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Abstract

Orchestration of web services using low-level languages like BPEL istakperforming Software En-

gineering with just the target programming language. Orc has been papssan elegant and more
abstract design language. But much of its elegance derives from ittidoal style which must be

matched, by the Software Engineer, with the state-based nature of systenvghamle. This paper ex-

plores the interface between the state-based and functional viewsha&stnation by studying a more
abstract semantics for Orc. Sound laws are established and the resudtivadi$m is used on examples
to demonstrate the top-down development of implementations.
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Introduction 1

1 Introduction

Now that web services have become fundamental in defining businessspes and transactions, twin
approaches of ‘orchestration’ and ‘choreography’ have emdayete composition of different services
and for inter-enterprise collaboratio®@rchestrationis the coordination by one service of others; that
service acts as ‘conductor’Choreographyrefers to the decentralised, or distributed, coordination of
several services in which no single service need be in control. In ther pagconcentrate on the latter,
of which the former is a special case.

There is much to be said for applying to web services our experiencegrogramming: the use of
higher-level languages makes design, programming and maintenance Baste factostandard BPEL
[1], for all its advantages, can scarcely be called high-level. So layaguée Orc [2, 9, 10, 11, 12] are
of great interest. Orc elevates the level of design and implementation by ai$imgtional style. That
paradigm has already been found to be of great value in programming {8]Jparticularly useful in,
though not restricted to, situations based on pattern matching. So it is ¢figeerast to see how Orc
combines a functional style with ideas from process algebra.

Our interest lies in the integration of Orc in the Formal Methods approach ftav&@e Engineering.
Orc’s natural partners there are perhaps process algebhgad 8, 6]) because they largely abstract state
for the sake of coordination and communication. However we study insteapfiroach of state-based
specification and refinement, as exemplified by Z [14, 5]. Such methodsacked in terms of abstract
data structures built from sets, relations, sequerteand forsake executability for clarity. But being
both state-based and application oriented, they do not match directly thitohailcuntyped, style of
Orc. So of particular interest is how to specify service orchestration tata-based manner and then
find an Orc implementation. So we are interested in specifications in Z and impldimesia Orc.

Several semantics have been given for Orc; naturally they havegasag with the language itself.
Regardless of whether or not they incorporate more advanced featikes real time, their primary
purpose has been correctness of implementation. That has determinbdehneables in terms of which
each semantics is expressed. A fully abstract semantics of Orc thas sergeide implementors of
the language must be founded on sufficient observables to ensureqimt Orc programs have the
same semantics, and conversely. For example, an implementation is coneémie values of bound
variables, likexin the sequential invocatiaid >x> B). Similarly it regards program that access different
sites, or the same sites a different number of times, as different: site cafidsvalble, just like the values
published by the program.

But the user (and specifier) of web services just wants results. Thecsitied by a program are as
irrelevant as the local variables used in a program. From that point wf wieimportance is just the

values that the program causes to be published. Binding of local vagiat@dequally irrelevant. For such
purposes, implementation-biased semantics are too fine; we are interestaa iabsivact observables.

Parameters are untyped in Orc. Abstracting types aids in the simplicity (aextiedness) of the lan-
guage; and if required types can always be restored by standarihfgpence techniques (as used for
example in Haskell [3]). But for purposes of specification, interfdedseen modules provide essential
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Orc outlined 2

information and so types are important. Thus here we consider variablestypéd. Fortunately the
result compromises the language scarcely at all.

2 Orc outlined

Orc is a language for the high-level orchestration of services. Itdioates interactions among basic
subsystems, called sites, by use of a small number of combinators [2,HehaEis for its design is to al-
low integration of components and is founded on the premise that structumedreent programs should
be developed much like structured sequential programs, by decompagginglam and combining the
solutions with the combinators of the language.

An Orc program consists of a goal expression (either primitive or a catibimof two expressions) and
a set of definitions. The goal expression is evaluated in order to runrtigegm. The definitions are
used in the goal and in other definitions. A component is generally callediaeseOrc adopts the more
neutral term site which is the most primitive Orc expression. It represengxtarnal program and is
said to publish a value when a value is returned in response to a call.

An Orc expressio is x-freg, for variablex, means that does not appear iB as a free variable (and, as
usual, bound occurrences do not matter because inxtoam be replaced by a fresh variable if required).

A combinator in Orc combines two expressions to form another expresBiamitive expressions are
merely site calls. By applying the combinators, Orc creates arbitrarily comgfmessions and a hier-
archical structure of the program which is amenable to inductive anal{sis,

We consider the following combinators, using expressivasdB.

