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Abstract. The realization of truly heterogeneous database systems is hampered by two principal obstacles.
One is the unsuitability of traditional transaction models; this has led to the proposal of a number of new,
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1. Introduction

While significant advances have been made in the physical connection of heterogeneous
and isolated data repositories into networks, the development of appropriate software to
permit uniform access to these resources has lagged behind. In writing global applica-
tions, programmers must be free to concentrate on specifications directly related to the
task at hand, unencumbered by larger system-integration issues such as network interfac-
ing (connection to and reliable communication with other software systems), scheduling
and load balancing, or optimization of execution plans. Multidatabase systems (MDBSs)
address this problem by providing uniform access to the distributed data. An MDBS
aims to make heterogeneous systems interoperable through varying levels of integration.
In its most general form, the MDBS can be seen as a tool that allows the specification
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and synchronization of arbitrary data and control flow patterns between the distributed
systems (work flow management) in a reliable way.

Integration consists of two aspects. First, semantic data integration compensates for
the design autonomy of the local systems. Each local software system is autonomous in
its underlying data mode] (e.g., relational, object-oriented, deductive, or hierarchical) and
in the naming, structuring, and scaling of local data. Investigations into semantic data
integration, particularly using an object-oriented approach, form a major focus in MDBS
research. Second, global transaction management deals with the semantics and execution
of MDBS transactions. As will be discussed below, traditional transaction models are
insufficient, as the requirements of global transaction processing differ greatly from those
of local transaction processing. For example, the treatment of communication and system
failures falls under the control of the global transaction manager, which masks the failure
of single components to avoid the abortion of long-lived and costly global transactions.
In this paper we shall focus on this second aspect of integration.

Global and local transactions differ in that the former must maintain local system auton-
omy. Thus, traditional concepts applicable to local systems cannot simply be transferred
to the MDBS layer. For example, local systems must access subtransactions of MDBS
transactions while simultaneously serving local users, thus creating hidden indirect, con-
flicts between global subtransactions. To maintain global serializability in the presence
of such indirect conflicts, the serialization order of all subtransactions of global transac-
tions must be checked at all sites. This process is compromised if the commit order in
the schedules of local systems does not reflect the serialization order [3]. Such anoma-
lies complicate MDBS transaction processing and either lead to the placing of strong
assumptions on the local systems to be integrated (such as the requirement of rigorous
local schedulers with a visible two phase commit protocol) or require new transaction
models and techniques. To overcome this anomaly, an optimistic ticket method has been
proposed in [15] that enforces artificial conflicts; it has the potential drawback, how-
ever, of creating a performance bottleneck. Weaker criterions than serializability, such
as quasi-serializability [9], have also been proposed for MDBS transactions.

The MDBS transaction manager must also fulfill new issues which do not arise in local
database systems. These include:

Long-running transactions. Due to their long-running nature, MDBS transactions are
highly resource-intensive. In the model of an electronical software supermarket, a
transaction is composed of subtasks that can be bought by the systems of autonomous
institutions in the network; the transaction provides support for the coordination of
those services. An MDBS transaction must pay for the services it has used. Since
the failure of one service must not cause the abortion of the entire MDBS transaction,
alternative solution pathways must be available. Function replication, as suggested in
the Flex Transaction model [11], suggests that there exist other systems in the network
providing an equivalent service. Many other advanced models [11] incorporate the
possibility of the specification of alternatives for failed components.

Early commitment. The lenghty holding of locks by an MDBS transaction at one local
system may be a severe violation of local autonomy. In recognition of this, sev-
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eral methods have proposed the relaxation the isolation property [1] of transactions,
permitting every view of intermediate effects before the MDBS transaction commits.
Transactions supporting cooperative work, such as cooperative design processes, then
become possible.

To facilitate this relaxation, the concept of semantic compensation has been intro-
duced. Atomicity requires that either all or none of the operations of a global trans-
action be performed. If side-effects can become visible early, other subtransactions
may base their computations on this information. While an undo in the classical
sense thus precluded, semantic compensation may be possible. Compensation, as
originally proposed in [16], [14], is part of many advanced transaction models [11].

Environmental changes. The environment of an MDBS may change frequently: new
local systems to be integrated may be added, the restrictions placed on local systems
may change, an alternative global correctness criterion might appear more useful, or
an application may require a different global transaction model. Given this fludity
in models and criteria, the MDBS transaction manager must be flexible and allow
dynamic adjustment to satisfy changing requirements.

Advanced transaction models have proposed various approaches to the above problems.
Many of them extend or relax classical transaction properties. We will summarize some
of the principal ideas of these new models and in particular emphasize the features of
the Flex Transaction model [10], [24] in more detail.

An advanced transaction model requires a convenient notation with which to specify
transactions. This language should be declarative, permitting the user to specify global
application semantics possibly and to partipate in interactive communication (¢.g., con-
firming the performance of certain tasks). A specification formulated in such a language
has the additional advantage of being runnable. This language should be powerful enough
to allow the modeling of all possible control and data flow patterns. It should not be
limited to a set of predefined functions but should instead be based on an open frame-
work like the ACTA (actions) system described in [7]. Moreover, the language should
hide from the user all other aspects related to coordination, including communication
reliability, implementation of concurrency, and recovery after system failures. We be-
lieve that this goal can be best achieved by a general-purpose, computationally complete
programming language.

This paper is structured as follows. In Section 2, we derive the requirements for an
MDBS transaction language by analyzing recent transaction models. In Section 3, we
present the VP, (Vienna Parallel Logic) language and, in Section 4, we demonstrate, with
several examples, how VP[, can serve as the specification language for different kinds
of transactional work flows. In Section 5, we demonstrate that transaction processing in
VPL, encompasses much more than the specification of the data and control flow between
activities. For example, communication reliability is ensured and a well-defined recovery
behavior after system failures is provided.
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2. Specification Potential of MDBS Transactions

In this section, we analyze the information-carrying potential of an MDBS transaction as
the first step toward defining useful linguistic constructs for an MDBS transaction spec-
ification language. We separate those properties of a global task that must be specified
explicitly (including the subtransactions comprising a global transaction or the preferred
subtransaction among alternatives) from those issues that can be hidden from the user.
The latter include the physical distribution of services (modeled for the user by the name
and location of a service), reliable communication protocols, and global correctness.
While a language possessing many advanced features is more likely to satisfy all our
requirements, we also hope to arrive at a straight forward structure which provides the
essential features in a highly declarative way.

In the following subsection, we present a list of the most significant features offered
by the advanced transaction models. This list is not comprehensive, since it is strongly
constrained by the local systems to be integrated by a global transaction. The new
requirements for transaction processing to be posed by future application domains cannot
now be fully envisioned.

2.1. Alternatives

In a heterogeneous environment, partial failures may occur as single components suffer
from independent failures. Moreover, in accordance with connection autonomy, systems
may refuse connection over an unpredictable time period. As stated above, a global
transaction is by nature a persistent activity for which abortion is undesirable. Therefore,
in contrast to the approach taken by many classical transaction managers, the possibility
of a rollback and re-start must be minimized if the transaction cannot accomplish its goal
(this may occur if serializability is violated or a deadlock has arisen). This stipulation
implies either that global concurrency control must be pessimistic or that the serializ-
ability requirement must be relaxed. Moreover, the global scheduler must be aware of
services that can replace a failing subtransaction (function replication). Function repli-
cation provides a means for software fault-tolerance to be controlled at the application
level.

The specification of alternatives can be made when the MDBS is installed and can later
be refined. For example, information about alternatives can be stored in the integration
directory along with information on logical data integration (e.g., semantic relations [20]).
However, in many instances, the definition of alternatives is tightly bound to the semantics
of the global transaction and must therefore be part of its specification.

Alternatives can be specified along several lines:

1 of n. In the simplest method, a task is defined and a number of servers are designated
as capable of accomplishing this task. Preferences and constraints among these
servers can also be stated (see Section 2.2), constraining the execution parallelism.
“1 task of n tasks” has a declarative reading “task; OR tasks OR ... OR task,,” with
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OR denoting cither sequential or parallel execution or an unspecified concurrency
which depends on given preferences and constraints.

k of n. A task consists of k subtasks. A set of n servers (k < n) exists with the property
that each server can perform one subtask. The task is fulfilled if all £ sub-tasks have
been performed by k different servers. Here, we assume that each subtransaction
can be started only once; variants in which one server performs multiple subtasks
are discussed in Section 2.6.

