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Abstract

A modular version control mechanism is developed for exe-
cuting write-only transactions with minimal interference to
read-write transactions using multiversion data. The exe-
cution of write-only transactions is completely independent
of the underlying concurrency control protocol. The ver-
sion control mechanism provides the versatility of using any
conflict-based concurrency control protocol for read-write
transaction synchronization. An integrated version con-
trol mechanism is presented in which both read-only and
write-only transactions are handled symmetrically, and are
independent of the concurrency control mechanism. In ad-
dition, there is negligible version control related overhead
for executing read-only and write-only transactions. Our
approach of non-interfering execution of write-only trans-
actions is particularly useful in database systems consisting
of abstract data objects where blind-write operations are
dominant.

1 Introduction

Multiple versions of data are used in database systems to
increase concurrency and to support recovery from trans-
action and system failures. The higher concurrency re-
sults since out-of-order read requests can be processed by

reading appropriate, older versions of data. Recovery from
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transaction and system failures is considerably simplified
in multiversion databases since before-images of write op-
erations need not be maintained explicitly. When failures
occur, versions created by failed transactions can be sim-
ply discarded. In addition, the use of multiversion data in
the form of operation histories has been advocated by sev-
eral researchers to implement abstract data types efficiently
[9, 14].

In most protocols for multiversion data, the main empha-
sis is always directed to the execution of read-only transac-
tions. Read-only transactions in most multiversion schemes
are executed with negligible concurrency control overhead
[12, 6, 13, 4]. Most schemes partition the transactions into
two classes: read-only transactions and read-write trans-
actions. As a result of this classification, the execution of
read-only transactions can be made independent of the un-
derlying concurrency control protocol [4]. This is highly de-
sirable since read-only transactions can be executed with-
out incurring any synchronization overhead and further-
more with no interference to read-write transactions.

In the case of multiversion databases that use opera-
tion histories as a means of object representation in the
database, another class of transactions becomes prominent
in the system. These transactions are often referred to as
blind-write transactions [8]. Such transactions consist of
operations that do not observe the states of the objects;
instead they “blindly” modify the object states. For exam-
ple, a deposit transaction on an account object does not ob-
serve the state of the account object history. It only needs
to append the deposit operation with a specified input pa-
rameter to the history. Similarly, in an airlines reservation
system, which stores operation histories, reservation and
cancellation transactions can be executed as blind decre-
ment and increment transactions, respectively. Thus, in
such systems it seems natural that transactions should be
classified into three categories: read-only, read-write, and
write-only® transactions. After classifying the transactions
into these categories, the question arises if multiversion

1We are using the term write-only instead of blind-write for
the sake of uniformity.



data can also be used to eliminate or minimize the interfer-
ence between read-write and write-only transactions. None
of the protocols for multiversion databases address this
problem. In many database applications related to spatial
data, information collected by outside sources is often ap-
pended to the database. Such addition of information can
be performed asynchronously by write-only transactions,
eliminating the interference with other transactions.

A separate treatment of write-only transactions, how-
ever, has been considered in the protocols for replicated
databases [8].
databases since multiple versions of data objects temporar-
ily exist due to the different values of the replicas. Our ear-
lier work on modularization of the version control compo-
nent in multiversion databases was motivated by the mod-
ularity of replica control and concurrency control protocols

This can be accomplished in replicated

in replicated databases. In this paper, we are once again
motivated by replicated data management protocols that
permit non-interfering execution of write-only transactions.

In this paper, we present a version control mechanism
that minimizes the interference between read-write and
write-only transactions. Also, the execution of write-only
transactions becomes completely independent of the under-
lying concurrency control protocol. By combining the new
mechanism with our modular version control mechanism
we develop a protocol for multiversion databases that has
the following properties. The treatment of read-only and
write-only transactions is symmetric and is independent of
the underlying concurrency control mechanism. Also, both
read-only and write-only transactions cause minimal inter-
ference to the read-write transactions in the system. In
addition, there is negligible version control related over-
head with the read-only and write-only transactions. The
version control mechanism provides the versatility of using
any conflict-based concurrency control protocol for read-
write transaction synchronization. The main contribution
of this paper is that it fills the void that is left by the ex-
isting algorithms for multiversion data.