¢ Independent parallel invocatiofh | B), allows independent concurrent executio&ndB. The
sites called byA andB individually are called byA | B) and the values published ByandB are
published by(A | B).

e Sequential invocation,A >x> B), initiates a new instance & for every value published b
whose value is bound to namen that instance oB. The values published byA >x> B) are all
instances of those published By

e Asymmetric parallel invocationfA <x< B), evaluate#\ andB independently, but the site calls in
A that depend om are suspended untilis bound to a value; the first value fronis bound tox,
evaluation ofB is then terminated and suspended callé iare resumed; the values published by
A are those published A <x< B).
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Specification-oriented semantics 3

3 Specification-oriented semantics

Sites are nondeterministic: at the very least a site may publish either nothiagatue; but typically
the value itself may not be uniquely determined. Furthermore, when sitesral@reed independently in
parallel, even if each is deterministic the result is not, because the ordeblifation is not determined
and so interleavings occur. Thus each site, and the result of eaclo@puitation, is modelled as tiset
of what it may publish; that is, as a set of sequences of publishablesvalue

It might be hoped that a simpler, sequence-free, model would sufficen €ach site would be repre-
sented by a set of those values it can publish. Then thé sitéch fails to publish would have semantics
{}. The semantics of the independent parallel invocatioh@fidB would be the union of the semantics
of AandB. The semantics of the sequential invocatiomdhenB would be the union of the semantics
of all invocations oB. However with asymmetric parallel invocatigA <x< B) we strike a problem. It

is only the first publications dB that are taken as input By, and the set model is not powerful enough
to distinguish those. (Curiously enough, a tradesfinite sequences) model was given for all but asym-
metric parallel invocation, the very combinator which demands it.) Rather tlganent the publications
of a site with information indicating which are first, we simply consider sequeotpublications.

We consider two possibilities for that set. In the first, following trace semaintipsocess algebra [7],
the result of an Orc computation consists of a prefix-closed set of segsi®f published values. The
program is thought of as publishing the values successively (evegtihblias a single initial input) and
prefix closure reflects the fact that values accumulate with time. This vievlésted in existing Orc
semantics [8, 9].

In the second view, the nondeterminism is again captured by a set ofwegus values, but prefixes are
excluded: only maximal sequences (infinite if necessary) are obsertadlis because no environment
in Orc is able to block outputs and so there is no reason (as there is in prgebra) to include all
prefixes to which different behaviours can be attached (by failufesdi7example). That is the view
taken here.

Thus the result of an Orc program is a set of sequences of publisiiedsv The only healthiness
condition is that it must contain the empty sequence (corresponding to laegpainse); in principle any
other sequence could be published. To state that, some notation is required.

If there were an accepted, definitive, seminatics of Orc then we woulecexp prove that ours is more
abstract: any law sound with respect to the ‘canonical’ semantics woulduselsn ours. But in spite
of various semantic models [2] consensus does not seem to have bebade Thus we instead verify
soundness from first principles.

This paper gives a specification-oriented semantics for Orc, provessiaswing how close the result is
to being a Kleene algebra, and works various examples.
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4 Sequence notation

We use list notation [3] for sequences, though we writeTséor the type of sequences of ty[e
Sequence comprehension is written] and the empty sequence writtft we write xgi] for theith
element of sequenoces (starting from 0); we us&: xsfor a sequence with headand tailxs, we write
(x:) for the function which appendsto the front of a sequence; and use for catenation of sequences.
We writef (| E | for the pointwise promotion of a functidnto a subset of its domain,

f(E) := {f(e)|ecE}.
Thus, for example,

(09)({[1,1,2],[0,1]++ (1]} ) = {[0},[0,1,2],(0,0,1,1]}.

The relationn relates an element to any sequence containing it

in:E <« seE
eines:= Jasbs- es= as++ (g ++bs.

4.1 Interleaving

The interleavingof two finite sequences consists of the set of sequences in which the guerses
appear as subsequences, and the frequency of elements in the resdtiegce equals the combination
of those in the two subsequences. Thus the sequénge, 1] is an interleaving of0, 1] and [0, 2], but
[0,2,1] is not. From that informal definition follows a formal explicit one. But insteedgive a recursive
definition because it is perhaps clearer and anyway executable asti@fiath program.

inter :: sedl’ — sedl’ — Psedl

inter [ ] ys = {ys}

inter (x:xs) [ ] = {x:xs}

inter (x:xs) (y:ys) = (x:)(inter xs(y:ys))
U

(y:)( inter (x:xs) ys)

A version in Haskell replaces the resulting set by a sequence and unaaténation.

> inter :: [a] -> [a] -> [[al]

> inter [] bs = [bs]

> inter (a:as) [] = [a:as]

> inter (a:as) (b:bs) = (map (a:)) (inter as (b:bs))

++
(map (b:)) (inter (a:as) bs)
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Interleaving is extended from two sequences sequencef sequences, and converted to Haskell, as
follows.

iinter :: seqsed@ — Psedl

iinter (] = {
iinter (xs:ysg = U{inter xs yg yse iinter yss
> iinter :: [[a]l]l -> [[all

(1]

concat [ inter xs ys | ys <- iinter yss ]

> iinter []
> iinter (xs:yss)

The following result establishes simple properties of those functions. filhediates the two definitions,
whilst 6 and 7 enumerate interleavings. We writefér the cardinality ofe andn! for the factorial ofn.

