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Abstract

Electronic commerce plays a more and more important rol@day’s economy. An in-
creasing number of firms sell their products online, andasibundle the services of other
firms and offer them to the user thereby acting as one singte pbcontact. An important
aspect in this trend is the composition of various servicefotm value-added offerings.
The new, complex services must be easy to specify and uadérsind must be executed
transactionally. Yet, this is only partly addressed by #whhology in use today.

The rule-based update languddielRA covers the whole range from specification to execu-
tion and therefore is well-suited to overcome these shaoriogs. It provides the necessary
features, among them a high-level semantics and compuaaiiiy and implicitly guarantees
transactional execution.

After an overview of the gener&alLTRA framework we present an instantiation which can
be used to combine an arbitrary set of basic services torob&ar complex services. Among
others, the instantiation features a specialized datatstei for the internal representation
of composed services that can be used for concurrency d¢artcorecovery as well. We
then develop a suitable evaluation model for this instéiotia It is based on the well-known
notion of nested transactions, uses compensation fobealk and can handle sequential as
well as concurrent services. It turns out that the proposelliation model only requires that
compensation of the basic services is supported and thatdake part in an atomic commit
protocol.



1 Introduction

Electronic commerce plays a more and more important roledays economy. An increas-
ing number of firms sell their products online in all kinds ofline shops, in business-to-
customer (B2C) as well as business-to-business (B2B)&giins. Moreover, new kinds of
business arise with the advent of portals — sites that buthéleervices of other firms and
offer them to the user acting as one single point of contauis rend became even stronger
with the introduction of so called “mega-portals”, whichtomly bundle individual services,
but a whole set of other portal sites.

Obviously, an important aspect in this trend is the compwsiof the various services to
form value-added offerings. This is essentially what agdaitbes: Either, similar services
from various service providers which differ e.g. in the adtunterface are encapsulated and
offered through the single interface of the portal. WWW ms&tarch engines which send a
user's search request to different other search enginesmneegample of this “horizontal in-
tegration”. An alternative application of service compiagi is the reuse of existing services
in the definition of a new complex service. An example for tivertical integration” can
also be found within WWW search engines: Some offer not dméydervice to search the
web, but also to translate the search results into anothgukge.

These examples of service integration have in common tlaetls no change involved
on the side of the service provider, i.e. neither a searchnengor a translation service
actually change a web side. Yet, more and more servicesdgireiered on the weldo
involve changes and real-world actions, as for instanceaatiye shop does. When such
existing services are composed into new ones, it is essdrdtahey behave like transactions
in databases, i.e. that they obey the ACID postulates [BNY&L, currently the issue of
executing complex services transactionally is only poadigressed, and most real-world
examples of complex services spanning several providérerdmplement transactionality
only in parts, or ignore it at all. This leads to the situattbat the results of the complex
services are well-defined if everything worked as it was eiguk However, if errors occur
during the execution the outcome of the complex service iernoless undefined.

One reason for the lack of transactionality is that most efghrvices are only “specified”
operationally, i.e. there is no formal specification of whatomplex service should do, but
only its implementation. Therefore, only if the programmde his or her job with transac-
tionality explicitly in mind, the resulting service may gbthe ACID postulates. Moreover,
the implementations may be — depending on the programmigukge used — hard to un-
derstand, maintain, and debug. Consequently, changeshate necessary quite often in a
dynamic medium as the web, may lead to new, unforseen sideteff

Another reason is that often it is not known which properaes required for an external
service to be reused within transactions, and which progseat service actually has. Ideally,
it should be possible to obtain the documentation of a seraitd then know whether and
how it can be integrated into a higher-level transactiomiog a complex service.

The ULTRA framework [Wic00, WFF98, WFFO0O0] can help in this situatidhfeatures a
clear, high-level semantics for execution of arbitraryibagperations, it is compositional,



and it guarantees transactional execution. The semaritibe éanguage is captured within
a flexible framework that can be instantiated for arbitraxieenal services. However, still
the definition of a transition system and some mathematicadfp are required. In this
paper we present an instantiation of the gengtalRA semantics that is already tailored to
handling calls to external operations. Given a serviceifipation in the rule-basedLTRA
language, th&LTRA instance presented here is able to derive which externakesrhave
to be executed. To capture the ordering information of theise calls, e.g. when two
services are composed sequentially, the instantiatios theespecialized data structure of
partially ordered multisets (pomsets) to collect the nsapsservice calls.

As ULTRA defines the semantics of complex actions by simple, natwmlpositions of
the semantics of the basic services, compositionality isexed. This is even valid for
concurrently composed actions, whose semantics doeslpaireome form of interleaving
parallelism, but on a common starting and ending state.

To actually use the rule-based language for the specifitatiovalue-added electronic ser-
vices a model for the execution of rules is needed as well. &k an evaluation model
using a variant of a top-down execution strategy. Thisetpagives the correct results, i.e. it
executes the actions that are also calculated by the foenastics. As the semantics of the
external actions themselves is not completely specifiedblytgiven through an execution
function for the action, we cannot reason about what stae@ébs are caused by the actions.
Instead, we have to execute them immediately to be able erabshe state change. These
immediate actions can be undone in our model during logiaaktvacking by adopting an
open nested transaction system [BBG89, M0s85, WS92] anghensation [KLS98] for re-
covery. The scheduler that is responsible for transactiexecution can also use the pomset
data structure, which is used to represent the serviceselogical side, for its log of ex-
ecuted actions. So, the two extremes of representing actemquired by the semantics and
logging actions actually executed meet in one single datatsire.

Finally, we will identify the properties the actual calls ¢aternal services must have, es-
pecially concerning transactional behaviour. It turns thatt the basic requirement to the
external calls is that they can be undone later, and thaixeeral system can take part in an
atomic commit protocol like 2PC to ensure that the schedabpalways is consistent with
the executed services. Therefore, any service that esltise two properties can be used
in the ULTRA context.

The rest of the paper is organized as follows: After we pregenrunning example in Sec-
tion 2, we describe thgLTRA syntax and introduce the basics of the gengialRA frame-
work in Section 3. Section 4 then shows the instance for ratexctions, before we briefly
sketch the execution model in Section 5. The paper is cordiwdth a short summary and
outlook in Section 6.

