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Abstract

The database community has produced exten-
sive research on the concurrency control prob-
lem in the context of traditional databases.
However, this traditional model is not suit-
able for some applications, such as software
development environments and CAD/CAM sys-
tems. What is needed is an extended transac-
tion model better suited for these newer appli-
cations. Unfortunately, there is no consensus
as to which of the almost dozens of extended
transaction models is appropriate.

This paper posits that there is no single
model which will be applicable to every ap-
plication and seeks other ways to use exist-
ing database technology. Towards this end,
we present PERN, a new transaction manager
component which provides the flexible and tai-
lorable support required by advanced database
applications.

1 Introduction

Software development environments (SDEs)
have evolved to meet the ever increasing com-
plexity of managing the development of soft-
ware systems. As SDE researchers focus their
attention on large scale software development,
we see that management issues become increas-

ingly prevalent [8]. The need to prevent cor-
ruption and incompatible access becomes an
absolute necessity; quite naturally, database
technology is used to store and manage the
necessary information. However, we shall see
that the traditional solutions from the database
community are not well suited to SDEs; other
domains such as ¢aD/cAM and design environ-
ments are similarly affected.

We briefly present the concurrency control
problem and one of its traditional solutions;
we outline an example that reveals the limita-
tions of the solution. We propose an approach
by which a database is used to store informa-
tion, and a separate transaction manager com-
ponent, PERN is used to manage the access of
the data. In this fashion, the concurrency con-
trol for a particular application can be speci-
fied. We describe the architecture in which this
component will be integrated and show how the
component can be tailored.

1.1 Concurrency Control

Concurrency control is the task of maintain-
ing the correctness of a database when mul-
tiple programs (or users) access the database.
Instead of having the individual programs con-
tend with concurrency issues, the database
management system (DBMS) itself should mon-



itor and control the programs. A database
therefore must provide a correctness criterion
and a policy for enforcing it. The first step to
creating a policy 1s to have the DBMS group all
database operations performed by a program
into a Transaction [2]; it is assumed that each
program (i.e., transaction) is correct. The sec-
ond step is to fix a particular behavior that the
Scheduler of the DBMS will enforce. It is the
scheduler’s job to receive data requests from
the transactions and produce a correct schedule
of execution for the transactions. Since multi-
ple transactions can execute concurrently in the
database, the schedule is an interleaving of the
operations of the active transactions. Tradi-
tional schedulers guarantee four properties for
transactions, often called the ACID properties.

1. Atomicity: All operations of a transaction
must be treated as a single unit; all of the
operations are executed, or none.

2. Consistency:
database from one consistent state to an-
other.

3. Isolation: Each transaction executes as
if 1t were the only transaction in the
database.

4. Durability: The results of a transaction
are never lost if the transaction terminates
normally.

A transaction takes the

With no further information about the seman-
tics of the transactions or the integrity con-
straints of the data, traditional databases have
no way of providing a correctness criterion; in-
stead, they resort to guaranteeing Serializabil-
iy,

Serializability

Serializability is based on the fact that if each
transaction is correct, then any serial schedule
of the transactions is correct. Hence, to main-
tain correctness, the DBMS need only produce a
schedule for a set of transactions that is equiva-
lent to some serial execution. There are several
concurrency control protocols that guarantee
serializability including two-phase locking [2],
timestamp ordering [9], and optimistic valida-
tion [6].

Serializability i1s not appropriate, however,
for such domains as design engineering and

software development environments. As these
domains sought to use database technology,
they were hindered by several limitations of
the AcID properties. The Isolation property
requires each transaction to operate indepen-
dently of any other transaction; this prevents
sharing among transactions. A subtler problem
results from the Consistency property, which
requires each transaction to individually leave
the database in a consistent state. This pre-
vents applications from using concerted effort
among several transactions which together are
required to bring the database into a consistent
state.

The traditional transaction model is best
suited to domains in which little or no semantic
information is known about the transactions.
In software development environments, how-
ever, semantic information is known and for-
mally encoded. If this information could be
used by the concurrency control protocol of the
database, great benefits could be realized.

Check-Out

Early attempts at concurrency control in the
software engineering community resulted in the
Check-Out model, best epitomized by such sys-
tems as Ros [10]. The check-out model has
users make all data modifications to private
versions in a personal workspace. Other users
can continue to read old versions even while
multiple users are updating private versions of
the same data. Once the changes are complete,
the user must manually integrate these modifi-
cations into the global store; this model is ac-
tually orthogonal to serializability. It relies on
the assumption that two versions of the same
data item can be merged in a consistent fash-
ion. However, this model often hinders cooper-
ation, since the users are unable to share infor-
mation, but must operate on private versions
of data.