Interleaving lemma

1. inter [][] = {[)}

2. inter xs ys= inter ys xs

iinter [x§ = {xs}

For any permutatiopssof xss iinter xss = iinter yss Thusiinter is well defined on bags.
inter xs ys= iinter [xsy§g

#(inter xsyg = (#xs+ #ys)!/(#xs)!(#y9)!

#(iinter xs9 = (3 xsinxss# X9/ ([Mxsinxss# X9)!)

For anyas, bs: sedl, Jys: (interasbg-yinys iff (yinas)V (yinbs).

© N o 0o &~ W

Proof
The first five claims result from the definitions and simple calculus; we grstdwo of them. For 3,

iinter [xg

= calculus
iinter (xs:[])

= definition ofiinter
U{inter xs ys yseiiinter [ |}

= definition ofiinter

Ufinter xs ysyse {[]}}

= calculus
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U{inter xs[ |}
= definition ofinter (casexsempty or not)
U{{xs}}
= calculus
{xs}.
For part 5,
iinter [xsyg
= calculus

iinter (xs: [y9)

= definition ofiinter
U{inter xs zg zse iinter [yg}

= Part 3
U{inter xs zg zse {ys}}

= calculus

inter xs ys

The enumerations are standard. An interleaving of two sequencesgttisemandn, may conveniently

be visualised as a path in the discrete pl&iRdrom the origin(0,0) to (m,n) that takes a horizontal or
vertical unit jump at each of its1+ n steps. The number of interleavings thus equals the number of such
paths. More generally, fdt sequences of lengthm, 0 <i < k, the plane is replaced ydimensional
discrete spacBlk and the path goes from the origin there to the p¢mgt...,n_1). Claims 6 and 7 are
then straightforward.

Alternatively, from the defintion ahter, letting T(m, n) denote the number of interleavings of sequences
of lengthmandn,

T(0,n)
T(mO0) =
Tm+1n+1) = T(mn+1)+T(m+1,n)

which has generating function

Fm(x) = (1—x)™™
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Sequence notation 7

whence the result follows using elementary calculus, since

1d"Fy,
Timn) = —— [y
isolates the coefficient of’. O

The enumerations have been found useful in checking small examplesyethe Haskell implementa-
tions.

In passing we note that Part (8), which has the effect of distributimgnto two interleaved sequences,
is not true ify is replaced by a sequence of length greater than 1. It is thus analoginesdiwision law
for primes: if a prime divides a product of two numbers then it divides eibimernumber or the other
(p|mn = p|mV p|n); but thatis not true for composife

4.2 Bag interleaving

Part 4 of the Interleaving lemma enables us to exigndr from sequences of sequences.seqsed)

to bags of sequences, by choosing some ordering of theilsagdme sequence whose bag of values
equals that of the bag). But what we really need is the extension of dudetzon (having domain ‘bags
of sequences’) to one having domain ‘bags of bags of sequencés’défined to return the set of all
interleavings of sequences, one from each bag in the bag. For examipieg bag comprehension as
1...7,itacts

UL, W ES UL o1] 5 = {11,001, [4,[0,4],[a,0],10,0],[0,2,0},[a,0,0],[0,0,a] } .

We write BT for the type of bags of typ&. The required definition is

binter:: BB sedl’' — Psedll'

binter] § = {[]}
binter bgg = U{iinter [bs, bsi,...,bs, 1] | bs € bsdi]}  if bgg# 1§

wherebssis some ordering of the bagggandn is the size obgg (and so also the length of sequence
bsg. The observations above show that the definition is independent ofittieecof orderingyss

It may seem that a more satisfactory definition would replace the resulysebhg. But the present
definition suits our purposes because it has the property of supprespktitions in the result. We shall
also usebinter on a bag of sets of sequences, treating the set as a bag in which eachrrembys
just once. Our applications ensure that each ‘inner’ bag (or setpokesees contains at least the empty
sequence; however it may be that the ‘outer’ bag is empty.

In Haskell,
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Semantics 8

> binter :: [[[a]]l] -> [[all
> binter [] = [[]]
> binter (xss:ysss) = concat [ inter xs ys | xs <- xss, ys <- binter ysss ]

Elementary properties of the bag-interleaving functiamter are as follows. The bag interleaving of a
singleton bag bgf consists of the set of all sequences in that singledead he bag interleaving function
is related to the previous interleaving functions by taking the argument to bg with two elements;
see part 3. The bag interleaving of a disjunction is the bag interleaving dfaifpenterleavings of the
disjuncts (themselves sets, treated as bags). Finally bag interleavingvpeepeefix closure and so, in
particular, containment of the empty sequence.

