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Abstract. Service Level Agreements are a key issue in Service OrieDted-
puting. SLA contracts specify client requirements and iserguarantees, with
emphasis on Quality of Service (cost, performance, avétigketc.). In this work
we propose a simple model of contracts for QoS and SLAs tisat @lows to
study mechanisms for resource allocation and for joinirfifgidint SLA require-
ments. Our language combines two basic programming pamedigame-passing
calculi and concurrent constraint programmiieg programming). Specifically,
we extendcc programming by adding synchronous communication and by pro
viding a treatment of names in terms of restriction and stimat axioms closer
to nominal calculi than to variables with existential qufication. In the result-
ing framework, SLA requirements are constraints that cagdieerated either
by a single party or by the synchronisation of two agents.édwer, restricting
the scope of names allows for local stores of constraints¢ctwimay become
global as a consequence of synchronisations. Our appreéiel on a system of
namedconstraints that equip classical constraints with a slgtalgebraic struc-
ture providing a richer mechanism of constraint combimatite give reduction-
preserving translations of botit programming and the calculus of explicit fu-
sions.

1 Introduction

An important aspect of web services concerns client remerdgs and service guaran-
tees with emphasis on Quality of Service, such as cost, pediace, availability. These

are commonly referred to as Service Level Agreements. Slewden organisations
are used in several areas of IT services, like hosting andrmgritation services. The

terms and conditions appearing in a SLA contract can be regdtamong the con-

tracting parties prior to service execution.

In this paper we present a simple calculus, catleghi calculusfor modeling pro-
cesses able to specify QoS requirements and to conclude &httacts. The proposed
language is also equipped with mechanisms for resourcesgibm and for joining dif-
ferent SLA requirements. Our approach combines basicrestf nhame-passing cal-
culi and of concurrent constraintq) programming.
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Name-passing calculi, such as the pi-calculus [7], are apeegdigm of compu-
tation whose interaction mechanism may dynamically chahgecommunication to-
pology. Since the introduction of name-passing calcu#, ibtion ofnameshas been
recognised as crucial in theories for concurrency and ritgbil

The name-passing calculus we start with is the pi-F calcfil@f The pi-F cal-
culus is a variant of the pi-calculus [7], whose synchraimsamechanism is global
and, instead of binding formal names to actual names, itdgiekplicit fusionsi.e.
simple constraints expressing name equalities. For exansphsider two processes
u(v).P andu(x).Q, that are ready to make an output and an inputiprespectively.
The interaction between these processes results in thietpsion of v andx. This
fusion will also affect any further processrunning in parallelR|t(v).P|u(x).Q —
R|P|Q|x = v. The restriction operataix) can be used to limit the scope of a fusion,
e.g.:R| (x)(U(v).P|u(x).Q) — R|(x)(P|Q|x=V).

The cc-pi calculus extends the pi-F calculus by genergiskplicit fusions likex =
v to named constraintand by adding primitives for handling such constraints. /hi
the informal concept of constraint is widely used in a vgrigitdifferent fields, a very
general, formal notion of constraint system has been inired in thecc programming
paradigm [15]. Actuallycc programming is a simple and powerful computing model
based on a shared store of constraints that provides paftanation about possible
values that variables can take. Concurrent agents can abtistore by performing
either atel | action (for adding a constraint, if the resulting storecansistent or
anask action (for checking if a constraint Bntailedby the store). As computation
proceeds, more and more information are accumulated, lleustdre isnonotonically
refined

Of the classicatc programming paradigm we keep thek andtel | constructs,
but we extend/modify several other aspects. Maybe the rad&tal change is to give up
the monotonicity requirement. While non-monotonicity vedieady present in the so-
calledlinear cc programming [14], the introduction in our calculus ofet ract con-
struct, whose effect is to erase a previously told condiraistrongly suggested by the
need of allocating a resource and of deallocathgysameesource. Of course mono-
tonicity is the basis of several propertiesoaf programming, which thus do not hold
in our framework. However whenever retracts are forbidaenheir usage is limited,
some of the useful properties could be reinstated. We atsaduce acheck operation
for verifying if a constraint is consistent with the storeooistraints.

Another important difference with respect to [15] is that adopt a different con-
cept of general, abstract constraint system. While thesicialsnotion is equipped with
an operation of entailment and a predicate of consistemiggthased on Dana Scott’s
information systems, we employ constraints forming c-s&mgs$ [2]. Roughly, a c-
semiring consists of a set equipped with two binary openatithe suny and the
productx, such that is associative, commutative and idempotentis associative
and commutative anc distributes over+. A c-semiring is automatically equipped
with a partial orderingx < b, which means thad is more constrained tham or, more
interestingly, that entailsb, a - b. The suma+ b chooses the worst constraint better
thana andb, while the produch x b combines two constraints. The simplest c-semiring
consists of the booleans withas+ andA asx.



