x,x⌅⌃ �⇤ ⇧z,x⌅,x⌅⌅⌃
where x⌅ is a state and x,x⌅⌅ are either states or the special
symbol e denoting absence of the instance z;

•
r⇣ where r is an interface: states that if an action deploys

an instance z⌅ in a state y⌅ requiring r, provided by z in
state y, then state y must be entered before entering state
y⌅, formally ⇧z,x,y⌃

r⇣⇧z⌅,x⌅,y⌅⌃;
•

r99K, where r is an interface, is the dual of the previous
arrow: it states that if an action deploys an instance z⌅
in a state y⌅ requiring r, provided by z in state y, then
state y⌅ must be exited before exiting state y, formally
⇧z⌅,y⌅,u⌅⌃ r99K⇧z,y,u⌃.

We are now ready to describe how an abstract plan is
obtained. Starting from the reachability graph we select the
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Fig. 4: Generation of abstract plan for the kerberos example.

target component-state pair at the bottom of the pyramid.
From the bottom level we then proceed upward selecting the
components that are used to deploy the selected component-
state pairs at the lower level. To do so, for every selected
component at level i + 1, we select at level i one of its
predecessors (i.e. a component-state pair connected via the
�⇤ arrow) or a copy (i.e. a component-state pair connected
via the arc). Moreover, for every require port activated by
the selected component-state pairs of level i+ 1 that are not
copies, we select a component-state pair at level i that is able
to satisfy the requirement, and we keep track of this choice.

For the kerberos case, Fig. 4a shows that in the last level
krb5 in normal state is selected. Since krb5 can be only
obtained via krb5 in state stage1 we select krb5 in state stage1
in the previous level. Moreover since krb5 in state normal
requires libldap2-dev we select at level 2 also the component
openldap in state normal. Iterating this selection process we
may end up in the scenario depicted in Fig. 4b.

We would like to underline that during the selection of
component-state pairs different choices could be made. For
instance in Fig. 4b at the second level we could have selected
component krb5 in state uninst to deploy the same component
in state stage1 and component krb5 in state stage1 to provide
the libkrb5-dev interface. These choices have an impact on the
number of instances employed to reach the goal. In order to
minimize this number we rely on heuristics.1 In particular,
for the selection of component-state pairs, we choose the
one that is able to satisfy the maximum number of (not
already satisfied) requirements. In case of ties we select the
component that can be obtained from an initial configuration
satisfying less requirements. In case of ties we prefer a
copy and, if the component is instead newly obtained, we
select the one that can be obtained with less state changes.
Similarly, when component-state pairs are selected to satisfy
some requirements, we select first the one able to satisfy the
maximum number of requirements, in case of ties the one that
can be obtained with less interfaces and, in case of a tie, the

1. Heuristics are used to reduce the complexity of finding the best choice.
Indeed, exploring all the possibilities to compute a (global) minimum can be
done just at an exponential cost

• unbind(r, id1, id2) that deletes the binding between the
provided port r of the component identified by id1 and
the required port of the component identified by id2;

• stateChange(id,s0,s1) that changes the state of the com-
ponent identified by id from s0 to s1.

It is worth noticing that there can be more than one
way to reach a given configuration of components. For in-
stance, one possible way to obtain the configuration de-
picted in Fig. 1 from scratch, is to first create the resources
via the actions create(wordpress,w), create(apache2,a), and
create(mysql,m). These three actions create three new com-
ponents identified by w, a, and m respectively. All these new
components will be in the uninst state that is the initial state for
all of them. Then the apache2 and mysql components can be
installed by performing the action stateChange(a,uninst, inst)
and stateChange(m,uninst, inst). At this point, to be able
to install wordpress, we need first to bind the mysql inst
port. This is done by performing bind(mysql inst,m,w). After
the creation of the binding, wordpress can be installed by
performing stateChange(w,uninst, inst). Finally the configu-
ration depicted in Fig. 1 can be obtained by performing the
bind(httpd,a,w) and stateChange(m, inst,run) actions.

Note that the unbind, delete, and stateChange actions some-
times cannot be performed since their execution would violate
the constraint that each active require port must be bound to
an active provide one. bind and create actions, instead, can
always be performed as bindings are allowed between ports
that are not active and we require that initial states do not
activate require ports.

As a final remark, we observe that the decision to use
one unique internal target state to specify the configuration
to be reached is not a limitation. In fact, this target state
could activate several require ports indicating an entire set of
functionalities that must be present in the final configuration.

III. THE PLANNING ALGORITHM

We now present our algorithm to solve the deployment prob-
lem defined in previous section. The algorithm is divided in
three phases, namely, reachability analysis, abstract planning
and plan generation.

The first phase computes the states of the components that
can be obtained, starting from an empty configuration. If the
target state can be reached, an abstract plan is generated
describing the needed types of components and a path to reach
the target state. Subsequently a concrete plan is obtained by
specifically instantiating the component types selected in the
abstract plan.

As a running example we model the compilation of package
kerberos with ldap support in a Debian system. To build ker-
beros (krb5) the libldap2-dev package of openldap is needed.
This package however depends on libkrb5-dev from krb5.
There is therefore a circular dependency between krb5 and
openldap. In Debian the generic way to deal with these cir-
cular dependencies is profile builds: every package caters for
multiple stages of staged/bootstrap build, so that if necessary a
package can have stage1, stage2, . . . before the final, normal,

build. In the kerberos case, krb5 is built in the first stage
missing out the generation of the krb5-ldap package. Then
openldap can be built directly into its normal build satisfying
its dependencies. Once openldap is built, krb5 can also be
build into its normal stage. This process would be modeled in
Aeolus as depicted in Fig. 2.

Fig. 2: Representation of the krb5 and openldap components.

A. Reachability analysis

The first step in the proposed technique checks if the the
desired target state can be reached. To do so all reachable
states are computed, for each of the component types in the
given universe. In the following we use the pair  T ,q⌦ to
denote a component type T and one of its state q.

An increasing sequence of sets of component-state pairs
S0, . . . ,Sn is built in such a way that Si+1 extends Si with
the new states that can be reached upon execution of a state-
Change action. The first set, S0, contains all the components
in their initial state, i.e. S0 = { T ,q0⌦ | q0 initial state of T }.
Formally Si+1 is the largest set satisfying the following con-
straints:

• Si ⇤ Si+1;
•  T ,q⌦ ⌃ Si+1 implies the existence of  T ,q⇧⌦ ⌃ Si such

that there is a transition from q⇧ to q in the state automaton
of T ;

•  T ,q⌦ ⌃ Si+1 implies that for every require port r acti-
vated by the state q of T there exists  T ⇧,q⇧⌦ ⌃ Si such
that the state q⇧ of T ⇧ activates a provide port r.

The generation of sets proceeds until a fix-point is reached
(i.e. Si+1 = Si). When the fix-point is reached, if the last set
does not contain the target pair it means a plan to achieve the
goal does not exist and therefore the procedure terminates.
Otherwise, we continue with the next phase.

As input to the next phase, we consider a graph-like repre-
sentation, called reachability graph, of the sets S0, . . . ,Sn that
keeps track of all the possible ways to obtain the component
state-pairs at level i+1 from those at level i. More precisely,
the graph has as nodes the pairs in S0, . . . ,Sn: if one node
at level i+ 1 was already present at level i, the two nodes
are connected with an arc , if a state pair  T ,q⌦ at level
i+ 1 can be obtained from  T ,q⇧⌦ at level i by means of a
stateChange action, an �⌅ arc from the former to the latter is
added. Visually the reachability graph can therefore be seen as
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a pyramid of levels of component-states having arrows �⇤ or
arcs between two consecutive levels as the one in Fig. 3.

Fig. 3: Reachability graph for the kerberos running example.

The first level of Fig. 3 contains the two components krb5
and openldap in their initial states. In the second level the
component krb5 in stage1 state is added since it can be derived
from the krb5 component in state uninst. The component
openldap in normal state can not be added at this level since it
requires the interface libkrb5-dev, not yet provided. openldap
in normal state is added however in the third level since
libkrb5-dev is now provided by krb5 in state stage1. Finally,
in the fourth level, the target state is added deriving it from
krb5 in state stage1. This last level is also the fix-point since
no new component-state pairs can be generated from it.