Bag-interleaving lemma
1. Functionbinteris well defined.
2. For any badpg of sequencesbinter | bgf = {bs|bsec bg}.
3. ForAsBs: PT, binter] As Bs| = U{inter as bs|ase As bse Bs}. In particular
binter ] {as{, (bs{ | = iinter [asbg = inter as bs
and, for bagog of sequences,
binter ] 1[]f, bgf = {bs|bse bg}.

4. binter ] D |pVvq| = binter ] binter]D | pf, binter ] D | qff
5. If eachbg € bggcontaing | then so doebinter bgg

6. More generally, if eachg € bggis prefix closed (considered as a setbsfc bg then each prefix
of bsis also inbg), so ishinter bgg O

5 Semantics

5.1 Types

For any type€T, the type of published values frofhincludes all possible sequences (firiiteor infinite
T*) of values fromT in any order. The empty sequence corresponds to ‘no return’ andfiartein
sequence occurs if a site publistegsinfinitum

pubsT = T*UT”.

(Notice that we do not use prefix-closed sets of finite sequences #a kethe case for instance in most
models of process algebra [7].) It is also convenient to have notatisefpuences of length at most a
natural numben

(1) pubd'T := {ts: pubsT | #ts< n}
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Semantics 9

Each Orc progranA is denoted, as discussed below, by a function from its input Alpeto a set of
sequences of its publication typ&Qut, with the property that the empty sequence is included (because
it models failure to publish). Thus, for any tyfie we define the type

(T) := {E:PpubsT | [] € E}.

5.2 Sites

The Orc philosophy is to concentrate on orchestration and abstract detefever possible of con-
stituent sites. It is supposed that any site may fail to publish; thus sites éeloadeterministically.
When giving an informal description of a site’s behaviour we shall implicituase that failing to pub-
lish is one possibility. (For emphasis we use the longer alternative: ‘argitgoublishp’ (as well as
failing to publish).) When sites are combined, for example in independealiglanvocation, nondeter-
ministic choice of publication becomes greater. So it makes little difference tod¢beytto assume that
a site may publish more than a single value; for uniformity of our theory, wpaseso.

A site may be invoked with, or in the absence of, input values. iff a site name and: Aln a list of its
inputs required foA’s invocation, themA(x) denotes the invocation éfwith those inputs. It occurs only
when all inputs have been supplied, in which case the result is presumedtedb of sequences of type
AOut The empty sequence represents failure to publish. Publication of a sadgkepvis represented
by the singleton sequendg]. The reason for using sequences (rather than some virtual elenfent
failure to publish, and then a set of ‘published’ valyes, p, ...}) is to facilitate the interleaving of
publications when sites are combined. (So instead weg Usép], ...}.)

Specific sites define the relationship between their input parameters angubboations. We denote

the semantics of a call to sit& by [A(x)]]. Thus it is a set of sequences of published values which
contains the empty sequence

2 [AX)] :: (AOut).

The semantics of a sit& whose invocation requires inputs is a function frédm to such sets of se-
qguences.

[A] :: AIn — (AOut)
©) [Al() = [AX)]

If invocation does not require input, rather than consider the consiantibn over some unnecessary
set of inputs, we use just (2) for the semantfjég] of the siteA itself.
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Semantics 10

5.3 Basic sites

The site(ift ¢) publishes a value df iff predicatec holds. Its input is the state on which conditiors
defined, which for simpicity we omit.

[if c]] (T
(4) lifrc]) :== (J{{[],[t]} [t: T} if celse{[]}

The site0 fails to publish (whatever the ty[#). It is the same a&f false).

(5) [Or] = {[]}
Or = ify false

The sitesignal; publishes a value immediately. It is the saméiggtrue).

[signal ] :: (T)
(6) [signal] := (J{{[]. 1t} |t: T}

signal, = if true
Those sites publish arbitrary values; the giegr t) publisheg : T.

[lety t] :: (T)
@) [letr t] = {[],[t]}

Invocation of those sites does not require input. Theesiteor publishes its input. Thus it equdksty t
wheret is the input.

[echor] :: T — (T)
(8) [echor(t)] == {[],[t]}
echor(t) = letyt

When appropriate, in any of those sites the subspill be suppressed.
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5.4 Expressions

As usual, we call an expressigh= B between Orc expressios and B a law iff it is sound with
respect to the semanticgA] = [B]]. Whilst there is much to be said for eliding the semantic brackets
and identifying an expression with its semantics, we have chosen here ttheakeore rudimentary
approach for conceptual clarity and to emphasise that our semantic motsidsabstract.

5.5 Independent parallel invocation

The independent parallel invocatioof expression®A and B publishes anything published @y or B
independently, preserving the order in which each publishes. The sem#ius consists of a function
from pairs of inputs (if they are required) to sets of sequencéA®@utUBOut) obtained by interleaving
sequences in the semantics of the cAlls) andB(y) since they can be published at the same time.