Selection of arbitrary patterns. In this most general case, n servers offer n different
services. The goal of the global task is specified as a set of subsets of the n services.
The global task has been accomplished when one such subset has been accomplished.

2.1.1. Alternatives in Flex Transactions

The Flex Transaction model supports nondeterministic specifications through the defini-
tion of multiple commit sets. Every commit set represents an acceptable state; preferences
between these commit sets cannot be defined. Thus, an execution model for a Flex trans-
action is designed to accomplish any of these possible commit sets in a nondeterministic
manner. This is similar to the nondeterministic selection of one from among several
potential guarded clauses [8]; there, the first clause to complete its guard is usually se-
lected. Similarly, in the Flex execution model [23], all choices are left open for as
long as possible, but the first commit set to be accomplished is then given preference.
The Flex model is a comprehensive framework that can encompass the selection of any
alternative, as shown in these examples.

Example 1 (] of n)

Let teim, tauas trwa, and tger, be airline reservation transactions. The set of commit sets
{{teim, o {towa: b {tewas - {tdetra } } specifies the selection of one airline transaction from
among these four. Thus, the goal of the Flex Transaction is achieved if a flight can be
booked at any one of the airline databases.

Example 2 (k of n)

Let toperas teoncert, and tipeqtre be transactions that represent evening activities in Vienna,
The task of the Flex Transaction is to reserve tickets for two evenings activites without
duplication. The set of commit sets is therefore {{toperqa.teoncertts {topera-tiheatre Is
{teoncertstiheatre } 1> selecting two of three events.

Example 3 (pattern)

A trip from Vienna to Tunis can be made either by booking a flight or by booking travel
by train and by ship. The set of commit sets is therefore {{tf1ignt}, {tirain, tship}}-
This Flex Transaction specifies the selection of two patterns out of three transactions.

The Flex model allows the syntactic specification of subsuming patterns. If the commit
set C = {tirqin, tohips tear} 1S added to Example 3, C subsumes the commit set {tyrqin,
tship}. In this specification, t.,, is a non-vital transaction, as defined in transactions. In
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the Flex execution model proposed in, [23] we have simply excluded such spéciﬁcations
and thus would ignore commit set C. Non-vital transactions are also discussed in [4] and
[28].

2.2. Execution State Dependencies

During its lifetime, a transaction may pass through several execution states, which are
listed in Table 1. After state P is reached, a decision to commit or abort the transaction
is made by the global transaction manager.

Table 1. Transaction execution states

not executing (not yet begun)

executing (begun)

prepared (if two-phase commit is provided)
succeeded (committed)

failed (aborted)

o womZ

If the local scheduler of a given transaction supports a visible two-phase commit
protocol [1], the transactions may be as follows:

N—-E—-P—-S
N—-E—->P-—-F

If the local scheduler of a transaction does not support two-phase commit, so that the
local transaction commits or fails immediately, the transitions may be as follows:

N—-E—S
N—E—F

Dependencies may be placed on any of these execution states. The transition of a
transaction to its next state may thus be dependent on the execution state of one of more
other transactions of the same global transaction. Execution state dependencies constrain
the potential parallelism of a specification and can be viewed as concurrency control
statements.

Example 4 (Concurrency Control)
Let tfigns and tp:e; be flight and room reservation transactions, respectively. Let a
dependency be specified by which t},4:.; must not be started before ts;;05: has succeeded
(i.e., the transition N — E of tp.s; depends on the success of tgy;gn:). This dependency
constrains the execution of tp,e; to be sequentially implemented after the successfully
completed execution of tyygn;.

Similarly, we may add two transactions t,,;s and tpers, to reserve a rental car, and
state that the start of t,.,., depends on the failure of t,,,s; this is another example of
sequential execution.

In summary, concurrency allows the specification of:
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s sequential or
e parallel or

o neutral execution.

While parallel execution requires a fair parallel execution of the transactions, neutral
execution includes the possibility that the transactions may run either in parallel or in
any sequential order. Neutral specifications are more declarative than are their parallel
and sequential counterparts as they leave the concurrency control specification open.
Depending on hardware and network capabilities, the scheduler (compiler/interpreter)
may select between parallel or sequential execution.

2.2.1.  Execution State Dependencies in Flex Transactions

The Flex Transaction model supports internal dependencies that allow the start of sub-
transactions to be dependent on the success or failure of one or more other transactions
(positive/negative dependencies). Recursive dependencies are forbidden in a correct
specification. As Flex supports nondeterministic specifications (see Section 2.1), not all
dependencies are relevant for all possible commit sets [23], [19]. We use the relation
“<g” to denote a success dependency between two transactions t; and t;; t; <g t; states
that t; must not be started until t; has succeeded. A success dependency t; <g t; need
not be tested if t; or t; will not be part of the final solution; i.e., there is no possible
commit set to which both, t; and t; belong. In general, a success dependency (t; <s
t;) is relevant for a certain commit set C if and only if t; € C and t; € C. A failure
dependency is denoted by t; <r t; and states that the start of t; depends on the failure
of t;. A failure dependency t; <p t; is relevant for a commit set C if and only if t; €
Candt; ¢ C.

Example 5 (Relevance of Dependencies in Flex Transactions)

Let us assume the same set of commit sets as in Example 3. A success dependency exists
between tyrgipn and typip (trgin <8 Lship) by which the ship must not be booked unless a
train ticket is booked. If there are no further dependencies specified, the flight reservation
transaction can run in parallel. For the flight transaction, the success dependency tirqin
=<5 tehap 18 irrelevant, because both teq:p, and tgs,, are extraneous to the commit set to
which ty;4n: contributes.

Example 6 (Contradictory Dependencies (a))

Using once again the commit sets of Example 3, let us now assume that there exists
a failure dependency tirqin <F tship. For the commit set {tign:}, this dependency
is irrelevant, but it introduces a contradiction for the commit set {t;rqn.tspip}; both
transactions are needed for this commit set, but the dependency indicates that t; .4, must
fail in order to allow the start of tep;p.

Syntactically, the Flex model does not restrict the specification of such dependencies,
but the execution model for Flex Transactions handles “contradictory” specifications
correctly in that it ignores irrelevant dependencies. If required, adequate warnings can



226 E. KUHN, ET AL.

be provided. Another example of contradictory dependencies, with t; <g t; and t; <g
t;, is as follows:

Example 7 (Contradictory Dependencies (b))
Let us assume a Flex Transaction consisting of two airline transactions tg;,, and ts,,, and
the hotel reservation transaction thi¢on. The set of commit sets consists of Cy = {tiim.
thitton } and Ca = {tiyq, thiton }- The internal dependencies are tyy,, <g thiror and tim
<F thilton.

According to our definition of relevant dependencies, tiy, <s thiizon is relevant only
for commit set Cy, and tiym <F thiton is relevant only for commit set Cy. Thus, the
semantics of this Flex Transaction specification are that tx;,,, must be executed before

thilton and ty,e can be executed. If ty;,, succeeds, thiion is executed. If ty,, fails, tiye
and tp;z0n are executed in parallel.

The same situation could be represented in a more declarative manner with the follow-
ing dependencies: tyn <s thiton and tip, <rF tiwa.

If failure dependencies are used in combination with function replication, they may be
understood as preferences among alternatives, as shown in the following example.

Example 8 (Preferences)

Let us add to Example 1 the following failure dependencies: tgue <F thim, thim <F
tdeltas and tgeita <F tiwe. This specifies the following preference ordering: try tyuq
first, then ty;p,, then tyeisq, then 44, and finally give up. The addition of these failure
dependencies transforms the original specification of parallel function replication into
sequential function replication.

Internal dependencies are defined over the domain of those transactions which make
up a Flex Transaction. They have the following properties:

(A) t; As t.

