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Abstract. We present Architectural Design Rewriting (ADR), a graph-
based approach to deal with the design of reconfigurable software archi-
tectures. The key features we promote are: (i) hierarchical design; (ii)
soft constraints for modeling QoS attributes; (iii) style-preserving re-
configurations; (iv) rule-based approach; and (v) algebraic presentation.
Roughly, actual architectures are modeled by graphs with port and at-
tribute nodes through which component edges are connected. Uniformly,
QoS constraints on attributes are also modeled as edges. Architectures
are designed hierarchically by a set of edge replacement rules that fix
the architectural style. Depending on their reading, productions allow:
(i) top-down design by refinement, (ii) bottom-up typing, and (iii) al-
gebraic composition of typed architectures, with terms corresponding to
style proofs. Moreover, productions exploit constraint primitives that can
be used in the refinement phase, e.g., to reserve a certain amount of re-
sources or to postpone architectural decisions. Similarly, reconfigurations
are modeled as graph transformations triggered by constraints primitives
to guarantee that certain levels of QoS are mantained. The main contri-
bution is showing that we can take advantage by exploiting styles when
specifying reconfigurations: (i) by giving hierarchical specifications that
exploit the classes introduced by the style, (ii) by guaranteeing that all
reconfigurations are style-preserving, (iii) by expressing reconfigurations
as ordinary term rewrite rules on the algebra of style proofs. Overall, this
results in a simple and formal mechanism for designing architectures ac-
cording to a style, for checking that an architecture is an instance of a
style and for ensuring style preservation during reconfigurations.

1 Introduction

The architecture of a software system basically consists of the structure of com-
ponents and the way they are interconnected. When designing an architecture,
it is desirable to consider the concept of architectural style [23], i.e., some set of
rules indicating which components can be part of the architecture and how they
can be legally interconnected. Typical architectural styles include client-server
and pipelines. Architectural styles can be applied to reuse existing design pat-
terns. In addition, they offer a further benefit when architectural information is
carried over the execution of the system, since one can control whether changes



Fig. 1. The architecture of a system

in the system imply changes in the architecture and eventually in its style. While
changes in the architecture are acceptable and even necessary, the architectural
style should be preserved in most cases. For instance, in a system with client-
server architectural style clients connecting and disconnecting from the server
are permitted, while a client connecting to a client is not.

In our approach we shall consider architectures with QoS attributes. Here,
QoS is meant as a measure of the high-level non-functional properties of systems
like the throughput offered by a multimedia server or the security level expected
by a client in a banking application. In general, QoS attributes are special pa-
rameters of networked components and we take the view that they can both
play a role both at early stages of system design and guide hierarchical recon-
figuration driven by architectural styles. Therefore, our notion of architectural
style enriches the classical one with constraints! on the quantitative attributes:
A style defines which components can be part of the architecture, how to legally
compose them and which values for the attributes are valid. A constraint in a
client-server architecture, for instance, could prevent the server to be overloaded.
In addition to being a suitable model for the relation between the attributes of
the different components of the architecture, constraints offer a further advan-
tage: They allow to postpone architectural decisions about the actual values of
the attributes. For instance, a constraint can impose an attribute to be within
a certain range, without actually fixing it to a concrete value. Thus, the use of
constraints offers a formal way to model and analyze quality aspects of soft-
ware systems. Our approach is not limited to crisp constraints, i.e., constraints
that are either satisfied or not. Instead, we consider soft constraints, where con-
straints are satisfied with a certain level of quality. Soft constraints can model
QoS attributes as well as Service Level Agreements (SLA) of Web Services. We
use c-semirings [4] as a suitable formalism for supporting soft constraints.

The configuration of a system is its current state and is directly reflected in
the architecture, i.e., it consists of the present components, interconnections and
the values of quantitative attributes. Changes in the configuration that com-
promise the system might require a proper reaction which is called reconfigura-
tion. Properly reconfiguring means that the architecture has to be restructured
to guarantee a non-compromised configuration. In most cases the architectural

I To avoid confusion we do not use the term constraint to refer to structural constraints
imposed by the style.



style must be preserved. Thus, reconfigurations model how the old configuration
is transformed into a new one, preferably preserving the architectural style. The
way this is done is via a set of reconfiguration rules that express the necessary
changes in the architecture. The rules of our approach are style preserving and
are defined at any abstraction level of the architecture.

Contribution. The main contribution of our approach is a simple algebraic for-
malism called Architectural Design Rewriting (ADR). It can be used for describ-
ing architectural development issues like refinement, abstraction and composi-
tion, and run-time issues like execution and reconfiguration. Additional contri-
butions of our approach are the inclusion of QoS in architectures by means of
constraints, and thus in architectural styles, design and reconfiguration, and the
definition of style-based reconfiguration rules at any abstraction level of the ar-
chitecture. Our proposal can be seen as a formal basis for extending existing
architectural description languages [20] (ADLs) with the novel concepts of our
approach. In addition, we believe that our approach contributes to emphasize
the benefits of considering architectural aspects in system design, especially to
ensure quality measures of the implemented system [13].