(A|B) :: AInxBIn — (AOutU BOut)
[A[B](ab) := binter{ [A(a)], [B(b)]S
= U{interas bs|ase [A(a)]], bse [B(b)] }

The equivalence of the two expressions follows by part (3) of the iBgleaving lemma. In the first
expression, the functiobinter is applied to a bag of sets (as anticipated in Section 4.2); alternatives are
for the bag to be a set, or the set to be a bag. But the ‘outer’ bag cammneplaced by a set because that
might lose interleavings; for example, the sifesndB might be the same. And the inner sets do not
need to be bags, since frequency is not necessary in expressimgtiteof a callA(a)].

The order in which multiple independent parallel invocations are combinesl ot matter —operator
is commutative and associative— and independent parallel invocatidwibh a site that fails to publish
results inA:

Independent parallel theorem

The semantics ofA | B) is well defined and is commutative, associative and has uhit
) (A[B) = (BIA)

(10) (Al(B[C)) = ((AIB)|C)

(1)  (0|A) = A

Proof

Well definedness here means simply thabelongs to each element [pA | BJJ; that follows by part 5 of
the Bag-interleaving lemma. Both the commutativity law, (9), and the associativify(18), follow by
well-definedness dfinter.

For the left-unit law, (11), we reason interpreting a set which is an arguaid®inter as a bag in which
its elements occur just once.df Aln,
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[0]A](a)
= semantics of independent parallel invocation

binter ] [0], [A(a)]
_ Law (5)
binter [ {[]}, [A(@)])§

= Part 3 of the Bag-interleaving lemma (for the case of seterahan bags)

[A@)]-

O

Laws (9), (10) and (11) justify use of a prefix forit},Bg), of independent parallel invocation applied to
any finite bagdg of Orc expressions. (Law (11) means that §) = 0.) However then we need notation
for its invocation, ensuring that input parameters apply to the correcessions. By(| Bg)(bs) we
mean that some ordering of the bg s given andbsis a sequence of inputs in whidsi] belongs to
the input type of thé™ Orc proces8d[i].

5.6 Sequential invocation

If A fails to publish so doefA >x> B); but otherwise the publications ¢A >x> B) are those of the
independent parallel invocations of the invok&(th) whereb is published byA. (Thus the case in which
Afails to publish is the empty independent parallel invocation.)

(A >x> B) :: Aln — (BOut)

[A>x>B](a) = U{binter{[B(b)] |binbs| | bse [A(a)] }
Whenx is not free inB the abbreviatiorfA > B) is used and referred to asquential composition

Sequential invocation theorem

The semantics ofA >x> B) is well defined, and >x>) hasO0 as left and right zercgechoas left unit,
is typically' associative and is distributed bpn the left.

(12) (0>x>A) =0

(13) (A>x>0) = 0

(14) (echqun >x>A) = A

(15) (A>x> (B>y> Q) ((

(16)  ((A|B)>x>C) = ((
Proof

Well definedness —that [fA]] and[[B] contain the empty sequence then so dpks>x> B]— follows
immediately from part 5 of the Bag-interleaving lemma.

A >x> B) >y> C) providedC is x-free
A>x>C)| (B >x> C))

For the left-zero law, (12), we reason

1We adopt ‘typically’ to describe the condition, in the context of (15), i x-free.
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[0 >x> A]

U{ binter [ [A(a)] |ainas] | ase 0] }

U{ binter [ [A(a)] [ain[]§ }

U{ binter] § }

Ut}

[o].

For the right-zero law, (13), we reason that for any inptd A,

[A >x> 0](a)

U{ binter [ [0(0)] [oinos] | ose [A(a)]] }

U{ binter{{[]} [oinos] | ose [A(a)] }

For the left-unit law (14), we reason that feof type Aln,

[echqun >x> A](e)

U{ binter [ [A(a)] |ainas] | ase [echaun(€)] }

U{ binter{ [A(a)] |ainas| | ase{[].[€]} }

U{ binter{ [A(e)]}§ }

semantics of sequential invocation

Law (5)

calculus

definition ofbinter

calculus and Law (5) again

semantics of sequential invocation

Law (5)

property ofbinter and calculus

Law (5) again

semantics of sequential invocation

Law (8)

calculus
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= calculus and Part (2) of the Bag-interleaving lemma

[AE)]-
For the associativity law, (15), we reason thatifs x-free then for any inpua to A,

[(A>x> B) >y> C](a)

= semantics of sequential invocation
U{ binter | [C(c)] | cincs] | cse [[A >x> B](a) }

= semantics of sequential invocation again
U{ binter [ [C(c)]| |cincs] | cse U{ binter] [B(b)] | binbs] | bse [A(@)] } }

= Part (8) of the Interleaving lemma, calculus ahihdependent o
U{ binter [ [C]|{ | 3bs: [A(a)]] - 3binbs- Jcs: [B(b)]] - cincs}

= similarly
U{ binter U{ binter{ [C(c)]] | cincs| | cse [B(b)] } [ 3bs: [A(a)] - binbs}

= semantics of sequential invocation again
U{ binter{ [(B >y> C)(b)] | binbsf | bse [A(a)] }

= semantics of sequential invocation yet again

[A>x> (B>y> C)](a).