1.2 Example

Researchers have attempted to use database
technology to manage the data belonging to
a large-scale software project. However, the
traditional mechanism of enforcing serializable
access has been found to be too restrictive.
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Figure 1: Sample Cooperative Process

Consider the scenario in Figure 1, extracted
from the 1sSPw7 example problem [4]. There
are three users, the Reviewer, the Designer,
and the Programmer. They each have a set
of tasks (in white boxes) that they must per-
form. The solid arrows define the sequence of
tasks for an individual user, and the dashed
arrows show how the users communicate with
each other. The long grey vertical boxes repre-
sent the transactions encapsulating each user’s
actions. The work starts when the Designer
submits a modified design for review. The Re-
viewer either approves the design or produces
feedback and notifies the Designer, who either
continues to modify the design or submits it to
the Programmer. Once the Programmer has
made the necessary modifications, the code is
compiled and verified and the Designer is no-
tified of either success or failure, in which case
the design 1s finished, or modified, respectively.

In this example the two traditional means
of handling concurrent access, namely serializ-
ability and check-out, will not work. Serializ-
ability requires that the schedule of execution
be equivalent to a serial ordering of the trans-
actions. As seen by the cyclical nature of this
process, no serializable execution of the trans-
actions will produce correct behavior. The
check-out model is also inappropriate, since it

would be incorrect for the Reviewer to be read-
ing an old version of the design that the De-
signer has modified in his private workspace.
This scenario of collaborative work is a rou-
tine example of user-controlled interaction, a
feature not well supported by database tech-
nology most suited for programmed batch-like
transactions. Another limitation to standard
database technology is the rigid and uniform
way 1n which the system treats all transactions.
If the database management system were ex-
tensible to allow tailorable access to its data,
then an administrator could define the access
patterns of transactions; this ability is called
tatloring the concurrency control policy. Be-
fore presenting the architecture for PERN, we
briefly highlight PERN’s transaction model.

2 PERN Transaction Model

A transaction is composed of data and manage-
ment operations. Data operations read or write
a particular data item in the database. Man-
agement operations include Begin, Commat and
Abort; each transaction is initiated by Begin.
The Commit operation makes permanent all
changes made by the encapsulating transac-
tion, while the Abort operation rolls back all
the effects of a transaction.



cooperation-rule
selection-criterion:
Under which conflicts is this CORD rule applicable
local bindings:
Gather information for the condition/action pairs
body:

condition-1, set-of-actions-1
)

condition-2, set-of-actions-2
)

( condition-n, set-of-actions-n )

Figure 2: CORD syntax

PERN uses a locking protocol as a basis for
determining consistency and allows the admin-
istrator to create and tailor a lock compati-
bility matrix. In this way, a conflict between
locks signals a potentially inconsistent access.
In response to the conflict, PERN first checks its
cooperation model to determine if an adminis-
trator has foreseen this particular conflict sce-
nario and provided a cooperation rule, written
in CORD (see Figure 2), to resolve the conflict.
If no such rule can be found, then PERN uses
the default policy of the transaction manager
and aborts the offending transaction. Other-
wise, PERN issues a set of actions in response
to the conflict. In this way, the correctness cri-
terion of the database has been formally en-
coded, and the system is no longer limited to
serializability.

PERN might force a data operation to block
in order to maintain the consistency of the
database; this is the Suspend management op-
eration. PERN has a similar management op-
eration, Procrastinate, which is used when the
suspended transaction might wait a potentially
indefinite length of time. In certain situations
PERN might be ordered to preempt and abort
a transaction to give another transaction prior-
ity. One can imagine a scheduler that preempts
a transaction and, instead of aborting it, mod-
ifies 1t in some special way, to allow another
transaction to continue. To do this we need
management operations that treat transactions
as divisible units.

Kaiser and Pu [5] present a model that re-
structures in-progress transactions as an ap-
proach to managing consistent concurrent ac-
cess. The authors introduce two management
operations for a transaction: Split and Join.

Split divides an ongoing transaction into two
or more transactions that are serializable with
respect to each active transaction (including
each other), as if they had always been sep-
arate transactions. Join merges two or more
transactions that are serializable with respect
to each other into a single transaction, as if
they had always been part of the same trans-
action. These operations are the cornerstone
of the PERN transaction restructuring mecha-
nism.

Locking is conventionally used to prevent
certain dependencies [1] from forming between
transactions. However, if PERN allows a partic-
ular locking conflict to exist, then dependencies
are necessarily formed between the conflicting
transactions. The management operation Al-
low 1s used to allow a conflict and create depen-
dencies between transactions. There are sev-
eral types of dependencies; here we list two:

1. Commit-Dependency: 1; ~ 1} states
that transaction 7; cannot commit un-
til transaction 7} finishes (either commits
or aborts). This does not imply that if
transaction 7; aborts, then transaction 7;
should abort.

