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a b s t r a c t

Checkpointing and rollback recovery are well-known techniques for handling failures in
distributed systems. The issues related to the design and implementation of efficient
checkpointing and recovery techniques for distributed systems have been thoroughly
understood. For example, the necessary and sufficient conditions for a set of checkpoints
to be part of a consistent global checkpoint has been established for distributed computa-
tions. In this paper, we address the analogous question for distributed database systems. In
distributed database systems, transaction-consistent global checkpoints are useful not only
for recovery from failure but also for audit purposes. If each data item of a distributed data-
base is checkpointed independently by a separate transaction, none of the checkpoints
taken may be part of any transaction-consistent global checkpoint. However, allowing indi-
vidual data items to be checkpointed independently results in non-intrusive checkpointing.
In this paper, we establish the necessary and sufficient conditions for the checkpoints of a
set of data items to be part of a transaction-consistent global checkpoint of the distributed
database. Such conditions can also help in the design and implementation of non-intrusive
checkpointing algorithms for distributed database systems.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

It is a common practice to take checkpoint of a database from time to time, and restore the database to the most recent
checkpoint when a failure occurs. It is desirable that a global checkpoint of a database records a state of the database which
reflects the effect of a set of completed transactions and not the results of any partially executed transactions. Such a
checkpoint of the database is called a transaction-consistent global checkpoint [23]. A straightforward way to take a trans-
action-consistent global checkpoint of a distributed database is to block all newly submitted transactions and wait until all
the currently executing transactions finish and then take the checkpoint. Such a checkpoint is guaranteed to be transaction-
consistent, but this approach is not practical, since blocking newly-submitted transactions will increase transaction response
time which may not be acceptable for the users of the database. Another approach would be to run a read only transaction
which would read the entire database and save it to stable storage; the underlying concurrency control algorithm will ensure
that the saved state is transaction-consistent. This would be inefficient especially in the presence of long-living transactions.
A more efficient way would be to save (checkpoint) the state of each data item independently and periodically without
blocking any transaction. However if each data item is checkpointed independently and periodically, some checkpoints of
some data items may not be part of any transaction-consistent global checkpoint of the database and hence are useless.
. All rights reserved.
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In this paper, we address this issue and establish the necessary and sufficient conditions for a checkpoint of a data item
(or the checkpoints of a set of data items) to be part of a transaction-consistent global checkpoint of the database. This result
would be useful for constructing a transaction-consistent global checkpoint incrementally from the checkpoints of each indi-
vidual data item. By applying this condition, we can start from an useful checkpoint of any data item and then incrementally
add checkpoints of other data items until we get a transaction-consistent checkpoint of the database.

1.1. Motivation and objectives

In a distributed system, to minimize the lost computation due to failures, the state of the processes involved in a distrib-
uted computation are periodically saved (checkpointed). When one or more processes involved in the distributed computa-
tion fails, the processes are restarted from a previously saved consistent global checkpoint. When processes are independently
checkpointed, the checkpoints taken may not be part of any consistent global checkpoint and hence are useless [21]. Netzer
and Xu [21] introduced the notion of zigzag paths between checkpoints of processes involved in a distributed computation
and established the necessary and sufficient conditions for a given checkpoint of a process to be part of a consistent global
checkpoint (i.e., useful). They proved that a checkpoint of a process is useful if and only if there is no zigzag path from that
checkpoint to itself. Several checkpointing algorithms have been proposed for distributed systems [2,18,9,8,19,3,17].

Checkpointing is also an established technique for handling failures in database systems. Many of the checkpointing
schemes proposed in the literature for distributed database systems are intrusive to different extent. Some of these are dis-
cussed in Section 2 and Section 3. Non-intrusive checkpointing algorithms under which transactions do not have to be
blocked when checkpoints are taken are desirable [30]. If each data item in a distributed database is checkpointed by an
independent transaction periodically, it is quite possible that none of the checkpoints taken is part of any transaction-con-
sistent global checkpoint of the database. Motivated by the work of Netzer and Xu for distributed computations [21], in this
paper, we establish the necessary and sufficient conditions for a given checkpoint of a data item (or checkpoints of a set of
data items) to be part of a transaction consistent global checkpoint.