Note that keeping component copies allows one to consider
different ways a component can use to reach a state. This adds
flexibility in deciding how a target can be reached.

B. Abstract Planning

After generating the reachability graph we compute an
abstract plan.

We first describe the structure of an abstract plan and
then explain how this can be derived from the reachability
graph. An abstract plan is a directed graph where the nodes
represent either a create, delete, or stateChange action, and
arcs represent action precedence constraints. In the following
we denote with ⇧z,q,q⌅⌃ a stateChange from q to q⌅ of instance
z, with ⇧z,e,q0⌃ the create action of the instance z in the initial
state q0, and with ⇧z,q,e⌃ the delete action on the instance z
in state q. We consider three types of precedence arcs:

• �⇤: states the precedence of stateChange actions on the
same component instance; formally ⇧z,x,x⌅⌃ �⇤ ⇧z,x⌅,x⌅⌅⌃
where x⌅ is a state and x,x⌅⌅ are either states or the special
symbol e denoting absence of the instance z;

•
r⇣ where r is an interface: states that if an action deploys

an instance z⌅ in a state y⌅ requiring r, provided by z in
state y, then state y must be entered before entering state
y⌅, formally ⇧z,x,y⌃

r⇣⇧z⌅,x⌅,y⌅⌃;
•

r99K, where r is an interface, is the dual of the previous
arrow: it states that if an action deploys an instance z⌅
in a state y⌅ requiring r, provided by z in state y, then
state y⌅ must be exited before exiting state y, formally
⇧z⌅,y⌅,u⌅⌃ r99K⇧z,y,u⌃.

We are now ready to describe how an abstract plan is
obtained. Starting from the reachability graph we select the
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Fig. 4: Generation of abstract plan for the kerberos example.

target component-state pair at the bottom of the pyramid.
From the bottom level we then proceed upward selecting the
components that are used to deploy the selected component-
state pairs at the lower level. To do so, for every selected
component at level i + 1, we select at level i one of its
predecessors (i.e. a component-state pair connected via the
�⇤ arrow) or a copy (i.e. a component-state pair connected
via the arc). Moreover, for every require port activated by
the selected component-state pairs of level i+ 1 that are not
copies, we select a component-state pair at level i that is able
to satisfy the requirement, and we keep track of this choice.

For the kerberos case, Fig. 4a shows that in the last level
krb5 in normal state is selected. Since krb5 can be only
obtained via krb5 in state stage1 we select krb5 in state stage1
in the previous level. Moreover since krb5 in state normal
requires libldap2-dev we select at level 2 also the component
openldap in state normal. Iterating this selection process we
may end up in the scenario depicted in Fig. 4b.

We would like to underline that during the selection of
component-state pairs different choices could be made. For
instance in Fig. 4b at the second level we could have selected
component krb5 in state uninst to deploy the same component
in state stage1 and component krb5 in state stage1 to provide
the libkrb5-dev interface. These choices have an impact on the
number of instances employed to reach the goal. In order to
minimize this number we rely on heuristics.1 In particular,
for the selection of component-state pairs, we choose the
one that is able to satisfy the maximum number of (not
already satisfied) requirements. In case of ties we select the
component that can be obtained from an initial configuration
satisfying less requirements. In case of ties we prefer a
copy and, if the component is instead newly obtained, we
select the one that can be obtained with less state changes.
Similarly, when component-state pairs are selected to satisfy
some requirements, we select first the one able to satisfy the
maximum number of requirements, in case of ties the one that
can be obtained with less interfaces and, in case of a tie, the

1. Heuristics are used to reduce the complexity of finding the best choice.
Indeed, exploring all the possibilities to compute a (global) minimum can be
done just at an exponential cost
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Fig. 3: Reachability graph for the kerberos running example.

The first level of Fig. 3 contains the two components krb5
and openldap in their initial states. In the second level the
component krb5 in stage1 state is added since it can be derived
from the krb5 component in state uninst. The component
openldap in normal state can not be added at this level since it
requires the interface libkrb5-dev, not yet provided. openldap
in normal state is added however in the third level since
libkrb5-dev is now provided by krb5 in state stage1. Finally,
in the fourth level, the target state is added deriving it from
krb5 in state stage1. This last level is also the fix-point since
no new component-state pairs can be generated from it.

Note that keeping component copies allows one to consider
different ways a component can use to reach a state. This adds
flexibility in deciding how a target can be reached.

B. Abstract Planning

After generating the reachability graph we compute an
abstract plan.

We first describe the structure of an abstract plan and
then explain how this can be derived from the reachability
graph. An abstract plan is a directed graph where the nodes
represent either a create, delete, or stateChange action, and
arcs represent action precedence constraints. In the following
we denote with ⇧z,q,q⌅⌃ a stateChange from q to q⌅ of instance
z, with ⇧z,e,q0⌃ the create action of the instance z in the initial
state q0, and with ⇧z,q,e⌃ the delete action on the instance z
in state q. We consider three types of precedence arcs:

• �⇤: states the precedence of stateChange actions on the
same component instance; formally ⇧z,x,x⌅⌃ �⇤ ⇧z,x⌅,x⌅⌅⌃
where x⌅ is a state and x,x⌅⌅ are either states or the special
symbol e denoting absence of the instance z;

•
r⇣ where r is an interface: states that if an action deploys

an instance z⌅ in a state y⌅ requiring r, provided by z in
state y, then state y must be entered before entering state
y⌅, formally ⇧z,x,y⌃

r⇣⇧z⌅,x⌅,y⌅⌃;
•

r99K, where r is an interface, is the dual of the previous
arrow: it states that if an action deploys an instance z⌅
in a state y⌅ requiring r, provided by z in state y, then
state y⌅ must be exited before exiting state y, formally
⇧z⌅,y⌅,u⌅⌃ r99K⇧z,y,u⌃.

We are now ready to describe how an abstract plan is
obtained. Starting from the reachability graph we select the

(a)

(b)

Fig. 4: Generation of abstract plan for the kerberos example.

target component-state pair at the bottom of the pyramid.
From the bottom level we then proceed upward selecting the
components that are used to deploy the selected component-
state pairs at the lower level. To do so, for every selected
component at level i + 1, we select at level i one of its
predecessors (i.e. a component-state pair connected via the
�⇤ arrow) or a copy (i.e. a component-state pair connected
via the arc). Moreover, for every require port activated by
the selected component-state pairs of level i+ 1 that are not
copies, we select a component-state pair at level i that is able
to satisfy the requirement, and we keep track of this choice.

For the kerberos case, Fig. 4a shows that in the last level
krb5 in normal state is selected. Since krb5 can be only
obtained via krb5 in state stage1 we select krb5 in state stage1
in the previous level. Moreover since krb5 in state normal
requires libldap2-dev we select at level 2 also the component
openldap in state normal. Iterating this selection process we
may end up in the scenario depicted in Fig. 4b.

We would like to underline that during the selection of
component-state pairs different choices could be made. For
instance in Fig. 4b at the second level we could have selected
component krb5 in state uninst to deploy the same component
in state stage1 and component krb5 in state stage1 to provide
the libkrb5-dev interface. These choices have an impact on the
number of instances employed to reach the goal. In order to
minimize this number we rely on heuristics.1 In particular,
for the selection of component-state pairs, we choose the
one that is able to satisfy the maximum number of (not
already satisfied) requirements. In case of ties we select the
component that can be obtained from an initial configuration
satisfying less requirements. In case of ties we prefer a
copy and, if the component is instead newly obtained, we
select the one that can be obtained with less state changes.
Similarly, when component-state pairs are selected to satisfy
some requirements, we select first the one able to satisfy the
maximum number of requirements, in case of ties the one that
can be obtained with less interfaces and, in case of a tie, the

1. Heuristics are used to reduce the complexity of finding the best choice.
Indeed, exploring all the possibilities to compute a (global) minimum can be
done just at an exponential cost

one that can be obtained with less state changes.
Once all the component-state pairs have been selected, we

consider a component instance for every maximal path that
starts from a component-state in the top level and reaches
a component-state that is not a copy. For instance in the
kerberos case there are two maximal paths, one starting from
the component krb5 in state uninst and reaching the state
normal, and one starting from the component openldap in
state uninst and reaching the state normal. We identify the
corresponding instances with z and w respectively.