We emphasize here the algebraic reading of both style-based desing and re-
configuration rules. Design rules (or productions) can be seen as the basic oper-
ations for composing well-defined architectures according to their types, yielding
well-typed results. Hence, architectural information can be kept at run-time just
by recording the proof term composed by functional application of the produc-
tions used in the design phase. Style-preserving reconfigurations can then be
expressed as ordinary term rewriting rules on such architectural information.
The hierarchical nature of the approach allows for the specification of rules that
take typed architectures as parameters. Pushing further this view, one sees that
sometimes rules can be conveniently applied in both directions, and their em-
ployment is instrumental to the effective application of directional rewrite rules.
This scenario is well known in the area of term rewriting, where rewriting up-to
equational axioms has received lot of attention.

While term rewrites can always occur in any larger context, an additional
issue might be the use of conditional reconfiguration rules, where transforma-
tions can be derived using several inference rules expressing that a composed
architecture can be rewritten only provided that its sub-components are suit-
ably transformed first. This step would make the formalism very powerful. On
the one side ordinary process algebras like ccs or m-calculus should become
immediately representable, yielding a unified setting where design development,
runtime execution and reconfiguration could be defined on the same foot. On the
other side complex reconfigurations, e.g., achieving nested wrappings of repeti-
tive subcomponents could become easily expressible and checkable.

Related Work. The use of graphs and graphs transformations to model architec-
tural styles has been proposed by several authors (see [23], for instance) which
based on the concept of shapes in programming languages [11]. Amongst such
works our paper is closely related to the approach of [17] which we extend with



QoS constraints and simpler, more intuitive and powerful formalism. Within this
research line, our algebraic approach is original and reconfigurations triggered
by constraints are supported here for the first time.

The paper is also related to approaches that deal with reconfigurations in
software architectures defined by an ADL. As far as we are aware, our approach
differs from such approaches in that they do not consider QoS attributes as
constraints or hierarchical reconfigurations. In [1], for instance, QoS aspects are
modeled at the architectural level in order to specify QoS contracts among com-
ponents that are then monitored during run-time: QoS contracts can trigger run-
time reconfigurations of the system, however they are not used for constraining
hierarchical reconfigurations of the system design.

Another difference is that we use graph rewritings as a unifying model to
model architectural design, behavior and reconfiguration, while most ADLs use
different formalism for such issues. For instance, various approaches [14] mix the
ingredients of a concrete ADL and the Alloy [18,19] language to respectively
describe the vocabulary and constraints that define an architectural style.

Running example. Along with the paper we illustrate our approach with an
architectural style that basically considers two classes of concrete components:
agents and gateways. Agents have two ports that are used to interconnect them
with other agents. A sequence of connected agents is abstracted as a chain. Max-
imal chains must be cyclic thus forming rings. All the rings of the system must
be attached via gateway to the same point in a star-fashion. The abstract and
concrete components that we have introduced have QoS attributes associated.
Rings have a certain capacity and a workload that cannot exceed the capacity.
The workload of a ring is the workload of its maximal chain. The workload of a
chain is the sum of the workloads of its component agents.

Figure 1 shows a simple instance of the (informally) described style with two
rings (dotted boxes) respectively formed by two and one agents (a-labeled boxes).
Rings are connected to the center of the star (empty circle z.) via gateways (g-
labeled boxes). The workload of the rings is represented by the filled circles wy
and wy, respectively, and constraints represented by the 3--labeled boxes require
the workload of a ring to be equal to the sum of the workloads of its component
agents. For instance, in the left ring, w; is constrained to be the sum of ws and
ws. Additional constraints (<-labeled boxes) force the workload of each ring to
not exceed its capacity (¢; and cg for the left and right rings, respectively).

We shall give design rules for constructing systems according to such style.
The rules can be seen as refining abstract components (e.g., a system) into more
concrete ones (e.g., a ring) up to arrive to the most concrete level (e.g., the
agents and gateways). Then, we exemplify our approach to hierarchical style-
based reconfiguration by giving rules for dealing with under and over-loaded
rings. The rules are not directly specified at the most concrete level (i.e., as a
manipulation of agents) as it is usual done, but a more abstract level (chains of
agents, as we shell see) and are guaranteed to preserve the style.



Structure of the Paper The paper is structured as follows. Section 2 defines
our notion of software architectures with QoS attributes as designs, which are
basically graphs with interface and constraints . Section 3 explains how to define
architectural styles by a set of design productions. Section 4 presents the main
contribution of our approach, namely, hierarchical style-based reconfigurations
by means of term rewriting. Section 5 concludes the paper and outlines future
work.

2 Software Architectures

An architecture is an abstraction or view of the implementation of a system.
The basic view describes the present components and their interconnections
but other aspects (e.g., behavior) can also be considered, leading to an aspect
oriented development. In this paper we focus on structural and QoS aspects.
This section explains our formalism for representing and manipulating software
architectures with such key aspects.

2.1 Architectural Models

Software architectures can be suitably represented by graphs. Take, for in-
stance, the typical run-time component and connector view of software architec-
tures [8] which is at the base of architectural description languages (ADLs) like
ACME [12]. Basically, an architecture is viewed as a collection of interconnected
components. Components model the main computational entities of the system.
Their interface is represented by ports where connectors are attached. Connec-
tors model the pathways of communication. Their attachment points are usually
called roles. A simple way to see such a model as a graph is to represent compo-
nents and connectors with hyperedges whose attaching points, called tentacles,
represent ports and roles. A port is connected to a role when the corresponding
tentacles are attached to the same node. So let us now give a formal definition
for graphs.

Definition 1. A graph is tuple G = (V, E,t) where V is the set of nodes, E is
the set of edges and t : E — V* is the tentacle function.