The rest of the paper is organized as follows. In Sec-
tion 2, we present the formal model for correctness in mul-
tiversion databases. In Section 3, we present the version
control mechanism, and show how write-only transactions
are executed under this mechanism. In this section, we also
demonstrate how the version control mechanism can be in-
tegrated with the two-phase locking protocol. Correctness
of the version control scheme with two phase locking is
argued in Section 4. Next, in Section 5, we present an inte-
grated version control mechanism in which read-only and
write-only transactions are handled symmetrically. Con-
cluding remarks appear in Section 6.
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2 The Database Model

A database is a collection of objects. Users interact with
the database by invoking transactions. A transaction is a
totally ordered sequence of read and write operations that
are executed atomically on the objects. A read (write) op-
eration executed by a transaction T, on object z is denoted
as 7;[z] (w.[z]). The commit of a transaction results in all
its changes being applied to the database, while the abort
results in the changes being discarded. Finally, a transac-
tion is assumed to be correct, 1.e., it maps the database from
one consistent state to another consistent state. We assume
that if 7, both reads and writes object z, then r;[z] < w,[z].
Consider a set of transactions T = {T1,T5,...,Tn}. The
execution of the transactions in T is modeled by a structure
called a history. Formally, a history H over T is an ordered
pair (X,<y) where ¥ is the set of all operations executed
by transactions in T, and <y reflects the order in which the
operations were executed. A serial history is a totally or-
dered history such that for every pair of transactions T, and
T,, either all operations executed by T, precede all opera-
tions executed by T} or vice versa. Two operations conflict
if they both operate on the same object, and one of them
is a write. A history H is conflict serializable [11] if there
exists some serial history H. over the same set of trans-
actions, such that if op; and op; conflict and op; <y op:
then op1 <m, op2. We can determine whether a history
is serializable by analyzing a graph derived from the his-
tory called a serialization graph. The serialization graph
for H, denoted SG(H), is a directed graph whose nodes
are transactions in T, and has an edge T, — T, if one of
T.’s operations precedes and conflicts with one of T}’s op-
erations. A history H is serializable if and only if SG(H)
is acyclic [7, 11]. A concurrency control protocol is one that
ensures that all transaction executions are serializable.

We next consider a multiversion database in which each
write operation on an object z produces a new version of
z. Thus, for each object z in the database, there is a list of
associated versions. A read operation on z is performed by
returning the value of z from an appropriate version in the
list. The existence of multiple versions is visible only to the
scheduler implementing the protocol, and not to the user
transactions which refer to the object as z. The versions
of z are denoted as z,,z,,..., where the subscripts are the
monotonically increasing version numbers of each version.
The version number most often corresponds to the index
or the transaction number of the transaction that wrote
that version. We assume that if a transaction is aborted,
all versions it created are discarded.

A multiversion (MV) history H represents a sequence of
operations on the version of objects. Thus, each w;[z] in an
MV history is mapped into w,[z,}], and each r,[z] into r,[z,],
for some j. Two MV histories over a set of transactions, T,
are equivalent if they have the same operations. An MV



history is one-copy serializable if it is equivalent to a serial
history over the same set of transactions executed over a
single version database.

To determine if an MV history is one-copy serializable,
a modified serialization graph is used. Given an MV his-
tory H, a multiversion serialization graph (MV SG(H)) is
SG(H) with additional edges such that the following con-
ditions hold:
1. For each object z, MV SG(H) has a total order (denoted
<) on all versions of ¢, and
2. For each object z, if T; reads z from T, and if z, <,
Ty, then MV SG(H) has the edge T, — Ti; otherwise, if
zy €z T,, then MV SG(H) has the edge Ty — T,.

The additional edges are called version order edges. An
MV history H is one-copy serializable if MV SG(H) is
acyclic [5].

3 The Version Control Mechanism for Write-
only Transactions

In this section, we first give an overview of the version con-
trol scheme for implementing non-interfering execution of
write-only transactions. Next, we present the version con-
trol module that defines the interface for read-write and
write-only transactions. We then describe the execution of
write-only transactions, which is independent of the under-
lying concurrency control mechanism. Finally, we present
a multiversion algorithm in which version control is inte-
grated with two phase locking [7] for executing read-write
transactions.

3.1 Overview

In the following description of the version control mecha-
nism, it is assumed that the execution of read-write trans-
actions is synchronized by a concurrency control protocol
that guarantees some serialization order. Furthermore, a
read-write transaction T is assigned a transaction number
tn(T) which is unique and corresponds to its position in
the serialization order. That is, if 77 precedes T in the
serialization order then tn(71) < tn(72), and vice-versa. It
can be easily verified that any conflict-based concurrency
control protocol can be modified to assign such numbers to
the transactions. For example, in two-phase locking read-
write transactions can be assigned transaction numbers
from a monotonically increasing counter when the trans-
actions reach their lock-point [11]. A transaction number
in timestamp ordering simply corresponds to the logical
timestamp of the transaction.