For every instance we add to the abstract plan its create,
delete and stateChange actions. Arrows �⇥ are added to
connect these actions in chronological order (i.e. first the
instance creation, the state changes and then the deletion
action). The arrows

r⇣ and
r99K are instead added between

actions of instances requiring and providing an interface r.

Fig. 5: Abstract plan for the kerberos running example.

Fig. 5 shows the abstract plan obtained for the kerberos
case. The four actions on the left are related to instance z
while the three on the right are actions related to instance
w. z is first created, then it changes its state first into stage1
and then to normal before being deleted. w instead is created,
it changes state into normal, before being deleted. These
precedences are encoded by �⇥ arrows. z’s requirement of
libldap2-dev in state normal, satisfied by w in normal state,

is encoded with
libldap2�dev

⇣ between ⌅w,uninst,normal⇧ and

⌅z,stage1,normal⇧ and
libldap2�dev99K between ⌅z,normal,e⇧ and

⌅w,normal,e⇧. The fist one states that w must be in normal
state before z moves to normal while the second states that the
deletion of z must precede the deletion of w. Indeed, if one
of these constraints does not hold it means that the abstract
plan violates a requirement thus leading to a non correct
configuration. Similarly, the libkrb5-dev interface requirement
of w in state normal, satisfied by z in state1, is encoded with
libkrb5�dev⇣ between ⌅z,uninst,stage1⇧ and ⌅w,uninst,normal⇧
and

libkrb5�dev99K between ⌅w,normal,e⇧ and ⌅z,stage1,normal⇧.
In this case we can however notice that z continues to provide
the port libkrb5-dev also when it is in state normal. Thus w
does not need to be deleted before krb5 moves to normal
but it can stay until the krb5 is not deleted. This relaxation
corresponds to setting ⌅z,normal,e⇧ as the target of

libkrb5�dev99K .
In general all the constraints ⌅z,x,y⇧ r99K⌅z,x⇤,y⇤⇧ can be relaxed

replacing ⌅z,x⇤,y⇤⇧ with ⌅z,x⇤⇤,y⇤⇤⇧ where ⌅z,x⇤⇤,y⇤⇤⇧ is a delete
action or it is the the first stateChange reaching a state y⇤⇤ that
does not provide r. After applying these relaxations we obtain
the final version of abstract plan that, for the kerberos case, is
the one depicted in Fig. 6.

Fig. 6: Abstract plan for the kerberos example after relaxation.

C. Plan generation
The abstract plan is used to synthesize a concrete one. The

idea is to visit the nodes of the abstract plan in topological
order until the target component is obtained. Visiting a node
consists of performing that action. Moreover, in order to
properly satisfy component requirements, when an incoming
r⇣ is encountered a new binding should be created, and when

an outgoing
r99K is encountered the corresponding binding

should be deleted. Notice that it is not necessary to visit the
entire abstract plan as it is sufficient to reach the target state.
For this reason, we give priority to the visit of the actions of
the components containing such state.

For instance, in the kerberos example, we can extract a
concrete plan from the abstract plan in Fig. 6 as follows.
Assume that the target state is state normal of component type
krb5. As we give priority to the corresponding instance, the
first action in the concrete plan is create(krb5,z) corresponding
to the visit of ⌅z,e,uninst⇧. The subsequent action is stat-
eChange(z,uninst,stage1) corresponding to ⌅z,uninst,stage1⇧.
The visit of the actions on the instance z cannot proceed

due to the incoming arrow
libldap2�dev

⇣ ; for this reason the
next action in the concrete plan is create(openldap,w) cor-
responding to the visit of ⌅w,e,uninst⇧. The next node in
the abstract plan to be visited is ⌅w,uninst,normal⇧, but
as this node has an incoming

libkrb5�dev⇣ , two actions must
be added to the concrete plan: bind(libkrb5-dev,z,w) and
stateChange(w,uninst,normal). At this point, the visit of the
component instance z can continue by considering node

⌅z,stage1,normal⇧; as this node has an incoming
libldap2�dev

⇣ ,
two actions must be added to the concrete plan: bind(libldap2-
dev,w,z) and stateChange(w,uninst,normal). This completes the
generation of the concrete plan as the target state has been
reached.

Unfortunately, the topological visit is not always possible as
it may be inhibited by the presence of cycles in the abstract
plan. Consider, for instance, a slightly modified version of the
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a pyramid of levels of component-states having arrows �⇤ or
arcs between two consecutive levels as the one in Fig. 3.

Fig. 3: Reachability graph for the kerberos running example.

The first level of Fig. 3 contains the two components krb5
and openldap in their initial states. In the second level the
component krb5 in stage1 state is added since it can be derived
from the krb5 component in state uninst. The component
openldap in normal state can not be added at this level since it
requires the interface libkrb5-dev, not yet provided. openldap
in normal state is added however in the third level since
libkrb5-dev is now provided by krb5 in state stage1. Finally,
in the fourth level, the target state is added deriving it from
krb5 in state stage1. This last level is also the fix-point since
no new component-state pairs can be generated from it.

Note that keeping component copies allows one to consider
different ways a component can use to reach a state. This adds
flexibility in deciding how a target can be reached.

B. Abstract Planning

After generating the reachability graph we compute an
abstract plan.

We first describe the structure of an abstract plan and
then explain how this can be derived from the reachability
graph. An abstract plan is a directed graph where the nodes
represent either a create, delete, or stateChange action, and
arcs represent action precedence constraints. In the following
we denote with ⇧z,q,q⌅⌃ a stateChange from q to q⌅ of instance
z, with ⇧z,e,q0⌃ the create action of the instance z in the initial
state q0, and with ⇧z,q,e⌃ the delete action on the instance z
in state q. We consider three types of precedence arcs:

• �⇤: states the precedence of stateChange actions on the
same component instance; formally ⇧z,x,x⌅⌃ �⇤ ⇧z,x⌅,x⌅⌅⌃
where x⌅ is a state and x,x⌅⌅ are either states or the special
symbol e denoting absence of the instance z;

•
r⇣ where r is an interface: states that if an action deploys

an instance z⌅ in a state y⌅ requiring r, provided by z in
state y, then state y must be entered before entering state
y⌅, formally ⇧z,x,y⌃

r⇣⇧z⌅,x⌅,y⌅⌃;
•

r99K, where r is an interface, is the dual of the previous
arrow: it states that if an action deploys an instance z⌅
in a state y⌅ requiring r, provided by z in state y, then
state y⌅ must be exited before exiting state y, formally
⇧z⌅,y⌅,u⌅⌃ r99K⇧z,y,u⌃.

We are now ready to describe how an abstract plan is
obtained. Starting from the reachability graph we select the

(a)

(b)

Fig. 4: Generation of abstract plan for the kerberos example.

target component-state pair at the bottom of the pyramid.
From the bottom level we then proceed upward selecting the
components that are used to deploy the selected component-
state pairs at the lower level. To do so, for every selected
component at level i + 1, we select at level i one of its
predecessors (i.e. a component-state pair connected via the
�⇤ arrow) or a copy (i.e. a component-state pair connected
via the arc). Moreover, for every require port activated by
the selected component-state pairs of level i+ 1 that are not
copies, we select a component-state pair at level i that is able
to satisfy the requirement, and we keep track of this choice.

For the kerberos case, Fig. 4a shows that in the last level
krb5 in normal state is selected. Since krb5 can be only
obtained via krb5 in state stage1 we select krb5 in state stage1
in the previous level. Moreover since krb5 in state normal
requires libldap2-dev we select at level 2 also the component
openldap in state normal. Iterating this selection process we
may end up in the scenario depicted in Fig. 4b.