The work described in this paper has been funded by the GeReaaarch Agency (DFG)
under contract number Fr 1021/3-3.



2 The Running Example

As an example, let us assume that several credit card firras séfvices online to charge a
certain amount of money on a given card number, i.e. Visa®#eervicehargevisa(Card,
Amount), MasterCard has the servichargemaster(Card, Amount), American Express
offerschargeamex(Card, Amount), etc. They also offer the services to cancel such debits
(cancelvisa(Card, Amount), cancelmaster(Card, Amount), etc.). Moreover, the max-
imal amount of money that can be charged on a card can be tequeg servicesvail-
visa(Card, Amount), availmaster(Card, Amount), etc.

Also, there is a servicdeliver(Address,Parcel) offered by a delivery agency to deliver a
parcel to a given address. For reasons of simplicity we aediat it is not necessary to
specify the sender of the parcel, but that this can insteadedaced from the given parcel
number.

Now, our business is to combine these services into newcaETthat can be offered to our
customers. The new services will be

e a common interface to all the credit card firms, where theamast does not have to
care whether the card is a Visa, American Express, Mastireto.;

e a database of credit card numbers and the addresses of pevhah can be used in
conjunction with the charge- and deliver-services, suel ithis enough to provide a
key for a person (e.g. her email address), and credit cardoruor delivery address
are obtained automatically;

e an integrated pay&deliver service which takes care of eéeiing a parcel to a person
and charging the money for the delivery;

e a service that allows to charge several credit cards of desipgrson thus enabling
her to pay an amount of money that is higher than possibleavithcredit card alone.
That is, if a person has two credit cards with a limit of $10@@le the new service
allows to charge up to $2000 by debiting both credit cardssparently.

Obviously, these new services can be built using the basuices already available from
the credit card firms and the delivery agency, resp. Comiposility is important for all
these services: If, for example, a new credit card is to b@aeded, this must be possible
without interfering with the existing services. Espegjddir the latter two types of composed
services, transactionality is important: payment andveeyi either have to be executed both,
or none of them at all, and the same applies to charging devredit cards.

3 Overview of ULTRA

Before we actually start, some preliminaries have to bediced, namely the general syntax
of ULTRAprograms and the basic features of the generic framework.



We distinguish a set dPB predicatesa set ofbasic update predicateand a set oflefinable
update predicates The DB predicates refer to observable state informatiomereas the
basic update predicates refer to executable (atomic) tpesai.e. calls to external services.
The definable update predicates can be regarded as nameslegmperations defined in
the ULTRA language.

Example 3.1 For the services described in Section 2 the basic updatecpted are con-
stituted by the set of external services, elgargeamex, chargevisa, deliver. The DB
predicates are, for example, the names of the databas®nslabntaining the credit card
and address data of a person, and the new complex servicsttatanthe definable update
predicates. O

3.1 Syntax

The syntax oflULTRA programs resembles well-known rule- or logic-based laggadike
Prolog. In addition to classical approaches, subgoals mlamguage can be connected
using asequential compositiotandthen” or a concurrent compositiohiand”. Sequential
composition specifies that the subgoal on the right is to laduated in the state that results
from executing the subgoal on the left, while concurrent position states that the subgoals
on the left and on the right can be evaluated concurrentliignseme starting state. Where
necessary, we use brackets “[...]” to emphasize precedéiaealways in logic- and rule-
based programming, we denote variables with names stanithgupper case letters, while
constants have names with a lower case initial.

The syntax used in this paper differs slightly from the onedus our papers describing
the formal ULTRA framework, like [WicO0, WFFOOQ]: There, “” is used for seduial

composition and "," for concurrently composed goals. Wéehelthat the syntax used here
increases readability in the given context.

Example 3.2 [Rules for Services|The services described in Section 2 can be implemented
by ULTRA rules as follows:

charge(Card,Amount) — type(visa,Card) and chargevisa(Card,Amount)
OR type(amex,Card) and chargeamex(Card,Amount)
OR type(master,Card) and chargemaster(Card,Amount)

We assume here that it is possible to deduce the credit candrfdm the card number with
an auxiliary predicat¢ype(CardType, CardNumber). So, the rule focharge can be read
“the servicecharge can be performed in one of the following ways: Tiype of the credit
card isvisa and the servicehargevisa is executed, or thgype of the credit card immex
andchargeamex is done, or the credit card is tbfpe master and the servicehargemaster
is called”.

Next, the rules for the services accessing a database ofg®apdresses and credit cards
are shown. Here, we assume DB predicatasls andaddress representing database tables.



debit(Person,Amount) <« cards(Person,C) and charge(C,Amount)
send(Person,Parcel) « address(Person,A) and deliver(A,Parcel)

Both rules are non-deterministic, as credit card or addmasst be chosen during execution
if multiple cards or addresses are recorded for one person.

The servicepay&deliver is simply a composition of the two above services. Note, Wt
use the concurrent composition, i.e. charging the credd ead sending the parcel can be
done in parallel.

pay&deliver(Person,Amount,Parcel) « debit(Person,Amount) and
send(Person,Parcel)

All these services are quite straightforward to define, ey tlo not take special advantage
of the expressive power of the rule language. This does ridtfbo the next new service,
calledmultidebit, which can be defined recursively as follows:

multidebit(Person,Amount) « [ cards(Person,C) and available(C,A’) and
Amount < A’] andthen charge(C,Amount)
OR [[ cards(Person,C) and available(C,A") and
Amount > A’ ] andthen charge(C,A’) ] and
multidebit(Person,Amount — A’)

For simplicity, we assume that the various basic operatiocbeck availability of money on

a credit card have been encapsulated into a single savakable which would essentially
look like the serviceeharge defined above. The first part of the rule captures the base cas
of debiting on a card an amount of money that is smaller thamtaximal available amount.
The rule first checks the available amount of money agaiesbite specified and then debits
the card, i.e. it uses the sequential conjunction. This agl&n is non-deterministic as it is
not specified which of the available cards of a given persah&ged. The second part is
the recursive case which charges a card with the maximum anamwl then calls itself again
with the remaining amount. Note, that the recursive calbisiposed concurrently with the
rest of the rule, as the different cards can be charged irlphara

The rule formultidebit terminates successfully if the whole amount has been ctang¢he
various cards. It fails if there is an amount of money left hage, but no credit card which
can be debited with it. O

3.2 TheULTRA Framework

The ULTRA framework is based on the definition of a transition systefifition 3.3) and
three functions to relate update and DB atoms to the trams#tystem (Definition 3.4). On
this basis, we can define a logical semantics wiferred updatesEssentially, updates are
not just considered as side effects which occur during tladuetion of an update goal. Re-
ferring to a fixed initial state, each update goal determ({ones or morepossibleransitions



that may or may not be materialized later. Not earlier thamaterialization timedoes a
possible transition cause an actual transition leadingtoesnew state.