We also assume that all transactions in the system can
be classified a priori into two categories:
1. Write-only Transactions: Transactions which do not
observe the state of the database, and therefore, do not
execute any read actions.
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2. Read-write Transactions: Transactions which observe,
and (possibly) update the state of the database, and there-
fore, execute at least one read action.

If a transaction’s class cannot be determined a priori, it
is classified as a read-write transaction by default. Since
we assume that all read-write transactions are serialized by
an underlying concurrency control protocol, a transaction
with unknown category will be serialized with respect to
read-write transactions.

The read-write transactions execute in the multiversion
environment in the same way as in a single version envi-
ronment. That is, the concurrency control related synchro-
nization for the read-write transactions is performed as if
a single copy of an object exists in the database. The read
operation is carried out by reading the most recent version
of the object, and write operation creates a new version
of the object. The version number of the versions of the
objects written by a read-write transaction T is its trans-
action number ¢n(T). In order to assign these numbers
to transactions the version control mechanism maintains a
monotonically increasing counter called transaction number

counter, tnc.

The execution of write-only transactions can be imple-
mented by drawing the analogy from the treatment of read-
only transactions in multiversion algorithms. Recall that
most multiversion algorithms [6, 13, 4] eliminate the inter-
ference of read-only transactions with other transactions by
serializing the read-only transactions in the past. That is,
read-only transactions are given a snapshot of the database
that existed in the recent past. This was accomplished in
the modular version control mechanism [4] by introducing
a counter vtnc, which trails tnc. The value of vtnc is such
that all transactions with smaller transaction numbers have
completed. Read-only transactions are serialized with re-
spect to the value of this counter.

By symmetry, the interference of write-only transactions
with other transactions can be eliminated by serializing the
write-only transactions in the future with respect to active
read-write transactions. A trivial solution would be to as-
sign all write-only transactions a transaction number of “in-
finity” and not allow other transactions to observe object
states corresponding to the write-only transactions. Since
no transaction observes the effect of write-only tramsac-
tions, the read-write transactions need not be synchronized
with respect to the write-only transactions. The solution,
however, is analogous to allowing read-only transactions to
only see the initial state of the database.

A more appropriate approach to implement non-
interfering execution of a write-only transaction would be
to serialize the write-only transaction after all currently
active read-write transactions. That is, a write-only trans-
action must be committed with a transaction number that
is larger than the transaction numbers of all active read-



write transactions. However, in many concurrency con-
trol schemes, e.g., two phase locking, active transactions
may execute without being assigned a transaction number.
Thus it becomes difficult to assign transaction numbers
to write-only transactions if there exist active read-write
transactions which have not yet been assigned a transac-
tion number. We therefore introduce another transaction
counter in addition to tnc and call it future transaction
number counter, ftnc, since this counter is used to serialize
write-only transactions in the immediate future.

A data structure, VCQueue, is maintained by the ver-
sion control mechanism to capture the history of the ex-
ecution of transactions in the system. VCQueue is used
to make the versions created by transactions visible in the
order of their serialization. Figure 1 illustrates a snapshot
of VCQueue. The counter tnc has a value equal to the
transaction number to be assigned to the first transaction
in the first active set in VCQueue. In the example shown
in Figure 1, the first active set in VCQueue is the set A.
The counter finc has a value larger than the transaction
numbers of all active and completed transactions (after the
current set F in Figure 1). When a read-write transaction
arrives, it is added to the current set of active read-write
transactions in VCQueue (set F' in Figure 1) and finc
is incremented by one. When an active read-write trans-
action’s position in the serialization order is determined
(by the concurrency control protocol used), a transaction
number is assigned to it (either from tnc or from the trans-
action number of a transaction immediately preceding it
in VCQueue). It is then removed from its set entry and
inserted as a transaction entry (an entry consisting of this
transaction only) in VCQueue. For example, in Figure 1,
C could be one such transaction entry, which belonged to
set D) before its position in the serialization order is known.
The transaction numbers of transactions are in correspon-
dence with their ordering within VCQueue. When a write-
only transaction arrives it is added to VCQueue after the
current set of active read-write transactions, i.e., after set F
in Figure 1 and ftnc is incremented by one. A transaction
entry with status “complete” is removed from VCQueue
when all entries preceding it are “complete” and have been
removed. If a read-write transaction gets aborted, then its
corresponding entry is discarded from VCQueue. Write-
only transactions are never aborted by our protocol.