B) t Ar t;.

©) Ifg <5 tj then tj 745' ;.

(D) If t; <p t; then t; A5 t;.

(EB) If t; <g t; and t <5t then t; <g tg.
F) If t; <p t; and ty <p tg then t; <p tg.
(G) y <p t; and t; <g t; then t; <p ty.
H) Ift; <g t; and t; <F tg then t; <g t.

As stated previously, recursive specifications are automatically excluded. The Flex
Transaction specification must be completely defined, in that all dependencies must be
explicitly stated. For example, in Example 8, the dependencies to,q <F tdeitar lava <F
tiwa, and tgim <F iy, must be added to produce a correct specification.

The above discussion indicates that the formulation of Flex Transactions by means
of internal dependencies is not trivial. The Flex Transaction model is a comprehensive
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framework that permits the formulation all types of concurrency control patterns. How-
ever, specifications of large transactions would become quite cumbersome if the original
notation is used.

Table 2. Dependencies in ACTA

dependency relation description

commit t; CD 1y if both transactions commit, then the commitment of t; must
precede that of t;

strong-commit t; SCD if t; commits, then t; commits

abort t; AD t; if t; aborts, then t; aborts

weak-abort t; WDty if t; aborts and t; has not yet committed, then t; aborts

termination t; 7Dty t; cannot commit or abort until t; either commits or aborts

exclusion t; ED 1y if t; commits and t; has begun executing, then t; aborts

force-commit-on-abort t; CMD if t; aborts, then t; commits

begin t; BD t; t; cannot begin executing until t; has begun

serial t; SDt; t; cannot begin executing until t; either commits or aborts

begin-on-commit t; BCD ty t; cannot begin executing until t; commits

begin-on-abort t; BAD t; t; cannot begin executing until t; aborts

weak-begin-on-commit t; WCD t; if t; commits, then t; can begin executing

2.2.2.  Execution State Dependencies in ACTA

The ACTA framework [7] allows general execution state dependencies to be specified
as binary relations between two transactions t; and t;. It is assumed that a history exists
which indicates the relative sequence of events, each event being a state transition of a
transaction. For example, the dependencies that can be modeled using the ACTA open
framework are shown in Table 2.

Table 3 shows the established correspondences.

Tuble 3. Correspondences

L BCD L,
t BAD Ij

t, <gty
U =F Y

2.3.  Commit Granularity and Compensation

In Section 1, we explored the rationale for the relaxation of the isolation property of
classical transactions in many advanced transaction models and the consequent need
for semantic compensation. In the environment, the control of transaction commitment
becomes highly problematical. We will first explore the possibility of specifying the
granulanity of commitment as an alternative to the immediate commitment of every
transaction.
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2.3.1. Commitment in Nested Transactions

Classical nested transactions [25] do not relax the isolation property. A transaction
depends on all of its subtransactions, and the commitment of a subtransaction is delayed
until the global (highest-level) transaction commits. Thus, the granularity of commitment
is implicitly at the level of the entire global transaction.

This idea of nested transaction concept has been incorporated into advanced transaction
models, necessitating refinement of the notion of commitment granularity in that context.

2.3.2. Compensation in Sagas

In the Saga model, a global transaction (or Saga) consists of several transactions ty,. . .,t,.
Each t; ( = 1,...,n) is accompanied by a compensating action c;. The commitment
granularity is implicit in this model, in that every t; commits immediately. t; must not
be started unless t;.; has committed. The Saga succeeds if t, succeeds. If t;y; fails,
the compensating actions ¢;,c;_1,...,c1 are executed.

2.3.3.  Compensation and Commitment in Flex Transactions

In the Flex Transaction model, transactions are specified as compensatable or noncom-
pensatable. Transactions of the former type commit immediately and must be coupled
with compensatory actions. Noncompensatable transactions are required to support a
two-phase commit protocol in which their commitment can be triggered by the commit-
ment of the global transaction.

The distinguishing feature of Flex Transactions is the inclusion of transactions of both
types in nested structures. A Flex Transaction may include not only subtransactions
at local systems but may also be composed of other Flex Transactions. The commit-
ment granularity is explicitly determined by the transaction type. A transaction of the
noncompensatable type delegates its commitment to its caller (the innermost enclosing
transaction).

If a transaction is of the compensatable type, it commits immediately. This commitment
implies the commit of all nested noncompensatable subtransactions .

A compensatable subtransaction that has committed is compensated if either:

e the Flex Transaction fails (e.g., there are no additional commit sets that can be
fulfilled), or

o the Flex Transaction succeeds with a commit set C so that tZC, or

e the Flex Transaction is aborted (e.g., by an external signal, or by an encosing Flex
Transaction).

Additionally, no enclosing transaction of t may have committed, preventing cascading
compensations. In terms of software composition, these compensating semantics are
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structured with a larger module (transaction) which is responsible for the handling of its
composite the sub-modules.

Example 9 (Noncascading Compensation)

Let us assume a compensatable Flex Transaction T ,,,,4,y, that arranges a trip to London
consisting of flight, hotel, and car reservations and a couple of tickets for evening events.
Assume that airline transactions are compensatable: a ticket can be returned without
incurring extra costs. Although a user may find no tickets are to be available, a seat
may later open up because another flight reservation has been compensated. All other
transactions are noncompensatable.

Let Trondon be part of another Flex Transaction specification Tjji4qy that books a
package trip to London for a couple and at the same time books a sailing course for their
son (Tseq).

Let us now assume that Ty 5,40, commits and T,., cannot be fulfilled; T/ ondor 1S then
compensated. This is accomplished by calling the compensate action of the T;ongon
package, thus compensating, the originally noncompensatable hotel, car, and evening
reservation transactions.

2.3.4.  Representation of Compensation and Commitment in ACTA

In the ACTA framework, the granularity of commitment can be modeled by means of
delegation, in that a transaction may delegate the responsibility of commitment to another
transaction. The ACTA model can be used to control a variety of levels of commitment
granularity. In [7], Sagas are formalized through the medium of ACTA.

2.4. Data Dependencies

Dependencies may exist among the data components of a transaction. Some transaction
models, including ACTA, assume that a transaction can be decomposed into read/write
operations, information which is then used to guide global schedulers. The subactivities
of a global transaction are termed methods. An MDBS system which accesses a server
or local database system through a local user interface may not necessarily encounter a
rcad/write operation interface. More advanced applications such as multi-media systems,
computer aided design systems, or cooperative workgroups, typically provide high-level
functions. When the semantics of a method are known, data dependencies can be derived
and used for global concurrency control.

More important are data dependencies that refer to output data of a transaction. Such
dependencies may dynamically refer to the quality of a produced solution. For example,
a user may state that, if a flight costs less than a specified amount, a more expensive
hotel room can be booked. The user may constrain the total price of a trip, encouraging
alternatives to be tried. These examples involve the definition of the semantic failure of
a transaction, or situations in which a solution does not satisfy certain conditions.
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Current advanced transaction models do not offer a satisfactory solution to the issue of
data dependencies. The Flex Transaction model and Sagas provide no support for data
dependencies.

2.5. User Interaction

The above examples indicate the importance of user input in defining the semantics of
the global transaction. Such preferences as a short layover time versus a higher fare
must be formulated by the user. Such information varies with each transaction, requiring
a declarative language that can be easily used by an intermediary such as a travel agent.
This situation is essentially different from a classical database system which attempts to
mask all control information from the user.

The MDBS user formulates queries over a larger, more complicated, and heterogeneous
set of data. Thus, more responsibility is required and a complete transparency of all
underlying heterogeneities can never be entirely achieved. We believe that dynamic and
ad-hoc approaches are needed, which can later be refined toward a tighter and more static
integration.

It is clearly impossible to envision all possible situations and queries which may arise
in a public network consisting of hundreds or thousands of database systems. The MDBS
user must therefore be equipped with a tool that is not restricted to a certain set of vendor-
defined functions. An MDBS user who is willing to learn a single powerful, high-level,
general-purpose tool will have achieved freedom from software support teams or the
need to await more sophisticated versions of specialized MDBS transaction software.