For the left-distributivity law, (16), we reason that for any inpub A andb to B,

[(A]B) >x> C]|(ab)

= semantics of sequential invocation
U{ binter [ [C(c)] [cincs| | cse [A|B]/(a,b) }

= semantics of independent parallel invocation
U{ binter [ [C(c)] | cincs] | cse [U{inter as bs|asc [A(a)], bse [B(b)]} }

= calculus
binter | [C(c)] | Jas: [A] - 3bs: [B] - 3cs:inter as bs cin cs|

= Part (8) of the Interleaving lemma, calculus aihdependent of again
binter | [C(c)]| | Jas: [A] - cinas Vv 3bs: [B] - cin bsf

= Bag-interleaving lemma, part 4
binter | binter ] [C(a)] | Jas: [A] - ainas}(, binter | [C(b)] | 3bs: [B] - binbsf |

= calculus
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binter ] U{ binter | [C(a)]] |ainas} | ase [A] }, U{ binter] [C(b)] |binbs] | bse [B] }§

= semantics of sequential invocation
binter ] [A <x< C],[B <x< C]|f

= semantics of independent parallel invocation
[(A>x>C)|(B>x>C)].

O

Law (13) fails in ‘standard’ Orc semantics [8, 9] and so is a reflectionuofroore abstract semantics.
Indeed on the left the parameteis instantiated but on the right it is not. So an implementation-oriented
semantics distinguishes the two sides; but ours does not because freen'sapoint of view they are
equivalent in failing to output.

Sequential invocatioi>x>) does not have a right unit because if invocation of the left-hand argumen
were to publish several values then several independent copies agflitdhand argument would be
invoked and so their outputs would be interleaved; thus the order of thedaft-argument’s publications
could not be preserved. But since that interleaving includes the left-aayjument’s publications, we
have an inclusion when the right-hand expression is thessite

[A >x> echavoull(d) 2 [A@)].

Equality holds ifA publishes at most one value or, more generally, if its set of publicationsasiami
under interleavings.

5.7 Asymmetric parallel invocation

If Bfails to publish, so doefA <x< B); but otherwis€ A <x< B) publishes the result &f's invocation
with a first publication oB.

(A <x< B) :: BIn— (AOut)
[A <x<BJl(b) := {[1} U U{[A@)] | [a] €[B(b)]}

The empty sequence is added to ensure healthiness; it is necessargeltbearight-hand union is empty
if B fails to publish.

Asymmetric parallel theorem

The semantics ofA <x< B) is well defined and <x< ) has0 as left and right zero, satisfies associativity
and various exchange laws, including a semi-distributivity fvbm the left and an exchange law with
sequential invocation.

a7) 0<x< A =
(18) (A <x< 0)
(19) (A<x<B)<y<C) =
(20) ((A<x< B) <y< C)

0
0
A <x< (B <y< Q))

(A <y< C) <x< B) providedB isy-free andC is x-free

(
(
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(21) ((A|B) <x< C) (A<x< C)|B) providedB is x-free
(22) ((A>y>B) <x<x C) = ((A<x< C)>y> B) providedB is x-free

Proof
For the left-zero law, (17), we reason that for any inat A,

[0 <x< A](a)

= semantics of asymmetric parallel invocation

{1} v U{[0(0)] | [o] € [A(@) I}

- Law (5)
{1} U U{{[]} o] € [A(@)]}

= calculus
{{1}

= Law (5) again
[0]-

For the right-zero law, (18),

[A <x< 0]

= semantics of asymmetric parallel invocation

{1} v ULTA@] | (& < [0}

= Law (5) and calculus

{ru{}

= Law (5) again

[O]-

For the associative law, (19), we reason that for any icgatC,

[(A <x< B) <y< CJ|(c)
= semantics of asymmetric parallel invocation

{[1} U ULTA <x< B]l(b) | [b] € [C(c) I}

semantics of asymmetric parallel invocation

{1} U ULULTA@T [ [a] € [B(B)]} | [b] € [C(e) ]}

= calculus
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{1} v U{TA@) T | 30]: [C(e)] - [a] < [B(b) ]I}

= calculus

{[1} U U{TA@] | [a) € ULIB(b)] | [o] € [C(e)1}}

= semantics of asymmetric parallel invocation

{{} v ULTA@] | (&) € [B <y< Cll(c)}

= semantics of asymmetric parallel invocation yet again
[A <x< (B <y< C)](c).