For this framework a number of theorems can be proven, amiosg) the existence of a
unique minimal model and a fixpoint characterization of thisdel. We omit all this here for

the sake of brevity and only give the definitions for the traos system and the functions
and refer the interested reader to [Wic00, WFF00] wherehaltheorems and proofs are
given. Note that the full framework presented there addélly features a concurrent bulk
operator which is also omitted here.

Definition 3.3 [Transition System] A transition systens a tuple($S, T, Icons Be, Ae, U, D)
where

e S is a set ofstates
T is a set oftransitions

TconsC T is set of transitions which are callednsistent

@e denotes aexecutiorsemanticsbe : S X Tcons— S such thas@g A represents the
states' resulting from the execution & starting in the stats,

A¢ € Iconsdenotes a speciakutraltransition,
e LI: T xT — T is aconcurrent compositiofunction
e &©:7 x7T — T is asequential compositiofunction

such that following algebraic properties hold:

1. (7,U,A¢) forms a commutative monoid, i.e.is commutative and associative afid
is a neutral element fau.

2. (7,®,L¢) forms a monoid, i.ed is associative and is a neutral element fap.

3. LetA1,Ap € T be arbitrary transitions. Then the following holds:

(@) A1€Tcons N D2 € Teons <= D1UA2 € Toons
(b) A1 € Toons N Do € Toons = D1B D2 € Toons
(€) Az € Tcons — N PBAr € Teons

4. Letse S be astate, and lét;, A, € Iconsbe consistent transitions. Then the following
holds:

(a) (S@E Al) ®e Np — SPE (Al @Az)

For every stats € S,
(b) s®ele=s

holds, i.e ¢ is neutral for®g. 0



Transitions are semantical objects to represent the clsdrggereen two states. Every consis-
tent transition leads from a given current state to a nexg¢ stéen it is executed. A transition
which is not consistent does not need to be executable intateyand thus may not represent
state changes.

Next, the basic update atoms and the DB atoms will be relatélet given transition sys-
tem. Further, the interpretation of the DB atoms will be sfied for each state. Informally
speaking, the parameters defined below serve as a bridgedetive syntactical parameters
of the ULTRA framework and the transition system.

Definition 3.4 [Mappings] The set of all ground DB atoms is called tHerbrand basend
is denoted byB. The set of all ground basic update atoms is calledoh&c update base
and is denoted bggy, andlg denotes the set of all (possibly three-valued) interpietat
over the Herbrand bagg.

A mappinglpg : § — Ig which assigns a set of true and false DB atoms (observattons)
each state, is called@B interpretation

A mappingLog: B — ‘IconsWhich assigns a consistent transition to each ground DB atom
is called dogging transition assignment

A mappingU pd : Bgy — Zcons Which assigns a consistent transition to each ground basic
update atom, is called arpdate transition assignment O

The DB interpretationipg provides a state-dependent meaning for the DB atoms. The map
pingsLog andU pd are used to assign semantical counterparts — in terms ofstenstran-
sitions — to the (syntactical) update literals. Note thataksignments are state-independent.
This is adequate, since the execution semantiesalready handles the state-dependence.
The logging transitions are used to record what state infion has been queried and thus
simply serve as marks. They should typically not change thie svhen they are executed.
However, this property is not relevant for the semanticsit i$ not satisfied, not only the
basic update atoms, but also the DB atoms may become afthgtsidie effects.

4 An ULTRA Instance for External Operations

While theULTRA framework in general can handle arbitrary basic operatimrthis section
we define an instance that is already tailored to combininereal operations, i.e. electronic
services. The instance is completely specified with theahstet of basic operations left as
the only variable. It especially features a datastructaredpresenting update requests that
can also be used by a scheduler to ensure correct evaludtcamourrent transactions (see
Section 5).

4.1 States and Actions

In the following, we consider a given sgtof states and a given sEtof actions. We assume
that the states and actions are related by an executioridarta : 2 x § — S which models



the behaviour of the external system.

Let further the DB interpretatiolpg : § — I§ be given as the projection of the states onto the
observable properties represented by the DB atomsLag@® : B — 3 be a given mapping
from the ground DB atoms to the actions, andUgid®“ : Bzy — = be a given mapping
from the ground basic update atoms to the actions. Note thattion assigned byog?®
does not need to be a proper action. It may be a simple mark alretrieval operation that

is necessary to check the truth value of the logged DB atonthitncase, we call such an
action aread tagand assume that its execution does not change the exteateal st

Example 4.1 In our running example, the s&t of actions is comprised by the available
external service calls, i.€hargemaster, availmaster, ..., deliver, ... O

Definition 4.2 [Compatibility] A relationC C X x Z is called acompatibility relation if it
is symmetric, i.e(ag,a2) € C < (ap,a1) € C, and

(a1,a2) € C = do(az,do(a1,s)) = do(az,do(az,s))
holds for every stats € §.