An analogy may be made with the growing role of CAD systems. Since many designers
fear becoming dependent on a single office CAD expert, some offices have avoided the
purchase of any CAD system. Similarly, travel agents will chafe at the restrictions
imposed by the pre-defined functions of their transaction software by their dependency
on outside support, particularly when these factors prevent the formulation of certain
client requests.

Users will clearly be involved in non-static MDBS transaction specifications, adding
interactivity to the requirements of any declarative transaction specification language.
Throughout the execution of a long-lived transaction, such as those in a cooperative
workgroup, user input may be necessary. Some subtasks of a global transaction, such as
making a phone call or sending a fax, may be external events that cannot be performed
by a computer but must be performed or acknowledged by the user.

2.6. Advanced Control Mechanisms

Several mechanisms are available to achieve more sophisticated control of transactions.
These include:

External constraints. The transition of a transaction to another execution state can be
made dependent on environmental or external constraints. In the Flex Transaction
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model, the start of a transaction can be defined as dependent on time constraints. For
example, booking an opera ticket can be constrained to be performed during office
hours.

Other constraints that can be imposed include resource availabliltly, current server
load (devices from management information about the network load), the state of a
permanent object, or the recurrence of certain events.

The imposition of external constraints may either be immediate or may be involved
when a specified event occurs (delayed decision).

Timeout. Timeouts are essential to guarantee the correctness of a global transaction.
Although the generation of timeouts is primarily under the control of the transaction
execution model, they may also be specified as part of the semantics of the global
transaction. For example, in the travel example provided previously, if a flight
reservation cannot be made prior to a certain date, the flight transaction should be
abandoned.

Retry condition. A retry condition is a method of handling failures. While function
replication substitutes a failed component with another, a retry condition retries the
same transaction again. A retry condition may involve a counter or other constraints
and can be associated with a time-interval.

For example, at a weckly time-interval, a client may check with an airline on the
availability of inexpensive seats that have opened up due to cancellations. The retry
condition ensures that no other flight has been booked by the client and that the
travel date is not overshot.

Repetition. A global transaction may require several executions of the same subtransac-
tion. Let us assume that a travel club wishes to book a flight for all n members—on
the same airline.

If a method that represents the flight reservation cannot be parameterized to simulta-
neously handle n tickets, it must instead be possible to generate several instances of
the same transaction. The original Flex Transaction model employed retrial and rep-
etition. Later work on this model, however, restricts each subtransaction to a single
use. Repetition can therefore only be simulated by artificially renaming transactions;
in our example, ty,...,t, would all denote the same subtransaction. This somewhat
clumsy approach merits further investigation.

Dynamic interrupts. The global transaction manager automatically aborts unneeded
sub-transactions. There is clearly a need for user-controlled interactive interrupts
which permit the aborting of a subtransaction or the global transaction at any time.
More advanced signals like pause and continue may also be constructed, and it may
be important to migrate an activity to another site. These latter features are primarily
useful for long-running transactions.

Current state. Users may wish to determine the current state of a transaction and to get
detailed information about the execution states of all subtransactions and their results
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to date. In the travel agency used above, the client may wish to know what parts
of the trip have already been booked and at what price. In a workflow management
system with automatized office control flow, a user may wish to learn the actions
triggered by a fax she sent.

Dynamic changes. If a user orders a complicated trip-booking transaction composed
of many subtransactions which takes several days to implement, it is possible that,
within this time, the client requirements may change, necessitating ad-hoc alterations
in the transaction specification. Such a retrospective change of a running process is
clearly a difficult task.

3. A Parallel Language Based on Logic

The advanced transaction features discussed above can either be supported by a special-
ized operating system layer or by a distributed and parallel programming language that
provides concurrency, communication, and synchronization. Moreover, the maintenance
of persistent objects and a well-defined behavior in case of failure are essential for such
a language. An instructive comparison may be made with the implementation require-
ments for the ConTract model, a model for defining and controlling long-lived, complex
computations which is decribed in [29].

Traditionally, programming support has been provided by operating systems. However,
sockets, RPC (remote procedure call), and other related operating system libraries are not
well suited to MDBS transaction specification. Even the most advanced libraries which
provide reliable group-based communication, such as the ISIS programming package
described in [2], are insufficient to express a complex MDBS transaction.

Recently, specialized workflow languages like IPL [5] (InterBase Programming Lan-
guage) have been developed. IPL has been developed to implement Flex Transactions and
provides graphical user interfaces. The limitation of such special-purpose languages lies
in their close relationship with a single model, which is most often within the imperative
programming paradigm,

A rule-base language is well suited to approach many of the issues explored in the
previous section. Dependencies can be formulated quite naturally as rules, which can
be stored in an integration directory. Intelligent integration rules can be supported,
and tight integration can be maintained. Knowledge can be automatically derived from
existing rules. Given these merits, we have therefore directed our efforts toward the
development of a rule-based language for the specification and control of the execution
of multidatabase transactions. In this paper, we focus only on transaction control. A rule-
based language also offers advantages for the representation of semantic data integration
[20], since first-order logic naturally suits the representation of SQL statements.

3.1. History of VPL

The design of VPL (Vienna Parallel Logic) was principally motivated by the need to
represent transaction control in Prolog. Prolog was at that time employed for semantic
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data integration (a problem independent of physical distribution), and we subsequently
recognized that explicit language constructs were needed to specify transaction control.

Our investigations concluded that languages from the family of concurrent logic lan-
guages [26] are unsuitable for MDBS transaction specification. Their draw backs include:

e They forbid backtracking; only a single solution can be computed. The formulation
of alternatives is therefore precluded.

e Their failure behavior is unacceptable; if one process fails, the whole system fails.

e They do not provide a reliable communication mechanism; a course of action in case
of communication and systems failures is not spectified.

e The commitment granularity is limited to a single clause, making delegation impos-
sible.

e They do not allow the explicit spawning of a process at a remote site; a request for
a service at a particular server cannot be specified.

Concurrent logic languages do incorporate many attractive features, including a high-
level, shared-data-based communication via logic variables and declarative constructs to
model concurrency. However, they are unsuitable in open environments where partial
failures may occur.

Influenced by concepts embodied in the Flex Transaction model, we have developed
a coordination paradigm [18] that includes concurrency, reliable communication, trans-
actions, and object-orientation!. This toolkit can be incorporated into any existing pro-
gramming language. Our extension of the logic-based programming language Prolog
arc termed Prolog&Co and VPI,. Prolog&Co adds the toolkit to Prolog in form of
a set of built-in functions, whereas VP, represents a smooth embedding of the toolkit
into the Prolog syntax. Another difference to Prolog& Co is that VP[, is multi-threaded.
Similarly, C extended by coordination results in C&Co [13], [12]. As the toolkit adopts
many concepts from the Flex Transaction model, any representative of the resulting
class of coordination languages is particularly well suited to the representation of Flex
Transactions.

In the following section we will discuss the VP[, language in more detail and illustrate
its application to transaction specification and execution. Every specification given in
terms of VP is runnable and can be executed as is by a VP, runtime machinc. Thus the
examples provided below can be directly executed on our prototype VPL engine.

3.2. A Brief Language Overview

VP, is a superset of sequential Prolog and is described in [21] in more detail. The
extensions in YP[, include:
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3.2.1. Concurrency

Concurrent language constructs serve to model parallelism explicitly. Sequential AND/OR
constructs of Prolog can be extended naturally to be parallel or neutral.

AND operators are described in Table 4. G denotes a goal (in terms of transactions,
this is a subtransaction or a subactivity). G succeeds if both G; and G» succeed. Each
composition of goals by means of an AND operator results in a new goal. The failure
of a goal results in backwards execution.

Table 4. AND operators in VPL

goal G semantics of G
G1 & G2 sequential AND: the start of G2 depends on the success of G;
Gy && G2 parallel AND: G and Gy are started in parallel
Gi and Go neutral AND: G; and G2 can be executed in any order

Prolog (and VPL) is tuple-oriented. Solutions are tried one after another, with every
solution addressing a single tuple rather than a set. If alternative routes to the fulfillment
of a goal are specified, an alternative solution path can be explored. A general search
over all possible solutions is implemented by a backtracking procedure which, unlike
exhaustive search, can be implemented efficiently on traditional computer systems.