1.2. Organization of the paper

The remainder of this paper is organized as follows. In Section 2 we introduce the background required for understanding
the paper. Section 3 discusses related works. In Section 4 we present the necessary and sufficient conditions for a set of
checkpoints of a set of data items to be part of a transaction consistent global checkpoint and prove its correctness; we also
discuss the applications of our work. Section 5 concludes the paper.
2. Background

2.1. System model

We consider a model of distributed database system similar to the model in [23]. In this model, a distributed database sys-
tem consists of a set of data items residing at various sites. Sites can exchange information via messages transmitted on a
communication network, which is assumed to be reliable. The data items of the database are accessed by transactions
and the transactions are controlled by transaction managers (TM) that reside at these sites. The TM is responsible for the
proper scheduling of transactions using appropriate concurrency control algorithms in such a way that the integrity of
the database is maintained. In addition, the data items at each site are controlled by a data manager (DM). Each DM is
responsible for controlling access to data items at its site. Each data item is checkpointed by a local transaction periodically.
Before a transaction takes a checkpoint of a data item it obtains an exclusive lock on the data item so no other transaction can
be accessing that data item while it is checkpointed. The state of a data item changes when a transaction accesses that data
item for a write operation. In order to guarantee the integrity and efficiency of transaction processing, the following four
properties, referred to as ACID [27], must be maintained.

� Atomicity: Each transaction is executed in its entirety, or not at all executed.
� Consistency preservation: Execution of a transaction in isolation (that is, with no other transaction execute concurrently)

preserves the consistency of the database.
� Isolation: Even though multiple transactions may execute concurrently, the system guarantees that for every pair of trans-

actions Ti and Tj, it appears to Ti that either Tj finished execution before Ti started, or Tj started execution after Ti finished.
Thus, each transaction is unaware of other transactions executing concurrently in the system.

� Durability: After a transaction completes successfully, the changes it has made to the database persist, even if there are
system failures.

In order to maintain ACID requirements and achieve maximum performance, a proper schedule of transactions need to be
arranged in which the operations of various transactions are interleaved as much as possible. Given a schedule, a directed
graph, referred to as precedence graph [28] or serialization graph [27], can be constructed to illustrate the procedure of
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all the transactions running in the database system. The serialization graph serves as an important tool to analyze transac-
tion processing in the distributed database systems.

Each checkpoint of a data item is assigned a unique sequence number. We assume that the database consists of a set of n
data items X ¼ fxij1 6 i 6 ng. In addition, we denote by Cki

i the checkpoint of xi with sequence number ki. The set of all check-
points of data item xi is denoted by Ci ¼ fCki

i jki : ki P 0g. The initial state of data item xi is represented by checkpoint C0
i and a

virtual checkpoint Cvirtual
i represents the last state obtained after termination of all transactions accessing data item xi. To

minimize checkpointing overhead, a data item is checkpointed only after the state of the data item changes. That is, after
a data item is checkpointed, it is not checkpointed again until at least one other transaction has accessed and changed
the data item.

Let T ¼ fTij1 6 i 6 mg be a set of transactions that access the database system. In order to make the analysis of the rela-
tionship between checkpoints of various data items simple, we assume that each checkpoint of a data item xi is taken by a
special transaction called checkpointing transaction. We denote by T

C
ki
i

the checkpointing transaction that takes checkpoint
Cki

i of data item xi. In order to maintain atomicity of transactions, T
C

ki
i

is the local transaction which is required to be sched-
uled to access a data item when there are no other transactions accessing the data item, enforced by issuing an exclusive
lock. The set of checkpointing transactions that produce the checkpoints Ci is denoted by TCi

and the set of all checkpointing
transactions in the system is denoted by TC.