Two actionsas, ap € X are calleccompatible (w.r.t. C)if (ag,a2) € C. O

Example 4.3 For our example introduced in Section 2 and Example 3.2 cdtibipiy of
the external services can be defined as sketched in Tableeltable does not show all the

chargevisa chargeamex deliver cancelvisa

chargevisa - + + -
chargeamex + - + +
deliver + + + +
cancelvisa - + + +

Table 1: Compatibility for some of the basic external sezgic

external services but only a selection. Note that chargecandel on the same credit card
are not compatible in the sense of Definition 4.2 as cancedicharge before it is actually
done is undefined and may therefore lead to an arbitrary. skdge, two charges on the same
credit card are not compatible, because if the sum of the haoges exceeds the credit limit,
the final state depends on the execution order. O

The compatibility relationship of Definition 4.2 is simijdsut in general not equivalent to

the compatibility or conflict relationship used in databsgstems for transaction scheduling.
Besides other differences, our compatibility relatiopsisi defined only on actions, while

concurrency control also takes pure retrieval into account



10

4.2 Partially Ordered Multi-Sets of Actions

In this section we present the foundations of partially cedemulti-sets. The formal defini-
tions are adapted from [Pap86]. Essentially, the classictbn of sets is generalized in two
directions: elements can occur multiple times, and ordpeddencies between elements can
be represented. The main area of application for partiaifleed multi-sets is the formal
description of arbitrary concurrent and sequential preess In this context, the elements
are called actions, and the ordering relation, which doésieed to be linear, specifies exe-
cution constraints: ordered actions are considered aestigl) while unordered actions are
considered as concurrent. Partially ordered multi-seissgave as a viable representation
structure for the deferred transitions in @hTRA instance, especially since the composition
functionsuU and® are easy to define with a commonly accepted semantics (sp8gPar
more information about concurrent and sequential comjpositf processes).

Definition 4.4 [Labelled Partial Order] LetZ be a set of actions. fabelled partial order
overX is atriple(V, <,u) whereV is a set okevents< is a partial order oV, andu:V — X
is alabelling function O

Definition 4.5 [Congruence] Two labelled partial ordergV, <,p) and(V', <’ |/) arecon-
gruent iff there exists a bijective mappinf: V — V’, such that; < e, <= f(e1) <’ f(&)
holds for arbitrary events;,e; € V andu= [/ o f. O

Remark 4.6 Let a fixed se& of actions be given. Then the congruence is a well-defined
equivalence relation on the set of labelled partial ordeex @. f can be interpreted as a
renaming function. O

Definition 4.7 [Partially Ordered Multi-Sets] Let Z be a set of actions. The set pér-
tially ordered multi-sets (pomsetsyerZ, denoted byz*, is defined as the set of all labelled
partial orders oveE modulo congruence, i.e. the set containing one representiteach
equivalence class w.r.t. congruence. O

In the following, we keep a se& of actions fixed and consider the pomset£in Every
element ofz* is denoted by a representatif <, . For the sake of brevity we denote the
empty multi-se{0, 0, 0] by 0 and a singletoi{e},{(e,e)}, {e— a}] (with a € X) by {a}.

Note that a partially ordered multi-set can be representetivésualized by a graph. The
verticesV are marked with actions according to the functjgrthe edges correspond to a
relation onV that induces the ordering by reflexive-transitive closure. Some examples of
pomsets are shown in Figure 1.

Next, we define the concurrent and the sequential compuosititwo partially ordered multi-
sets.

Definition 4.8 [Concurrent Composition] The concurrent composition : £ x ¥* — 5#
is defined by
MUAy = [ViUV2, <1U<o , qUK2 |
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b
Al a/ \e
\C—>d/
AZ a—*=b—>c—>d—>e¢
AS a—=c—>b—>=d—>e¢

Figure 1. Some examples of partially ordered multi-setsaggnted as graphs

for two partially ordered multi-setd; := [Vq, <1, 1] andA; := [Vo, <, ko] overZ, whereVy
andV, are chosen disjoint (w.l.0.g.). O

Definition 4.9 [Sequential Composition] The sequential compositiom : £* x =¥ — 3+ is
defined by
DA DDy = [VIUV2, <iUMVxVo)U <o, iU |

for two partially ordered multi-setd; := [Vq, <1, andA, := [Vo, <o, ko] overZ, whereVy
andV, are chosen disjoint (w.l.0.g.). O

The composition functionsl and® are well-defined. Sinceé; andV; are disjoint, it is easy

to verify that<; U <, and<; U(V1 x Vo)U < are partial orders ok; UV, and thaty U

is the graph of a functiop: V; UV, — Z. Thus, the composed objects are partially ordered
multi-sets ove&. Using standard techniques, it is possible to show the ienlégnce of the
chosen representative’s andVs.

Lemma 4.10 [Monoid Properties] (=*,L1,0) forms a commutative monoid, arfd*, ¢, 0)
forms a monoid.

Proof: The associativity of | and is easy to see, when the representatives are chosen
disjoint (w.l.o.g.): apply the associativity of the setami The commutativity ofJ follows
directly from the commutativity of the set union. The emptyltirset0 (i.e. [0, 0, 0]) behaves
neutral, becaus@is the neutral element of the set union. Consequently, therigns hold.

O

In the following, we will define some special classes of @dltiordered multi-sets. The
classifications are relevant for the subsequent definitidheoexecution functiomg.

Definition 4.11 [Finite Pomsets] A partially ordered multi-sepV, <, ] € =¥ is finite, iff V
is finite. 0
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Definition 4.12 [Linear Pomsets] A partially ordered multi-sefv, <, ] € ¥ is linear, iff
< is a linear ordering relation ow, i.e. iff for arbitrary evente,¢ c¢V,e< € or€ <e
holds.

Let A,/ € ¥ be pomsetsA' is called dinearizationof A, if A’ is a linear pomset and i
andA’ are representable Hy, <,y] and [V, <’, ], respectively, such that C <’. Note that
both < and<’ are ordering relations ov. O

The properties of finiteness and linearity are well-definiw independence of the chosen
representative is easy to verify. Further, the linear@attondition does not depend on a
particularV: if the condition holds for representations in terms of sa@atV, it is clearly
possible to find representations that satisfy the conditiart. another se¥’ of the same
cardinality asv.

Lemma 4.13 Let A1, A» € 5* be arbitrary pomsets. Then the following equivalenceshold

A1 finite A As finite < A UA; finite
A1 finite A A finite < A1 @ A; finite

Proof: The assertions follow directly from the properties of thews@on. O

Lemma 4.14 Every partially ordered multi-séf € =* has at least one linearizatidv € >*.
A linear pomsef\ € =* hasA as its unique linearization.

Proof: Let A be representable by, <,p]. Then there exists at least one linear ordering
relation<’ that extends<. DefineA’ := [V, </ ).