Our c-semirings enjoy two kinds of nice properties. On the band they are very
stable, since cartesian products, functional spaces awdrdomains of c-semirings
are c-semirings. On the other hand c-semirings are quitguede for modeling the so-
calledsoftconstraints, i.e. constraints which do not return only wuéalse, but more
informative values instead. In fact it is easy to define cisegs expressing fuzzy, hier-
archical, or probabilistic values. Also, optimization afijhms work on the c-semiring
consisting of the reals plus infinity with the operationswiisasx and min ast. Sev-
eral efficient algorithms defined for ordinary, crisp coastts, like local propagation or
dynamic programming, can be generalized to c-semirings.

The former kind of properties is used in the paper to modetaits of constraints
for defining constraint satisfaction problems (CSPs) [B]fdct, a single constraint, or
even a network of constraints, is a function which, givenssignment of the variables
to some domailD, returns a boolean, or rather a value in a generic c-semimirige
soft case. CSPs are a well-established formalism, espestaldied in the artificial
intelligence area, adequate to specify many kinds of i&alpkoblems. In this paper
we do not fully explore the latter aspect of c-semirings. ldegr we consider it as
extremely valuable and we plan to further exploit it in théufe. In fact, we believe
that a lot of non-functional requirements of QoS can be adtdy modeled using c-
semirings.

The last, important difference with respect to [15] is tha kandle variables, or
rather names, in a very different way. In ordinagyprogramming, constraints involv-
ing variables are seen as relations, in the style of Tarskimdrical algebras. This
interpretation is particularly visible in the axioms fodmg (written asd) and variable
equality. Instead, in ouramedconstraints we regard variables as ordinary names in the
pi-calculus style. More precisely, names are introducethiapi-calculus agents [9], by
means of permutation algebras. Operations of permutalj@beas are permutations of
names. A key concept of permutation algebras issthygportof a value, that specifies
the set of names such that the permutations which do nottaffem do not modify
the value. Thus, equipping a c-semiring with a permutatigelara structure allows
to characterise the set of relevant, fiee names of a constrairttas the support of
c¢. Since the treatment of names is the same, we can handleaiotstas processes,
making both syntax and semantics of our calculus simplemame natural.

Besidesask, tel |, retract andcheck there is another way in which agents can
interact with the constraints existing in the system. Int,fagnchronization of processes
works like a globahsk andt el | construct. Two agents trying to perform an outpyb
and an inpuk'(y') action can synchronize only if the constraint X is entailed by the
store. The result of the synchronization is a new constsaiaty’ which is told to the
store. Fusiory = ¥ can modify deeply the store, depending on the actual canstra
system. For instance it can allow two local constraints teraurct, establishing a SLA
between the two partners. However, if the resulting coimtis inconsistent, the syn-
chronization is forbidden. It can become possible at sotee fene if some other agent
performs a et ract action which makes the store less constrained.

The special role of fusions in the control mechanisms of alrwdus requires their
presence in all constraint systems. Thus, we propose narsechitings with name
fusions, or equalities, as the underlying data model ofia@alzulus.



In the paper, we show the generality of our approach by piogdkree exam-
ples of named c-semirings, i.e. name equalities, Herbrandtraint systems, and soft
CSPs, and we prove that they are effectively named c-sagsiri/e also show how
our model can be applied in specifying and monitoring SLAraHly, we explore the
expressiveness of our calculus by giving reduction-pxéisgitranslations of Pi-F and
cC programming into cc-pi.

A motivating exampleConsider a service offering computing resources (e.gsufit
CPUs of a given power) and suppose the service provider ahierd want to reach a
SLA. The providerPy, with N available resources and the cli€ht requiring at least
n resources can be specified in our framework as follows, beimgthe maximum
number of resources that can be allocated to each client:

Pn = (Xo) (tell (xo = N).Q(Xo))
Q(x) = (V) (X) (tell (X = x—V).tell (V< max).c{V).Q(X)).
C., = (y)(tell (y > n).T(y).T.retract (y > n).tell (y=0)).