2. Abort-Dependency: 1; — T; states
that if T; aborts, then 7} must also abort.
This implies neither that if transaction 7
commits, then transaction 7; should com-
mit, nor that if transaction 7; aborts, then
transaction 7} should abort.

The concept of an Obligation [7] is also part
of the transaction model. A transaction T
can acquire an obligation to fulfill some spe-
cific constraint (', at some future time. If T
does not satisfy (', one could consider abort-
ing T. However, obligations are intended to
exist after the transaction to remind or enforce
other transactions to satisfy C'. Fach transac-
tion operates within a Session (see Section 3.1).
We briefly mention here that each transaction
operates within a session, and if a transaction
completes without satisfying its obligation, the
obligation is transferred to the session. Once a
session has acquired the obligation, any trans-
action in the session may satisfy it, and the
obligation is removed.

In PERN we introduce a concept analogous to
an obligation called a Restraini. A restraint is,



in some sense, a negative obligation. A trans-
action can acquire a restraint in order to re-
strict its future activities. When a transaction
commits, any restraints it acquired are trans-
ferred to the session in which the transaction
is operating. A restraint can only be removed
explicitly; this is notably different from obliga-
tions which can be silently removed as they are
satisfied.

3 Architecture

We now present the design for a four-layered
architecture as shown in Figure 3. We first
demonstrate the need for this architecture and
then describe the responsibilities of each of
these layers. The layered approach is an ab-
straction for separating the various responsi-
bilities of the system. The PERN Layer (PL) is
responsible for all transaction management ser-
vices. As a minimal requirement, PL assumes
that the Data Management Layer (DML) pro-
vides an interface for accessing data items
based upon a unique data item identifier (in
object-oriented systems this is the object iden-
tifier). DML is an existing database manage-
ment system. PL can query DML for arbitrary
relationships maintained between data items.
For example, if DML has composite data items
(i.e., data items containing other items), PL
might need to place intention locks on multiple
data items to realize a particular locking pro-
tocol (consider multi-granularity locking [3]).
The PERN layer receives requests to start and
end transactions. Whenever a transaction re-
quests an access to a data item, PL acquires a
lock for the specific access. PL requires that
all accesses to a data item be preceded by a
request (to PL) to access that item. As de-
scribed, PL appears to require only one addi-
tional layer above it, so we still need to pro-
vide additional motivation for having four lay-
ers. PL assumes that it can acquire and use se-
mantic information from a higher layer, called
the Task Layer (TL). TL stores the descrip-
tion of the various user tasks, and how they
are executed. In particular, 1t contains the
mapping from tasks to transactions, which PL
uses when 1t dynamically restructures transac-
tions. There is, however, the need for a layer

above TL, which we call the Session Layer (SL).
This layer is responsible for managing the var-
ious user-contexts of all users interacting with
PERN. FEach client issues user-commands to
TL, and SL maintains the history of all TL in-
teraction by each client. Such useful concepts
as “Goals” might not be possible to encode in
TL task definitions. For example, there might
be no way to specify in advance what tasks need
to be executed to achieve the goal of fixing a
software defect. In addition, there are entities,
such as obligations and restraints, which span
task execution.

Administrator Interface

PERN is based on the idea that each layer has
extensible features. As the architecture in Fig-
ure 3 shows, each of the Task, PERN, and Data
layers are extensible. The layers can make use
of administrator-provided extensions either on-
line or off-line. DML allows the administrator
to define the data schema for the data items
which it stores. TL allows the administrator
to provide information regarding the particu-
lar tasks. This ranges from simple parameteri-
zation to a full semantic encoding of the tasks.
Finally, PL reads the cooperation model off-line,
to get the cooperation rules (written in CORD)
it will use. Once initialized, the PERN layer
uses these rules as conflicts arise.

3.1 Session Layer

The Session Layer provides a context within
which each user works. When a client applica-
tion connects to the database server, a default
session is created. There are primitives to cre-
ate new sessions as needed, to end a session,
and to split and join sessions. Sessions are per-
sistent for each client, and clients can detach
manually from a session (to be left in progress).
If a client terminates abnormally, this is treated
as if the client had detached from its session.
A session cannot end if it has an unfulfilled
obligation; a client can still detach from this
session, but it cannot be ended. Theoretically,
one can consider rolling back a session with an
unfulfilled obligation, but in practice this is ex-
tremely undesirable, as the session potentially
represents a large amount of committed work.
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Instead, we consider the default case of split-
ting the session into two parts: the work as-
sociated with the unfulfilled obligation(s) and
the independent work. We then end the session
that has no problems and (possibly) roll back
the session with obligations.