If Ais linear, itis indeed a linearization of itself. The unigess follows from the fact that
there exists no ordering relatio onV different from< such that< C <’ holds. O

Lemma 4.15 Let Ay, A}, Mg, A, € 3* be pomsets, whew¥, is a linearization of\; andd, is
a linearization ofd;. ThenA] @ A, is a linearization of boti; LIA; andA; & Ao.

Proof: Choose (w.l.o.g.) representativiRg, <i,p], V1, <j, 1], [V2, <2, M), and[Vo, <,
,Me] (for Az throughA,), such thatv; andV; are disjoint and the inclusions; C < and
<5 C <5 hold. Recall thak] and <), are linear orders. Define:

<g = <1UMxV)U <
< = <UL xVe)u <

<u, <@, and<J, are the ordering relations (ov&f UV>) of A1 LIAz, A1 & Ap, andA] & A,
respectively.

It is straight-forward to show that’; is a linear ordering relation: two arbitrary events of
V1UV; that are both contained in the 3ét are ordered by<} and thus by<,, the same
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holds w.r.t\, and <5, two events belonging to different sets are relate®by V, and thus
ordered by<’,. Consequently); &4, is a linear pomset.

Further, the inclusions
/
<uC<gC<g

can be derived easily. This completes the proof of the maiaréisns. O

Lemma 4.16 LetA, A € =¥ be non-empty pomsets, whekéis a linearization of\. Choose
(w.l.o.g.) representative, <,y] and [V, <’, ] for A and 4/, respectively, such that C
<’ holds. Lete €V be an arbitrary event, and defivg :=V \ {e}. Then the pomset
v/, vaw Hlv/] is a linearization of the poms@t’, </, Wy]. (For an ordering relatiort, we
denote the ordering relatiod N(V’ x V') by <. This resembles the common notatipn
for restricted functions, which is also used foy

Proof: SinceA andA’ are pomsets oveX, it is easy to verify thafV’, <p; Hlv] as well as
v/, g(v,,mv/] are pomsets oveX, too. The linearization property follows directly from the

linearity of the orde’ and the inclusion< C <’. O

Remark 4.17 [List Representation] Finite linear pomsetd/, <, € >+ are isomorphic to
lists. Assume thaV = {ey,...,en} with e; <... < e, Then|V, <,y can be denoted by
the list[u(ey),...,u(en)]. The empty pomsed can be denoted by the empty ligtand a
singleton{a} can be denoted bja]. Further, the sequential compositiencorresponds to
the list concatenation. O

Example 4.18 [Finite Linear Pomsets]The pomsets shown in Figure 1 on page 11 are fi-
nite. In addition A, andAgz are linearizations of\;: in both cases, the partial order &f is
extended to a linear order.

Being finite linear pomset#, andAz can also be represented by lists as follows:

A, = [ab,c,d,€
A3 [a,c,b,d, €

4.3 Execution of Finite Pomsets

In this section we define what the execution of finite pomsedama. We first introduce a
notion of consistency.

Definition 4.19 [Consistency] A partially ordered multi-sepV, <, ] € =* is calledconsis-
tent if for arbitrary eventse, € € V the following holds:

et € A € £e = (e is compatible withu(€')
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The definition of consistency is well-defined. Note that @sinpomset is always consistent,
as every pair of events is ordered by the linear orderingiozia

Lemma 4.20 Let A1, A» € =¥ be arbitrary pomsets. Then the following conditions hold:

A1 consistentA A, consistent <= A LA, consistent
A, consistentA A, consistent <— A; & Ay consistent

Proof: Choose (w.l.o.g.) representativBs, <1, ], [Vo, <z,H2], V1 UV2, <, 1], V1 U
Vo, <g,H (with Vi NV2 = 0) for A, Ay, A UA,, andA; @ Ay, respectively, according to
Definitions 4.8 and 4.9.

First, assume thak; LIA; is consistent. Lee € €V, be events that are unordered gy.
Sincee and€ cannot be related by,, they are unordered by, ;, too. Consequently(e)
andp(€') must be compatible. As the labellingsindp; coincide oy, py(e) andyy (€') are
compatible with each other. So, the consistency condiicaiisfied foA;. The consistency
of A, can be shown analogously.

Next, assume thak; ¢ A, is consistent. Leg € €V, be events that are unordered Ly.
Sincee and€ cannot be related by, x \, or <5, they are unordered by, too. As in the
case abovey (e) andp(€) must be compatible. So, the consistency condition is sadisfi
for A1. The consistency ak, can be shown analogously.

Finally, assume that both; andA; are consistent. Le¢ € € V; UV, be events that are
unordered by<.,. As two events from different se¥s are related by/; x V, and thus ordered
by <4, both event® and€’ must be either contained W or V. Recall that the inclusions
<1 C <y and<p C <4 hold. Like in the cases above we can apply the consistenayito@m
w.r.t. V; or Vs to show thafu(e) andp(e€') must be compatible. This completes the proof of
the consistency ak; & As. O

Next, we define the execution of finite linear pomsets. Refgro this natural definition,
the execution of finite consistent pomsets will be definedsqgbently.

Definition 4.21 [Execution of Linear Pomsets]Theexecutior@E” of a finite linear pomset
A e T*w.rt. a states € S is defined recursively by:

. do(a,s) "', if A= {a} @A foran actionac =
SHINA = and a finite linear pomsé{

S, ifA=0 -

The execution functiom}" is well-defined w.r.t. recursion and case distinction. Tiés
comes obvious when the formal definition is rewritten intasa motation according to Re-
mark 4.17.
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Lemma 4.22 Let A € 3* be a finite linear pomset containing at least two actions. 08ko
(w.l.o.g.) arepresentatidh, <,py| for AsuchthaV = {ej,...,en} (n>2)ande; <... < en.
Leti € {1,...,n— 1} be an arbitrary but fixed index. Define the linear orderingtieh
<'suchthae, <" ... <' g1 < g1 < g < g,0< ... < e holds, and define the linear
pomsetd := |V, <’ .

If u(e) andu(e1) are compatible with each other, then
sain A =sein A

holds for every state € §.
Proof: The assertion follows easily from Definitions 4.2 and 4.21. O

Lemma 4.23 Let A € =¥ be a finite consistent pomset, andAgt A, € 5* be linearizations
of A. Then . .