In the following section, we describe the relationship of
the two counters tnc and ftnc, and show how these coun-
ters can be used to execute write-only transactions asyn-
chronously, and then we present the version control module.

3.2 Version Control

As in the case of read-write transactions, the version num-
ber of the versions of the objects written by a write-only
transaction W is its transaction number tn(W). To assign
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transaction numbers to write-only transactions, the ver-
sion control mechanism maintains a monotonically increas-
ing counter, ftnc. If we make the versions of data objects
written by a write-only transaction not to be visible to all
active transactions that started before it, and visible to all
future transactions that start after it, then we can easily
serialize the write-only transactions in the system.

This is accomplished by first assigning a start number,
sn(T) for each read-write transaction T to be infinity. If
a write-only transaction W is installed, then sn(T') for all
active transactions 7" in the current set, that started be-
fore W and after the previous write-only transaction (if
any), are reset to tn(W) — 1. Any read operation of T is
carried out by reading the version with the largest version
number less than or equal to sn(T). It can be informally
argued that W succeeds all active read-write transactions
that started before it, and precedes any future read-write
transactions that start after it.

The two counters tnc and finc are maintained as fol-
lows: a read-write transaction is assigned tn(T’) at the ear-
liest point in time, when its position in the serialization
order can be determined. This point depends on the con-
currency control protocol that is used to synchronize the
read-write transactions. For example, in the version control
scheme with two phase locking tn(T') is assigned when T
reaches its lock point, while in the version control scheme
with time stamp ordering, it is done when the transac-
tion begins its execution. A write-only transaction W is
assigned its transaction number, when its writes are com-
mitted, by using ftnc. Since we want all active read-write
transactions that started before W to be serialized before
W, fitnc is used to assign the transaction number for W.
The counter ftnc is then incremented by one so that it is
larger than all active and completed transactions, includ-
ing W. A read-write transaction 7' is assigned a transaction
number that lies between the transaction numbers of some
consecutive pair of write-only transactions, between whose
installations T started. Thus any read-write transaction T
serializing between two consecutive write-only transactions,
W and W', obtains a transaction number tn(T’), such that
tn(W) < tn(T) < tn(W'). Either tnc or the transaction
number of the transaction in the immediately preceding en-
try in VCQueue is used for this assignment. The counter
tnc is then incremented so that it corresponds to the first
active set of transactions in VCQueue. Thus, we can state
the following properties for the two counters in our scheme:

Transaction Ordering Property. The value of tnc at
all times is the largest number such that all transac-
tions T', which either are active and unassigned or will
arrive later, will have tn(T') > tnc.

Transaction Visibility Property. The value of finc at
all times is such that all active and completed trans-
actions 7', have transaction numbers tn(T') < finc.
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Figure 1: A Snapshot of VCQueue

Additionally, the values of the two counters are such that
tnc < ftnc at all times.

The interface to the version control component is il-
lustrated in the module VersionControl in Figure 3. It
has five entry procedures: VCbegin(T), VCregister(T),
VCinstalW), VCdiscard(T), and VCcomplete(T).
Also, this module maintains three data structures related to
version control: tne, finc, and VCQueue. Since the proce-
dures access and update these shared structures, they must
be executed in a critical section. VCQueue is an ordered
list of type entry. An entry is one of two types, as de-
scribed in Figure 2. The first type of entryis a transaction
entry, where the element field contains the transaction de-
scriptor, the type field is “transaction”, and the num field
contains the transaction number. The status field of this
entry is “complete” or “active” depending on whether the
transaction has invoked the procedure VCcomplete. The
second type of entryis a set eniry, where the element field
contains a set of transaction descriptors, the type field is
“set”, the num field contains the transaction number of
the youngest write-only transaction preceding it, and the
status field is “active”.

There are six operations defined on VCQueue. The
Create operation creates an empty VCQueue. The Insert
operation inserts a transaction entry in VCQueue accord-
ing to its transaction number while maintaining the order
of entries in VCQueue. The Discard operation deletes a
specific entry. The Head operation returns the first en-
try of VCQueue. The Delete operation removes as well
as returns the first entry of VCQueue, and the Append
operation adds an eniry to the tail of VCQueue.