A global checkpoint of the database is a set S ¼ fCki
i j1 6 i 6 ng of local checkpoints consisting of one checkpoint for each

data item. The set of checkpointing transactions that produce the global checkpoint S is denoted by ST ¼ fTC
ki
i

j1 6 i 6 ng. We
use Cki

i and T
C

ki
i

interchangeably. Sometimes, when we say a checkpoint of a data item we mean the checkpointing transac-
tion which takes that checkpoint.

Each regular transaction is a partially ordered set of read and/or write operations (operations are partially ordered be-
cause two adjacent read operations in a transaction are not comparable). A checkpointing transaction consists of only one
operation (namely the checkpointing operation), an operation that requires mutually exclusive access to the data item. Let
RiðxjÞ (respectively, WiðxjÞ) denote the read (write) operation of Ti on data item xj 2 X and O

C
kj
j

ðxjÞ denote the checkpointing
operation of T

C
kj
j

on data item xj. A schedule e over T
S

TC is a family of disjoint sets of partially ordered operations of trans-

actions in T
S

TC on the data items (one set for each data item) [23].
Let eðxjÞ consist of all read, write and checkpointing operations on xj of transactions in T

S
TC. We denote by <xj

the partial
order induced by all read, write, and checkpointing operations on xj by the schedule e over T

S
TC. Given a schedule e over

T
S

TC, we define the relation <T between transactions in T
S

TC with respect to the schedule e as follows:

(1) Ti<T Tj () ði – jÞ ^ ð9xk 2 X : ðRiðxkÞ<xk
WjðxkÞÞ _ ðWiðxkÞ<xk

WjðxkÞÞ _ ðWiðxkÞ<xk
RjðxkÞÞÞ.

(2) Ti<T T
C

kj
j

() ðWiðxjÞ<xj
O

C
kj
j

ðxjÞÞ _ ðRiðxjÞ<xj
O

C
kj
j

ðxjÞÞ.

(3) T
C

ki
i

<T Tj () ðOC
ki
i

ðxiÞ<xi
WjðxiÞÞ _ ðOC

ki
i

ðxiÞ<xi
RjðxiÞÞ.

A schedule is serial if the operations belonging to each transaction appear together in the schedule [27]. A schedule e is
serializable if the schedule has the effect equivalent to a schedule produced when the transactions are run serially in some
order. The concurrency control algorithm ensures that a schedule of transactions running in the distributed database system
is serializable. One important kind of serialization, called conflict serializability (CSR) [27,5] is considered in this paper. An
execution e 2 CSR iff the relation <T is acyclic [5]. A serialization order of a set of transactions with respect to a schedule e
over T is defined as a linear ordering of all the transactions such that if Ti<TðTj (either Ti or Tj could be a checkpointing trans-
action), then Ti must appear before Tj in the ordering. If e 2 CSR, there must exist a serialization order for e over T that is
compatible with <T .

Formal definition of a transaction consistent global checkpoint follows [23]:

Definition 1. A global checkpoint of a distributed database is said to be transaction-consistent (tr-consistent or simply
consistent, for short) with respect to the execution of a set of transactions T if there exists a serialization order (which is an
ordering of transactions in T) r1r2 for an execution e 2 CSR of T such that the data item states represented by the global
checkpoint is the same as those read by a read-only transaction TCP after all transactions in r1 have finished execution and
before any transaction in r2 has started execution.