In words, Py first sets the initial number of resourcesNoand evolves t®. Process

Q creates a namerepresenting the resources available to a client and a egative
namex’ counting the resources left after concluding a contradt wie client;Q then
adds the constraintg = x — v for setting the value of’ andv < max for imposing the
boundmax onv. Finally, Q signs the contract, i.e. it synchronises on a channgth

a client and, if the synchronisation succegg@ecomes ready to accept a new request.
On the other sideC, initially creates a local namg and places the constraipt> n.
Next, C, tries to synchronise on a public partwith a server. In case of success,
makes some calculation involving the obtained resourcbiws modelled as a silent
actiont. ThenC, releases the allocated resources by removing the above@iaheny
(retract (y>n)). Hence, a negotiation betweBr andC, begins with the two parties
placing their constraint$y andC, can then synchronise (thus yielding the fusion of
namess andy), if the resulting constraint system is consistent, i.@. 4 min(N, max),

as shown by the graph representation below.

provider Py

client C,

Related workBacciuet al.[1] also propose a framework for specifying client require-
ments and provider guarantees on the offered servicegy alith negotiation mecha-
nisms. Unlike our model, their approach relies on fuzzy s#tger than on c-semirings.
The process calculus introduced in [4] focuses on contigpland coordinating dis-
tributed process interactions respecting QoS parametpressed as c-semiring val-
ues, but the model does not cover negotiations. gtoalculus [11] is a concurrent
calculus with first-order constraints and high-order poogal abstraction. Akin to our
approach, the-calculus is parametric to a certain constraint system18j fhe p-
calculus has been encoded into the Fusion Calculus [13]s,Wae expect thgp can



also be encoded into cc-pi. Thetpealculus [5] is an extension of the pi-calculus with
constraint agents that can perforel | andask actions. In contrast to our model, the
constraint systems are first-order theories rather thagbadgc structures and they do
not support local stores. However, to our knowledge, nortee@fibove languages has
been applied for specifying SLA contracts. SLANng [17] and\&$6] are XML-based
languages for defining SLAs at a lower level of abstractidime elements of SLAng
are also constraints on the behaviour of associated ssraiagservice clients, but their
are specified in OCL. WSLA provides the ability to create nawASas functions over
existing metrics. This is useful to formalise requiremehéd are expressed in terms of
multiple QoS parameters. The semantics for expressionsme#ics is not formally
defined, though.

2 Background

2.1 C-semirings

We give here the basic definitions and properties concermtisgmirings. We refer to
[2] for a more detailed treatment.

Definition 1 (c-semiring). A constraint semiring (c-semiringg a tuple(A, +, x,0,1)
suchthat: (i) Aisasetan@, 1 € A; (ii) + is commutative, associative, idempotéris
its unit element and is its absorbing element; (iiix is associative, commutative and
distributes overt.

Let us consider the relatiod overA such thata < b iff a+b=h. Then, it is possible
to prove that (see [2]): (iX is a partial order; (iiH and x are monotone org; (iii)

x is intensive on<: ax b < a,b; (iv) 0 is its minimum and 1 its maximum; (WA, <)

is a complete lattice and, for ellb € A, + is the least upper bound operator, that is,
a+b =lub(a,b). Moreover, if x is idempotent, then+ distributes overx; (A, <) is a
distributive lattice and« is its greatest lower bound. Informally, the relatigrgives us

a way to compare semiring values and constraints.

Typical examples are the c-semiring for classical C&fFalse, True}, V, A, False,
True), the c-semiring for fuzzy CSR$0, 1], max min, 0, 1), and the c-semiring for prob-
abilistic CSP<]0,1],max -,0,1). Since the Cartesian product of two c-semirings is still
a c-semiring, it is also possible to model multicriteriaioptation in this framework.

2.2 Permutation Algebras

We denote by\/ the infinite, countable, totally ordered set@mesand we use, y, z. ..

to denote names. We writé for the tuple of namesxg,...,Xn). A substitutionis a
functiono : AL — A(. We denote byyi /X1, - ,¥n/Xn] the substitution that mapsinto

y; fori=1,...,nand which is the identity on the other names. Tdentity substitution
is denoted by id. Apermutationis a bijective name substitution. We lptrange over
permutations. Th&erne| K(p) of a permutatiorp is the set of the names that are
changed by the permutation. permutation algebrds defined by a carrier set and
by a function defining how states are transformed by the fketmel permutations.



An interesting example is given by the permutation algebralfe pi-calculus [9]. In
that case, the carrier contains all the processes, up totstall congruence, and the
interpretation of a permutation is the associated nametisutio.

The carrier of a permutation algebra can be partitioned anbits, where two el-
ements are in the same orbit if one can be obtained from thex bthapplying some
permutation. To every elemeat symmetrysym(a) can be associated, i.e. the group of
all permutationp such thati= p(a). Thesupportsupda) of an elemena s the small-
est set of names such that all the permutations that do noifyrtbém are in syna).
Intuitively, the names in sugp) are the free names @f the permutations which do
not modify them are obviously not influent @nIndeed, the permutations exchanging
names in supf@) with names not in sugp) are renamings of the free names and do
not belong to syrta), while the permutations in syfa) which modify only names in
the support are genuine self-transformations of the eléemepermutation algebra is
finite-supporif each element of its carrier has finite support.