The CurrentSet points to an entry that consists of
the set of all active read-write transactions that have
started after the youngest write-only transaction. Initially,
CurrentSet points to a sef entry whose element field is
¢, type field is “set”, num field is 0, and status field is
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“active”. Read-write transactions are added to the set en-
try that CurrentSet points to in VCQueue, at the start of
their execution. When the position of a read-write transac-
tion in the serialization order is determined, it is removed
from the set entry that it belongs to, and is inserted into
VCQueue as a transaction entry.

In a serial order, a write-only transaction succeeds all
active read-write transactions that have started before it.
Hence it is inserted in VCQueue as a transaction entry
after the set entry pointed to by CurrentSet. A transaction
entry with status “complete” is removed from VCQueue
when all entries preceding it are “complete” and have been
removed. If a read-write transaction gets aborted, then it
is removed from VCQueue. Write-only transactions are
never aborted by our protocol.

The entry procedure V Cbegin(T) is invoked by a read-
write transaction T to obtain its start number and to be
added to the entry pointed to by CurrentSet; tn(T) at
this time is assigned a value that is a lower bound for the
final value of tn(7T"). The need for this assignment will be-
come clear later. VCregister(T') is invoked by a read-write
transaction 7" at the time when its position in the serializa-
tion order is determined, to obtain its transaction number
tn(T). Thus, in the version control scheme with two phase
locking this procedure is invoked when T reaches its lock
point, and in the version control scheme with timestamp
ordering, when T begins its execution. The entry proce-
dure VCdiscard(T) is invoked if T is aborted. On the
other hand, if T commits, it invokes V Ccomplete(T) af-
ter updating the database. VCinstall(W) is invoked when
a write-only transaction W completes its execution. Note
that the procedures VCinstall(W) and VCbhegin(T) en-
force the transaction visibility property. That is, they
set the current value of ftnc. VCinstall(W) also sets
tn(W) and resets the start numbers for all active read-
write transactions in the current set, that started before



TYPE
entry : RECORD
num : INTEGER;
type : {“set”, “transaction” };
status : {“active”, “complete” };
element : union
A : transactiondesc;
B : set of transactiondesc;
end;
end;

Figure 2: Description of the Type entry

MODULE VersionControl

PERSISTENT DATA
tnc: COUNT default 1; finc : COUNT default 1;
VCQueue : QUEUE of entry;
CurrentSet : POINTER TO entry default NIL;

PROCEDURE VCbegin(T : transactiondesc);
ftne + +; sn(T) — oo
CurrentSet|.element — CurrentSet |.element U {T};
tn(T) «— CurrentSet | .num; E(T) « CurrentSet;
END VCbegin;

PROCEDURE VCregister(T : transactiondesc);
IF 3E(T’) immediately preceding E(T) THEN
tn(T) « tn(T') + 1;
E

tn(T) « tnc+ +;

END; (* IF *)

E(T) 1 .element « E(T) 1 .element \ {T}

IF E(T) # CurrentSet A E(T) 1 .element = ¢ THEN
Discard(VCQueue, E(T));

END; (* IF *)

Allocate entry E(T); E(T) 1 .type «— “transaction”; E(T) 1 .element — T;

E(T) 1 .status — “active”; E(T) 1 .num « tn(T); Insert(VCQueue, E(T));

Increment tnc until it encounters a set entry or the end of VCQueue;

END VCregister;

PROCEDURE VCdiscard(T : transactiondesc);

IF E(T) 1 .type =“transaction” THEN .
Discard(VCQueue, E(T));
ELSE

E(T) t .element — E(T) 1 .element \ {T}
IF E(T) # CurrentSet A E(T) 1 .element = ¢ THEN
Discard(VCQueue, E(T));
Increment tnc until it encounters a set entry or the end of VCQueue;
END; (* IF *)
END; (* IF *)
END VCdiscard;

PROCEDURE VCcomplete(T : transactiondesc);
E(T) 1 .status «"“complete”;
WHILE (Head(VCQueue) 1 .status =“complete”) DO
Delete(VCQueue);
END; (* WHILE *)
END VCcomplete;

Figure 3: The Version Control Module for Write-only Transactions (contd. on the next page)
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MODULE VersionControl (contd.)
PROCEDURE VCinstall(W : transactiondesc);
tn(W) « finc+ +;