A clause has the form “H < G.”. A procedure consists of several clauses with the
same head functor. All clauses of a procedure must have the same rule-operator — (“:—,
“1=7, or “<-"). A procedure defines the method of achieving a goal. If n clauses with
the same head are specified, there exist n alternative ways of fulfilling the goal. The
first successful alternative is adopted. The ordering in which of alternatives are tried is
explained in Table 5. If no “|” (commit operator) appears in G, another clause can be
selected on backtracking.

Table 5. OR operators in VP,

clause C; semantics of C;’s procedure

H -G sequential OR: C;4 1 is started only after C; has failed
H - G. parallell OR: all C; are started in parallel

H «<- G. neutral OR: the C; can be executed in any order

AND/OR create concurrent processes which are controlled by the local Vir, system.
To create a process at a VPL, system at a remote site, the primitive “process(Where, Goal,
PID, Type)” is used. “Where” specifies a coordination system (e.g., VP, or C&Co0) at
a certain site; e.g., vpl@tuwien.ac.at. “Where” can also be defined either as "LOCAL,’
meaning that the process will run as another thread in the local VP[, system, or as
"REMOTE’, meaning that the process can be sent to any reachable VP system on
the Internet (automatic load balancing). “Goal” represents the task to be executed by
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the process. “Type” is either "DEP’ (dependent) or ’INDEP’ (independent). “PID,” or
process identification, is a unique identifier of the process.

The process primitive starts the process and succeeds immediately. The result of a
process can be checked by testing its PID. The commit “|” of a 'DEP’ process (see
transactions below) is delegated to its caller.

A transaction (see Section 3.2.4 below) depends on processes of type 'DEP’ and im-
plicitly waits until all PIDs are identified as "'SUCCEEDED.’ Processes of type *'INDEP’
are similar to vital transactions, and the caller is not dependent on their termination state.

If a process of type 'INDEP’ is not terminated when a system failure occurs, it will be
automatically restarted with the same arguments (i.c., the same image) after the system
has recovered. If a process is started a second time?, VPL, tests whether the process
has already terminated or is still running, in which case it is re-started with its previous
image. All ’INDEP’ processes are started automatically, and all "DEP’ processes are
re-started by recovered "INDEP’ processes. If, on re-execution, an 'INDEP’ process is
encountered that has already been automatically recovered, the second re-start from the
VPL, program is ignored.

The primitive “signal” sends a signal CABORT,” "PAUSE,” "CONTINUE,” "MIGRATE")
to a process that is uniquely identified by its PID.

3.2.2. Communication

Communication is accomplished via shared logic variables. In VP[, both the ordinary
Prolog variables and additional communication variables are supported. The bindings
(assigned values) of the former arc undone on backtracking (like in Prolog), while a
value written into a communication variable 1s permanent. Communication variables are
crcated with the operator “#” and arc persistent.

Communication variables can be shared between parallel or distributed processes (by
passing them in the arguments of a goal) and form a unique mechanism for inter- and
intra-process communications. All participating processes maintain an unchanging and
shared view of an object. Communication variables are incorporated in a distributed
environment through replication strategies based on primary copy migration [22]. They
offer the advantages of resiliency to system failures and reliability of communication.
Communication variables can contain other communication variables as subcomponents
which are automatically shared. They can thus be used to construct a variety of commu-
nication structures, including streams.

3.2.3. Implicit Synchronization

Unification (“=") in Prolog between two terms can be considered as a symmetric as-
signment operation that tries to equalize both terms, possibly by binding variables on
both sides. The existing Prolog unification mechanism may encounter a communica-
tion variable which must be bound to produce this state of equality. In this case, the
unification mechanism suspends until another concurrent process writes a value to that
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variable. The ordinary unification mechanism is prohibited from binding a communica-
tion variable. Note that the selection of a clause (goal-head unification) employs also
“=" unification and thus can cause implicit synchronization.

3.2.4. Transactions

The “|” (commit) operator determines language transactions (versus the database trans-
actions addressed in Section 3.3) and can appear in goals at any point at which an AND
operator can appear. It can also appear directly after the rule-operator and at the end
of the clause. ““|” has the declarative reading “AND.” “|” acts to symmetrically cut
alternatives in sequential, parallel and neutral procedures and also controls commitment
granularity.

A communication variable is bound, or assigned a value, by a new unification operator
“=#=" (full unification). Values assigned in this way become visible only when the
next “|” operator is executed (in one atomic step). This step renders the value of
the communication variable globally visible to all processes that share it. The atomic
writing of a group of communication variables is thus made possible. The statement
that a communication variable is written means more precisely that a value is issued via
“=#=" and then committed.

The predicate “cvar(X)” serves to test whether its argument is still an undefined com-
munication variable; the test is assured on transaction commit.

Within a transaction, compensating actions can be defined by means of the predicate
“compensate(Action).” They are collected until the next *“|” where they are enabled but
not executed.

If backtracking occurs, a committed transaction is not rolled back over its individual
goals, but instead all its compensating actions are executed. As in the Flex Transaction
model, outermost transactions are responsible for the compensation of their subtransac-
tions; there are no cascading compensations.

The predicate “prepare(Action)” is designed in analogy to the prepared phase of clas-
sical transactions. The prepared phase within VPL acts semantically to define an action
that will be executed when it is clear that the VP[, transaction can succeed. It defines a
post-condition for a transaction that is executed on commitment.

3.3.  Local System Interface

Interfaces to local systems are not an intrinsic VPL function but can readily be imple-
mented using VPL.. The interface to a local system to be integrated must be conceptu-
ally simple to permit systems to be easily exchanged without modifying the transaction
specification. Such an interface is similar to that of the ConTract model [29], which
differentiates between scripts and steps. The latter formulate actions to be taken at the
local system and are thus defined by the specifications of the interface to that system.
Scripts program the composition of steps and thus correspond to what we call “explicit
MDRBS transaction specifications.”
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Our proposed interfaces follow a procedure termed “remote_call(Where, Query).” Query
may have the form “query(In, Out, Err)” if the local system does not understand Prolog;
otherwise, it can directly contain a goal. A remote_call is responsible for the concurrency
control protocol in the MDBS. In [6], we describe remote.calls under a variety of as-
sumptions about local systems. Since a remote_call consists of only about 15 lines of VP,
code, VPL itself can serve to implement the communication protocols of the MDBS. In
this paper, we assume that these protocols are already supported in a library and need not
be specified by the user. The user may select the appropriate remote_call; remote_call ¢
calls a noncompensatable transaction, while remote_call calls a compensatable transac-
tion. Remote_callc executes a “|” and thus commits the database transaction it calls.
Within the committed language transaction, a compensating action is defined. If the
remote_callc is later aborted by its calling transaction, this compensating action is called
automatically. In contrast, the commit of remote_call v is delegated to its caller; thus,
many database subtransactions can be committed within one atomic step.

It is important to note that the language commirt triggers commitments in local database
systems, and the specification of a language compensate action can be a remote_call that
represents the compensating action of the database transaction. All these actions are
controlled by the VP[, language.

3.4. System Architecture

At every participating site, a coordination kernel must be running as an operating system
process, as shown in Figure 1. A coordination kernel implements reliable communication
between processes. Every VPL, or C&CO system communicates with its local coordi-
nation kernel to access a communication variable (also termed communication object).
The VP, system itself provides the interface to a local database system. In other MDBS
architectures, this is also called a “gateway process,” “multidatabase interface,” “remote
system interface,” or “local access manager.”

In contrast to client-server based MDBS architectures, any VP[ system can serve as
the MDBS in the architecture proposed here. The shared data communication paradigm
results in symmetric communication, and, if the necessary remote_call procedures are
supported for every VP, system, there is no need for a single centralized MDBS.