If the concurrency control algorithm guarantees an execution e 2 CSR, then the relation <T induces a directed acyclic
graph (Dag) on T

S
TC and conversely [5]. We call this graph the global serialization graph with respect to the schedule e

of T
S

TC. For each data item, the transactions accessing that data item induce a component of the global serialization graph.
The local serialization graph induced by the transactions in T

S
TCi

accessing data item xi is denoted by Gxi
ðVxi

; Exi
Þ: the vertex

set Vxi
¼ fTk [ T

C
ki
i

jTk 2 T has accessed data item xi; Cki
i is the kth

i checkpoint of xi taken by local checkpoint transaction T
C

ki
i

}
and the edge set Exi

¼ fETT
xi
[ ETC

xi
[ ECT

xi
g, where

1: ETT
xi
¼ fðTi; TjÞjTi; Tj 2 Vxi

; Ti<T Tjg.
2: ETC

xi
¼ fðTj; TC

ki
i

ÞjTj; TC
ki
i

2 Vxi
; Tj<T T

C
ki
i

g.
3: ECT

xi
¼ fðT

C
ki
i

; TjÞjTj; TC
ki
i

2 Vxi
; T

C
ki
i

<T Tjg.
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By merging the local serialization graphs Gxi
ðVxi

; Exi
Þ, we can construct the global serialization graph GðV ; EÞ where
V ¼
[

xi2X

Vxi
and
E ¼
[

xi2X

Exi
:

Next we illustrate the construction of the global serialization graph with an example. Suppose we have the following nine
transactions T ¼ fT1; . . . ; T9g accessing a database containing five data items X ¼ fx1; . . . ; x5g.

1. T1 : R1ðx5Þ;W1ðx5Þ.
2. T2 : W2ðx2Þ;W2ðx4Þ.
3. T3 : R3ðx1Þ;W3ðx1Þ;W3ðx2Þ;W3ðx4Þ.
4. T4 : W4ðx3Þ;W4ðx1Þ;W4ðx4Þ;R4ðx5Þ.
5. T5 : R5ðx3Þ;R5ðx4Þ.
6. T6 : W6ðx3Þ;W6ðx4Þ.
7. T7 : W7ðx2Þ;R7ðx2Þ.
8. T8 : R8ðx2Þ;W8ðx2Þ.
9. T9 : W9ðx1Þ;W9ðx5Þ.

Consider the schedule e 2 CSR over ðT
S

TCÞ where e ¼ fOC0
1
ðx1Þ;OC0

2
ðx2Þ;OC0

3
ðx3Þ;OC0

4
ðx4Þ;OC0

5
ðx5Þ;W2ðx2Þ;W9ðx1Þ;

R3ðx1Þ;OC1
2
ðx2Þ;W4ðx3Þ;W2ðx4Þ;OC1

4
ðx4Þ;W3ðx1Þ;OC1

1
ðx1Þ;W4ðx1Þ;W9ðx5Þ;OC1

5
ðx5Þ;W4ðx4Þ;OC2

4
ðx4Þ;W3ðx2Þ; R5ðx3Þ; R5ðx4Þ;W6ðx3Þ;

W6ðx4Þ;W3ðx4Þ;OC2
2
ðx2Þ;W7ðx2Þ;R1ðx5Þ;W1ðx5Þ;R8ðx2Þ;R7ðx2Þ;W8ðx2Þ;R4ðx5Þg:

This schedule induces the following partial order on the operations performed by the transactions on each data item:

1. eðx1Þ : OC0
1
ðx1Þ<x1 W9ðx1Þ<x1 R3ðx1Þ<x1 W3ðx1Þ<x1 OC1

1
ðx1Þ<x1 W4ðx1Þ.

2. eðx2Þ : OC0
2
ðx2Þ<x2 W2ðx2Þ<x2 OC1

2
ðx2Þ<x2 W3ðx2Þ<x2 OC2

2
ðx2Þ<x2 W7ðx2Þ<x2 R8ðx2Þ<x2 R7ðx2Þ<x2 W8ðx2Þ.

3. eðx3Þ : OC0
3
ðx3Þ<x3 W4ðx3Þ<x3 R5ðx3Þ<x3 W6ðx3Þ.

4. eðx4Þ : OC0
4
ðx4Þ<x4 W2ðx4Þ<x4 OC1

4
ðx4Þ<x4 W3ðx4Þ<x4 W4ðx4Þ<x4 OC2

4
ðx4Þ<x4 R5ðx4Þ<x4 W6ðx4Þ.

