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Applications developed over the cloud coordinate sevefedn anonymous, computational resources,
distributed over different execution nodes, within flegilakchitectures. Coordination models able to
represent quantitative data provide a powerful basis fair fmalysis and validation. This paper ex-
tendsIMCreo, @ sSemantic model fdtochastic Reo based on interactive Markov chains, to enhance
its scalability, by regarding each channel and node, asagdhterface components, as independent
stochastic processes that may (or may not) synchronisehdttrest of the coordination circuit.

1 Introduction

The increasing ubiquity and complexity of cloud applicaiand their management brings research on
coordination languages and model$ [8] up front as a mainftootiesign and analysis. On the one
hand, this opens an interesting opportunity for formal rod#h on the other it clearly challenges their
scalability.

This paper addresses such a challenge from a specific stamid puat of theReo coordination
model [1)/2] and its stochastic version[[3] 10]. In a previpaper[13], the authors, in collaboration with
Alexandra Silva, proposed a semantic modelStarchastic Reo based on interactive Markov chains [9].
The model, known atMCg.,, IS compositional and has the advantage of bringing to tleedoeation
community a panoply of tools developed for quantitativelysia of probabilistic transition systems. Due
to a rapid state explosion, the (use of the) model, howewers tot scale up to the point of being really
useful for analysis of big coordination scenarios, as fomrgpical cloud applications.

The paper starts in Section 2 with a brief reviewReb, its stochastic version, ant¥iCg.,. Due to
space restrictions such introductions are necessarily steort; the interested reader is referred to the
relevant literature [11, 13] for details. Sections 3 andtdoishuce an enhanced model which smoothly
extenddMCgo, increasing its ability to deal with bigger and more compterrdination protocols in a
stochastic setting. The proposed model, calldd¥Cg,,, from distilled IMCg,, relaxes the basiReo
assumption on mixed nodes as self-pumping statldns [2];médiowsfor data to be read and written with
no processing delay. In practice, namely for cloud baseticgions, this assumption is unrealistic: /O
operations take time and, therefore, may interfere with @a&es. Finally, section 5 concludes.

2 Background

Reo. Reo [1,[2]is a channel-based model for the exogenous coordimafi components in the context
of component-based software. A channel is a directed conuaion mean with exactly two ends: a
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source and a sink end; b&eo also accepts undirected channdlg.(channels with two ends of the
same sort). A channel is synchronous when it delays the tipesaat each of its ends so that they can
succeed simultaneously. Otherwise it is asynchronousbigirly memory capabilities or the possibility
of specifying an ordering policy for content delivery. Mower, a channel may also be lossy when it
delivers some values but loses others depending on a spguifiey. Figurd 2 recalls the basic channels
used inReo, represented, however, in their stochastic version.syhechannel transmits data from one
end to another whenever there is a request at both ends syiocisty, otherwise one request shall wait
for the other. Theossy channel behaves likewise, but data may be lost whenevemuaseqt the source
end is not matched by another one at the sink end. Differemfijo channel has buffering capacity of
(usually) one memory position, therefore allowing for adyimnous occurrence of input/output requests.
The qualifierse or f refer to the channel internal state (eitleenptyor full). Finally, thedrain channel
accepts data synchronously at both ends and loses it.

Channels are composed to define more complex coordinatinotwtes referred to as connectors.
Composition of channels is made on their ends, giving riseottes. A node may be of three distinct
types: (i) source node, if it connects only source channel efidssink node, if it connects only sink
channel ends andii ) mixed node, if it connects both source and sink channel €Hals first two types
may also be referred to as the connector’s ports. Figureskepts three such connectors.
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Figure 1:Reo connectors

As expected of any compositional modego connectors behaviour arise from the behaviour of each
constituent channel. However, as composition is made onngtaends, originating nodes, also these
nodes contribute to the overall connector behaviour. Thmectors of Figur€ll actually encode the
simple form of three of these nodes. Teglicator connector replicates data flowing from patio ports
b andc, in parallel, through mixed nodg— the replicator node. This behaviour, which is synchronous
only holds when there are pending requests in all the coong@arts. Themerger connector merges
data coming from porta andb to portc, through mixed nodg — the merger node. The merge of
data is synchronous but only on two ends at each time: eitheandc or onb andc. This means
that nodej performs a non-deterministic choice when there are pendiggests at all the boundary
ports, preventing one of the input ports from firing. Treater connector, usually representedXs is
a mutual exclusive router of data, taking data from input pdnto either portb or portc, depending
on the existence of pending requests at the output ports.n\Weee are pending requests at the same
time in both output ports, mixed nodte— the router — non-deterministically choses (since it eresoal
merge) which of the two ports will synchronously fire: eitlaeandb or a andc.