R

Fig. 2. A system is as a network of rings.

Ezample 1. In our running example components are represented by edges, at-
tributes by nodes to which component edges are attached. For the sake of sim-
plicity connectors are represented by nodes, such that the interconnections of



two components is represented by the set of set of nodes they are attached to.
Note that the tentacle of an edge are represented by outgoing arrows, except the
first tentacle that is represented by an incoming arrow. The already described
Figure 1 depicts a concrete architecture of the system. Figure 2 instead depicts
the architecture of a system at the most abstract levels. The graph on the left
represents the (closed) system which is an isolated component without attributes
and is thus represented by an S labeled edge without tentacles. The graph on
the right represents a network (N-labeled edge) attached to a node ;. We shall
see that the figure represents a design rule that can be interpreted as refining a
system as a network or, dually, composing a system from a network.

2.2 Architectural Elements

The vocabulary of an architectural style consists of a set of architectural ele-
ments. For instance, in a client-server architecture one has clearly two classes
of components: clients and servers. In our running example, instead, we have
agents, rings, chains, gateways, etc. A suitable way to represent architectural
elements in a graphical representation of software architectures consists of us-
ing type graphs, which have one edge and node for each different type of edge
and node element, respectively, that one wants to consider. One can also have
a type hierarchy with sub- and super-types relations as in [3] but we restrict to
a one-level typing hierarchy for the sake of simplicity. The relationship between
actual elements of an architecture and the abstract classes of elements is suitably
represented by graph morphisms.

Definition 2. Given two graphs G,H a graph morphism is a pair of functions
(fv, fr) preserving the tentacle function, i.e., fy ote = tg o fg, where fy :
Ve — Vg and fg: Eq — Ey.

Ezxample 2. We do not depict the type graph of our running example since
it results in a cumbersome figure. Instead we give its textual representation.
The set of nodes is {o, e}, where o is a purely structural node representing
connections and e nodes represent QoS attributes. The classes of components
of our system are System, Network, Ring, Chain, agent, gateway. In addition,
we have constraints < and Y. These elements are represented by the set of
edges {S, N, R, C,a,g,<,v}. The tentacle function models which type of nodes
a component can be attached to and is defined by {S — (),N — (0),R
(o0,0,0),C — (0,0,8),a— (0,0,8), g+ (0,0),<r (e,0) > > (e e e)}. In our
graphical representation, types are explicitly represented, where the type of an
edge is the label inside the corresponding box.

Typed graphs are hence defined as graphs equipped with a typing morphism.

Definition 3. Let T be a graph. A typed graph G over T is a graph |G|, together
with a graph morphism 7¢ : |G| — T. A morphism between T-typed graphs
f: G1 — Gy is a graph morphism f : |G1| — |G2| consistent with the typing,
i.e., such that 1q¢, = 1g, 0 f.



Now, in our approach we distinguish two kind of architectural components:
abstract (or non-terminal, refinable) and concrete (or terminal, basic, non re-
finable). For instance, we shall see that a chain of agents can be refined as a
concatenation of chains of agents (cf. Figure 6) or as an agent (cf. Figure 5).
Technically, edges Er of the type graph T' (and thus edge types) are partitioned
into several alphabets. We first notice that the tentacle function applies to edges
of T" as well, and thus Er is partitioned into families indexed by tuples of node
types. Even if there is only one node type, edge types are ranked according to the
number of tentacles. An additional distinction is between terminals 7 and non-
terminals A'7. As for ordinary string grammars, (non) terminal edges, namely
edges labeled by a (non) terminal symbol, represent abstract components which
cannot (can) be refined, or instantiated. Thus, terminal edges represent basic
components of the architecture. In particular, a family of terminal symbols of
special interests for our approach denotes constraints. For the sake of a clear
presentation, we shall use upper-case letters to denote abstract components and
any other kind of symbols for basic components.

Fig. 3. Two networks form a network.

Ezample 3. In our approach, for instance, System, Network, Ring and Chain are
abstract classes and agent, gateway are basic classes. Indeed a network can be
refined as two networks attached to the same node as illustrated in Figure 3 or
as a more complex structure combining a ring, a gateway and a constraint as
depicted in Figure 4.
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Fig. 4. A ring is a network.

In our approach a design is an assembly of interconnected basic components
that have a typed interface represented by a non-terminal edge. The idea is that
the type of the interface edge represents the abstract component class while its
tentacles represent the exposed nodes.

Definition 4. A design is a graph with edge interface, i.e, a tripled = (Lq, R4, i4),
where Lg is a (typed) graph consisting only of a nonterminal labeled by Agq and



by distinct nodes attached to its tentacles; Ry is a (typed) graph without nonter-
mianal edges; and iq: Vi, — Vg, is an injective function.

The notion of graph morphism is trivially extended to morphisms between
designs. The nodes of Ry in the image of i, are the interface nodes of the design,
ordered according to the tentacles of the nonterminal edge in Ly, while the
nonterminal A, labeling the latter gives the type (or role, meaning, etc.) of the
design. We shall see that this notion of design is suited for system development
by refinement, abstraction or composition. Abusing of notation we shall use the
term graph for both a typed graph with interface and its underlying graph.
In addition we sometimes say that a graph is of type A(xy,...,2z,) (or just
A) meaning that the interface of the graph is an edge of type A with nodes
LlyeowyLp.

Fig.5. An agent is a chain.