S@lén A= S@lén JAY)
holds for every statec .

Proof: We prove the assertion by induction on the size of the poAsethich can be
uniquely defined as the cardinality of the event\self a chosen representatiié <, .

Base caseV =0
In this caseA = 0 and thus alsd; = 0 andA, = 0. The assertion holds trivially.

Induction step: V # 0

Choose (w.l.0.g.) representativis <,y], [V, <1,H], and[V, <,, 4] for A, A3, andAy,
respectively, such that the inclusionsC <1 and < C <, hold. By the induction hy-
pothesis, the assertion holds for pomsets having an evenmtittea cardinality less
than that oiv.

Let ee V be the least event w.r.t. the ordering relation e exists, ad/ is finite and
<4 is linear. e does not need to be the least event wstd, but in the first step of the
proof we will show that<, (and thug\,) can be modified such thabecomes the least
event without changing the execution results determinefibyn the second step we
will eliminate the evene and apply the induction hypothesis to the restricted posnset
Note that these pomsets can be regarded as continuatiensreftexecution ofi(e).

Let us construct the linear ordering relatiena from the given ordering<, by replac-
ing each order dependency betwesand a corresponding other evehin a way such
thate <3 € holds. Note that this preserves the order of the events cwtanV \ {e},
while e becomes the least event. Define the new poget [V, <3, .

We are going to show that the execution/of always leads to the same state as the
execution ofAz. Letey,...,en €V \ {e} be the events for which <5 eholds. If such
events do not exist, thaais also the least element g, andA; equalsdz. Otherwise,
actionp(e) must be compatible with each actipfe) (i € {1,...,m}): sincee<; g
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as well aszz <, eholds,eandg cannot be ordered by, and the desired compatibility
follows from the consistency condition w.r& Applying Lemma 4.22 inductively,
one can exploit the compatibilities betwegfe) andu(g) (i € {1,...,m}) and prove
that . .

S@lén N> = S@lén A3
holds for arbitrary states< §. Note that in each step, the orderesfind a neighbour
g is exchanged. This way s is derived from<».

LetV’:=V\ {e}, and define the following pomsets:

A= VL <y v
Aél_ = [Vlv Sl\V’: H‘V/]
A/Z = [V/, Sz‘v/, H‘V/]

By Lemma 4.16, this is well-defined, arlyf and A, are both linearizations of'.
Furthermore\ is consistent, and we can apply the induction hypothesis.gasy to
see that the equalitiggi(e) } & A} = A and{p(e) } A, = Az hold.

Now we are ready to prove the main assertion. Choose anampitates € §. We
can reason as follows: _
S@lén Aq .
= doue), 9l
= do(u(e),s) el A,

= sain Ag

= sop" A,
(see above

O

Definition 4.24 [Execution of Consistent Pomsetsrheexecutionbg of a consistent finite
pomsetA € ¥ w.r.t. a states € S is defined by

SPe A= spp" A

whered' is an arbitrary linearization af. O

The definition of the executiope is well-defined due to Lemmata 4.14 and 4.23. Note that
o' and@e coincide for finite linear pomsets.

Lemma 4.25 Lets € S be a state and;, A, € Z* be finite consistent pomsets. Then
(s®ED1) DD = SBE (M1 D D))

holds.
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Proof: LetA] e >+ andA, e >* be some linearizations df; andA,, respectively. By
Lemma 4.15A] @4, is a linearization of\; & A,. Note that] & 4, is a finite linear pomset.
Using induction, it is easy to show that

(sap" A)) o &) = saf (A] @A)

holds. This becomes more obvious when considering thedesentation of finite linear
pomsets (see Remark 4.17).

Now we can reason as follows:

(S@_E A1) Be Do (S@Ilizn A) @Ién N,

O

Let us finally discuss the execution semantics in more defappomset can be considered
as the representation of a process, where the actions ai@med respecting the order
dependencies. While ordered actions must be performedeséglly, unordered actions
can be performed without any synchronization. When atoroimas are considered, this
concurrency corresponds to an execution in any order. Quesgly, the executions of a
pomset can be modeled by the (sequential) executions ahéarizations. The deferred
update semantics of tHéL TRA approach requires that it is possible to reason about a state
that will finally be reached from a given state by executingoasistent transition. This
imposes two constraints: the execution must terminateitandst lead to a uniquely defined
state. Lemma 4.23 shows that finite consistent pomsets amdefbove satisfy the desired
properties, such that we can define the execution funetiprior them. Note that although
the execution of a finite consistent pomset may be non-datéstic at the operational level,

it is deterministic w.r.t. th&JLTRA semantics, where only the resulting final state is relevant.
The execution semantics BiLTRA should also be contrasted with the execution semantics
of independent transactions [BHG87, BN97, GR93]. Commoaoihe accepts concurrent
executions of multiple transactions as long as they leadnta &tates that would also be
reached if the transactions were executed in some seguerttéa. However, different from
ULTRA pomsets, the transactions do not characterize a uniquestat@. The state that is
actually reached depends on the exact execution sequence.

4.4 TheULTRA Instance Based on Pomsets

Now we are ready to obtain a new instance of tH& RA framework. Lets, Z, do, Ipg,
Log?®, andU pd®® be given as in Section 4.1. It should be recalled thatBRRA instance
is defined by a transition system and the mappikgs Log, andU pd. To construct the
transition system, we simply refer to partially ordered thRgéts overz together with their
composition and execution semantibeg andU pd are straight-forward to define.

Definition 4.26 [Transitions] The setZ of transitionsis defined as the s&f of all partially
ordered multi-sets ovex.
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The subseflconsC 7 is defined as the set of finite consistent pomsets hver

The neutraltransitionA: € Tconsis defined as the empty pomdgtwhich is indeed a finite
consistent pomset. O

Note that the consistency notion in tbeTRA instance is more restrictive than the general
consistency notion of pomsets. UWLTRA, we consider infinite pomsets as inconsistent, too,
because the execution functigs is not defined for them. Intuitively, the execution of an
infinite pomset will not terminate, such that no final stategason about will be reached.
So, we exclude the infinite consistent pomsets ff@phs

Definition 4.27 [Transition Assignments] We define the mappinigog by

Log(q(f)) := {Log™(a(f))}
for all ground DB atomg|(T) € B and the mappiny pd by

U pd(u(T)) := {U pd®(u(T))}

for all ground basic update atorast) € Bgy. O

The transition system\S, 7, Tcons P, A, U, ®) for the newULTRA instance can already
be considered as completely specified, because the misaiagptersbg, L, and$ have
been defined in Sections 4.2 and 4.3. Nevertheless, we muifst e algebraic properties
required in Definition 3.3. This will be done in the followitigeorem.