For the context commutative law, (20), we reason just as in the previgumant; for any input to C,

[(A <x< B) <y< CJl(c)

= semantics of asymmetric parallel invocation

{[1} U UL[A <x< B]l(b) | [b] € [C(c) I}

= semantics of asymmetric parallel invocation @ ihdependent ob

{1 W UULTA@T | &) € [B} | [b] € [C(0)]}

= calculus

{1} v U{TA@)]T | [&] € [BT}

— calculus

{1 v H{UTA@T | &) € [CT} | [c] € [B(b) ]}

= semantics of asymmetric parallel invocation @&thdependent of

{1} U ULIA <y< CJ(c) [ [c] € [B(b)]}}

= semantics of asymmetric parallel invocation yet again
[(A <y< C) <x< BJ|(b).

For the distributive law, (21), we reason that for inpub C,

[(A]B) <x< C](c)
= semantics of asymmetric parallel invocation

{1y v U{lIA[B](@) | [a € [C(e)]}

semantics of independent parallel invocation Briddependent o&

{[1} v Ufbinter{ [A(@)], [B]S | [a] € [C(c)]}

= calculus and independent o&

binter {U{[A@] | [a] € [C(0)]}, [B(D)]S
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= semantics of sequential invocation
binter ] [A <x< C]J|(c), [B(b)]f

= semantics of independent parallel invocation
[(A <x< C)[B](c,b).

6 Examples

In this section we consider examples that have already been publishaddosteate various features of
Orc. For us they serve the purpose of benchmarks on which to tesbswaet semantics.

The first demonstrates semantic reasoning from specification to Orc impléimentnd the way in
which variations on the theme are reflected in the semantics. The seconemsbightly more complex
reasoning and the use t. The third combines reasoning by law and by semantics to simplify the
otherwise entirely semantic —and as a result lengthy— reasoning.

6.1 News

From [9, 10], the evaluation dBC(d), whereBBC is a news service site ardlis a date, call8BC
with parameter valud; if BBC responds (with the news page for the specified date), the respahse
is published

[BBC](d) := {[],[b(d)]}.
Similarly for siteCNN,

[CNN](d) = {[],[c(d)]}-

Now we are interested in the independent parallel invocation of those twe ditgoublishes either
interleaving of those two values, or just one (in the case that the other failbtish), or neither (in the
case that they both fail to publish). Thus, recalling the notation (1),

NewsSpec= pubg {b(d),c(d)}.

An Orc implementation is simply

Newsgd) := (BBC(d) | CNN(d)).
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In practice the specification will be given and an Orc implementation requine&d it. A standard, but
particularly powerful and flexible, method of verifying an implementation is itsdown derivation. In
this case that is simple: for any input date

NewsSpec
= Definition (1)

= definition ofinter

Ufinter bs cs bse {[ ], [b(d)]}, cse {[],[c(d)]}}
= semantics of siteBBC, CNN
U{inter bs cg bse [BBC(d) ], cse [CNN(d) ]|}

= semantics of independent parallel invocation
[BBC(d) | CNN(d)]

= definition
[Newsd)].

Modifications [12] of that example incorporate further combinators byibgnthe responses of the calls
above to a parametearthen calling a siteemail which sends the information to an addrassThe first
modification emails at most the first page to be published by the two news sitiést, thdn second emails
at most each. Accordingly, the specifications are

[EmNews(d)] = pubs{b(d),c(d)

¥
[EmNew&(d)] = pubg{b(d),c(d)}

Reasoning analogous to that above shows that the first may be implemeingésianmetric parallel
invocation to invokeNewswhilst the second may be implemented using sequential invocation

EmNew4(d) := (Email(a,x) <x< (BBC(d)| CNN(d)))
EmNewg(d) := ((BBC(d)|CNN(d)) >x> Email(a,x)).
6.2 Fork-join

A computation may require that two independent threads be spawned apeomy@nd the computation
resumed only after both threads are complete. Assume thaisitedB accept inputg andb and may
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compute resultg(a) andy(b) respectively, just like the news sites of the previous section; thus

The specification ensures that both have completed by publishing theiratidiie as a pair:

ForkjoinSpec := {[],[(x(a),y(b))]}.

To achieve that, Orc defin€srkjoin [9, 10] to call sitesA andB in parallel; the first result to be published
is held in the sitdet (x,y) which publishes the pair when it receives the second result

Forkjoin = ((let (x,y) <x< A(a)) <y< B(b)).

A derivation is as follows. For any inpusto A andb to B,

ForkjoinSpec

= definition

= calculus

U], [(x(2),y(b))]}}

= semantics (7) ofet

{1} U Ufllet (6 y() I X4 e {[], x(@)]}

= semantics of asymmetric parallel invocation and of &ite

{1} b Ullet (xy) <x< A@)] [ Iyl € {[],ly(0)]}}

= semantics of asymmetric parallel invocation and of Bite
[(let (x,y) <x< A(a)) <y< B(b)]
= definition

[Forkjoin]].