We would like to underline that during the selection of
component-state pairs different choices could be made. For
instance in Fig. 4b at the second level we could have selected
component krb5 in state uninst to deploy the same component
in state stage1 and component krb5 in state stage1 to provide
the libkrb5-dev interface. These choices have an impact on the
number of instances employed to reach the goal. In order to
minimize this number we rely on heuristics.1 In particular,
for the selection of component-state pairs, we choose the
one that is able to satisfy the maximum number of (not
already satisfied) requirements. In case of ties we select the
component that can be obtained from an initial configuration
satisfying less requirements. In case of ties we prefer a
copy and, if the component is instead newly obtained, we
select the one that can be obtained with less state changes.
Similarly, when component-state pairs are selected to satisfy
some requirements, we select first the one able to satisfy the
maximum number of requirements, in case of ties the one that
can be obtained with less interfaces and, in case of a tie, the

1. Heuristics are used to reduce the complexity of finding the best choice.
Indeed, exploring all the possibilities to compute a (global) minimum can be
done just at an exponential cost

one that can be obtained with less state changes.
Once all the component-state pairs have been selected, we

consider a component instance for every maximal path that
starts from a component-state in the top level and reaches
a component-state that is not a copy. For instance in the
kerberos case there are two maximal paths, one starting from
the component krb5 in state uninst and reaching the state
normal, and one starting from the component openldap in
state uninst and reaching the state normal. We identify the
corresponding instances with z and w respectively.

For every instance we add to the abstract plan its create,
delete and stateChange actions. Arrows �⇥ are added to
connect these actions in chronological order (i.e. first the
instance creation, the state changes and then the deletion
action). The arrows

r⇣ and
r99K are instead added between

actions of instances requiring and providing an interface r.

Fig. 5: Abstract plan for the kerberos running example.

Fig. 5 shows the abstract plan obtained for the kerberos
case. The four actions on the left are related to instance z
while the three on the right are actions related to instance
w. z is first created, then it changes its state first into stage1
and then to normal before being deleted. w instead is created,
it changes state into normal, before being deleted. These
precedences are encoded by �⇥ arrows. z’s requirement of
libldap2-dev in state normal, satisfied by w in normal state,

is encoded with
libldap2�dev

⇣ between ⌅w,uninst,normal⇧ and

⌅z,stage1,normal⇧ and
libldap2�dev99K between ⌅z,normal,e⇧ and

⌅w,normal,e⇧. The fist one states that w must be in normal
state before z moves to normal while the second states that the
deletion of z must precede the deletion of w. Indeed, if one
of these constraints does not hold it means that the abstract
plan violates a requirement thus leading to a non correct
configuration. Similarly, the libkrb5-dev interface requirement
of w in state normal, satisfied by z in state1, is encoded with
libkrb5�dev⇣ between ⌅z,uninst,stage1⇧ and ⌅w,uninst,normal⇧
and

libkrb5�dev99K between ⌅w,normal,e⇧ and ⌅z,stage1,normal⇧.
In this case we can however notice that z continues to provide
the port libkrb5-dev also when it is in state normal. Thus w
does not need to be deleted before krb5 moves to normal
but it can stay until the krb5 is not deleted. This relaxation
corresponds to setting ⌅z,normal,e⇧ as the target of

libkrb5�dev99K .
In general all the constraints ⌅z,x,y⇧ r99K⌅z,x⇤,y⇤⇧ can be relaxed

replacing ⌅z,x⇤,y⇤⇧ with ⌅z,x⇤⇤,y⇤⇤⇧ where ⌅z,x⇤⇤,y⇤⇤⇧ is a delete
action or it is the the first stateChange reaching a state y⇤⇤ that
does not provide r. After applying these relaxations we obtain
the final version of abstract plan that, for the kerberos case, is
the one depicted in Fig. 6.

Fig. 6: Abstract plan for the kerberos example after relaxation.

C. Plan generation
The abstract plan is used to synthesize a concrete one. The

idea is to visit the nodes of the abstract plan in topological
order until the target component is obtained. Visiting a node
consists of performing that action. Moreover, in order to
properly satisfy component requirements, when an incoming
r⇣ is encountered a new binding should be created, and when

an outgoing
r99K is encountered the corresponding binding

should be deleted. Notice that it is not necessary to visit the
entire abstract plan as it is sufficient to reach the target state.
For this reason, we give priority to the visit of the actions of
the components containing such state.

For instance, in the kerberos example, we can extract a
concrete plan from the abstract plan in Fig. 6 as follows.
Assume that the target state is state normal of component type
krb5. As we give priority to the corresponding instance, the
first action in the concrete plan is create(krb5,z) corresponding
to the visit of ⌅z,e,uninst⇧. The subsequent action is stat-
eChange(z,uninst,stage1) corresponding to ⌅z,uninst,stage1⇧.
The visit of the actions on the instance z cannot proceed

due to the incoming arrow
libldap2�dev

⇣ ; for this reason the
next action in the concrete plan is create(openldap,w) cor-
responding to the visit of ⌅w,e,uninst⇧. The next node in
the abstract plan to be visited is ⌅w,uninst,normal⇧, but
as this node has an incoming

libkrb5�dev⇣ , two actions must
be added to the concrete plan: bind(libkrb5-dev,z,w) and
stateChange(w,uninst,normal). At this point, the visit of the
component instance z can continue by considering node

⌅z,stage1,normal⇧; as this node has an incoming
libldap2�dev

⇣ ,
two actions must be added to the concrete plan: bind(libldap2-
dev,w,z) and stateChange(w,uninst,normal). This completes the
generation of the concrete plan as the target state has been
reached.

Unfortunately, the topological visit is not always possible as
it may be inhibited by the presence of cycles in the abstract
plan. Consider, for instance, a slightly modified version of the
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a pyramid of levels of component-states having arrows �⇤ or
arcs between two consecutive levels as the one in Fig. 3.

Fig. 3: Reachability graph for the kerberos running example.

The first level of Fig. 3 contains the two components krb5
and openldap in their initial states. In the second level the
component krb5 in stage1 state is added since it can be derived
from the krb5 component in state uninst. The component
openldap in normal state can not be added at this level since it
requires the interface libkrb5-dev, not yet provided. openldap
in normal state is added however in the third level since
libkrb5-dev is now provided by krb5 in state stage1. Finally,
in the fourth level, the target state is added deriving it from
krb5 in state stage1. This last level is also the fix-point since
no new component-state pairs can be generated from it.

Note that keeping component copies allows one to consider
different ways a component can use to reach a state. This adds
flexibility in deciding how a target can be reached.

B. Abstract Planning

After generating the reachability graph we compute an
abstract plan.

We first describe the structure of an abstract plan and
then explain how this can be derived from the reachability
graph. An abstract plan is a directed graph where the nodes
represent either a create, delete, or stateChange action, and
arcs represent action precedence constraints. In the following
we denote with ⇧z,q,q⌅⌃ a stateChange from q to q⌅ of instance
z, with ⇧z,e,q0⌃ the create action of the instance z in the initial
state q0, and with ⇧z,q,e⌃ the delete action on the instance z
in state q. We consider three types of precedence arcs:

• �⇤: states the precedence of stateChange actions on the
same component instance; formally ⇧z,x,x⌅⌃ �⇤ ⇧z,x⌅,x⌅⌅⌃
where x⌅ is a state and x,x⌅⌅ are either states or the special
symbol e denoting absence of the instance z;

•
r⇣ where r is an interface: states that if an action deploys

an instance z⌅ in a state y⌅ requiring r, provided by z in
state y, then state y must be entered before entering state
y⌅, formally ⇧z,x,y⌃

r⇣⇧z⌅,x⌅,y⌅⌃;
•

r99K, where r is an interface, is the dual of the previous
arrow: it states that if an action deploys an instance z⌅
in a state y⌅ requiring r, provided by z in state y, then
state y⌅ must be exited before exiting state y, formally
⇧z⌅,y⌅,u⌅⌃ r99K⇧z,y,u⌃.

We are now ready to describe how an abstract plan is
obtained. Starting from the reachability graph we select the

(a)

(b)

Fig. 4: Generation of abstract plan for the kerberos example.

target component-state pair at the bottom of the pyramid.
From the bottom level we then proceed upward selecting the
components that are used to deploy the selected component-
state pairs at the lower level. To do so, for every selected
component at level i + 1, we select at level i one of its
predecessors (i.e. a component-state pair connected via the
�⇤ arrow) or a copy (i.e. a component-state pair connected
via the arc). Moreover, for every require port activated by
the selected component-state pairs of level i+ 1 that are not
copies, we select a component-state pair at level i that is able
to satisfy the requirement, and we keep track of this choice.