Stochastic Reo. Stochastic Reo [3][10] extendsReo by modelling coordination from a quantitative

perspective. Non-negative real (stochastic) values adedatioth to channels and to their ends to rep-
resent, respectivelyprocessing delayand I0arrival rates The former models the time needed for the
channel to process data from one point to another, wherd pefiers to a channel end, a buffer or a
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point where data is lost or automatically produced. Eacmicbl depending on its type, may be anno-
tated with more than one processing delays. Arrival ratedehibie time between consecutive arrivals of
environment-issued 10 operations to channel ends. Figst®®s the basic channels of stochaBio,
represented as normRéo channels, but annotated with stochastic values (rates elaglg].
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Figure 2: PrimitiveStochastic Reo channels.

StochastiReo is still compositional. Processing delays of each indigidthannel in a composition
scenario are not changed. The request arrival rates, hoveegenly preserved for the boundary nodes of
the connector. As mixed nodes are internal (hidden from xterier) the arrival request rates associated
to the constituent channel ends are ignored, which meahthtse nodes are always ready to read/write
data from/to the channels. This behaviour is known as#ffecontained pumping statipfirstly referred
in [2].

IMCRreo- In a previous paper [13], the authors introduced a compositisemantic model f&tochas-

tic Reo based on interactive Markov chairis [9], a formalism conmigncontinuous-time Markov
chains[6! 4] with process algebrd [5]. The model is statetastates capturing the possible behaviour
of a connector: data arrivals and data flowing through p@wsider sets#” and{ of port names and
internal state names, respectively. Each stat®litr,, is a triple(R, T,Q), whereR T € 2" denote sets

of ports/nodes with, respectively, pending requests aiulluing transmitted; an@ € Q is an internal
state identifier. The latter is used to distinguish betwemtirol states in state-based connectors. For ex-
ample, in afifo channel it may indicate whether the buffer is empty or fujitking Q = {empty, full}.
Markovian transitions are labelled lyye R*. Distribution parametey encodes, in each case, the con-
nector processing delays and the rates of data arrival gbits. Interactive transitions, on the other
hand, are labelled with a s€t of ports which, on firing, allow data to flow through them. Sypzrts
correspond to the set of actions observable at the reléVvHig,, state. In the sequel, this set is referred
to asactions for simplicity. The decision to take sets of actions (ratifian a single action) to label in-
teractive transitions was crucial to correctly capturerfat) synchrony in the semantics Réo. In fact,
ports firing synchronously to enable data flow are the ruleerathan the exception iReo. Formally,

Definition 1. AnIMCge, model is a tuple (S, Act;- », —, s), where & Act x Act x 9 is a nonempty
set of states; Act 27 is a set of actions (the alphabet): - C Sx Act x S is the interactive transition
relation; — C Sx RT x S is the Markovian transition relation; andssS is the initial state.

Markovian transitiongs, y,s') are written as—- ¢; whereas notatios-2%- ¢ is used for interactive

transitions(s,{as,ay,...},S). An interactive transition with an empty set of actions iglsa be unob-
servable and is denoted lsy T~ 5. States of the forn{R,0,Q) are referred to asequeststates and
depicted afRlo; states of the fornf0, T,Q) are referred to asansmissiorstates and depicted &ST }q;
states of the forniR, T, Q) are callednixedstates and are depicted@ T }o; finally, states of the form
(0,0,Q) are represented ag @&nd denote the absence of both requests and data transrsisEior all
representations, the buffer qualifi@rmay be omitted, whenever clear from the context.

Figure[3 depicts theMCg., models corresponding to the baSiochastic Reo channels. To simplify
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the picture, transition overlapping is generally avoidgdtiie graphical replication of states suitably
annotated with a dashed circle.
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Figure 3: IMC for the basic stochastiRzo channels.