Allocate entry E(W); E(W) 1 type «“transaction”; E(W) 1 .element — W;
E(W) 1 .status «—“complete”; E(W) T .num — tn(W); Append(VCQueue, E(W));

IF CurrentSet T .element = ¢ THEN
Discard(VCQueue, CurrentSet);
ELSE

VT’ € CurrentSet | .element, sn(T') — tn(W) —~ 1;

END; (* IF *)

Allocate entry CurrentSet; CurrentSet 1 .type «— “set”; CurrentSet | .element — ¢;
CurrentSet T.status «“active”; CurrentSetT.num — tn{W);

Append(VCQueue, CurrentSet);

Increment tnc until it encounters a set entry or the end of VCQueue;

Install the writes of W with version number tn(W);
END VCinstall;
BEGIN
Create(VCQueue);

Allocate entry CurrentSet; CurrentSet ] .type «— “set”; CurrentSet{.element — ¢;

CurrentSet |.status «— “active”; CurrentSet{.num « 0;
Append(VC Queue, CurrentSet);
END VersionControl.

Figure 3: The Version Control Module for Write-only Transactions (contd. from the previous page)

W and after the previous write-only transaction (if any),
to tn(W) — 1. The counter ¢nc is incremented in the proce-
dures VCregister(T), VCdiscard(T), and VCinstall(W)
to maintain the transaction ordering property.

3.3 Write-only Transactions

The execution of write-only transactions is shown in Fig-
ure 4. The left column shows the action of a write-only
transaction W, and the right column illustrates the result-
ing execution of the same action. The execution of write-
only transactions in our scheme is independent of the un-
derlying concurrency control protocol. These transactions
do not interact with the concurrency control module at all,
and make only one call to the version control module when
end(W) is invoked. Therefore, there is almost negligible
version control related overhead associated with write-only
transactions.

Each procedure within the version control module has to
be executed atomically, since the procedures access/update
shared data structures. However, in order to allow for con-
current execution of different procedures of the version con-
trol module, the counter ftnc is incremented by a prede-
termined value §. The value § is determined based on the
ratio of the number of read-write transactions to the num-
ber of write-only transactions in the system, and on the
arrival rate of read-write transactions. In this case, a write-
only transaction can concurrently execute with read-write
transactions.
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3.4 Version Control with Two-phase Locking

In a two phase locking protocol, the serialization order of
read-write transactions corresponds to their lock-points. A
lock-point of a transaction is a point in time between the
last lock acquired and the first lock released by a transac-
tion. Thus, while the transaction is executing its read and
write operations, i.e., acquiring additional locks, its posi-
tion in the serialization order is uncertain. Therefore, in
this version control scheme with two phase locking, a read-
write transaction is not registered with the version control
module until it completes its execution phase. We assume
that the execution phase of a transaction T is complete
when it invokes the action end(T).

A read-write transaction, T, in this scheme always reads
the latest version of objects. Hence sn(T') is initially chosen
as infinity. A read request from 7" for z results in obtaining
a read lock on z. If the lock is not available, T is delayed.
Otherwise, T reads the largest version of £ < sn(T") in the
database. A write request from T for y results in obtaining
a write lock on y. If the lock is not available, T is delayed.
Otherwise, T' creates a version of y, which gets a version
number equal to tn(7), when T commits.

Introduction of write-only transactions gives rise to the
following anomaly. If W is a write-only transaction, and T,
and 7, are read-write transactions such that T, starts be-
fore and T, starts after W is installed, then irrespective of
their lock-points, T, should be serialized before 7). There-
fore the start numbers of read-write transactions should
have a value which guarantees that they observe the ap-



Action Invocation Action Execution

begin(W) @
write(x) create a version of «;
end(W) VCinstall(W);

Figure 4: Execution of Write-only Transactions

Action Invocation

Action Execution

r-lock(z); /* may wait due to write locks */

return z; with largest version < sn(T);

w-lock(y); /* may wait due to other locks */

if r_ts(y) > sn(T) then abort(T); VCdiscard(T);

of y;

begin(T) VCbegin(T);
read(x)
rts(z) = maz(ris(z), tn(T));
write(y)
else create a version
end;
end(T) VCregister(T);

perform database updates with version number tn(T);
clear locks; commit(T); V Ccomplete(T);

Figure 5: Execution of Read-write Transactions in Version Control with Two-phase Locking

propriate versions corresponding to their position in the
serialization order. Also, future writes which need to be
serialized earlier should be aborted if they invalidate any
reads. We achieve this in the version control module by
means of the following steps:

1. T, is prevented from reading z; written by T) by setting
sn(Ti) < tn(T,) when W is installed. Since the version
number of z, is greater than sn(T}), T, cannot read z,.