3 Named Constraints

In this section, we propose a definitionmdmed constraintthat relies on the notion
of named c-semiring€ssentially, a named c-semiring is a c-semiring enrichigd av
notion of name fusions, a permutation algeBrand a hiding operatow.). In par-
ticular, A allows to characterise the finite setrefevant namesf each element of the
c-semiring as the support sujgp of c in A, andvx.c makes a namelocal inc, in the
style of process calculi. A named constraint is an elemeatrdimed c-semiring with
an associated support.

Definition 2. We defindname) fusionss total equivalence relations aif’ with only
finitely many non-singular equivalence classes. By xve denote the fusion with a
unique non-singular equivalence class containing x and y.

Definition 3. Anamed c-semiring’ = (C,+, x,vX.,p,0,1) is a tuple where: (i) xy €

C for all x and y inA(; (ii) (C,+, x,0,1) is a c-semiring; (iii)(C, p) is a finite-support
permutation algebra; (ivp x. : C — C, for each name x, is a unary operation; (v) for
all c,d € C and for allp the following axioms hold.

(FUSE) x=yxc = x=yx |y/X|c

(HIDE) vx.1=1 vx.vy.c=vy.vx.c VX (cxd)=cxvxdif x¢supgc)
vx.(c+d) =c+vx.d if x¢gsupgc) vx.c=vy.[y/xcif y¢& supgc)

(PERM) p0=0 pl=1 p(cxd)=pcxpd p(c+d)=pc+pd
p(vx.c)=vx. (pc)if x¢ K(p)

The (Fus) axiom accounts for combining fusions and generic elementssemirings:
X=Y X C is equivalent to the produat=y x [y/x| c wherey is replaced by in c. The
(Hipe) and Perm) axioms rule how the andp operations, respectively, interact with
the operations of the c-semiring. The axiomsg) are inspired by the analogous struc-
tural congruence axioms for restriction in process cal&®gdughly, the c-semiring prod-
uct x corresponds to the parallel composition of processes amstreont hiding is the



counterpart of restriction on processes. The notion of stipgupgc) associated with
permutation algebras recalls the concept of free name®ireps calculi. According to
the (Perm) axioms,p distributes with respect tg and+, andp is inactive on 0 and 1.
Finally, the order op andv can be changed ¥ is not affected by.

We propose below three examples of named c-semirings aihgdaing the gen-
erality of our approach. Specifically, we consider c-semgisi for name equalities, for
Herbrand constraint systems and for soft CSPs. Note the¢ th@med c-semirings can
be suitably composed to model more complex constraint sysste

Example 1 (Name Equalitited)et R be the set of all equivalence relation 8a We
definee as the tuple’e = (C,+, x,vXx.,p,0,1) such that: ()C =R, (i) Rt+ R =
R1 N Ry; (i) Ry x Ry = (RL U Ry)*, i.e. Ry X Ry is the reflexive, transitive, and sym-
metric closure ofR; U Ry; (iv) VX.R=R+ {(y,2)|]y,z# xory=z=x}, i.,e. vx.R

is obtained fronR by replacing the equivalence class)ofvith the singleton{x}; (v)
PR={(P(x),p(y))| (x.y) € R}; (vi) 0= (A x \() and 1= {(x,X) |x € A(}.

Proposition 1. (g is a named c-semiring with idempotent product

Example 2 (Herbrand Constraint Systei@jven a signatur, let=g be an equational
theory onTs (), plus the additional axioms:

f(te,...,th) =€ f(ti,...,té) ) X=gt 1=tz
i=1,...,n

ti =g ti/ [t/X]tl =E [t/X]tz

and with the restrictionsx #g t(x) and f(ty,...,tn) #e 9(t1,...,tm), wheret(x) is any
term different tharx which containsx and f # g. We define(y as the tuple(y =
(C,+, x,vx.,p,0,1) where: (i)C is the set of the above-defined equational theories
plus a bottom element; (ii) E; + Ex = E1 N Ey; (iii) E1 x E; is the unification ofEy
andE, i.e. it is the smallest equational theory largest than araétp E; U B, if it
exists, otherwise.; (iv) vx. E = E N E, wheret; =gt iff t1 =ts or x does not occur
inty,to; (V) pty =pE Pt2 iff t1 =g to; (Vvi)0=_Land 1= {(t,t)|t € Tz(?\O}

Proposition 2. ¢ is a named c-semiring with idempotent product

Example 3 (soft CSPsEiven a domairD of interpretation forA{, and a c-semiring
S= (A, +, x,0,1), asoftconstraint can be represented as a functioa (Al — D) — A
associating to each variable assignmgat A — D a value ofA. We defineCsoi as the
tuple Gsort = (C, +', x’,vx.,p,0', 1) such that: (i)C is the set of all soft constraints over
A, D ands; (i) fusionsx=y are defined a& =y)n =1if n(x) =n(y), (x=y)n =0
otherwise; (iii) (c1 +' c2)n = c1n +¢2n; (iv) (€1 X' C2)n =c1n x ¢on; (V) (vx.c)n =

S deb (cn[9/x)), where the assignmemtd/x] is defined, as usual, agd/x(y) = d if

x =Y, n(y) otherwise; (vi)(pc)n = cn with N(x) = n(p(x)); (vii)0’'n=0and In =1
for all n.