Ezample 4. Figure 5 illustrates a simple design. The underlying graph Ry (right
part of the figure) consists of an agent represented by an a-labeled edge attached
to nodes x1 and x5 and the attribute node w. The interface Ly is a C-labelled
edge representing the fact that an agent can be seen as a chain of agents. Observe
that, for the sake of simplicity, we assume that the interface morphism 74 maps
nodes from the interface to the nodes of the underlying graph that have the same
name.

2.3 Software Architectures with QoS

We introduce QoS aspects in software architecture by means of constraints.
Roughly, attributes are represented by nodes constraint edge impose a constraint
on its attachment nodes. Instead of limiting the approach to crisp constraints
that either acceptd or rejected, we shall consider soft constraints where each
possible tuple of values is assigned a certain value expressing its level of prefer-
ence. Our precise flavor of soft constraints is based on constraint semirings [4]
(c-semirings for short), a special kind of semirings with additional properties
that make them suitable to represent constraints. We first recall the definition
of semiring.

Definition 5. A semiring is a tuple (A, +, X, 0, 1) such that A is a set; 0 and 1
are elements of A; + is commutative, associative and has 0 as unit element; X
s associative, distributes over + and has 1 as unit and 0 as absorbing elements.



A c-semiring is a semiring S = (4, 4, X, 0,1) such that 4 is idempotent, 1 is
its absorbing element, and x is commutative. One can show [4] that c-semirings
benefit from various properties. First, one can define a partial order <g on A
such that a <g b whenever a+b = b. As a result, (A, <g) is a complete lattice
where + coincides with its least upper bound and 0, 1 are the bottom and top
elements of the lattice.

Intuitively, A is the domain of partially ordered preference levels. This is par-
ticularly interesting when considering multiple criteria, an issue that c-semiring
can suitably model since Cartesian products, power domains and functional con-
structions of c-semirings are again c-semirings. The additive operation + is thus
used to choose the the least upper bound of a set of values. The multiplicative
operation is used to formalizes the combination of constraints. Finally, 0 and 1
represent the worst and best levels.

Classical (crisp) constraints are given by the Boolean semiring which is de-
fined as ({true, false}, Vv, A, false, true). Fuzzy constraints, instead are modeled
by using the fuzzy semiring ([0, 1], maz, min, 0, 1) which has preference levels be-
tween 0 and 1. Finally, the tropical semiring (R*, min, +, 0, +00) which has been
traditionally used to model cost notions in optimization problems can be used
to represent constraints that have an associated cost.

For the sake of simplicity we assume that all the attributes have the same do-
main D. Then given a set V of variables over D and a semiring S = (4, 4+, x,0,1)
one can define a constraint system as a semiring S¢ = (C, ®, ®, 0, i) whose do-
main C = (V — D) — A is the set of all possible S-valued constraints on
variables of V' with domain D [5].

The idea is that constraints are defined as functions that, given an assignment
p:V — D of values to variables, return elements of the original semiring S. Con-
straints have a finite support denoted by supp which is a finite subset of variables
on which they actually depend. Formally, supp(c) = {v € V' | Ip, a, b.cp[v — a] #
cplv — b]}. Summing and combining constraints is modeled by functions & and
® respectively defined by (¢1 @ ¢2)p = c1ptcap and (¢1 D ca)p = c1p X cap,
while a constraint (with empty support) associating the semiring value a to each
assignment is denoted by a.

The combined constraint of a set C' of constraints is defined by ) C' and the
restriction (x)c of a constraint ¢ w.r.t. a variable € V is defined by (x)cp =
> aep P/ ). Intuitively, = is eliminated by taking the least upper bound of all
the values for z. Thus, the best level of consistency of a set of constraints C' is
(supp(x)) @ C, i.e., the combined constraint of C restricted w.r.t. its support. If
the result is 0 we say that C is inconsistent.

Ezample 5. In our example, the only attributes are workloads and capacities
both modeled by the non-negative real numbers (we have D = RT) and we
shall consider the Boolean semiring which coincides with a Boolean algebra and
yields crisp constraints. Thus, the constraints of our example basically consist of
comparisons of natural numbers. However, the generality of constraint semirings
is still exploited to represent constraints as values of a functional semiring.



A semiring S can suitably define a soft constraint system since one can
define a relation I: 2€ x C as C' I- ¢ whenever @ C' <g,, c. Relation I can be used
to establish whether a constraint c is entailed by a set of constraints C'. This will
be useful to define conditional reconfigurations in the spirit of the ask operation
of concurrent constraint programming [22, 5], i.e., reconfigurations that can be
applied only if a condition expressed by a set of constraints is entailed by the
store of constraints of the architecture where the reconfiguration is suppose to
be applied.

Observe that our graphs come equipped with constraints which are part of
the non-terminal edges of the graph. A design, therefore, has an associated con-
straint system given by the set of constraints of its underlying graph, which we
shall sometimes refer to as the store). Moreover, a design production implicitly
introduces constraints much like a tell operation [22, 5] on a constraint system.

Ezxample 6. Consider again Figure 1. The topmost edges are mapped into con-
straints w; < ¢; and ws < c3. On the other hand, the only y--labeled edge is
mapped into constraint 3= that maps each triple (z,y, z) satisfying = y + z to
true and each other tuple to false. In all cases, the support coincides with the
attached nodes.