The IMCgre, model of a stochastisync channel is interpreted as follows: initially, no requests a
pending neither in por nor in portb. Requests arrive at poat(respectivelyp) at ratey, (respectively,
¥). The channeblocksuntil a request arrives to the other port. When staiiéis reached, representing
a configuration in which both ports have pending requeses) both eventually fire. That is, actioas
andb are activated simultaneously. At this moment, the charaeisstransmitting data betwearandb
and evolves back to the initial state with a processing dedtg/ofy,p,. For a stochastitssy channel the
interpretation is similar. However it exhibits two addita transitions to model the possibility of data
being lost: at statgy, porta may fire, because there is no pending request atlpoWhen such is the
case, the channel evolves back to the initial state aftefesy ad discarding data. Stat® captures the
context-dependent behaviour characteristic of this chlarfinally, thefifo, stochastic channel differs
from the others by introducing an internal state. Notice p@mding requests at paatautomatically
fire when thebufferis empty (statest. andfable), and requests at pdotblock until it is full (statesa bl
and[o] {a}e). Also, notice that, to maintain consistency, the interstate of this channel only changes
after Markovian transitions,representing processingydglsucceed. Actually, this is the rulelMCre,
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models.

The composition of twdMCg., modelsl andJ, with respect to a set of portd C .47, is given
by a product (which accounts for parallel evolution) and acbyonisation operation (which deals with
interaction), and denoted by

vl fIm 12)

The definitions of both operations are collected in the agpethe reader is referred to [13] for examples
and details. Note that this two-step composition approsiciot a novelty in the definition of composition
operations irReo. Actually, it is very much in the same spirit of the one defif@dReo automatal[7].

3 ZIMCRreo: The new model

As mentioned in the IntroductioiMCge, does not scale in a smooth way: composition generates a
state space that remains considerably big even after ngatian via bisimulation. This limits its use for
analysis of coordination, namely in the context of clouddzhsystems involving an arbitrary number of
actors.

Actually, as an exogenous coordination moek disregards services or components when it comes
to specifying a coordination schema. It only assumes that samputatiorioci are bound to the ports
of the connector, which receive 10 impulses whenever conication is requested. Consequently,
Stochastic Reo inherits the same philosophy. But, does it? Not quite! Irt,f&¢ochastic Reo cir-
cuits are not completely exogenous. They embody, in requeasal rates, information that is inherently
associated to the induced stochastic behaviour of theaittiag services coordinated Byochastic Reo
circuits. As expected, this hampers the reutilisatioStekhastic Reo models, and introduces unnatural
simplifications to make it compositional.

As an alternative, we propose to consider the stochastgorenf Reo as a two-phase component-
based coordination model. The qualifieto-phasestresses the need for explicitly considering the model
before and after deployment, known as tlesignanddeploymenphases, respectively; it is component-
based because it is constructed from four specific compsntre writer, the reader, the channel and the
node, as graphically presented in Figure 4.
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Figure 4: The essential componentsSedchastic Reo.

The first two are synchronous stochastic abstractions afeifleworld services that are to be bound
to the ports of the connector. They are annotated with a detayl,, andyq, respectively), that models
the time between consecutive 10 requests issued by them.cHdrenel component inherits the usual
behaviour ofReo channels, as well as the processing delay ratétethastic Reo, which models the
duration of point-to-point data transportation. Note tthet request arrival rates are no more part of a
channel model. The node is now taken as a synchronous comipwh&h behaves like theeplicator,
the merger or therouter connector. Differently from the original version Stochastic Reo, in this
approach nodes are assumed to take time to enqueue and eefgiau This behaviour is modelled by
the delay ratese and yy:

e Enqueueing data takes into account not only the time to peoteoming data but also the time
needed to select from which channel data will be read ffikeger);
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e Dequeuing data takes into account the time to write dataeénctiannels; it further comprises
the time to generate copies of the data to write (iemicator), and the time to decide to which
channels it will write (in aouter).

This captures a more realistic stochastic behaviour of s10de opposed to the ususglf-contained
pumping statiorbehavioural assumption.

The design-phase models come from the composition of chamienode components. In turn,
deployment-phase models are fixed for a given installatiocomposed services. The writer and the
reader components are bound to the interface ports of theector. This is, in fact, very close to the
original Stochastic Reo model, adding to it, however, a more realistic separatiooooicerns. Figurel5
depicts a simple example ofiéssyfifo connector in both the design- and the deployment-phase.

Design-phase model Deployment-phase model
Yab v  YbB VBc Wvr, Yab ¥ YbB VBc  Wd.
fffffffff o—{ — W 1]
a YaL ¥ c YaL Y

Figure 5: The two-pase, component-based modellafsgfifo.