6.3 Mini network

The use of Orc to model networks of sites that communicate values is denteddisathe following
simple example based an example from [10], Section 3.
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Figure 1: A mini network consisting of two input wires, a computatipwn each and a single output
wire e.

A mini network is shown in Figure 1 and realised in terms of orchestrationllmsvin After accepting
two input values using the methodget() andd.get(), the resultsy(c) andy(d) are computed by
evaluated on those inputs and published via the me#hoat(). Thus the orchestrating program is
specified

NetSpec := pubg{ey(c), ey(d)}.
An Orc implementation treats those methods as sites and orchestrates them thus:

P(c,e) = ((c.get)) >x> Q(x)) >y> eput(y))
Netc,d,e) := (P(c,e)|P(d,e)).

Part of the interest in this example is the manner in which the design is reasomettop-down. Recog-
nising that the specification is going to be achieved by the interleaving oésegs of length at most 1,
we reason first:

{[1,v(©)], [y(d)], [y(c), y(d)], [y(d), y(c) ]}

= properties of interleaving and calculus

U{inter as bs ase {[], [y(c)l}, bse {[],[y(d)]} }

= semantics of sequential invocation evaluated above

U{ inter as bg ase [[(c.get(a) >x> Q(x))]], bse [(d.getla) >x> Q(X))] }
= semantics of independent parallel invocation

[(c.get@) >x> Q(x)) | (d.geti@) >x> Q(x))].
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Now we make a side calculation to investigate how to achieve the sequencegtbfdémost 1. For any
input valuea,

{[]: y(e)]}

= calculus

U{ binter [ [], [y(c)]{ }

= semantics of site invocation f@ and calculus

U{ binter{ [Q(c.get(a))] [ }

= calculus

U{ binter [ [Q(b)]| [binbsf | bse {[], [c.geta)[} }

= semantics of input site and calculus

U{ binter [ [Q(b)]] [binbs] | bse [[c.get(a)] }

= definition of sequential invocation

[c.geta) >x> Q(X)].

Finally we have

NetSpec

definition

{[1;ley(c)],[ey(d)],[ey(c),ey(d)],[ey(d),ey(c)] }
= properties obinter, semantics of output site and calculus

U{ binter{ [e.put(y)]] | y inbsf | bse {[],[y(c)], [y(d)], [y(c),y(d)}, [y(d),y(c)] } }

= semantics of sequential invocation and the evaluationabov

[((c.get) >x> Q(x)) | (d.get)) >x> Q(x)) >y> eput(y))]

= Law (16)
[((c.get)) >x> Q(x)) >y> eput(y)) | ((d.get) >x> Q(x)) >y> eput(y))]

= definition of P
[P(c.e) | P(d,e)]]

= definition of Net
[Net(c,d,e)].

That mini circuit invoke.get) andd.get() just once and so inputs just once on each input channel. A
more realistic version, in which an unending sequence of inputs is allowspefied

NettSpec := pubs{ey(c), ey(d)}
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and shown to be implemented by the variant in which daghrecursive

P(c,e) = (((c.get)) >x> Compute(x)) >y> eput(y)) > P(c,e)).

7 Conclusion and further work

Accountably correct orchestration of web services appears to be tampdfr not vital in order for web

services to provide the same level of accuracy and support as its eawlieterpart, the *human navi-
gable’ web. Orc, being a language for orchestration at a moderatehaetievel, provides important
support for the Software Engineer. In this paper we have studied thénwehich Orc integrates with

another of the Software Engineer’s standard techniques: that oftstaget specification.

We have proposed a slightly more abstract semantics of Orc that canssgwoectly to the user’s re-
quirements —and specifier's view— of web orchestration. The semantic$ iseant as guidance to an
implementor of Orc, but is aimed at the higher levels of specification and gevelat. Law (13) is an
example of one which holds in our semantics but not in an implementation-orieeneahtics of Orc. It
is perhaps surprising how similar the resulting model is to one which expakess\of parameters within
combinators; that is due to the extent to which the language is captured blyreesg of publications.
Laws have been proved sound with respect to the semantics and exatmgied $0 confirm that the
semantic model is realistic.

We conclude that further work appears to be justified. The next stephiapea case study, preferably
one already been implemented in BPEL (like the Virtual Travel Agent frabj) {1t might be specified
and reasoned about using the laws and semantics given here, adoptstgl¢hused in the examples
here.

In this paper (strict) refinement has not been necessary: all regsbaminvolved equalities. But in
general, nondeterminism will be restricted in the implementation compared with ¢édisation, and
then an subset-based definition of refinement will be necessary andt,wigaker laws that are merely
inclusions.
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