3 Design

Designing a software architecture is a process that might consist of putting
together existing designs (composition), describing the internal structure of an
abstract component (refinement) or specifying that an assembly of components
are actually an abstract component (abstraction). When considering styles, all
these operations should be governed by a mechanism that gives guarantees about
the style of the system and its components at the different levels of abstraction.
We believe that graph transformations are suitable formalisms to achieve this
(see e.g [15] for an early work proposing graph transformations as architectural
design formalism).

3.1 Architectural Styles

An architectural style consists of the set of components that can be part of
the architecture (the vocabulary), and a set of rules indicating how they can
be legally interconnected. In our approach the vocabulary of a style is given by
the type graph, while the legal interconnections are given by means of sets of
productions, which are very much like a design where the underlying graph can
also have non-terminal edes.

Definition 6. A (design) production p is a tuple (L,, Rp,i,,l) where L, is
a (typed) graph consisting only of a nonterminal labeled by A, and by distinct
nodes attached to its tentacles; Ry, is a (typed) graph with both terminal and
non-terminal edges; i, : Vi, — Vg, is an injective function; and | is a bi-
Jjective function mapping the non-terminal edges of R, on an initial segment
[1,2,...,ny] of positive numbers.



The type of a production pis A1 Ay ... A, — A,, where Ay, is the nonterminal
symbol labeling the k-th nonterminal edge ey of R, namely with {(e;) = k. The
functional type 414, ... A, — A, associated to p is not an accident. In fact, p
can be considered a function that when applied to a tuple (di,da, ..., d,,) of de-
signs of types Ay, Aa, ... A, , respectively, returns a design d = p(dy, da, ..., dy,)
of type A,. The definition is obvious: d = (L, R4, i), where Ry is obtained from
R, by replacing edge ey, in it with graph R4, respecting the tentacle function ig4,,
k =1,...,np. Dually, a design production can be seen as refinement of an ab-
stract component of type A as an assembly of concrete and abstract components,
the latter being of type Ay, Aa,... Ay,
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Fig. 6. Two chains form a chain.

Ezxample 7. Consider, for instance, Figure 6. It illustrates a production chains
that takes two designs di, dy of type C' and returns a design of type C. For in-
stance, if dy and dy were both composed by a single agent the design chain(dy, ds)
would be much like the graph on the right of Figure 6 where the C labeled edges
would be labeled by a. The figure can also be interpreted as a refinement rule
stating that a chain can be decomposed into two consecutive chains of agents.

The construction above yields a many-sorted algebra M, where sorts are
nonterminal symbols N7, values are designs and operations are productions
of the corresponding types. Thus, a set of productions P determines a family
of architectural styles, where software architectures of type A are those in the
carrier M 4 corresponding to sort A. Furthermore, if a term ¢ of type A of M
evaluates to a design d, t = d itself can be considered the typing proof of d.

Once we have established our algebraic setting, we can import several useful
concepts from the standard algebraic machinery. A straightforward construc-
tion introduces free typed variables X into terms. As usual, an assignment 7
of variables to values can be uniquely extended to an evaluation t[n] of terms
with variables. Furthermore, term substitution ¢[t'/X| can be defined. The latter
construction has an obvious meaning: given a partial design ¢(X) with a com-
ponent X to be refined, and a refinement term t’ (which can be considered a
derived operation) of the right type, the (partial) design ¢[t'/X] is the result of
the refinement step. Conversely, given t[t’/X], the identification of a subsystem
t' of ¢[t'/X], such that ¢’ and ¢(X) are terms in M, is an abstraction step. Dif-
ferent levels of complexity of the construction depend on terms being linear (one
occurrence of each variable) or not.



Our algebraic approach is very general. For instance, the design process can
be seen as the process of writing a term for a design. A refinement design process
can be seen as a top-down writing of a term, while a compositional design process
can be seen as bottom-up writing of a term. Second, style checking, i.e., checking
whether an architecture meets a certain style reduces to writing a term. Finally, it
is worth noticing that most process algebras operations, when adapted to graphs,
can be represented by simple productions. For instance, parallel composition and
name restriction are easily represented by graph productions.

3.2 Design rules for the running example

We have already introduced most of the design productions of our running ex-
ample. We summarize here all of them and introduce the remaining ones. In this
section we follow the compositional point of view, where productions are seen as
functions composing a set of typed designs into an abstract one.

The design production sys for composing systems is depicted in Figure 2. It
forms a system from a network attached to a node.

Figure 3 depicts production nets which composes a net from two nets at-
tached to the same node.

Production net (cf. Figure 4) produces a network from a ring, which has two
attributes and is attached to the center of the star via a gateway. Attributes
w and c represent the workload and capacity of the ring, respectively, and a
constraint edge requires the workload of a ring to not exceed its capacity.

Fig. 7. A ring is a chain.

A ring with attributes w and c attached to a node z; forms as a chain in
design production ring ( cf. Figure 7). The extremes of the chain are connected
to 1 and have an attribute node w representing the workload of the ring.

The production chains depicted in Figure 6 represents the concatenation of
two chains as a chain whose workload must be equal to the sum of the workloads
of the original chains.

The last production agent (cf. Figure 5) constructs a chain from an agent.

4 Reconfiguration

Architectures are not static but might evolve in different dimensions. We have
seen that architectures can be designed at static-time by refining abstract com-
ponents or assembling subsystem architectures. During run-time instead, archi-
tectures might evolve due to actions of normal behavior or reconfigurations.