Sessions also manage restraints and obliga-
tions (see Section 2). Once associated with a
session, a restraint can only be removed manu-
ally, while obligations can be removed silently
by PL. There is an interface for PL (and TL) to
notify SL that a restraint (or obligation) should
be added to or removed from a session; SL
maintains all sessions for each client accessing
the database. Whenever a client communicates
with SL, the appropriate session is made active
by SL’s context manager.

3.2 Task Layer

The Task Layer implements each user request
by communicating directly with PL. TL has the
responsibility of defining transaction bound-
aries and hiding the implementation details of
fulfilling the user request. Any dependencies
between transactions known in advance are set
by TL. For example, if TL chooses to use a
nested transaction model, it is responsible for
assigning the appropriate static dependencies
between parent and children transactions.

Each task performed by TL operates within a
specific session, and TL can use the obligations
and restraints of the session while processing
the task. For example, TL could restrict cer-
tain tasks by checking to see if they would vi-
olate its session’s restraints. Correspondingly,
TL could suggest tasks that would satisfy any
obligations maintained by the session.

TL specifically gives PL the freedom to re-
structure transactions according to a coopera-
tion model. This implies that TL must alter its
own data structures accordingly in response to
PL’s actions. Through dynamic restructuring,
PERN will provide a more flexible treatment of
user-controlled transactions. If TL is not re-
silient to restructuring notifications (from PL),
then 1t cannot participate in advanced transac-
tion restructuring.

To use the transaction abstraction appropri-
ately, TL should not be concerned with the ac-
tual interleaved schedule produced at execution

time, so long as correctness 1s maintained; note
that this correctness is no longer limited to se-
rializability. A final example of having TL re-
spond to PL actions occurs when PL decides
to preempt and abort a transaction 7; to allow
a more important transaction 7; to proceed.
TL presumably has two tasks T'ask; and Task;
that initiated these transactions, and while pro-
cessing T'ask; 1t needs to update its own inter-
nal data structures to reflect the fact that the
transaction for T'ask; has been aborted.

3.3 PERN Layer

The PERN Layer will provide a well-defined
functional interface to TL. First, there are the
standard begin, commat, and abort primitives
for defining the boundaries of transactions.
commit (tid) makes persistent all changes for
transaction tid whereas abort(tid) restores
the database to a state in which it would have
been in had transaction tid not attempted to
execute. The abort() and commit() actions
are complicated by the presence of transaction
restructuring; consider aborting a transaction
that has split into several transactions.

All access to a data item must be preceded
by a lock request to PL. The decision to em-
ploy a locking mechanism is central to PERN
and does not preclude PERN’s ability to imple-
ment such protocols as optimistic concurrency
control. We introduce additional complexity
into the locking protocol by separating the data
from the lock manager; consider the case of
composite data items. The lock manager needs
to know the structure of the data to appro-
priately assign intention locks; PL assumes an
interface to determine this information.

PL provides both dynamic and static sup-
port for TL transactions. TL can statically
specify the interaction of a set of programmed
transactions using PERN primitives. The dy-
namic nature of the transaction reconstruction
occurs when PL detects a conflict and repairs
it according to PERN’s cooperation model; re-
call that the cooperation model is loaded into
PL when it is initialized. PL notifies TL of any
transaction restructuring it has performed.

PL considers any restraints and obligations
associated with a transaction and its session
when it is asked to commit a transaction. If



a transaction satisfies an obligation, PL noti-
fies the session that the obligation has been re-
moved. If a transaction violates a particular
restraint, PL can invoke the cooperation man-
ager to try to resolve the situation. This 1s dif-
ferent from the standard conflict situation we
have been discussing throughout this paper; if
the cooperation manager is unable to resolve
this situation (the only way to do so would be
to remove the restraint), the transaction must
be aborted.

3.4 Implementation

As part of our research, we will implement a
PERN component to be used in the four-layered
architecture. PERN is intended to be use with
a variety of DML and TL instances. We will
have sample DML, TL, and SL instances, but
PERN can be integrated into a system which
already hasits own TL and DML. The extent to
which PERN succeeds in being integrated with
arbitrary systems will be indicative of PERN’s
generality.

Even though PERN assumes the four-layered
architecture, it is still able to function in the
absence of either SL or TL. The PL is only able
to provide cooperative transaction support if it
has sufficient semantic information. In the ab-
sence of SL, for example, obligations must be
limited to a specific task. In the absence of
TL, PL is able to assign obligations, but is un-
able to perform any assistance for cooperation.
Naturally, PERN is best suited for applications
which can provide both SL and TL.

4 Conclusions

We are currently implementing PERN and de-
signing a transaction model to define the se-
mantics of the actions allowed by corDp. The
model and further experimentation with the
PERN component are currently being investi-
gated as part of the author’s dissertation.
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