For the kerberos case, Fig. 4a shows that in the last level
krb5 in normal state is selected. Since krb5 can be only
obtained via krb5 in state stage1 we select krb5 in state stage1
in the previous level. Moreover since krb5 in state normal
requires libldap2-dev we select at level 2 also the component
openldap in state normal. Iterating this selection process we
may end up in the scenario depicted in Fig. 4b.

We would like to underline that during the selection of
component-state pairs different choices could be made. For
instance in Fig. 4b at the second level we could have selected
component krb5 in state uninst to deploy the same component
in state stage1 and component krb5 in state stage1 to provide
the libkrb5-dev interface. These choices have an impact on the
number of instances employed to reach the goal. In order to
minimize this number we rely on heuristics.1 In particular,
for the selection of component-state pairs, we choose the
one that is able to satisfy the maximum number of (not
already satisfied) requirements. In case of ties we select the
component that can be obtained from an initial configuration
satisfying less requirements. In case of ties we prefer a
copy and, if the component is instead newly obtained, we
select the one that can be obtained with less state changes.
Similarly, when component-state pairs are selected to satisfy
some requirements, we select first the one able to satisfy the
maximum number of requirements, in case of ties the one that
can be obtained with less interfaces and, in case of a tie, the

1. Heuristics are used to reduce the complexity of finding the best choice.
Indeed, exploring all the possibilities to compute a (global) minimum can be
done just at an exponential cost

one that can be obtained with less state changes.
Once all the component-state pairs have been selected, we

consider a component instance for every maximal path that
starts from a component-state in the top level and reaches
a component-state that is not a copy. For instance in the
kerberos case there are two maximal paths, one starting from
the component krb5 in state uninst and reaching the state
normal, and one starting from the component openldap in
state uninst and reaching the state normal. We identify the
corresponding instances with z and w respectively.

For every instance we add to the abstract plan its create,
delete and stateChange actions. Arrows �⇥ are added to
connect these actions in chronological order (i.e. first the
instance creation, the state changes and then the deletion
action). The arrows

r⇣ and
r99K are instead added between

actions of instances requiring and providing an interface r.

Fig. 5: Abstract plan for the kerberos running example.

Fig. 5 shows the abstract plan obtained for the kerberos
case. The four actions on the left are related to instance z
while the three on the right are actions related to instance
w. z is first created, then it changes its state first into stage1
and then to normal before being deleted. w instead is created,
it changes state into normal, before being deleted. These
precedences are encoded by �⇥ arrows. z’s requirement of
libldap2-dev in state normal, satisfied by w in normal state,

is encoded with
libldap2�dev

⇣ between ⌅w,uninst,normal⇧ and

⌅z,stage1,normal⇧ and
libldap2�dev99K between ⌅z,normal,e⇧ and

⌅w,normal,e⇧. The fist one states that w must be in normal
state before z moves to normal while the second states that the
deletion of z must precede the deletion of w. Indeed, if one
of these constraints does not hold it means that the abstract
plan violates a requirement thus leading to a non correct
configuration. Similarly, the libkrb5-dev interface requirement
of w in state normal, satisfied by z in state1, is encoded with
libkrb5�dev⇣ between ⌅z,uninst,stage1⇧ and ⌅w,uninst,normal⇧
and

libkrb5�dev99K between ⌅w,normal,e⇧ and ⌅z,stage1,normal⇧.
In this case we can however notice that z continues to provide
the port libkrb5-dev also when it is in state normal. Thus w
does not need to be deleted before krb5 moves to normal
but it can stay until the krb5 is not deleted. This relaxation
corresponds to setting ⌅z,normal,e⇧ as the target of

libkrb5�dev99K .
In general all the constraints ⌅z,x,y⇧ r99K⌅z,x⇤,y⇤⇧ can be relaxed

replacing ⌅z,x⇤,y⇤⇧ with ⌅z,x⇤⇤,y⇤⇤⇧ where ⌅z,x⇤⇤,y⇤⇤⇧ is a delete
action or it is the the first stateChange reaching a state y⇤⇤ that
does not provide r. After applying these relaxations we obtain
the final version of abstract plan that, for the kerberos case, is
the one depicted in Fig. 6.

Fig. 6: Abstract plan for the kerberos example after relaxation.

C. Plan generation
The abstract plan is used to synthesize a concrete one. The

idea is to visit the nodes of the abstract plan in topological
order until the target component is obtained. Visiting a node
consists of performing that action. Moreover, in order to
properly satisfy component requirements, when an incoming
r⇣ is encountered a new binding should be created, and when

an outgoing
r99K is encountered the corresponding binding

should be deleted. Notice that it is not necessary to visit the
entire abstract plan as it is sufficient to reach the target state.
For this reason, we give priority to the visit of the actions of
the components containing such state.

For instance, in the kerberos example, we can extract a
concrete plan from the abstract plan in Fig. 6 as follows.
Assume that the target state is state normal of component type
krb5. As we give priority to the corresponding instance, the
first action in the concrete plan is create(krb5,z) corresponding
to the visit of ⌅z,e,uninst⇧. The subsequent action is stat-
eChange(z,uninst,stage1) corresponding to ⌅z,uninst,stage1⇧.
The visit of the actions on the instance z cannot proceed

due to the incoming arrow
libldap2�dev

⇣ ; for this reason the
next action in the concrete plan is create(openldap,w) cor-
responding to the visit of ⌅w,e,uninst⇧. The next node in
the abstract plan to be visited is ⌅w,uninst,normal⇧, but
as this node has an incoming

libkrb5�dev⇣ , two actions must
be added to the concrete plan: bind(libkrb5-dev,z,w) and
stateChange(w,uninst,normal). At this point, the visit of the
component instance z can continue by considering node

⌅z,stage1,normal⇧; as this node has an incoming
libldap2�dev

⇣ ,
two actions must be added to the concrete plan: bind(libldap2-
dev,w,z) and stateChange(w,uninst,normal). This completes the
generation of the concrete plan as the target state has been
reached.

Unfortunately, the topological visit is not always possible as
it may be inhibited by the presence of cycles in the abstract
plan. Consider, for instance, a slightly modified version of the
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one that can be obtained with less state changes.
Once all the component-state pairs have been selected, we

consider a component instance for every maximal path that
starts from a component-state in the top level and reaches
a component-state that is not a copy. For instance in the
kerberos case there are two maximal paths, one starting from
the component krb5 in state uninst and reaching the state
normal, and one starting from the component openldap in
state uninst and reaching the state normal. We identify the
corresponding instances with z and w respectively.

For every instance we add to the abstract plan its create,
delete and stateChange actions. Arrows �⇥ are added to
connect these actions in chronological order (i.e. first the
instance creation, the state changes and then the deletion
action). The arrows

r⇣ and
r99K are instead added between

actions of instances requiring and providing an interface r.

Fig. 5: Abstract plan for the kerberos running example.

Fig. 5 shows the abstract plan obtained for the kerberos
case. The four actions on the left are related to instance z
while the three on the right are actions related to instance
w. z is first created, then it changes its state first into stage1
and then to normal before being deleted. w instead is created,
it changes state into normal, before being deleted. These
precedences are encoded by �⇥ arrows. z’s requirement of
libldap2-dev in state normal, satisfied by w in normal state,

is encoded with
libldap2�dev

⇣ between ⌅w,uninst,normal⇧ and

⌅z,stage1,normal⇧ and
libldap2�dev99K between ⌅z,normal,e⇧ and

⌅w,normal,e⇧. The fist one states that w must be in normal
state before z moves to normal while the second states that the
deletion of z must precede the deletion of w. Indeed, if one
of these constraints does not hold it means that the abstract
plan violates a requirement thus leading to a non correct
configuration. Similarly, the libkrb5-dev interface requirement
of w in state normal, satisfied by z in state1, is encoded with
libkrb5�dev⇣ between ⌅z,uninst,stage1⇧ and ⌅w,uninst,normal⇧
and

libkrb5�dev99K between ⌅w,normal,e⇧ and ⌅z,stage1,normal⇧.
In this case we can however notice that z continues to provide
the port libkrb5-dev also when it is in state normal. Thus w
does not need to be deleted before krb5 moves to normal
but it can stay until the krb5 is not deleted. This relaxation
corresponds to setting ⌅z,normal,e⇧ as the target of

libkrb5�dev99K .
In general all the constraints ⌅z,x,y⇧ r99K⌅z,x⇤,y⇤⇧ can be relaxed

replacing ⌅z,x⇤,y⇤⇧ with ⌅z,x⇤⇤,y⇤⇤⇧ where ⌅z,x⇤⇤,y⇤⇤⇧ is a delete
action or it is the the first stateChange reaching a state y⇤⇤ that
does not provide r. After applying these relaxations we obtain
the final version of abstract plan that, for the kerberos case, is
the one depicted in Fig. 6.