Proposition 3. Csft IS @ named c-semiring with idempotent product

Note that the support sufp of an element ot coincides with the support of a
functional constraint as defined in [3].



Definition 4 ((named) constraint). Given a named c-semiring with equalitiés, +,
X,p, VX.,0,1), a(named) constrairt is an element of A.

We define here the notions ocbnsistencyandentailmeniof constraints. They are anal-
ogous to the corresponding definitions given by SaraswatfRanard [15]. Below we
abbreviate by x C) the product; x ... x ¢y with C = {c,...,cn}.

Definition 5. Let (A +, x,p,vx.,0,1) be a named c-semiring and CA be a set of

constraints. C isconsistenif (x C) # 0. Moreover, given a constraint € A, we say
that C entails c, written G- ¢, if (xC) <c.

4 The cc-pi Calculus

4.1 Syntax

We assume the countable set of namésind a set of process identifiers, ranged over
by D. We letc range over constraints of an arbitrary named c-semifing

Definition 6. The sets oprefixesandcc-pi processeare defined as follows:

PREFIXES T ::

T|X(9) | X(¥) | tellc|askc| retract c|checkc

UNCONSTRAINED U ::
PROCESSES
CONSTRAINED Pu=U]|c|PP|(xP
PROCESSES

0|U[U | 3im.U; | (XU | D(Y)

Thert prefix stands for a silent action, the output preéfiy) for emitting over the porx
the messaggand the input prefix(y) for receiving ovex a message and binding itjo
Prefixtell c generates a constrainand puts it in parallel with the other constraints, if
the resulting parallel composition of constraints is cetsit;tell cis not enabled oth-
erwise. Prefixask cis enabled it is entailed by the set of constraints in parallel. Prefix
retract Cc removes a constrait if cis present. Prefixheck cis enabled ifc is con-
sistent with the set of constraints in paralléhconstrained processes&fe essentially
processes that can only contain constragritsprefixestell c, ask C, retract ¢, and
check c. As usual, 0 stands for the inert process ntJ for the parallel composition.
¥iT5.U;i denotes an external choice in which some guarded uncamestiarocess); is

chosen when the corresponding guggds enabled. Restrictio(k) U makes the name

x local inU. A defining equation for a process identifieris of the formD(X) %y

with |X| = |§|. Constrained processesdre defined like unconstrained proceddesut
for the fact thatP may have constraintsin parallel with processes. We simply write
processes to refer to constrained processes.

We extend the usual notion 6Ee name®f a process by stating that the set of free
names of a constraiwtis the support sugp) defined in the previous section. Formally,



the set fiiP) is inductively defined as follows:
fn(0) =0 fn(t.U) =) fn(x(§).U) = {x,ytufn(U) fn(x(y).U) ={x,y}ufn(U)
fn(rU) = supgc)Ufn(U) if = tell c, ask C, retract C, check C
fn(s;m.Up) = Uifn(m.U))  fn(D(X)) =fn(U) if D(%) LU
fn(c) =supgc) fn(P|Q)=f(P)ufn(Q) fn((x)P)="Tn(P)\{x}
We writen(P) for the set ohamef a proces® and br{P) = n(P) \ fn(P) for the set
of bound nameshe usual notion ofi-conversion on bound names holds. 8) we

denote the process obtained frérby simultaneously substituting each free occurrence
of zin P by a(z), possiblya-converting bound names.

4.2 Operational Semantics

The reduction semantics, as usual, is given in two stepsdéfiaition of astructural
congruencewhich rearranges processes into adjacent positions, antian ofreduc-
tion relationthat captures computations.

Definition 7. We letstructural congruenges, be the least congruence over processes
closed with respect ta-conversion and satisfying the following rules.
(AX-PAR) PO=P PIQ = QP (PIQ)IR = P|(QIR)
(AX-RES) ()0 =0 (X)(y)P = (Y)(¥P P(¥Q = (x)(PIQ) if x¢Zm(P)
(Ax-REC)  D(y) = [§/}U if D(x) Ll
These axioms can be applied for reducing every prodesato a normal form
(X1) ... (xn) (C|U), whereC is a parallel composition of constraints ddds an uncon-
strained process. Specifically, the axioms are applied fedinto right in the following

order: Ax-REes) for moving forward restrictions, ané-Par) for grouping constraints
together, andAx-Rec).