5. eðx5Þ : OC0
5
ðx5Þ<x5 W9ðx5Þ<x5 OC1

5
ðx5Þ<x5 R1ðx5Þ<x5 W1ðx5Þ<x5 R4ðx5Þ.

This schedule induces the following relations among the transactions. These relations in fact correspond to edges in the
global serialization graph constructed from the local serialization graphs.
TC0
1
<T T9; T9<T T3; T3<T TC1

1
; TC1

1
<T T4; TC0

2
<T T2; T2<T TC1

2
;

TC1
2
<T T3; T3<T TC2

2
; TC2

2
<T T7; T7<T T8; TC0

3
<T T4; T4<T T5;

T5<T T6; TC0
4
<T T2; T2<T TC1

4
; TC1

4
<T T3; T3<T TC2

4
; TC2

4
<T T4;

T4<T T5; T5<T T6; TC0
5
<T T9; T9<T TC1

5
; TC1

5
<T T1; T1<T T4:
The local serialization graphs induced by the partial orders eðxiÞ on the data items are shown in Figs. 1–3 The global seri-
alization graph constructed from the local graphs is shown in Fig. 4. The global serialization graph G ¼ ðV ; EÞ is obtained by
merging the local serialization graphs where
V ¼ fT1; T2; T3; T4; T5; T6; T7; T8; T9; TC0
1
; TC0

2
; TC0

3
; TC0

4
; TC0

5
; TC1

1
; TC1

2
; TC2

2
; TC1

4
; TC2

4
; TC1

5
g

and
Fig. 1. Example of local serialization graph on x1, on which a set of transactions fT9; T3; T4g have finished execution.

Fig. 2. Example of local serialization graph on x2, which has been accessed by the set of transactions fT2; T3; T7; T8g.



Fig. 4. Global serialization graph constructed from local serialization graphs on x1; x2; x3; x4, and x5.

Fig. 3. Local serialization graphs for the rest of the data items: x3; x4, and x5.
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E ¼ fðTC0
1
; T9Þ; ðTC0

2
; T2Þ; ðTC0

3
; T4Þ; ðTC0

4
; T2Þ; ðTC0

5
; T9Þ; ðT9; T3Þ; ðT3; TC1

1
Þ; ðTC1

1
; T4Þ; ðT2; TC1

2
Þ; ðTC1

2
; T3Þ; ðT3; TC2

2
Þ; ðTC2

2
; T7Þ;

ðT7; T8Þ; ðT2; TC1
4
Þ; ðTC1

4
; T3Þ; ðT3; TC2

4
Þ; ðTC2

4
; T4Þ; ðT4; T5Þ; ðTC0

5
; T9Þ; ðT9; TC1

5
Þ; ðTC1

5
; T1Þ; ðT1; T4Þ; ðT5; T6Þg:
The graph in Fig. 4 is acyclic and hence the schedule is 2 CSR. Since e 2 CSR, we have the following serialization order that
is compatible with <T . This ordering may not be unique because some transactions in this can be reordered without violating
<T . For example, T2 and T9 can be interchanged in the order.
TC0
1
; TC0

2
; TC0

3
; TC0

4
; TC0

5
; T2; T9; TC1

2
; TC1

4
; T3; TC1

5
; T1; TC2

2 ;
TC1

1
; TC2

4
; T4; T5; T7; T8; T6:
We use the following notations throughout the paper: Ti!þTj iff there is a path from transaction Ti to Tj in the serialization
graph (Ti and/or Tj could be a checkpointing transaction). Ti ! Tj iff there is an edge from Ti to Tj (Ti or Tj could be a check-
pointing transaction). Let r1 # T and r2 # T be such that r1