Fig. 6: Abstract plan for the kerberos example after relaxation.

C. Plan generation
The abstract plan is used to synthesize a concrete one. The

idea is to visit the nodes of the abstract plan in topological
order until the target component is obtained. Visiting a node
consists of performing that action. Moreover, in order to
properly satisfy component requirements, when an incoming
r⇣ is encountered a new binding should be created, and when

an outgoing
r99K is encountered the corresponding binding

should be deleted. Notice that it is not necessary to visit the
entire abstract plan as it is sufficient to reach the target state.
For this reason, we give priority to the visit of the actions of
the components containing such state.

For instance, in the kerberos example, we can extract a
concrete plan from the abstract plan in Fig. 6 as follows.
Assume that the target state is state normal of component type
krb5. As we give priority to the corresponding instance, the
first action in the concrete plan is create(krb5,z) corresponding
to the visit of ⌅z,e,uninst⇧. The subsequent action is stat-
eChange(z,uninst,stage1) corresponding to ⌅z,uninst,stage1⇧.
The visit of the actions on the instance z cannot proceed

due to the incoming arrow
libldap2�dev

⇣ ; for this reason the
next action in the concrete plan is create(openldap,w) cor-
responding to the visit of ⌅w,e,uninst⇧. The next node in
the abstract plan to be visited is ⌅w,uninst,normal⇧, but
as this node has an incoming

libkrb5�dev⇣ , two actions must
be added to the concrete plan: bind(libkrb5-dev,z,w) and
stateChange(w,uninst,normal). At this point, the visit of the
component instance z can continue by considering node

⌅z,stage1,normal⇧; as this node has an incoming
libldap2�dev

⇣ ,
two actions must be added to the concrete plan: bind(libldap2-
dev,w,z) and stateChange(w,uninst,normal). This completes the
generation of the concrete plan as the target state has been
reached.

Unfortunately, the topological visit is not always possible as
it may be inhibited by the presence of cycles in the abstract
plan. Consider, for instance, a slightly modified version of the
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kerberos example in which the component type krb5 in normal
state requires not only one openldap in normal state, but also
one in uninst state. In this case the abstract plan will be as
in Fig. 7 (note the addition of the pair of arcs labeled with
uninst).

Fig. 7: Abstract plan for the modified kerberos example.

In the abstract plan in Fig. 7 there is a cycle among
�w,uninst,normal⇥, �w,normal,e⇥ and �z,normal,e⇥ that for-
bids the visit of �w,uninst,normal⇥, which is a necessary step
to visit the target node �z,stage1,normal⇥.

In general, these cycles appear when an instance is expected
to provide an interface during a specific phase of the plan, but
this is not possible because in the same phase of the plan the
instance is required to change its internal state. This problem
can be solved by means of instance duplication: an additional
component instance is deployed in such a way that the new
instance can continue providing the required interface during
that specific phase of the plan. The application of instance
duplication to the abstract plan in Fig. 7 is reported in Fig. 8,
where we add a new instance y of type openldap that does not
proceed further than state uninst. This new resource is used to
satisfy the requirement uninst of z. Notice that the topological
visit until the target node �z,stage1,normal⇥ becomes now
possible.

Fig. 8: Abstract plan in Fig. 7 after duplication of instance w.

In general, we have to consider an adaptive topological
visit, where by adaptive we mean that the abstract plan is
transformed when the visit is blocked by a cycle. When a node
cannot be visited, we proceed as follows. There is at least an

r99K or a
r⇣ arc, incoming to this node. We consider two cases:

when there is no incoming
r⇣ arc, and otherwise. In the first

case, we proceed by removing the incoming
r99K by duplicating

the instance containing the node that could not be visited. The
duplication of the instance is done from its initial node to such
node. Concerning the arcs, all the incoming

r⇣ and outgoing
r99K arcs of the instance (representing its requirements on

the other components) will have to be duplicated and, more
important, the incoming

r99K to be removed are moved to
the new instance. This is obtained by moving the pairs of
outgoing

r⇣ / incoming
r99K representing the interface that the

new instance must provide to the other components. See, for
instance, the pair of arcs labeled with uninst that are moved
from their initial position in Fig. 7 to the new instance y in
Fig. 8. In this way, the considered node does not any longer
have incoming arcs

r99K and it can be visited. Consider now
the case in which there are incoming arcs

r⇣. We consider the
node sources of these arcs. If those nodes cannot be visited,
we apply to them the instance duplication procedure. Upon
this duplication phase, the initial node could be visited or will
have impediments due to incoming arcs

r99K. In this case the
problem can be solved as described in the previous case.

It is interesting to note that this adaptive visit will eventually
terminate because new instances do not introduce new cycles,
and because there exists no cycle involving only

r⇣ arcs. This
is guaranteed by the fact that this class of arcs represents
the dependencies selected during the transformation from the
reachability graph to the abstract plan; by construction, these
dependencies cannot be circular because they always go from
nodes at a lower to nodes at a higher level in the pyramid.

IV. VALIDATION

In the context of knowledge representation and reasoning, a
very important application of artificial intelligence, is that of
developing languages and tools for reasoning about actions and
change and, more specifically, for the problem of planning [8].
Since 1998, a declarative language for planning has been
defined for establishing a common syntax for different tools
in order to allow different research groups to test their solvers.
This language is known as PDDL [17].

Our tool solves a planning problem and therefore we tried
to validate our ad-hoc planner against standard planners. To
do so we have defined an encoding of our specific planning
problem into PDDL: each component instance is translated
into one PDDL object with possible actions corresponding
to state changes. These actions can be acted on the object
only when the other objects in the configuration provide the
required interfaces. The encoding abstracts from the bind and
unbind actions2 and limits the number of objects that could
be concurrently used.3

As a benchmark we have considered Aeolus instances
automatically generated following the pattern of component
interdependency discussed in Section III with the kerberos

2Bind and unbind action can be added to form a valid deployment run in
polynomial time in a post processing phase.

3This limitation was necessary because all the solvers assume a finite num-
ber of objects –without this limitation the planning problem is undecidable.

Fully automated deployment  
(no capacity, no conflicts) 



Bertinoro 7-11/3/2016  Models and Languages for Service-Oriented and Cloud Computing 

kerberos example in which the component type krb5 in normal
state requires not only one openldap in normal state, but also
one in uninst state. In this case the abstract plan will be as
in Fig. 7 (note the addition of the pair of arcs labeled with
uninst).

Fig. 7: Abstract plan for the modified kerberos example.

In the abstract plan in Fig. 7 there is a cycle among
�w,uninst,normal⇥, �w,normal,e⇥ and �z,normal,e⇥ that for-
bids the visit of �w,uninst,normal⇥, which is a necessary step
to visit the target node �z,stage1,normal⇥.

In general, these cycles appear when an instance is expected
to provide an interface during a specific phase of the plan, but
this is not possible because in the same phase of the plan the
instance is required to change its internal state. This problem
can be solved by means of instance duplication: an additional
component instance is deployed in such a way that the new
instance can continue providing the required interface during
that specific phase of the plan. The application of instance
duplication to the abstract plan in Fig. 7 is reported in Fig. 8,
where we add a new instance y of type openldap that does not
proceed further than state uninst. This new resource is used to
satisfy the requirement uninst of z. Notice that the topological
visit until the target node �z,stage1,normal⇥ becomes now
possible.

Fig. 8: Abstract plan in Fig. 7 after duplication of instance w.