Monitoring the execution of a system in order to guarantee important aspects
like performance and reliability is a fundamental task in many applications like,
for instance, service oriented applications, where critical aspects such as business
or security issues are involved. Carrying architectural information at run-time
through the system deployment can help in this task, because critical changes
in the system are directly reflected in its architecture. Components leaving or
joining the system and attributes changing their values can require correcting
actions that lead the system into a proper state. Such actions are called recon-
figurations, and are specially common in systems with dynamic architectures.

For instance, in our example, rings can become over- or under-loaded. A
proper reconfiguration to deal with an overloaded ring could be to create a new
ring with a part of the overloaded ring in such a manner that neither the old
nor the new ring are overloaded. Conversely, when two rings are underloaded
another reconfiguration could merge both rings into a single one.

While reconfigurations can be naively described in terms of changes in the
concrete architecture, we argue that they arise more naturally and in a well-
disciplined way at an abstract level of the architecture. Indeed, the reconfig-
urations informally mentioned above have been written in terms of rings (ab-
stract class level), rather than agents (basic element level). An additional issue
that one would like to have in a reconfiguration mechanism is the capacity to
give guarantees about the architectural style. For instance, whether it is pre-
served or not. The rest of the section discusses these issues in deeper detail
and presents some sophisticated reconfiguration mechanisms, starting from ba-
sic graph rewrite rules, to more expressive recursive rules.

4.1 Ad-hoc reconfigurations

An eminent way to formalize graph transformations is the use of graph rewrite
rules. This can be done in several flavours [21], but basically the rules come with
a left-hand side graph G, and with a right-hand side graph G . Operationally,
the rewrite can be applied to any graph G larger than G by finding a suitable
match (i.e. an occurrence of G in G) and the result is the graph obtained
from G by removing that instance of GGy and releasing a fresh instance of Gp.
Moreover, there can be items shared by G, and G that are required to trigger
the rewrite, but are just preserved by the transformation (some sort of interface,
needed to properly attach the fresh copy of Gg to the existing items in G).

While this approach is sufficient to model structural aspects, considering QoS
requires to enrich graph transformations with constraints. First, graph trasnfor-
mations are equipped with sets of ask and check constraints. A graph trans-
formation requires the store of the current graph to entail the ask constraints
and the result of the derivation to be consistent with the check constraints. The
derived graph has a store that results from first deleting the constraints corre-
sponding to the deleted edges and then adding the tell constraints of the rule,
i.e., the constraints associated to the new edges.

Consider the problem of dealing with an underloaded ring via reconfiguration
rules that act directly at the concrete architecture level. We need rules that take



a single agent from the first ring, detach it and move it to the second ring,
also retracting and creating suitable constraints accordingly. Several rules are
required because we need to distinguish whether the constraints relate the agent
to the agent on its left or its right, and we also need a rule to distingush the
migration of the last agent, which requires to remove the gateway. Of course one
might want to specify reconfigurations that move an arbitrary number of agents,
hence in general the reconfiguration would consist of a sequence of very specific
transformations.

Such a solution, though possible, has some severe drawbacks. First, reconfig-
uration is not defined as a single action. Second, it is defined at an abstraction
level that is far away from the what one has in mind. It would be desirable to
define reconfigurations as a single action acting at the most appropiate abstrac-
tion level, i.e., rewrite rules should involve both class element and architectural
elements, according to the hierarchy fixed by the design.

4.2 Hierarchical reconfigurations

Consider the reconfiguration needed to deal with overloaded rings. Figure 8
depicts a rule that tackles the problem by detaching a chain C; from an existing
ring to form a new ring on its own with a fresh gateway g. The rule has no ask
constraint.

Fig. 8. Reconfiguration rule splitting a ring.

Exploiting the design class Chain we can write a unique rule for handling
the splitting of arbitrarily large rings.

We have already stated that using architectural styles have several benefits.
One of such benefits is that they might offer guarantees about the execution
of the system. If one wants to preserve such benefits, then styles should be
preserved during run-time. A naive way to guarantee style preservation is to
check the style of the architecture after the application of a reconfiguration. This
solution, however, is not desirable since there is no guarantee that a necessary
style-preserving reconfiguration is possible.



Hence, our methodology has style preservation as a requirement. We need
thus a mechanism that ensures style preserving a priori, i.e., a mechanism that
ensures that any application of a reconfiguration will preserve the architectural
style.

Now, while we can be convinced that the rule in Figure 8 preserves the style,
this is not obvious when observing the rule itself because we cannot assign style
types to the left and right-hand side, because they are incomplete diagrams. We
shall see that enforcing style preservation will allow us to use a neater algebraic
notation for reconfigurations.

4.3 Style-preserving reconfigurations

There is a very simple sufficient condition for enforcing style preservation, namely
that both the left-hand side L and the right-hand side R of the reconfiguration
can be assigned the same proper abstract class. Roughly, this way we are guar-
anteed that whenever L occurs, R would be also allowed by the style. Moreover,
since L and R can contain themselves class elements, we are guaranteed that
such elements can be consistently refined by any actual design compliant to
those classes, keeping the generality of hierarchical reconfigurations.