T
r2 ¼ /. Then, by r1STr2 with respect to the serialization order

induced by conflict-serializable execution e over T, we mean that each checkpointing transaction in ST starts executing only
after every transaction in r1 has been executed and before any transaction in r2 has started execution. In particular, if
r1
S

r2 ¼ T, then the set of checkpoints S taken by ST is tr-consistent iff r1STr2.
Next, we make the following observations:

Observation 1. For any checkpointing transaction T
C

ki
i

, since it accesses the data item xi exclusively, T
C

ki
i

must have a path in
the local serialization graph either to or from any transaction Tj that has accessed xi.
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Observation 2. For any checkpointing transaction T
C

ki
i

, since it accesses the data item xi exclusively, if there exists two trans-
actions Ti and Tj that access xi and Ti!þT

C
ki
i

; T
C

ki
i

!þTj, then in the local serialization graph induced by the operations in T [ TC

on the data item xi, any path from Ti to Tj must pass through T
C

ki
i

.

Observation 3. In the local serialization graph induced by the operations in T [ TC on the data item xi, for any checkpointing
transaction T

C
ki
i

and two other transactions Ti and Tj that have accessed xi, the following holds:

1. If T
C

ki
i

!þTj and there exists Ti!þTj without any checkpoint along the path in the local serialization graph, then T
C

ki
i

!þTi.

2. Similarly, if Ti!þT
C

ki
i

and there exists a path Ti!þTj from Ti to Tj without any checkpoint along the path in the local seri-

alization graph, then Tj!þT
C

ki
i

.

Observations 1 and 2 are trivial. Observation 3 holds because in case 1, suppose T
C

ki
i

!þTi is not true, then Ti!þT
C

ki
i

from

Observation 1. Since T
C

ki
i

!þTj, from Observation 2, every path in the local serialization graph from Ti to Tj must pass through
T

C
ki
i

, which contradicts our assumption that there exists a path Ti!þTj without any checkpointing transactions along the
path. A similar argument can be used to prove the correctness of case 2 in Observation 3.

We make use of these Observations in the proof of the two important theorems in Section 4. Notice that the transactions
Ti; Tj in the previous observations could be checkpointing transactions themselves.

3. Related work

The checkpointing algorithms for distributed database systems can be classified as log-oriented and dump-oriented [16].
In the log-oriented approach, periodically a dump of the database is taken and also a marker is saved at appropriate places in
the log. When a failure occurs, the latest dump is restored and the operations on the log after the dump was taken is applied
to the dump until the marker is reached to restore the database to a consistent state. In this approach, proper positioning of
the marker in the log will result in restoring the database to a tr-consistent global checkpoint. Algorithms belonging to this
class include [6] and [14]. In the dump-oriented approach, checkpointing is referred to as the process of saving the state of all
data items in the database (or taking a dump of the database) in such a way that it represents a tr-consistent checkpoint of
the database. The algorithms proposed in [29,24,22] take this approach. The basic idea behind the algorithm in [29] is to
divide the transactions into two groups: those before or after the checkpointing process. This algorithm is non-intrusive
but requires a copy of the database stored temporarily. This temporary copy is accessed by transactions that cannot be
decided which group they belong to while the checkpointing is in progress. Pu [24] uses coloring (white and black) to dis-
tinguish data items that have started checkpointing from data items that have not started checkpointing. Transactions
accessing both white and black data items have to be aborted or delayed in order to maintain consistency, which increases
transaction response time. Pilarski et al. [22] consider checkpoints as checkpoint transactions, one for each data item. In
addition, a checkpoint number (CPN) is associated with each checkpoint. By comparing the CPN, forced checkpoints on data
items are taken in order to make every checkpoint useful. The previous two algorithms are coordinated algorithms, in which
one process initiates and coordinates the checkpointing activity. The algorithm proposed by Baldoni et al. [4] uses a non-
coordinated approach, in which no process initiates checkpointing and each data item is checkpointed independently. Like
the algorithm of [22], checkpoint numbers are used to synchronize the checkpointing process and forced checkpoints are
taken to prevent useless checkpoints. This algorithm is fully distributed but may incur a large number of forced checkpoints,
depending on the execution pattern of the transactions.