In general, we have to consider an adaptive topological
visit, where by adaptive we mean that the abstract plan is
transformed when the visit is blocked by a cycle. When a node
cannot be visited, we proceed as follows. There is at least an

r99K or a
r⇣ arc, incoming to this node. We consider two cases:

when there is no incoming
r⇣ arc, and otherwise. In the first

case, we proceed by removing the incoming
r99K by duplicating

the instance containing the node that could not be visited. The
duplication of the instance is done from its initial node to such
node. Concerning the arcs, all the incoming

r⇣ and outgoing
r99K arcs of the instance (representing its requirements on

the other components) will have to be duplicated and, more
important, the incoming

r99K to be removed are moved to
the new instance. This is obtained by moving the pairs of
outgoing

r⇣ / incoming
r99K representing the interface that the

new instance must provide to the other components. See, for
instance, the pair of arcs labeled with uninst that are moved
from their initial position in Fig. 7 to the new instance y in
Fig. 8. In this way, the considered node does not any longer
have incoming arcs

r99K and it can be visited. Consider now
the case in which there are incoming arcs

r⇣. We consider the
node sources of these arcs. If those nodes cannot be visited,
we apply to them the instance duplication procedure. Upon
this duplication phase, the initial node could be visited or will
have impediments due to incoming arcs

r99K. In this case the
problem can be solved as described in the previous case.

It is interesting to note that this adaptive visit will eventually
terminate because new instances do not introduce new cycles,
and because there exists no cycle involving only

r⇣ arcs. This
is guaranteed by the fact that this class of arcs represents
the dependencies selected during the transformation from the
reachability graph to the abstract plan; by construction, these
dependencies cannot be circular because they always go from
nodes at a lower to nodes at a higher level in the pyramid.

IV. VALIDATION

In the context of knowledge representation and reasoning, a
very important application of artificial intelligence, is that of
developing languages and tools for reasoning about actions and
change and, more specifically, for the problem of planning [8].
Since 1998, a declarative language for planning has been
defined for establishing a common syntax for different tools
in order to allow different research groups to test their solvers.
This language is known as PDDL [17].

Our tool solves a planning problem and therefore we tried
to validate our ad-hoc planner against standard planners. To
do so we have defined an encoding of our specific planning
problem into PDDL: each component instance is translated
into one PDDL object with possible actions corresponding
to state changes. These actions can be acted on the object
only when the other objects in the configuration provide the
required interfaces. The encoding abstracts from the bind and
unbind actions2 and limits the number of objects that could
be concurrently used.3

As a benchmark we have considered Aeolus instances
automatically generated following the pattern of component
interdependency discussed in Section III with the kerberos

2Bind and unbind action can be added to form a valid deployment run in
polynomial time in a post processing phase.

3This limitation was necessary because all the solvers assume a finite num-
ber of objects –without this limitation the planning problem is undecidable.
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kerberos example in which the component type krb5 in normal
state requires not only one openldap in normal state, but also
one in uninst state. In this case the abstract plan will be as
in Fig. 7 (note the addition of the pair of arcs labeled with
uninst).

Fig. 7: Abstract plan for the modified kerberos example.

In the abstract plan in Fig. 7 there is a cycle among
�w,uninst,normal⇥, �w,normal,e⇥ and �z,normal,e⇥ that for-
bids the visit of �w,uninst,normal⇥, which is a necessary step
to visit the target node �z,stage1,normal⇥.

In general, these cycles appear when an instance is expected
to provide an interface during a specific phase of the plan, but
this is not possible because in the same phase of the plan the
instance is required to change its internal state. This problem
can be solved by means of instance duplication: an additional
component instance is deployed in such a way that the new
instance can continue providing the required interface during
that specific phase of the plan. The application of instance
duplication to the abstract plan in Fig. 7 is reported in Fig. 8,
where we add a new instance y of type openldap that does not
proceed further than state uninst. This new resource is used to
satisfy the requirement uninst of z. Notice that the topological
visit until the target node �z,stage1,normal⇥ becomes now
possible.

Fig. 8: Abstract plan in Fig. 7 after duplication of instance w.

In general, we have to consider an adaptive topological
visit, where by adaptive we mean that the abstract plan is
transformed when the visit is blocked by a cycle. When a node
cannot be visited, we proceed as follows. There is at least an

r99K or a
r⇣ arc, incoming to this node. We consider two cases:

when there is no incoming
r⇣ arc, and otherwise. In the first

case, we proceed by removing the incoming
r99K by duplicating

the instance containing the node that could not be visited. The
duplication of the instance is done from its initial node to such
node. Concerning the arcs, all the incoming

r⇣ and outgoing
r99K arcs of the instance (representing its requirements on

the other components) will have to be duplicated and, more
important, the incoming

r99K to be removed are moved to
the new instance. This is obtained by moving the pairs of
outgoing

r⇣ / incoming
r99K representing the interface that the

new instance must provide to the other components. See, for
instance, the pair of arcs labeled with uninst that are moved
from their initial position in Fig. 7 to the new instance y in
Fig. 8. In this way, the considered node does not any longer
have incoming arcs

r99K and it can be visited. Consider now
the case in which there are incoming arcs

r⇣. We consider the
node sources of these arcs. If those nodes cannot be visited,
we apply to them the instance duplication procedure. Upon
this duplication phase, the initial node could be visited or will
have impediments due to incoming arcs

r99K. In this case the
problem can be solved as described in the previous case.

It is interesting to note that this adaptive visit will eventually
terminate because new instances do not introduce new cycles,
and because there exists no cycle involving only

r⇣ arcs. This
is guaranteed by the fact that this class of arcs represents
the dependencies selected during the transformation from the
reachability graph to the abstract plan; by construction, these
dependencies cannot be circular because they always go from
nodes at a lower to nodes at a higher level in the pyramid.

IV. VALIDATION

In the context of knowledge representation and reasoning, a
very important application of artificial intelligence, is that of
developing languages and tools for reasoning about actions and
change and, more specifically, for the problem of planning [8].
Since 1998, a declarative language for planning has been
defined for establishing a common syntax for different tools
in order to allow different research groups to test their solvers.
This language is known as PDDL [17].

Our tool solves a planning problem and therefore we tried
to validate our ad-hoc planner against standard planners. To
do so we have defined an encoding of our specific planning
problem into PDDL: each component instance is translated
into one PDDL object with possible actions corresponding
to state changes. These actions can be acted on the object
only when the other objects in the configuration provide the
required interfaces. The encoding abstracts from the bind and
unbind actions2 and limits the number of objects that could
be concurrently used.3

As a benchmark we have considered Aeolus instances
automatically generated following the pattern of component
interdependency discussed in Section III with the kerberos

2Bind and unbind action can be added to form a valid deployment run in
polynomial time in a post processing phase.

3This limitation was necessary because all the solvers assume a finite num-
ber of objects –without this limitation the planning problem is undecidable.
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Capacity constraints and 
conflicts strike back 

u We have investigated the problem of 
synthesising the final configuration 
n  considering capacity constraints and 

conflicts but ... 
n  … abstracting away from the internal 

configuration automata 
 
R. Di Cosmo, M. Lienhardt, R. Treinen, S. Zacchiroli, J. Zwolakowski,  
A. Eiche, A. Agahi: Automated synthesis and deployment of cloud 
applications. In Proc. ASE 2014: 211-222 
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Basic idea 

u Idea for computing the final configuration: 
n  first perform component selection 

w abstract away from the specific bindings among 
the selected components … 

w ... considering only the overall requirements / 
capacity constraints / conflicts to be satisfied 

n  Subsequently establish the bindings among 
the selected components 
w thus forming the expected configuration 
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Component selection 

u Component selection is NP-complete but 
we can use Contraint Solving technology 
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Bindings establishment 

u Bindings decided as solution  
of a max-flow problem  
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u We have relised a tool-chain that: 
n  Starting from a library of components and 

the specification of the desired configuration 
n  First computes the final configuration 

(considering capacity and conflicts) … 
n  … then computes a deployment plan to reach 

it (capacity and conflicts not guaranteed) 

R. Di Cosmo, A. Eiche, J. Mauro, S. Zacchiroli, G. Zavattaro,  
J. Zwolakowski: Automatic Deployment of Services in the Cloud with 
Aeolus Blender. In Proc ICSOC 2015: 397-411 