Consider Figure 9 which proposes a slightly more explicit context than the
rule of Figure 8. Apart from minor differences, the key issue is that we have
completed the picture of the ring to be transformed, considering also those ele-
ments that are not moving to the new ring. In this manner, it is easy to see that
both sides are of type N. Indeed, both the left- and right-hand sides of the rule
can be derived from a network attached to node x3. In term rewriting notation
the depicted rule is

net(ring(chain(C1,(Cs))) = nets(net(ring(Cs)),net(ring(Cs)))

Briefly, the rule requires a ring to be decomposable as two chains C; and Cs,
respectively. Each chain will form its own ring, by possibly recycling some of the
components. Because we assume that reconfigurations are consistent both rings
are guaranteed to have enough capacity.

Another instance of style-preserving reconfiguration is the rule depicted in
Figures 10 and defined by

nets(net(ring(C1)),net(ring(Cs))) = net(ring(chain(Ci, C2)))

It describes a reconfiguration for dealing with two underloaded rings in the
following manner: The left ring and right rings are seen as cyclic chains Cy and
C1, respectively, attached to the center of the star via their respective gateways.
The ask constraints (not depicted) are ¢/ < ¢, w’ < 0.25-¢ and w < 0.25-¢
which respectively guarantee that the new ring will have the best capacity, and
both rings are effectively underloaded. Now, merging the rings means removing
one of the gateways, connecting the chains to form a cycle and adapting the



Fig. 9. Reconfiguration rule splitting a ring.
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constraints accordingly. It is worth noting that this rule completely abstracts
from the internal structure of the chains.

Fig. 10. Reconfiguration rule joining two rings.

4.4 Reconfigurations as term rewriting

We have seen that design rules can be given an algebraic formulation in terms of
many-sorted operations over a suitable algebra of typed graphs (with interfaces),
with terms describing a particular style-proof. Note that in this way it is possible
that: (i) the same well-defined architecture can be described by different terms;
(ii) the same well-defined architecture can be assigned different classes.

Since style-preserving reconfigurations essentially operate at the level of style-
proofs (the abstract elements in L and R can be seen as typed variables), the
algebraic view can be pushed further by term rewriting over (style-)proof terms:
a graph trasformation rule is seen as a rewrite rule L = R, where L and R
are M-terms of the same type. Typically, both L and R are linear and all the
variables in R appear in L. This is the case when reconfigurations do not add



abstract components to the system. These variables can be instantiated in any
way consistent with the types, and both R and L can be contextualized.

For example, the reconfiguration rule for merging two underloaded rings (cf.
Figure 10) can be written just as the following term rewrite whose left-hand side
and right-hand side have type N:

nets(net(ring(C1)),net(ring(Cs))) = nets(ring(chains(C, Cs)))

Then, it is possible to apply the rule in any larger well-defined architecture
t(Ln), where 7 assigns proof terms of type C to variables C; and C5 (for example
the elementary chain term agent) and where ¢ is any term with one hole of
type N (for example, the system proof sys(NN7)). After the reconfiguration, the
architecture ¢(Rn) is obtained.

It is important to remark that in our setting reconfigurations happen at the
level of style proofs. Several scenarios are thus possible: (i) the architectural in-
formation is available at run-time and it is exploited in the reconfiguration; (ii)
the architectural information is available at run-time but we want (or need) to
construct a different proof in order to apply the reconfiguration; (iii) no architec-
tural information is available and we need to construct a proper proof in order
to apply the reconfiguration.

Case (i) is rather straightforward and computationally less expensive, with
the advantage that even in a largely distributed system, all candidates to the re-
configurations can be statically marked and locally monitored. It is however less
flexible, because when different reconfigurations are possible that are dependent
on different proofs for the same architecture, then no optimization is possible.
Instead, case (ii) and (iii) require some additional global monitoring but can
allow to improve the performance of the reconfigured system.

4.5 Architectural axioms

The actual design of an architecture is sometimes implicitly embedded in the
architecture itself. Consider for instance the tree-like structure of the constraints
relating the workloads of the agents forming a ring. Clearly, they reflect the way
the ring was constructed by repeatedly concatenating chains of agents. This is
not always convenient, since it can limit the applicability of reconfiguration rules.

For instance, while the rule for dealing with an underloaded ring (cf. Fig-
ure 10) can be applied to two rings no matter how they where constructed, this
is not the case for the splitting rule. Suppose that during the execution the ring
obtained by a previous join becomes overloaded and the rule of Figure 9 is chosen
for reconfiguration. There is only one way to split the ring, precisely resulting
in the same two original rings, because Y -labeled constraint edges form a stati-
cally wired tree and the reconfiguration rule performs the splitting at the top of
such tree. This means that whether the architectural information is available at
run-time or not, we have at most one way to split any given ring.

This is not a good choice because it might result in badly-balanced rings.
Avoiding this in general is not easy. It is up to the architect to define design



rules that reduce the amount of design-dependency. When this is not possible,
reconfigurations that restructure the architecture can be defined. For instance, in
our example, a better reconfiguration strategy would be to maintain the tree-like
structure of chains well balanced before the splitting, so that the reconfigured
system is less likely to need further splitting soon.