EEIT)

4. Transaction Specification With VP,

Using explicit concurrency operators, within VPL, a large class of relevant transactions
can be specified. More precisely, transactions that have a declarative reading can be
formulated. Communication variables, permit the modeling of all types of control and
data flow. In [23], we demonstrated the automatic mapping Flex Transaction into VP,
programs. We also analyzed a relevant sub-class of Flex Transactions, termed binary
Flex Transactions, that are directly modeled by sequential/parallel AND/OR.

In the ensuing sections, we will first illustrate declarative transaction control with
selected examples (Section 4.1). Declarative transaction control permits specification
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site 2
Sybase Oracle IMS
| ||
VPL VPL Ve,

coordination kernel

site 1

coordination kernel

VL VpL VpL
| || |
DB2 IMS Oracle

Figure 1. Systems Integration with the VP, Coordination Language
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solely through the concurrency and transaction mechanisms of VPL.. In Section 4.2, we
provide examples involving communication variables

In the following, LTA; denotes a local subtransaction at a local database system called
from VPL. LTA, is the goal “remote_call(LDBS;, query(t;,Result,Error)),” where LDBS,
specifies the VP, system that serves as the interface to the local database system where t;
is executed. LDBS is the abbreviation for “local database system.” A local subtransaction
LTA; must be started only once during the execution of its global transaction, denoted
by gta. If the gta uses communication variables, we assume that they are passed as
arguments (denoted simply by “gta(...)”); this is advantageous if the gta is recoverable
(see Section 5.1).

4.1. Declarative Transaction Control
4.1.1. Alternatives

Alternatives are represented by defining several clauses for a procedure.

1 of n. Logical OR selects one of n alternatives. The rule-operator provides control
over the trial of alternatives in parallel, sequence, or without specification.

Example 10 (/ of n (Example 1 specified in VPL))
In this example, no failure dependencies exist between tiim, tauas twas and tyea-
This situation can be specified as a global transaction gta;g:

gtayy <— LTAgp,.
gtaye <— LTAgya.
gtajg <— LTAy,-
gtajg <— LTAgeuq-

k of n. The selection of k£ of n alternatives cannot be formulated declaratively without
constraining the possible degree of parallelism or introducing artificial dependencies.
“k of n” must be modeled with the assistance of communication variables; this will
be illustrated in Section 4.2.

In the following example, we attempt to model the selection of two events out of
three by artificially preferring a solution involving the procurement of opera tickets.
As soon as an opera ticket can be booked, it is committed (this is a modification of
the original problem formulation).

Example 11 (k of n (modified Example 2 specified in VPL))
gtay; i~ LTAopera | one_of(LTA¢neatre LTA concert)-
gtay; — LTApheatre | One—Of(LTAopera7LTAconceTt)'
gtag; — LTAconcert | One—Of(LTAopera’LTAtheatre)-

one_of(LTA1, LTA2) <- LTAIl.
one.of(LTAI, LTA2) <- LTA2.
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Selection of arbitrary patterns. If patterns are not overlapping, they can be represented
declaratively; otherwise, a similar problem may arise to that encountered when se-
lecting & of n.

Example 12 (pattern (Example 3 specified in VPL))
gta)p <— LTA;,4in and LTAsh,‘p.
gtajn <— LTAflight.

4.1.2. Execution State Dependencies

A failure dependency can be modeled with sequential OR. Analogously, a success depen-
dency constrains AND parallelism and requires sequential AND. The success or failure
of a transaction t in VPL is directly reflected in the success or failure of the goal that
calls t, thus avoiding the need for extensive state-testing.

Example 13 (preferences (Example 8 in VPL))
gtags — LTA y,-
gtajs i— LTAgim.
gtaiz :— LTAgeiza-
gta;s -— LTAype.

If some alternatives are to be tried in parallel and others in sequence, then the procedure
must be split into several segments, as in this example.

Example 14 (preferences (modified Example 1 in VPL))

Let us assume that the following failure dependencies are given which indicate that
European airlines are preferred: toua <F tdeitas tkim <F ldelta, and tova <F Ywa, tim
<P twa-

gtay4 :— european_airline.
gtay4 :— us_airline.

european.airline <— LTA,,.
european_airline <— LTAy;.,.

us_airline <— LTAgeizq.
us_airline <— LTA;yq.

4.1.3.  Commitment Granularity and Compensation

A desired commitment granularity can be explicitly selected by the VP[, programmer
with the aid of the *“|” operator. A goal that does not commit individually delegates its
commit to its caller. Compensating actions are defined as clauses and can denote actions
at local database systems.

Example 15 (noncascading compensation (Example 9 in VPL))
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gta;s <— london and sailing.

london <— LTA ;45 and LTAp 1 and LTA 4 and LTAyepes and
compensate(sell(trip_to_london)) | .

sailing <~ LTA;,.

Global transactions are not committed in these examples unless explicitly specifies by
the placement of “|” at the conclusion of the gta. Thus, they can be involved in the
composition of other global transactions.

4.14. Advanced Control Mechanisms

External constraints. External constraints can be easily represented in VPL. For exam-
ple, the predicate “actual_time(Time)” returns in its argument the actual time. If a
transaction t; must be started only during office hours, we write:

. actual_time(T) & T greater 9:00 & T less 17:00 & LTA; ...

The specification of constraints in VPL is thus straightforward.

4.2. General Transaction Control

We shall now provide examples of the use of the VPL communication mechanism. Using
communication variables a wide range of control and data flow types can be programmed.
Let us define a predicate “call_ LTA(LTA, Pre, Post, PID, State, C)” that calls a sub-
transaction and exccutes a pre- and a post-condition. “Pre,” “Post,” “PID,” “State,” and
“C” are communication variables that can be shared between different activations of
“call LTA.” “State” allows an external cxamination of the execution state of the local
execution. It is set to 'SUCCEEDED’ if the LTA has succeeded and the postcondition
can be fulfilled. It is set to 'FAILED’ either if the precondition cannot be fulfilled
or if the LTA or the postcondition fails. The “test_pre” predicate guarantees that the
precondition can succeed only once—preventing a second activation of the LTA, and
on backtracking sets “State” to "FAILED.” “C” signals to the independent process that
it should commit. “PID” is automatically bound to 'SUCCEEDED’ by VPL after the
process has successfully completed or to "FAILED’ if the execution was unsuccessful.

We have modified the goal of the process such that it must wait until condition “C”
allows it to commit.

We define the predicate “set” to write a value into a communication variable and to
immediately commit this writing so it can be observed by other concurrent processes.
The process must be started with type "INDEP’ because “call LTA” can be used to start
alternatives. Type "DEP’ would leave the caller dependent on all alternatives and would
negate caller success if one alternative is rejected.

We implement “call LTA” as follows:
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call_ LTA(LTA, Pre, Post, PID, State, C) <-
process('LOCAL’,
test_pre(Pre) & LTA & Post & set(State,” SUCCEEDED’) & C |,
PID,
"INDEP’).

set(CVar, Val) <— CVar=#=Val | .

test_pre(Pre) :— Pre and compensate(set(State, 'FAILED’)) | .
test_pre(Pre) :~ set(State, "FAILED’) & fail.

4.2.1. Alternatives

k of n. Example 16 (k of n (Example 2 specified in VPL))
gtajg(...) <—
call LTA(LTA ;perq, true, true, PID,, State,, C, = true) &&
call_ LTA(LTApeqatre, true, true, PID,, State;, C; = true) &&
call LTA(LTA concert, true, true, PID,, State., C. = true) &&
control,¢(State,,, State;, State., C,, C¢, C.).

control;(’SUCCEEDED’, *'SUCCEEDED?’, State., C,, C;, C.) <—
C. =#=false and C, =#=true and C; =#=true.

controly6(’SUCCEEDED’, State;, 'SUCCEEDED’, C,,, C;, C.) <~
C; =#=false and C, =#=true and C, =#=true.

controlyg(State,, ’SUCCEEDED’, 'SUCCEEDED’, C,, C;, C.) <-
C, =#=false and C; =#=true and C, =#=true.