Definition 8. Thereduction relatiorover processes- is the least relation satisfying
the following inference rules. We use the following notadicC stands for the parallel
composition of constraints;¢. .. | cy; C consistentneans(cy x ... x ¢y) # 0; C - c if

(C1X...x¢p) <c;C—cstandsfor g|... |Ci_1|Ci+1] ... ]|Cnif c = ¢ for some i, while
C—c=C otherwise.
(Tau) C|TU —-CJU (TELL)C|tell cU — C|c|U ifC|c consistent

(Ask)ClaskcU —C|U ifCF c (RETRACT)C|retract cU — (C—c)|U
(CHECK) C|check cU — C|U if C|c consistent

(com) C(X(y).U +3imUi) [ (2W).V +3m.V])) — CH{y=W}UV
if |y] = |w|, C|y =W consistent and ¢ x=z

C‘Tl'i.Ui—>P PP
(suM) ———— (PAR) ————
ClyimUi—P PlU—P|U
P—P P=P P—-Q @=Q
(RES) —8M8@ (STRUCT)

(X)P— (x)P P—Q



The idea behind this reduction relation is to proceed asvi@l First, rearranging
processes into the normal forfry) ... (X,) (C|U) by means of rule§TrRuUCT). Next,
applying the rules{eELL), (ASK), (RETRACT), and (CHECK) for primitives on con-
straints and the rulecom) for synchronising processes. Finally, closing with respe
parallel composition and restrictionPR), (RES)). More in detail, rule tELL) states
thatif C| cis consistent then a process can plageparallel withC, the process is stuck
otherwise. RulesAsk) and (CHECK) specify that a process starting with ask c or,
respectivelycheck c prefix evolves to its continuation dis entailed byC or, respec-
tively, if c|C is consistent, and that the process is stuck otherwise. ByRETRACT)

a process can remowxif ¢ is among the syntactic constraints@n e.g., the process
x=y|y = z|retract x = zU does not affeck=y|y = z In rules Com), we write

y = W to denote the parallel composition of fusions=wi | ..., | yn = Wn. Intuitively,

two processex(y).P andz(w).Q can synchronise if the equality of the nanxemndzis
entailed byC and if the parallel compositioB |y = W is consistent. Note that it is legal
to treat fusions as constraintsover C, because we only consider named c-semiring
with fusions, as noted in § 3. RuleAR) allows for closure with respect to uncon-
strained processes in parallel. This rule imposes to takeaiocount all constraints in
parallel when applying the rules for constraints and syoisation.

The present semantics does not specify how to solve at egelhst constraint sys-
tem given by the parallel composition of constraiGtsHowever, in [10] it is shown
how to apply dynamic programming to solve a CSP by solvingltisproblems and
then by combining solutions to obtain the solution of the lelgroblem. A visual rep-
resentation of the problem is given by considering a grapére’hames are represented
as nodes and constraints as arcs connecting the namesadwolgach constraint.

Example 4.Let P andQ be the following two processes (we writéxs, . ..,X,) for a
constraint with support supfr) = {x1,...,Xn}):

P = (X) (2)tell c(X).¥(X).x(2).0 Q = (W) tell ¢/ (w,v).y(w).w(v).0

First, P and Q make their respectiveell actions, which necessarily succeed as the
constraint system is initially empty and the constraméndc’ have different support.
The graph representation of the resulting store of comgtr#s depicted in Fig. (a) be-
low. Next, the two processes try to synchronise on paitd, according to ruledom),

the synchronisation takes place if the constraint comhinatx ¢’ x x = w has a so-
lution (Fig. (b)). Finally, the processes synchronise ort gowhich is identified tow,
thus yielding the fusioz = v (Fig. (c)).

5—® ®
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Remark orretract We have chosen to introduce thetract operation in the cal-
culus in order to model non-monotonic constraint systerosiristance, an agent can



perform aretract action for removing from a store a constraint that it had joesly
placed, thus enablingtel | operation which would be stuck otherwise or for releas-
ing some resources after using them. Nevertheless, we c®ideo a version of the
cc-pi calculus not including theetract primitive. For this fragment of the calculus
the following additional axioms for relating parallel coogition with product and re-
striction with hiding holdcy |c; = ¢1 x ¢z and(x) ¢ = vx.c. These axioms cannot be
included in the original cc-pi calculus. In fact, a consttaican be removed only is
syntactically present in the store of constraints, whil@pplying product or hiding we
generate new syntactic constraints. Note that the axiomstfoctural congruence in
Def. 7 along with the above ones lead to processes into a héoma(X) (c|U), where
U does not contain restrictions.