2. T, is prevented from writing an object z after T, has
read z. This is accomplished by maintaining a read times-
tamp on z, r_ts(z). Transaction T, on reading x, updates
rts(z) to be greater than or equal to tn(W'), where W'
is the youngest write-only transaction that precedes the
entry containing T),. The future write of 7, on z, on its
arrival, finds that r_ts(z) > tn(W') > sn(T;), and hence
T, is aborted.

The version control scheme with two phase locking de-
lineates write-only and read-write transactions completely.
Since a write-only transaction execution is independent of
the concurrency control protocol, it is unaffected by con-
current read-write transactions. The version control mech-
anism is not affected by deadlocks that may arise in the
system since the transactions that interact with the ver-
sion control have gone past their lock-points. Since such
transactions cannot have any pending lock requests, they
cannot be involved in any deadlock cycle. The execution
of a read-write transaction T in a two phase locking pro-
tocol integrated with version control is illustrated in Fig-
ure 5. The left column shows the action of a read-write
transaction, and the right column illustrates the resulting
execution of the same action.
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4 Correctness

In this section we demonstrate that the version control
scheme with two phase locking developed in the previous
section guarantees serializability of all transactions.

The following lemmas state certain properties of this
protocol for handling write-only transactions. We will use
these properties to prove that the protocol is one-copy se-
rializable. In what follows if the type of the entry is not
specified, then the entry can be either a transaction entry
or a set eniry. The first lemma shows that transactions
in this protocol are assigned unique transaction numbers.
Note that the lemma holds for both read-write and write-
only transactions.

Lemma 1 For each transaction T there is a unique trans-
action number tn(T).

Proof. Appears in [3]. a

The next lemma states that a transaction reads versions
of objects that were created by its predecessors in the seri-
alization order.

Lemma 2 For every ri[z,] € H, wy[z,] <u r[z;] and
tn(T)) < tn(Tk).

Proof. Appears in [3]. D

The following lemma states that, when a transaction T
reads an object z, it reads a version of z with the largest
version number less than or equal to sn(T'). In addition, if
another transaction later attempts to write £ with a version
number smaller than the read timestamp on w, r.ts(z),
then the write will be rejected and the transaction will be
aborted.



Lemma 3 For every ri[z,;] and w[z.] € H, i # j, one of
the following conditions must hold:

(1) tn(T}) < tn(T}), or
(i) tn(Tx) < tn(Th), or
(i) 1=k and ri[z,] <@ w.[z:]

Proof. Appears in [3]. 0

By using the above lemmas as formal specifications of
the protocol, the following theorem demonstrates that the
protocol guarantees one-copy serializability.

Theorem 1 The version control scheme with two phase
locking guarantees serializable execution of transactions.
Proof. We define the version order < for an object z as
the total order on transaction numbers of the transactions
creating versions of z, i.e., £, €, =, if and and only if
tn(T}) < tn(T}).

Let H be a history produced by the version control
scheme with two phase locking protocol. We will prove
that MV SG(H) is acyclic by showing that for each edge
T. — T, in MVSG(H), tn(T)) < tn(T)).

Recall that MV SG(H) includes edges in SG(H) and ad-
ditional version order edges. Consider the edges in SG(H).
Each edge T. — T}, in SG(H) is due to a reads-from rela-
tion, i.e., for some z, T} reads z from T,. From Lemma 2,
tn(T:) < tn(T)). Hence, if there is an edge T, — T, in
SG(H), tn(T) < tn(T)).

Next consider the version order edgesin MV SG(H). Let
rx[z;] and wi[z,] € H where 4, j, and k are distinct. Con-
sider the following cases:

1. z; €, z,;, which implies T; — T}, is in MV SG(H), and
2. 7, €z z., which implies Ty — T, is in MV SG(H).

In case 1, from the definition of version order, trn(T,) <
tn(T;). In case 2, from Lemma 3, tn(T)) < tn(T}) or
tn(T}) < tn(T,). Since z, €, 2., tn(T}) < tn(T}) is not
possible. Hence, tn(T%) < tn(T).