The predicate “control;g” waits until it determines that a commit set has been reached,
thus implementing implicit synchronization via goal-head unification. It then requests
the C variable of the transaction extraneous to the selected commit set to be set
to “false,” thus triggering the abortion of the corresponding transaction. Finally, it
requests the C variables of the selected transactions to be set to “true” at the end of the
next transaction. This links the commitment of these transactions to the commitment
of their governing transaction. On commitment of the governing transaction, all
C variables are bound in an atomic step which activates all processes awaiting the
setting of C to “true”. Note that a goal “C;=true” implements a synchronization
point.

Selection of arbitrary patterns. Example 17 (overlapping patterns)
Let us extend Example 3 to include the reservation of a rental car. However, if a
flight is booked, a bicycle may be reserved instead of a car. The global transaction

is fulfilled if either tyrain, tonip, AN tegr; trrighe and tegr; OF tryigne and tieycre Can
be booked.

gtagz(...) <—
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call LTA(LTA,p4p, true, true, PID;, State,, C, = true) &&

call LTA(LTAq4n, true, true, PID;, State;, C; = true) &&

call LTA(LTA 5914, true, true, PIDy, States, Cy = true) &&

call LTA(LTApjcycre, true, true, PIDy, Statey,, Cp, = true) &&

call LTA(LTA,.., true, true, PID,, State., C. = true) &&
controly7(State, State;, State s, Statep, State., C, Ci, Cy, Cp, Co).

control;7(’ SUCCEEDED’,’ SUCCEEDED’ State ¢, State,,” SUCCEEDED”,
Cs,C,.Cr,Cp,Co) <—
C; =#="false and C, =#={false and C, =#=true and
C,; =#=true and C.=#=true.

control;7(State,State,,” SUCCEEDED’,State;,,” SUCCEEDED’,
C, ,Ct,Cf,Cb,Cc) <-
C, =#={alse and C; =#=Tfalse and Cj, =#=false and
Cy =#=true and C,=#=true.

control;7(State,State,," SUCCEEDED’,”SUCCEEDED’,State..,
Cs,Ce,Cr, Gy, Ce) <—
C, =#="alse and C; =#="false and C_=#="false and
Cy =#=true and C, =#=true.

Without the use of communication variables, this transaction could not be formulated
without violating the condition that a transaction can be started only once or without
introducing artificial dependencies.

4.2.2.  Execution State Dependencies

Success and failure dependencies. If the subtransactions of a Flex Transaction cannot
be divided into groups based on success and failure dependencies, they must be tested
via communication variables.

Example 18 (IF-THEN-ELSE)
The semantics of the following transaction arc: if a flight can be booked to Paris
(tf1ight), then reserve a hotel (tpoer) there; otherwise, book an overnight ferry to
Budapest (typsp). This can be specified in Flex via the dependencies tf;4n: <s thotel
and tf1ight <F tsnip and the set of commit scts {{tsight » thotel }> {tship}}-
In VPI, we represent this transaction as:
gtayg(...) <—

call LTA(LTA figps, true, true, PIDy, Statey, Cy=true) &&

call LTA(LTAp o1, Stateg=true, true, PID,,, Statey,, Cp=true) &&

call LTA(LTAp4p, PID;="FAILED’, true, PIDy, State,, C,=true) &&
controlyg(State ¢, Statey,, Stateg, Cy, Cp, C;).

control;g(’SUCCEEDED’, *SUCCEEDED?’, State,, Cy, Cp, C5) <—
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Cy =#=true and Cp =#=true and C; =#={false.

control;z(States, Statey, 'SUCCEEDED’, Cy¢, Cj, C,) <—
Cy =#={1alse and C, =#=false and C, =#=true.

We shall now illustrate the specification of more complicated dependencies (as in
ACTA) in VPL. Such dependencies can result in either optimistic or pessimistic
concurrency control. When possible, we will opt for the pessimistic method, in
which no transaction can be activated until it is guaranteed that the dependency can
be satisfied. In Section 5.4, we will outline optimistic testing by means of event
streams.

The implementation of these dependencies also depends on whether or not a local
subtransaction commits individually and thus is of the compensatable type. For
example, to guarantee commitment dependency (t; CD t;) for noncompensatable
transactions, it is sufficient to test whether t; has committed under the postcondition of
t;. However, if t; is compensatable, the test must be performed under the precondition
of t;. Otherwise, the commitment of t; cannot be prevented.

For the following examples, we assume noncompensatable subtransactions that are
called with remote_callyc and delegate their commitment to the caller.

If the dependency is fulfilled, the gta succeeds; otherwise, the gta fails. Our imple-
mentation of the gta is reduced to show the dependency between t; and t;. Other
transactions may also be called in the gta, possibly between t; and t;. We assume
that communication variables are shared and thus can also be set elsewhere. Compo-
sition of several dependencies is possible by connecting their pre-, post- or commit
conditions by logical AND.

Commit dependency. gtacp implements t; CD t;:

gtacp(...) <—
call. LTA(LTA,, true, true, PID;, State;, true) &&
cal LTA(LTA;, true, F;=true, PID;, State;, true) &&
controlg p (PID;, Fj).

controlgp("'SUCCEEDED’, F;) <— set(F;, true).
controlgp(CFAILED’, F;) <— set(F;, true).

We have implemented CD such that t; must wait until t; has terminated before it can
commit. Controlling the PID; differs from controlling State; in that PID;="SUCCEEDED’
implies that t; was needed for the global transaction, whereas State;=SUCCEEDED’
indicates only that t; succeeded (having reported prepared), but it is still unclear
whether the global transaction will be committed or t; will be compensated.

Strong-commit dependency. gtascp implements t; SCD t;:

gtagep(...) <—
call_ LTA(LTA,;, true, true, PID;, State,;, true) &&
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call LTA(LTA;, true, true, PID;, State;, true) &&
controlgc p(PID;, PID;).

controlgcpCSUCCEEDED’, 'SUCCEEDED’) <-— true.

controlscp(CFAILED’, PID;) <- true.

controlso p(PID;, 'FAILED’) <— PID;="SUCCEEDED’ &
signal(PID;, ’ABORT").

We have implemented SCD by requiring t; to succeed if t; succeeds. If t; fails,
t; may either succeed or fail. If t; fails, t; is compensated (its process is sent the
"ABORT" signal).

Abort dependency. gtasp implements t; AD t;:

gtaap(...) <-
call_LTA(LTA,, true, true, PID;, State;, true) &&
call LTA(LTA;, true, F;=true, PID;, State;, true) &&
control 4 p(PID;, F;).

control 4 pCFAILED’, F;) <— set(F;, false).
control 4 p CSUCCEEDED’, F;) <- true.

t; must not succeed if t; aborts. If (; succeeds, the exceution state of t; is not rclevant.

Weak-abort dependency. gtaw p implements t; WD t;:

gtaywp(...) <-
call_LTA(LTA,, true, true, PID;, Statc;, truc) &&
call LTA(LTA;, true, true, PID;, State;, C;=truc) &&
controlw p(PID;, C;).

controlyy p(CFAILED’, C;) <- set(Cy, false).

controly p(C SUCCEEDED’, C;) <- true.

controly p(PID;, C;) <— cvar(PIDy).

t; may commit only if t; has not already failed. If t; has already succeeded, t; may
commit. If't; is still running, which is ensured by the “cvar” test, t; may also commit.

Termination dependency. gtarp implements t; 7D t;:

gtarp(...) =
call_ LTA(LTA,, true, true, PID,, State,, truc) &&
call LTA(LTA;, true, F;=true, PID;, State;, true) &&
controlr p(PID;, F;).

controlr p " SUCCEEDED’, F;) <— set(F;, true).
controlr p(CFAILED’, F;) <— set(F;, true).

Exclusion dependency. gtapp implements t; £D t;:
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gtapp(...) <—
call LTA(LTA;, true, true, PID;, State,, true) &&
call LTA(LTA;, true, F;=true, PID;, State;, true) &&
controlgp(PID;, Fj).

control g p(CSUCCEEDED’, F;) <~ set(F;, false).
controlpp CFAILED’, F;) <- true.

Compare with the implementation of 4p.