Consider the reconfiguration in Figure 11 that would allow to re-balance the
tree of X constraints before the splitting. We may notice that such reconfigu-
ration enjoys three nice properties: (i) it does not influence the topology of the
system, because it reconfigures just constraint edges; (ii) it does not modify the
global store, because equivalent constraints are expressed on the interface before
and after the reconfiguration. Moreover, note that to use the rule for re-balancing
(i) it is better to make it applicable in both directions.
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Fig. 11. Architectural axiom for balancing a ring
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To some extent, such reconfigurations define architectural axioms between
two equivalent representations of the same architecture, because the concrete
distinctions between the two views L and R are inessential. This scenario is well
known in the area of term rewriting, where rewriting up-to equational axioms
has received lots of attention, and our rule could be expressed by the axiom:

chains(chains(Cy,Cs),C3) = chains(Cy, chains(Cs, C3))

The practical consequence, is that the algebra of graphs that we are consid-
ering should not distinguish between architectures that have the same structure
and are subject to equivalent QoS constraints even when the latter are formu-
lated in slightly different manners.

4.6 More sophisticated reconfigurations

The reconfigurations seen so far can be applied in any larger context with their
parameters instantiated according to the specified types. However, it is often
the case that a composed architecture can be reconfigured only if all its sub-
components are suitably reconfigured first. Stretching the analogy between re-
configurations and rewrite systems the expressiveness of our reconfiguration lan-



guage can be further increased by considering conditional rewrites and labelled
rewrites, which are well-established formalisms in the process calculi area.

The first extension allows to limit the applicability of a reconfiguration to
certain specific contexts, so that a complex architecture is reconfigured. The
second extension allows to tag different families of rewrites depending on their
role. Due to space limitation, here we just give a short account of the way in
which the expressiveness and usability of our reconfiguration language would be
improved by the use of conditional rewrites.

Conditional rewrites take the form

A=A L0 A, — Al
L—R

, where L takes Aq, ..., A,, as parameters, while R takes A], ..., A . The mean-
ing is that, given an assignment n of concrete architectures to the parameters
Ay, ., An, Al . Al the architecture Ln can be reconfigured according to Rn
only if each A;n can be reconfigured to Aln.

Consider a reconfiguration rule that aims to change the ring topology of
basic networks into a star topology, where all agents are connected to the same
node. Since we need to reconfigure in one step all the agents of the ring, we
cannot provide just one ordinary style-preserving rule. Instead we can give an
easy recursive definition via conditional rewrites as below.

The base case consists of coalescing the two ports of an agent (which is a term
of type C). This is obtained by the (unconditional) rule agent — close(agent)
which is graphically depicted as follows:

L&) L)

The new design production close has type C — A, where A cannot be C
since both its interface node would be mapped to the same node. Indeed, we
introduce a new type A which represents agents attacched to one node only.
The operation is graphically described by:

o w ow

Obviously, because the type C' is not preserved by this reconfiguration, the
right and left-hand sides of the rewriting rule cannot be applied in the same
contexts. This is not a problem but requires to introduce new productions to
obtain consistent type reconfigurations. This will be clear with the example.

We now come to the first inductive case which is the transformation of two
connected chains into part of a star. The rule is conditional:



01702 : C Al,AQ tA Cl — Al CQ — A2
chain(C;,Cy) — join(Aj, As)

, where production join has type A x A — A and its definition is similar to
that of operation chain (thus we neglect it). We now graphically represent the
rewriting rule just defined:

Finally, a ring is star-reconfigured in such a way that the central node of the
star is attached to the gateway.

C, Ay C1— Al
ring(Cy) — star(4;)

Graphically we have:
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It is worth observing that the desing production star has type A — N, i.e.
its codomain is exactly as ring (and again, its definition is ommited since it
is similar to that of ring). This means that we cannot reconfigure a part of a
ring, but a whole ring into a star, and networks and systems are guaranteed to
preserve their style.
For instance, consider the following system (still of type .S).

By applying the reconfiguration just defined we can transform it into:
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Another version of the example is one in which the agent itself reconfigures
by creating a new node that is intended to be the center of the star. We let
such an agent be given by desing term agent*. Thus the base rewrite rule is
agent — agent* which is graphically depicted as follows:

We let the type of such an agent to be B (which has three ports in its
interface). The next rules are very much like those of the previous example.
Thus we shall abuse of notation and overload the name of the operations.

C,Cy:C By,B,:A C1— Bl C2— B2
chain(Cy,Cy) — join(Bi, Bs)

The above rewriting rule is graphically represented by:

Finally, a ring is star-reconfigured by binding the gateway to the center of
the star.

C;:C B;:B (C1— Bl
ring(Cy) — star(By)

Graphically we have:



Now, applying the reconfiguration as we did with the previous example we
obtain

NS
S
S

:
We have presented Architectural Design Rewriting, an approach to deal with
hierarchical style-based reconfigurations of software architectures with structural
and QoS aspects based on a simple algebra of typed graphs with interfaces and
constraints, which allows for a unifying treatment of style-based design, style
checking, normal execution and reconfiguration.

We believe that our approach has multiple applications. First, it could serve
as a formal basis for extending existing methodologies or ADLs for dealing with
architectural styles. Then, our approach can also be applied to obtain graphical
encodings of nominal calculus with constraints like cc-pi [7].

In future work we plan to analyze and eventually enrich our approach to sup-
port the design and management of service-oriented architectures, where design
concepts include service assembly and composition [10] and reconfigurations deal
with modes [16] and service invocation, discovery and binding [6].

We also plan to perform style analysis as in [19], possibly by applying tech-
niques for the analysis of graph transformation systems (see [2] and the references
therein). A closely related issue is to use the logics on graphs presented in those
approaches and others that focus on graph logics with QoS aspects (e.g. [9]) in
order to impose additional constraints.

5 Conclusion
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