This component-based rephrasing MiCg., takes each channel, node, writer and reader as an inde-
pendent stochastic process that may (or may not) synclerariib the other elements. The introduction
of delays in nodes raises the need for two new sorts of stathspecific semantics: the state where the
node is enqueueing and the state where it is dequeueingAlatate inZIMCg, is fully characterised
as(R,T,E,D,Q) with E,D € 2", where states of the forif®,0,E, 0, Q) areenqueueingstates,.e. in
which the node is reading from the channel ends in set E; ttases are represented@s. Likewise,
states of the forni0,0,0,D, Q) aredequeueingtates, meaning that the node is writing to the channel
ends in seD. These states are represente@gs

Apart from this modification on states, the basic formal modéMCg., remains unchanged, as well
as the variants of bisimulation introduced in|[13]. Let uswBver, revisit theZIMCg,, for each basic
component.

Channels. The 2IMCge, models for the basiReo channels are depicted in Figlile 6. They are obtained
from their counterpart ifMCge, models by disregarding the environment information. Whemgared
to the correspondingVCre, representation, a significant reduction is visible in tis¢éte space.

Readers and writers. To obtain deployment-phase models it is necessary to caangesign-phase
models with the environment informatioirg. the reader and the writer components. Observationally, the
latter would behave similarly: they issue 10 requests byliphimg the intention to write (respectively,
read) data; then they block until synchronising with ther@mior ports. Thus, one singlgIMCgre,
model is enough to capture such behaviour, as depicted urdfig

A reader is bound to an output port while a writer is bound tdrgout port. This is how readers
and writers are distinguished. The compaosition of thesepmwrants with one channel will result in a
2IMCre, model capturing the semantics ®fochastic Reo channels (and consequently, connectors).

Nodes. The basicReo node ontology feplicator, merger androuter) is extended to the six different
configurations based over them, as shown in Figlre 8.
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Figure 6: TheZIMCge, models for basiGtochastic Reo channels.

Figure 7: TheZIMCg, for the reader and writer components

Note that node configuration®) to (c) are special cases ¢€): these nodes select one incoming
channel to read data from, and then copy and write the dadaaihthe outgoing channels. In turn,
node configuratior{d) is a special case dff ): it selects one incoming channel to read from, and then
routes the data to one of the outgoing channels. Néejesnd( f) define, in fact, two families of nodes,
referred henceforth aserger—replicator and merger—router, respectively. They are parametric on the
number of incoming and outgoing channels and also on thesléda reading (enqueueing) and writing
(dequeueing) data, whenever such delays are consideredistmtly, allZIMCg., Nodes are generated
from these two families, taking into account their parameeés follows:

merger—replicator, merger—router : 27 x 2" xRT xR

where the first parameter is a set of output channel ends ¢itie imputs); the second is a set of input
channel ends (its outputs); the third models the time tactsaled read from one channel end, and finally,
the fourth parameter models the time to copy, route and \&ta into one channel end.

a b > N, 1P T T

—e— % % : I 5
(a) (b) (©) (d) (e) (f)

Figure 8:(a) simple;(b) replicator;(c) merger;(d) router;(e) merger-replicator{ f) merger-router.

Figurel9 depicts the parametdd M Cge, models for both thenerger—replicator and themerger—router
families of nodes. Notatioh represents thE" element in set andO represents the concatenation of all
elements in seD. Moreover, it is assumed that the cardinality of deasdO are, respectivelyp andk.
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Figure 9: ZIMCge, models formerger—replicator andmerger—router nodes.

The merger—replicator node blocks until synchronising with one of the input chdrerels and all
the output channel ends. On synchronisation, it startseargjuog data from the input channel end (de-
layed for some exponentially distributed time modelledyly Then, it dequeues data to all the output
channel ends and returns to the initial blocked state. Thay diene of a single dequeue operation is ex-
ponentially distributed with ratgy; since it performg such operations, then the average delaying time is
exponentially distributed with raté. The merger—router, in turn, blocks until synchronising with one
of the input and one of the output channels ends. On syndatonm, it goes to an enqueueing state and
remains there for an exponentially distributed time matkely ratey.. Then, it dequeues data to the
selected output channel end at a natereturning to the initial blocked state.

By disregarding enqueueing and dequeueing delays, thetsibefa of nodes are simplified into a
single ZIMCgre, model with transition space size whndn.k for merger—replicator andmerger—router,
respectively, corresponding only to the interactive fitaonss.

4 Composition in ZIMCgre,

Composition inZIMCge, extends that ofMCge,, adding to the parallel and synchronization steps (see
Appendix), a phase farleaningsuperfluous transitions which takes into account the needrfqueue-
ing/dequeueing data in a specific order. Concrefe)ylata is always enqueued into the node only after
being transmitted to that nodéij) data is always transmitted to any further node only aftendpele-
queued from the current one afid ) data is always enqueued before being dequeued (from the same
node). Actually,ZIMCge, requires that enqueueing and dequeueing transitions ajpperediately one

after the other, except in cases where other operations @y a parallel; when such is the case,
transitions will appear interleaved. Formally, the clegnbperation is defined as follows:

Definition 2 (ZIMCgeo Clean up) Let MC .4 and | = (S Act,- - »,—,s) be aZIMCge,. ASSume also
a relation < on 4" such that a< b when data flows from a to b, withtac .4, which is lifted to sets as
expected: A< Biff dagea - Ve - @< b.