Force-commit-on-abort dependency. gtac/p implements t; CMD t;:

gtacyp(.. ) <—
call_.LTA(LTA;, true, true, PID;, State;, true) &&
call LTA(LTA;, true, true, PID;, State;, true) &&
controlcas p(PID;, PIDy).

controlgar pCFAILED’, 'SUCCEEDED’) <~ true.
controlgar p(SUCCEEDED’, PID;) <~ true.

t; must succeed if t; fails. Otherwise, the execution state of t; is irrelevant.

Begin dependency. gtagp implements t; BD t;:

gtapp(...) <—
call_ LTA(LTA;, set(F;, started), true, PID,, State;, true) &&
call LTA(LTA;, F;=started, true, PID;, State;, true).

The fact that t; has begun is signaled to t; by the fact that t; in its precondition sets
F; to ’started.” This is tested in the precondition of t;.

Serial dependency. gtagp implements t; SD t;:

gtagp(...) —
call LTA(LTA,, true, true, PID;, State;, true) &&
controlsp(PID;, F;) &&
call LTA(LTA;, F;=true, true, PID;, State;, true).

controlgp('SUCCEEDED’, F;) <- set(F;, true).
controlgp CFAILED’, F;) <- set(F;, true).

t; must wait until t; has terminated. This is tested in precondition of t;.
Begin-on-commit dependency. gtagcp implements t; BCD t;:
gtagpcp <— LTA; & LTA;.

Begin-on-abort dependency. gtap,p implements t; BAD t;:
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gtapap -— LTA,.
gtapap — LTAj.

Weak-begin-on-commit dependency. If implemented pessimistically, gtawcp equals
gtagp.

4.2.3. Data Dependencies

Communication variables can serve to model data dependencies. For example, output
data can be shared as communication variables between several processes which monitor
their states and values as the basis of decisions. The output variable of the remote_call
is a communication variable, the value of which can be tested by the VPL, program. For
example, this value can be used to constrain the total price of reserved travel. Since the
representation of queries was not discussed in detail in this paper (the remote_call was
assumed), we will not provide any examples of the process.

4.2.4.  User Interaction

Unlike Prolog, VPL, is capable of effectively interpreting input and output. User input is
represented as a stream of communication variables. When a value is committed in the
stream, 1t becomes visible and persistent.

Let us assume that a transaction requires an interactive retrial:

retry(User) - #UI & User=#="retry 7’ |Ul] | Ul = [yes|U2].

Depending on the user’s input, the predicate “retry” succeeds or fails. It can be used
to trigger the retrial of a transaction.

4.2.5. Advanced Control Mechanisms

Timeout. All parallel operators of VP, guarantee a fair exccution and thus can be used to
specify a timeout (“sleep(N)” waits for N seconds). The following example illustrates
the “call_with_timeout” procedure that calls a transaction T. If the timeout expircs
before T succeeds, “call_with_timeout” fails and causes the abort of T. Ctrl is a
communication variable and is shared between the two OR parallel branches.

call_with_timeout(T, N, Ctrl) 11— T & Ctrl =#=true | .
call_with_timeout(T, N, Ctrl) ::— sleep(N) & Ctrl =#=false | fail.

Retry condition. An example of this retry condition has been provided in Section 4.2.4.

To control the retrial of a transaction, we write:
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.o test & LTA,; ...

test :— true.
test :— retry_condition,

The first test clause will succeed as required for the first (forwards) execution of
t;. If the execution of t; fails, backtracking occurs and “test” is asked for another
solution. The second test clause is then tried; this calls the retry condition. If retrial
succeeds, forwards execution is started and t; is re-entered. The number of retries of
t; is equal to the number of solutions.

For example, a retry condition that is fulfilled IV times can be specified as:

retry y(0) :— | fail.
retry y(N) :— true.
retry y(N) :— N1 is N-1 & retryy(N1).

Repetition. If a subtransaction must be reused several times within a transaction, we
can simply rewrite the subtransaction the required number of times.

Dynamic interrupts. VP ’s primitive “signal” can be used to dynamically interrupt run-
ning processes.

Current state. As the values of communication variables can be observed by parallel
processes, they can readily be used to check the results or states of transactions
performed to date.

Dynamic changes. Since Prolog-based languages permit dynamic program changes,
such changes can actually be programmed. Advanced programming techniques in
Prolog are discussed in [27].

5. Advanced Aspects of VP -Based Transaction Specification

An MDBS transaction consists of more than simply the specification of the control and
data flow between parallel activities.

5.1. Fault-Tolerance

Using the VP, recovery mechanism, a gta can be started as an 'INDEP’ process, guaran-
teeing that the gta will eventually be performed. The execution of distributed transactions
is thus rendered independent of system and site failures. Perpetual activities can thus be
modeled as 'INDEP’ processes that never terminate. Furthermore, I/O via communica-
tion variables is highly reliable, and user input is never lost.
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5.2. Delayed Compensation

A compensating action can be specified as an unbound communication variable. This
communication variable can later be bound, permitting the delayed specification of a
compensating action in a manner analagous to the formation of a prepared state.

5.3. Advantages of Prolog

A number of advantages of logic-based languages have been discussed throughout this
paper. Additonal advantages include:

e VPL can be used to specify control and data flow, as it is a query and transaction
control specification language.

e A VP[, specification is runnable.
e The formulation of knowledge can be accomplished using the rules of Prolog.

e Scheduling can be improved using metaschedulers which incorporate information
regarding the duration of transactions [19] or by allowing the VPL system to exploit
the maximum parallelism allowed by a specification.

e Many formulations are possible for any query.

e Backtracking within VPL involves the automatic trial of alternative solution paths.
The “IF ty;9ne THEN tp00e; ELSE tgp;),” case originally presented in Example Exam-
ple 18 must be representative of this capability, which will not be further addressed
in this paper due to length limitations.

Example 19 (IF-THEN-ELSE with Backtracking)

In Example 18, after the success of tgy;0p and the failure of tj e, the commit sct
{tsnip} cannot be reached because of the failure dependency trgns <p tengp. This
depcndency states that gy, must not be tried unless tyy, 5 has fatled. If we allow a
slightly different interpretation of this dependency, we may model the same example
in a declarative way, allowing backtracking:

gtayg -~ LTAfrigne & LTApoter.
gtayg = LTAshl,p~

The failure of tpoe; causes backtracking and thus the abortion of (74, which in
turn either causes its abort at the local database system or its compensation. In either
casc, we may state that ty;ep, 1S unsuccessful and allow the solution {tship}-

If we extend Example 18 by the clause

control1gC SUCCEEDED’, "FAILED’, State,, Cy, Cp,, Cy) <—
set(Cy, false).
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the same behavior can be achieved. Setting C; to "false’ triggers the abortion of the
process, calling LTAf;5n; and thus setting PID; to "FAILED.” Thus, LTA 4, can
be started.

5.4. Reliable Event Streams

A stream of communication variables can be shared among several active local transac-
tions, and each transaction can be asked to write its significant events on that stream.
This stream can then be considered as a history and used for optimistic concurrency
control. The appropriate modification of the call LTA predicate is readily accomplished
through the addition of an event stream argument. Every state transition of the local
transaction is then written into this stream.

6. Conclusions

The processing of MDBS transactions imposes a number of new requirements on tradi-
tional transaction models. Moreover, an advanced language is needed for the specification
of MDBS transactions.

In this paper, we have shown how a general-purpose, logic-based coordination language
can serve this purpose. In VP, all control flow patterns can be specified, often in multiple
ways. All specifications using VP[, can be executed directly. Using VPL, a user is thus
no longer dependent on predefined functions and is capable of formulating any MDBS
transaction.

Prototype implementations of our coordination tools are available for UNIX worksta-
tions connected by local or wide area networks, supporting the IP protocol (send e-mail
to eva@mips.complang.tuwien.ac.at).

Our next step will involve the design and implementation of a graphical user interface
that will expedite VP[, programming. We also plan to develop protocols tailored for the
communication of very large amounts of data with the intention of integrating multi-
media data.
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Notes

1. Due to space limitations, object-orientation is not discussed in this article. Details may be found in [18], [5]

2. For implementation of the fault-tolerant communication protocol, see [17].
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