Theorem 4.28 [Algebraic Properties] The algebraic properties of Definition 3.3 hold for
the transition systeriS, 7, Tcons G, e, U, @) defined for arbitrary external operations.

Proof: The assertion follows from the definitions®g, LI, and® in this section. Note that
most of the properties have already been proved above.

Properties 1 and 2, which state thaf,U,As) and (7,®,A¢) form monoids, have been
shown in Lemma 4.10.

Property 3 concerning consistency aspects follows dirdéaiin Lemmata 4.13 and 4.20.
Property 4 (a) has been shown in Lemma 4.25, while propetty Bdlds by Definition 4.21.
O

In Theorem 4.28 we have shown that the concepts defined irséictson are legal for the
genericULTRA framework, i.e. the requirements of definition 3.3 are metug, we can
apply the semantical results for the general framework [#&eF00]) and get a particular
semantics for th&JLTRA language.
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Example 4.29 We can now use th&LTRA instance to give some example answers to
gueries against the service definitions of Example 3.2. Waatshow how the deltas are
actually calculated here, but refer the reader to [WFFO0pftails on the interpretation of
rules in the semantical framework.

Let us assume thatlice who lives inbobville has a Visa card with numbé&rand a Master-
Card with numbefi7. Her Visa credit limit is $500, her limit on the MasterCardbi400.

A service calldebit(alice,100) then generates two deltas, namely

A1 = [{e},0,{er chargevisa(5,100)}]
A, = [{e},0,{e— chargemaster(7,100)}]

Semantically, execution of either delta satisfies the $igation of the servicelebit.

The deltas generated by a service paly&deliver(alice,100,p) to deliver a parcep are as
follows:

Az = [{e1,e},0,{ey +— chargevisa(5,100),ex — deliver(bobville,p)}]
Ay = [{e1,e2},0,{e1 — chargemaster(7,100), e — deliver(bobville, p)}]

Note that both ordering relations are empty, i.e. the ses/itan be executed concurrently.
Again, either of the two deltas captures the semantics adénéce call. As the specification
of pay&deliver uses the complex servicharge, A, andA; appear as subsetsf andAg,
resp., due to the compositionality OLTRA.

Finally, the deltas for the complex serviomultidebit(alice,700) are shown.

As = [{ew,....es}, {(e1,€2),(€3,€4)},{ €1+ availvisa(5,500),€; — chargevisa(5,500),
es — availmaster(7,400), &4 — chargemaster(7,200)}]

N = [{ew....es}, {(e1,€2),(€3,€4)},{€1+— availmaster(7,400),
€ — chargemaster(7,400), €3 — availvisa(5,500), 4 — chargevisa(5,300) }]

This time some of the basic services are ordered as the ruladtiidebit in Example 3.2
uses a sequential conjunction between the availabilitgklaed the actual charge. Note,
that a delta with two charges of the same credit card is implestr semantical reasons:
this would lead to something like

A7 = [{er,....eq,...},{(e1,),(e3,€4),...},{€1 — availvisa(...),e > chargevisa(...),
€3 — availvisa(...),e4 — chargevisa(...),...}],

which is not consistent according to Definition 4.19 becasande, are unordered i,
but not compatible (cf. Table 1 of Example 4.3). ConseqyeAtl can be ruled out already
at the semantical level without having to know about the @attedit limits. a

5 Evaluating ULTRA Programs

In the previous section we have defined the formal logicaidsdsr the evaluation of pro-
grams with arbitrary basic actions. To actually use the-hdeed language for the specifica-
tion of value-added electronic services we have to providexacution model as well. This
is briefly sketched in the following sections.
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5.1 Evaluation Model

Our evaluation model consists of two major elements: A rut@wation component acting
as an interpreter for the rule language, and a scheduleriagsinat all complex actions
and external services constitute a correct history evehenpresence of concurrency (see
Figure 2).

Transactional Update Query

. X

:' ULTRA Program: !

! Meta-Information + Code

o Rues
|
! — ULTRA -
: Evaluation
I
| . Complex Operations
| (Sjpgtgl\?sr:(‘:? jns Retrieval Data to be evaluated
u i iev :
\ (incl. Recovery Goals)
I
I
j
| L - ULTRA I
\ Compatibility Relation _______ Scheduler
Compensation Information

Persistent Logging

A
| Retrieval
Basic Operations | Data
|
| Log
|
|
1
,,,,,,,,,,,,,,,,,,,,,,,, e
i i ! !
External External External External
System System System . System
1 2 3 n

Figure 2: Evaluation is done in a handshaking fashion batwale evaluation and scheduler

The rule evaluation component uses a top-down strategy veitiktracking and immediate
updates. The latter is required for electronic services@a$ypothetical reasoning about
the effects of the services can be done, but they have to lmideduring evaluation to
be able to observe the effects. Queries are evaluated bivirggadhe query goal against
the given rule program and then sending the resulting goalise scheduler for execution:
Sequential goals are sent one after the other, waiting #ordgbult of the current goal before
the next one is sent, while all concurrent goals are sentdastheduler without waiting for
the results. In both cases, a new subtransaction is statetld subqueries which can be
used as a rollback sphere in case of failure. If all the (caee or sequential) subgoals
succeed, the complex rule succeeds as well; if one of theosibils, the whole rule must
fail, too, and backtracking is necessary. As all the rulesssaluated within subtransactions,
the backtracking of external services which may alreadyeh®een executed is delegated to
the scheduler by aborting the current subtransaction,ghsaring that all traces of the failed
rule are removed.
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A few words concerning backtracking are in order: Backtmagkoccurs only if more than
one definition of a service has been given, or if non-deteismnis explicitly used by the
programmer, as in the rule fafebit in Example 3.2: The credit card actually debited is
intentionally left unspecified. A deterministic rule wowdoid backtracking there. However,
base relations can be accessed without backtracking at all.