The cleaning of | with respect to M, denot&g;l, corresponds to restrictingly! so that all its
Markovian transitions i f respect:

(i) RfNAN(i) =0, where ANi) = TiU{j € A| Fket,.] <kVk < j};

(i) T =Ts if Ej<Ti or TiND;#0
T\Te < Tt otherwise
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and all its interactive transitions jx» k respect:
(i) _Elj*Y 5 - X=YATKONM=0ATINM #£0.

- ,>| e, -
The following example shows the (design-phase) compuositi@lossy channel with aync channel,

considering that data enqueueing and dequeueing in thedmbae is delayed with ratggnq and ygeq,
respectively. Figure_10 depicts the composition of the thhanmels and the synchronising node. The
greyed-out transitions are eliminated by cleaning, as thityo respect sequencing.
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Figure 10: Design-phase ofalMCge, model for thelossysync connector with a delayed node.

In order to obtain the deployment-phase model, an extraistegguired that composes the design-
phase model with the environment model. Formally,
Definition 3 (Deployment) Let | be aZIMCge, model of a design-phase connector, E a st Cre,
models representing all the relevant reader and writer comgnts defining the environment for |, and
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finally M C 4. The deployment-phase model of | in environment E with ctdpehe set of ports M is
computed by

vl [Im E)),
where F is the parallel composition of all elements of E, referrecsathe global environment model.

Note that whenever nodes do not delay the system, compositi@IMCg., models are boiled down
to that defined fotMCgeo. This is stated formally in the following theorem proved/12]:

Theorem 1. Let | be anIMCge, and J a deploye@IMCge,. Consider that both | and J model the same
Stochastic Reo connector i e. with same stochastic information for channels and envimmiy Then,
| ~J iff J has no enqueuing and dequeueing states.

5 Concluding

This paper introduced?IMCgr.,— a model forStochastic Reo based on interactive Markov chains,
which extends our previous work W Cge,, increasing its scalability while retaining expressivéyd
compositionality. We believe coordination models are aamajea of application of formal models to
cloud applications, with an enormous potential for theirect design and analysis.

This debate, however, is still in its infancy; only time angberience with real, challenging applica-
tion, will provide sustainable evidence for the claim madechas well as for the approach proposed.
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Appendix - Composition in IMCge,

In [13] the composition of twdMCge, modelsl; andl,, with respect taVM C .4/, is given by

(l1 [Im 12)

comprising groductand asynchronizatioroperator. This appendix recalls the corresponding dedimiti

Definition 4 (Parallel Composition) Let | = (§,Act,---,—,s) and J= (§,Act,--~3,—3,Sj)
be twolMCgre, models. The parallel composition of | and J with respect tetad C ./ is defined as

I HM J= (SaACta777>7*>7(Sasj))

where S= § x §, Act= Act U Acty, and- - » and— are the smallest relations satisfying

ip- i, ANM=0 i1-25 ), AINM=0

1 2.

(i2.1) -2 (2. ), for j € S (i,j1) -2 (i, ]2), fori € §
A A
g 11772 ji-"P2 (AINA))CM ALAI#0D
(i1, 1) 2% (i2, j2)
4 ip —Vo i 5 i1 2
(i1,]) =2 (in,j), forj e § (i,j1) —2 (i, jo), forie §

The first three clauses in Definitioh 4 deal with interactransitions: the first two tackle the inde-
pendent evolution of each connector; the third one addse¢lsé (synchronous) joint evolution. Clauses
4 and 5 deal with Markovian transitions which are alwaysriataed.

Definition 5 (Synchronisation) Let | = (S x $, Act,- - »,—, s) be anIMCg,, model over a composite
state space, and M .#". The synchronisation of | with respect to M is given by
aMl = (S\/hACt\ Ma777>M7HM7S)

where & ={(i, ) Im| (i, ]) € S x S} and- - »y and—— are the smallest relations satisfying, respec-
tively, conditions 1 and 2 below:

Sy Xy .
g L) GDEM , (D)) (RUR)OM=0
(i DI~ ==m () Im ' i, D m—m (17, 0) I
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