If MVSG(H) has a cycle, it violates the total order on
the transaction numbers of transactions involved in that
cycle. Hence MV SG(H) is acyclic. Thus by application of
the serializability theorem for multiversion data [5], every
history H produced by the version control scheme with two
phase locking is one-copy serializable. m]

5 DMultiversion Databases: Read-only, Read-
write, and Write-only Transactions

In this section, we show how our version control mecha-
nism can be altered to implement non-interfering execution
of read-only transactions in addition to write-only transac-
tions. In this integrated mechanism, the execution of both
read-only and write-only transactions is independent of the
underlying concurrency control mechanism.
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We assume that all transactions in the system can be
classified a priori into three categories:

1. Read-only Transactions: Transactions which do not up-
date the state of the database, and therefore, do not execute
any write actions.

2. Write-only Transactions: Transactions which do not
observe the state of the database, and therefore, do not
execute any read actions.

3. Read-write Transactions: Transactions which observe
and update the state of the database, and therefore, exe-
cute at least one read action and one write action.

Read-write and write-only transactions interact with the
integrated version control mechanism as before. We now
explain the interaction of read-only transactions with the
integrated version control mechanism, and then show how
read-only transactions are executed.

Read-only transactions can be serialized in the system
if the versions of data objects that are visible to a read-
only transaction R are such that no versions with version
numbers less than ¢n(R) are created by any active or future
transactions. This is accomplished by assigning a start
number sn(R) to a read-only transaction R, such that all
transactions with transaction numbers less than or equal to
sn(R) have completed. Any read operation of R is carried
out by reading the version with the largest version number
less than or equal to sn(R). It can be informally argued
that R is serialized according to sn(R), i.e., it precedes all
active and future read-write and write-only transactions,
and all transactions that precede R are completed.

In order to assign start numbers to read-only transac-
tions, we employ another monotonically increasing counter
called visible transaction number counter (vinc). Intu-
itively, the value of vinec controls the visibility of the ver-
sions of data objects to the read-only transactions. The
value of vtnc may be incremented only when a transaction
T completes. It will be left unchanged, if, at the time T
completes, there is another transaction 7" that is still ac-
tive with tn(T') < tn(T). This situation may arise since
the transaction number order need not necessarily corre-
spond to the order in which transactions complete their
execution. Thus, vinc is incremented in such a way that
the versions of data objects are made visible to read-only
transactions according to the serialization order of trans-
actions in the system. Hence, we can state the following
property for vinc:

Transaction Visibility Property. The value of vtnc at
all times is the largest number such that all transac-
tions T with tn(T) < vinc have completed.

The values of tnc, vine, and finc are such that vinc <
tnc < finc at all times. The detailed description of the
integrated version control module that supports all three
classes of transactions is presented in [3].



6 Discussion

Read-only transactions and write-only transactions in a
multiversion algorithm with the version control mechanism
do not interact with the concurrency control component
and, therefore, the multiversion algorithm with version con-
trol does not have any synchronization overhead for read-
only or write-only transactions. The version control in-
terface also provides the versatility of using any conflict-
based concurrency control protocol for read-write trans-
action synchronization. For example, the version control
mechanism can also be easily integrated with timestamp
ordering [12], optimistic concurrency control {10, 1] or with
other two phase locking protocols [2]. One drawback is
that write-only transactions may cause aborts of read-write
transactions in the version control scheme with two phase
locking. However, in the version control scheme with times-
tamp ordering, such a phenomenon does not occur.

An interesting contribution of this paper is that of using
multiversion data to minimize interference between write-
only transactions and read-write transactions. This feature
has not been addressed in any existing protocols for multi-
version databases. Also, read-only and write-only transac-
tions are treated symmetrically, i.e., read-only transactions
are serialized in the past and write-only transactions are se-
rialized in the future using vinc and ftnc respectively. The
values of vinc and finc are symmetrical in that for all ac-
tive transactions T, vtnc < tn(T), and finc > tn(T). Our
approach of non-interfering execution of write-only trans-
actions is particularly useful in databases with abstract
data objects. In such environments, the class of write-
only transactions becomes dominant due to the existence of
several blind-write operations, viz., deposit operation on a
bank account object, enqueue operation on a quene object,
increment and decrement operations on a counter object,
and so on. Thus, if transactions involve only blind-write
operations, they can be executed efficiently by using the
mechanism described in this paper, eliminating the need
for concurrency control for such transactions.
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