5 Specifying Service Level Agreements

In this section we show how to model within our framework Slgntracts. The idea is
to specify each SLA parameter as a variable and each SLArssgant or guarantee as
a constraint that connects the involved variables. Theégsagre modelled as commu-
nicating processes. A constraint can be generated eithardygle process or by the
synchronisation of two processes that induces the ideatiific of the communicated
values. Note that our constraint-based approach allowgeoify not only negotiations
to reach a SLA contract, but also run-time checks that théraots is not violated by
the involved parties.

Here we consider two examples that show how to apply our &gprim modelling
the SLA management system. The first example is centerechéuthie basic mecha-
nism for reaching and validating a contract. The second plaextends the example
given in the introduction with three clients. For simphgiin both examples we take the
constraint system to be a CSP by instantiating cc-pi withnizw@ed c-semirin@soft,
defined in Example 3, over the c-semiriBg= ({False, True}, V, A, False, True). This
choice leads to solutions consisting of the set of tuplesgdildomain values. We could
generalise such constraint system with soft constraintephacingSwith an arbitrary
c-semiring.

5.1 A Web Hosting Service

Consider a service that offers different web hosting sohsj varying in cost and in
bandwidth. LetP be the service provider ar@lbe a client. Suppose thRtobtains its
bandwidth resources from a third pafy Before the execution of the servideand
C want to sign a SLA contract. The success of such an agreersend@pends on the
resources provided by. This scenario is depicted below.

Client C Service provider P Third party T’

cost > min_cost Y 7 "
cost’” < max_cost bw" < max_bw

cost = bw x 25Euros




The interaction protocol is as follows. Each party impogsesSLA requirements
or guaranteed? specifies the minimum costin_cost for the service and the cost per
unit of bandwidthcost= bw- 25_Euros, C imposes a maximum costax_cost it can
pay for the service, andl fixes the maximum bandwidtimax_bw that it can supply.
Next, P communicates witlC and withT on portsx andy, respectively. If the above
constraints are consistent with each other, i.e= ((min_cost < cost< max_cost) x
(bw < max_bw) x (cost= bw- 25 Euros) x (cost= cost) x (bw= bw = bw")) £ 0,

P andC can sign this contraat, by synchronising o. Then, the service is executed
and, assuming® providesC with a certain bandwidthct_bw and the corresponding
cost, the two parties validate the contract by performihgck operations on their
respective parameters. Note that the semantichedk enables this validation while
not modifying the constraints of the contract. The spedificeof P, C, andT in cc-pi

is as below and the whole system is represented by the dam@digosition of the three
parties.

Princost = (bw)(cost(tell ((cost> min_cost) x (cost= bw-25_Euros)).
x(bw;, cosh.y(bw).2().P,; 1)
P w = X(act_bw,act_bw-25_Euros).check((act_bw-25_Euros = cosfx

(act_bw = bw)). z()
(bw)(cost)(tell (cost < max_cost).X(bw/,cost).z().C")
(b',c)(x(b',c').check((b' = bw) x (¢ = cost)).z())
(bw’)(tell (bw’ < max_bw).y(bw"))

Cmax_cost
C/
Tmax_bw

5.2 Resource Allocation

We consider a slightly more complex scenario of the examiplengn the introduction
with one providerPy and three client&,,, C,,, andC,,. The graph representation
of the constraint system resulting from the negotiation agnthe parties is depicted
below. Each node represents a variable, and each consraintielled by a hyperedge
connecting the variables involved in the constraint.

SR provider Py client Cy,

Suppose thdy has allocated the resourggsandy,, withy; > n; fori=1,2, toC,, and
C.,, respectively. IIC,, makes a request > nz thatPy is not able to satisfy because
ny+n2+nz > N, the synchronisation betwe®q andC,, cannot take place until some
resourcey;, with y; > ng, are released.



6 Expressiveness Results

Encoding Pi-F calculusWe start by recalling the Pi-F calculus. For better relathmy
calculus with cc-pi, we present the Pi-F in the standardgbitdus fashion rather than
in the ‘commitment’ style [19].

Definition 9. The syntax of Pi-F processes is the same as the one given mtef6
minus summatiort,el | , ask, retract, andcheck and where constraints c are taken
over the named c-semiring of equaliti€s defined in Example 1. The structural con-
gruence=e is as in Def. 7 plus the axioms below:

X=X=p 0  X=y=fy=X x=y|y=z2=f x=z|]y=z  (X)(x=y) = O
x=y|x(2).P =g x=y|y(2).P xX=Y|X(2).P = x=y|y(2).P
=y|x(2).P = z=y|z(y).P =y |X(2).P = z=y|X(y).P

The reduction relation—¢ between processes is the smallest relation closed with re-
spectto_| -, (x)-and_ =g _, which satisfies:

%(2).P|X(W).Q —¢ P|Q{Z=W} if [2 = |

Note that this syntax rules out processes containing nasierfsi under prefixes. This
choice follows the analogous restriction applied in ccwghjch avoids that two pro-
cesses synchronise and, simultaneously, add some cosdtrdahe store, thus possibly
yielding an inconsistency.