Putting everything together: 
Aeolus Blender 
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u Armonic: library 
of components 

u Zephyrus: 
synthesis of the 
final architecture 

u Metis: plan the 
configuration 
actions 

Putting everything together: 
Aeolus Blender              



Armonic: component 
description 

u Definition of a language for describing 
component’s repositories 
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 {
   "states": [

    {
     "provide": {}, 

     "require": {}, 
     "initial": true, 

     "name": "Installed", 
     "successors": [

      "Template"
     ]

    }, 
    {

     "provide": {}, 
     "require": {}, 

     "successors": [
      "Configured"

     ], 
     "name": "Template"

    }, 
    

    {
     "provide": {}, 

     "require": {
      "@Haproxy/Active/add_database": 1

     }, 
     "successors": [

      "Active"
     ], 

     "name": "Configured"
    }, 

    {
     "provide": {}, 

     "require": {
      "@Haproxy/Active/add_database": 1, 

      "@Httpd/Active/start": 1, 
      "@Httpd/Configured/get_document_root": 1

     }, 
     "successors": [

      "ActiveWithNfs"
     ], 

     "name": "Active"

    }, 
    

    {
     "provide": {

      "@Wordpress/ActiveWithNfs/get_website": 1000
     }, 

     "require": {
      "@Haproxy/Active/add_database": 1, 

      "@Httpd/Active/start": 1, 
      "@Httpd/Configured/get_document_root": 1, 

      "@Nfs_client/Active/mount": 1
     }, 

     "name": "ActiveWithNfs"
    }

   ], 
   "name": "Wordpress"

  }



Armonic: component 
description 

u Definition of a language for describing 
component’s repositories 
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@Haproxy/Active/add_database

Template     

wordpress

@Httpd/Configured/get_document_root

Configured     

Active     

ActWithNFS     @Nfs_client/Active/mount

@Httpd/Active/start

@Wordpress/ActiveWithNfs/get_website

Installed     

Legend

Component

State

Initial State

Provide Port

Require Port



Zephyrus: final configuration 
computation 

u Realization of a tool for component’s 
selection and architecture synthesis 

Bertinoro 7-11/3/2016  Models and Languages for Service-Oriented and Cloud Computing 

debian1@aeiche.innovation.mandriva.com
[debian]

debian2@aeiche.innovation.mandriva.com
[debian]

debian3@aeiche.innovation.mandriva.com
[debian]

mbs0@aeiche.innovation.mandriva.com
[mbs]

mbs1@aeiche.innovation.mandriva.com
[mbs]

mbs2@aeiche.innovation.mandriva.com
[mbs]

mbs3@aeiche.innovation.mandriva.com
[mbs]

Galera-3

@Galera/Active/start  

Galera-2

@Galera/Active/start  

Galera-1

@Galera/Active/start  

Wordpress-2

@Wordpress/ActiveWithNfs/get_website

@Httpd/Configured/get_document_root
@Httpd/Active/start

@Nfs_client/Active/mount
@Haproxy/Active/add_database

Haproxy-1

@Haproxy/Active/add_database @Galera/Active/start

Httpd-1

@Httpd/Configured/get_document_root
@Httpd/Active/start

 

Nfs_client-1

@Nfs_client/Active/mount @Nfs_server/Active/get_dir

Haproxy-2

@Haproxy/Active/add_database @Galera/Active/start

Wordpress-1

@Wordpress/ActiveWithNfs/get_website

@Httpd/Configured/get_document_root
@Httpd/Active/start

@Nfs_client/Active/mount
@Haproxy/Active/add_database

Httpd-2

@Httpd/Configured/get_document_root
@Httpd/Active/start

 

Nfs_client-2

@Nfs_client/Active/mount @Nfs_server/Active/get_dir
Varnish-1

 @Wordpress/ActiveWithNfs/get_website

Nfs_server-1

@Nfs_server/Active/get_dir  



Zephyrus: final configuration 
computation 

u Realization of a tool for component’s 
selection and architecture synthesis 
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Metis: deployment plan 
(conflicts/capacity not guaranteed) 

u Realization of a tool for planning the 
configuration actions to be executed 
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VARNISH-1

WORDPRESS-2 WORDPRESS-1

HAPROXY-1HAPROXY-2

NFS_CLIENT-2 NFS_CLIENT-1

GALERA-3 GALERA-2GALERA-1

NFS_SERVER-1

HTTPD-2HTTPD-1

varnish-1 (C,Installed)

varnish-1 (Installed,Configured)

varnish-1 (Configured,Active.ActiveSysD)

varnish-1 (Active.ActiveSysD,Active)

varnish-1 (Active,D)

wordpress-2 (ActiveWithNfs,D)

@Wordpress/ActiveWithNfs/get_website_Wordpress-2

wordpress-1 (ActiveWithNfs,D)

@Wordpress/ActiveWithNfs/get_website_Wordpress-1

wordpress-2 (C,Installed)

wordpress-2 (Installed,Template)

wordpress-2 (Template,Configured)

wordpress-2 (Configured,Active)

wordpress-2 (Active,ActiveWithNfs)

@Wordpress/ActiveWithNfs/get_website_Wordpress-2

haproxy-2 (Active,D)

@Haproxy/Active/add_database_Haproxy-2

nfs_client-1 (Active,D)

@Nfs_client/Active/mount_Nfs_client-1

httpd-1 (Active,D)

@Httpd/Active/start_Httpd-1

wordpress-1 (C,Installed)

wordpress-1 (Installed,Template)

wordpress-1 (Template,Configured)

wordpress-1 (Configured,Active)

wordpress-1 (Active,ActiveWithNfs)

@Wordpress/ActiveWithNfs/get_website_Wordpress-1

haproxy-1 (Active,D)

@Haproxy/Active/add_database_Haproxy-1

nfs_client-2 (Active,D)

@Nfs_client/Active/mount_Nfs_client-2

httpd-2 (Active,D)

@Httpd/Active/start_Httpd-2

haproxy-1 (C,Installed)

haproxy-1 (Installed,Configured)

haproxy-1 (Configured,Active)

@Haproxy/Active/add_database_Haproxy-1

galera-3 (Active,D)

@Galera/Active/start_Galera-3

galera-2 (Active,D)

@Galera/Active/start_Galera-2

galera-1 (Active,D)

@Galera/Active/start_Galera-1

haproxy-2 (C,Installed)

haproxy-2 (Installed,Configured)

haproxy-2 (Configured,Active)

@Haproxy/Active/add_database_Haproxy-2

@Galera/Active/start_Galera-3 @Galera/Active/start_Galera-2@Galera/Active/start_Galera-1

nfs_client-2 (C,Installed)

nfs_client-2 (Installed,Active)

@Nfs_client/Active/mount_Nfs_client-2

nfs_server-1 (Active,D)

@Nfs_server/Active/get_dir_Nfs_server-1

nfs_client-1 (C,Installed)

nfs_client-1 (Installed,Active)

@Nfs_client/Active/mount_Nfs_client-1

@Nfs_server/Active/get_dir_Nfs_server-1

galera-3 (C,Repositories)

galera-3 (Repositories,Installed)

galera-3 (Installed,Configured)

galera-3 (Configured,Active)

@Galera/Active/start_Galera-3@Galera/Active/start_Galera-3

galera-2 (C,Repositories)

galera-2 (Repositories,Installed)

galera-2 (Installed,Configured)

galera-2 (Configured,Active)

@Galera/Active/start_Galera-2@Galera/Active/start_Galera-2

galera-1 (C,Repositories)

galera-1 (Repositories,Installed)

galera-1 (Installed,Configured)

galera-1 (Configured,Active)

@Galera/Active/start_Galera-1@Galera/Active/start_Galera-1

nfs_server-1 (C,Installed)

nfs_server-1 (Installed,Configured)

nfs_server-1 (Configured,Active)

@Nfs_server/Active/get_dir_Nfs_server-1 @Nfs_server/Active/get_dir_Nfs_server-1

httpd-2 (C,Installed)

httpd-2 (Installed,Configured)

@Httpd/Configured/get_document_root_Httpd-2

httpd-2 (Configured,Active)
@Httpd/Active/start_Httpd-2

httpd-1 (C,Installed)

httpd-1 (Installed,Configured)

@Httpd/Configured/get_document_root_Httpd-1

httpd-1 (Configured,Active)
@Httpd/Active/start_Httpd-1