The task of the scheduler is to ensure that the concurrermuére of subgoals conforms

to the restrictions of th&JLTRA semantics, and to handle subtransaction aborts in case
of failure. Additionally, it has to ensure serializabiliof concurrent top-level transactions
[BHG87, BN97, WS92].

As the subtransactions executed during evaluation do mstistof ordinary read or write op-
erations but contain arbitrary actions, standard proasiknown from databases like restor-
ing before-images cannot be applied. Instead, compeng#&tlds98] as an advanced recov-
ery technique is necessary. Compensation relies on seraliyiinverse “undo” operations
to remove the effects of actions that have been performedhaparted transaction. During
rollback, the transaction log is scanned backwards andveryeservice call done within
the aborted transaction the corresponding undo-operatierecuted. The scheduler of our
evaluation model uses this technique to rollback subtimses with external actions.

Example 5.1 In our example of section 2, there already exist servicestalindo a charge to
a credit card¢ancelamex, cancelmaster, ...). On the other hand, for traelivery service
there is no compensating service to get back erroneoushieded parcels. A corresponding
service would have to be implemented, e.g. sending a pecstiretknown address to pick
up the parcel. a

The other task of the scheduler treated here is to ensurg¢haxecution of concurrently
composed subgoals is correct w.r.t. theETRA semantics. Therefore, the scheduler uses the
pomset structure of the logical semantics also for its logerg subtransaction then has its
own “local log” which corresponds to one of the deltas of theny that is evaluated within
the subtransaction. If it commits, the log is merged with ltheal log of the parent trans-
action, either using the concurrent composition if the pateansaction allows concurrent
subgoals, or sequential composition if the parent is a sa@idransaction. The scheduler
ensures the correctness of concurrghifRA goals by guaranteeing that the merged logs
stay consistent according to Definition 4.19. If a log wouddhconsistent, this would mean
that the corresponding delta is inconsistent, i.e. theastof the goal are not valid w.r.t. the
ULTRA semantics. Consequently, the transaction cannot be céethitit must be aborted.

The scheduler may need an additional compatibility matiki the one shown in Table 1 of
Example 4.3 to make the consistency check for the logs. Nuaé¢this compatibility matrix
in general is different from the one used to schedule diffetep-level transactions, i.e. to
guarantee serializability [BN97].

If a top-level transaction commits, the projection of itg lonto the basic operations (note
that the scheduler may log additional information) equails of the possible deltas defined
for the query by the logical semantics. While the logical aatits givesall possible deltas
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one of which has to be chosen for “materialization”, the eatibn model sketched here
performs this choice already during evaluation, as it issbasn immediate updates. Using
backtracking on the rule evaluation side together with isutstaction rollback on the sched-
uler side ensures that failing branches do not cause amynacti

Note that the architecture shown in Figure 2 differs sigaiiity from the schema common
in current database systems: The scheduler can no longeidbpandent from the query
processor, because during query evaluation not only basions are sent to the scheduler,
but also complex ones. While the former are passed on to tieenak system providing the

service, the latter are passed back to the rule evaluatimpooent after scheduling.

For a specialized fragment of the evaluation model whicks$ricted to sequential programs
correctness has been shown in [FWFOO].

5.2 Secure Calls to External Services

The formal semantics presented in Section 4 allows arlgitations without imposing addi-
tional requirements. Yet, the evaluation model sketchelermprevious section has to restrict
this freedom and adds two requirements on the services to@transactionality.

The first requirement is the existence of a compensationatiper As already mentioned
above, this is necessary as no hypothetical reasoning #imaffects of the services is done,
but they are executed immediately during evaluation to be #bobserve the effects. But
note, that the compensation operation does not have to ety the provider of the
compensated-for service itself. Instead, a service froothar provider can be used for
compensation, or it can be programmed directly in thd RA language. Recall Example
5.1: The credit card firms explicitly offer services to compate charges with the corre-
sponding servicesancelmaster, cancelamex, etc., but no direct compensation is offered
by the delivery agency. Hence, a new service to get back ameously delivered parcel
must be implemented, e.g. through a specialized colledition

The second requirement imposed by the evaluation modelsstemm the need to ensure
transactionality even in the case of fatal errors, i.e.@aystrashes, etc. As partly executed
queries have to be rolled back at system restart, it is napgfisat the log which is kept in
stable storage by the scheduler always contains all andtbalgxecuted services. In other
words, all the executed services must be recorded in thedod,every recorded service
must be executed. This property can be ensured if the sereae take part in an atomic
commit protocol like two phase commit (2PC). Then the executf the service and writing
of the corresponding log entry can be tied together and th@lvays contains all executed
services.

If the two restrictions mentioned above are satisfied by aereal service, the evaluation can
be guaranteed to be transactional by our execution moddk, Mowever, that the issue of
guaranteeing serializability of different top-level teattions is not addressed in this paper,
although this may impose additional requirements like gr#ifponing of data on the external
systems. See, for instance, [BGMS92].
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The requirements resemble the situation given in transagirocessing monitors [BN97,
GR93]. However, the external systems are coupled more lpts&LTRA than they would
be to a TP monitor, and using compensation for recovery gideltional freedom.

6 Summary

We have shown an instance of the geneHal RA framework that is tailored to the execution
of arbitrary external services. The instance was formadyraed, and as the necessary prop-
erties for the general framework are satisfied, all the tbecal results for the framework
hold for the instance as well. Consequently, it provides Brdefined semantical model for
the specification of complex services.

We are now working on a complete formal treatment of the eatadn model as sketched
in Section 5. Using pomsets as the data structure at the sieaddevel as well as in the
scheduler is a milestone in this direction. A new equivaéametation between pomsets is de-
veloped that captures the semantical no-effect of compedsations. This is necessary to
show the equivalence of the scheduler’s log with the logiledtia. Another future work con-
cerns ensuring correctness of concurrently composed silgig@/e will devise scheduling
protocols forULTRA concurrency that allow a more efficient check of whether thecar-
rent composition of two consistent pomsets again conestatconsistent pomset. Similar to
scheduling protocols used for top-level transactionsefprotocols will be based on locking.
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