Definition 10. The translation]_]r of pi-F processes into cc-pi processes is trivial: it
maps pi-F constructs on their homonymous versions in cc-pi.

Theorem 1. 1. If P —¢ Q then[P]r — [Q]r. 2. If [P]r — Q then P—¢ Q and
Q =[QlF.

By exploiting Theorem 1 and similar results proved in [18]sialso possible to give
reduction-preserving translations of pi-calculus anddéuflL3] in cc-pi.

Encodingcc programming First, we briefly recaltc programming [15]. For the pur-
pose of a more straightforward translation into cc-pi, wespnt a slightly modified
version of the language. The basic ingredients otthprogramming constraint system
are a seD of primitive constraintor tokensand a reflexive and transitiventailment
relationt. A constraintc in a constraint systef?(D), I-) is an element of?(D)*, i.e.
the closure of the powers&{(D) under entailment. The notion ebnsistencys given
by identifying a set ofnconsistentonstraints. The existential operator on constraints
dxcis formalised in terms of cylindric algebras.

Definition 11. The syntax ofc programming is defined as follows:

PREFIXES T = tellcC|askcC
PROCESSES A ::= success ’T[.A‘ A|A’ SiTi.A ’ HX,CA‘ p(y)



Following standard lines [16,12], we replace the clasditding operatords A with
JxcA that represents the evolution of a process of the féx#, wherec is the local
constraint produced during the evolution. Moreov#§) is aprocedure call wherep

is the name of the procedure ands the tuple of actual parameters. The meaning of a
process is given with respect to a set of procedure dedasatf the formp(X) := A.

An instantiationof p(X) := A is an object of the fornp(¥) := [§/X] A. A configuration

is a pair(c,A) with a constraint representing the store and a proc&s$he reduction
relation—¢ over configurations is the smallest relation given by thiofaing rules.

(TELL) (c,tell c.A) — ((cUC)*,A) if (cuc’)* consistent

(AsK) (c,ask C.A) — (c,A) if ck-¢

(€, TTAY — (¢ A) (C.A) = (¢, A)
(sum) (PAR
(C.3im.A) — (c,A) (c.A|B)— (¢, A'|B)
(c,A) — (c/,A) (cU3Ixd,A) — (c'U3Ixd,A")
(PAR') (HIDE)
(c,B|A) — (c/,B|A) (d,3xcA) — (d, I e A)

(c.[§/XA) — (¢ ,A) and p(X):=A

(PROQ
(c,p(y)) — (¢ ,A)

Definition 12. The translatior_]¢ of cc processes in cc-piis trivial:

[success]c =0 [askcA]c=askC.[Alc [tellc.Alc=tellc.[A]c
[AlB]c = [Alcl[Blc [BxcAllc = () (c[[Alc) [Xim-Alc = 3ilm.Allc
[p(¥)]c = Dp(Y)

where for eaclec procedure declaration (X) := A we give a defining equationgX) =

Q with [Ac = Q.

Lemma 1. A constraint systen¥?(D), I-) can be represented as a named c-semiring
(C,+, x,vX.,p,0,1) with: (i) C = ?(D) U L, where L corresponds to the set [; (ii)
C1+C2 = (c1Ncy); (iii) c1 x 2 = (cpUC2)*; (iv) vx.c = 3Ixc andpc = pc; (v) 0= L
and1l=_C.

Theorem 2. 1. If (c,A) — (c,A) then d[Aflc — c|[A]lc. 2. If c|[A]lc — P then
(c,A) — (¢ ,A) and P=C'| [A]c.

Note thatc programming handles the evolution of local stores of camsts through
the rule HIDE), while cc-pi (without et r act ) obtains the same effect by reducing pro-
cesses into a normal form in which names are convenientignverted. This fact plays
a crucial role in the proof of Theorem 2.

7 Concluding Remarks

This paper is mainly focused on presenting the cc-pi catcahd on showing its flex-
ibility as a constrained-based model for specifying SLAtcacts and resource alloca-
tion. We foresee several directions for future work. We glagonsider a distributed
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rsion of the calculus by equipping, e.g., processes withtlons and by limiting the
nchronous behavior of processes and constraints to ke $iaglity. It would also be

interesting to study suitable mechanisms for assuringséretional and security prop-
erties of process executions, e.g. by enforcing that ordyptftocess which has told a
constraint can retract it. We also intend to further study ability of c-semirings to
model soft constraints to express nonfunctional propedfeSLAS.
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