Pilarski et al. [23] formally define the dependency relation caused by transactions among states of data items. They also
analyze checkpointing in a distributed database system by establishing a correspondence between consistent snapshots in a
distributed system and tr-consistent checkpoints in a distributed database system. Moreover, they establish sufficient con-
ditions for a set of checkpoints to be part of a tr-consistent global checkpoint. However, they do not establish necessary and
sufficient conditions for a set of checkpoints to be part of a tr-consistent global checkpoint. Our goal in this paper is to estab-
lish the necessary and sufficient conditions for the checkpoints of a set of data items to be part of a tr-consistent global
checkpoint. Kumar and Moe [13] present a performance evaluation of some existing recovery algorithms for databases.

Recently, many researchers have focussed on fuzzy checkpointing algorithms [10,25,15] that write dirty pages to disk and
require transaction logs for reconstructing a tr-consistent state. Fuzzy checkpointing methods appear to be suitable for in-
memory databases (IMDB), which store the data in RAM and back it up on the disk [7]. Fuzzy checkpointing does not obstruct
the transaction processing but requires an undo/redo log to bring the inconsistent checkpoint back to a consistent state. In
the next section, we present the necessary and sufficient conditions for the checkpoints of a set of data items to be part of a
tr-consistent global checkpoint. Still, regular checkpointing approach appears to be suitable for database systems in which
the entire database need not be loaded into memory, and hence we focus on such databases only.

4. Necessary and sufficient condition

In distributed database systems, it would be ideal if individual data items could be checkpointed without any coordina-
tion and a tr-consistent checkpoint could be constructed from the checkpoints of the individual data items whenever it is
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needed for recovery. For this, we need to know what checkpoints could be combined to construct a tr-consistent global
checkpoint. The following theorem establishes the necessary and sufficient condition for a set of checkpoints, one from each
data item (i.e., a global checkpoint of the database) to form a tr-consistent global checkpoint of the database with respect to a
given set of transactions.

Theorem 1. Let T ¼ fT1; . . . ; Tmg be a set of transactions accessing the database consisting of n data items X ¼ fx1; . . . ; xng.
Assume that each data item is checkpointed by a checkpointing transaction that runs at the site containing the data item. Let
S ¼ fCki

i j1 6 i 6 ng be a set of checkpoints, one for each data item and let ST ¼ fTC
ki
i

j1 6 i 6 ng be the set of checkpointing
transactions that produce S. Let e be a schedule over T. Then S is a tr-consistent global checkpoint iff there is no path between any
two checkpointing transactions belonging to ST in the global serialization graph corresponding to the schedule e.

Proof. (If Part) Suppose there is no path in the global serialization graph between any two checkpointing transactions in ST.
Then we prove that the set S forms a tr-consistent global checkpoint. It is sufficient to prove that there exist a serialization
order r1r2 of T with respect to e such that r1STr2, i.e., each checkpointing transaction in ST is executed only after every
transaction in r1 has finished execution and before any transaction in r2 has started execution.

We say Ti!þST if there exists a path from Ti to some checkpointing transaction in ST. Similarly, we say ST!þTi if there
exists a path from some checkpointing transaction in ST to Ti. Any transaction in T belongs to at least one of the following
three sets.

(1) ra ¼ fTi 2 TjTi!þSTg,
(2) rb ¼ fTi 2 TjST!þTig,
(3) rc ¼ fTi 2 Tj neither Ti!þST nor ST!þTig.

From Observation 1, we know that rc ¼ / since Ti must access at least one data item. In addition, we have
ra
S

rb
S

rc ¼ T. Since rc ¼ /;ra
S

rb ¼ T.
Let Tv 2 ra, then Tv!þST by definition. In particular Tv!þT

C
ki
i

for some i, which means that Tv has finished accessing xi

before T
C

ki
i

takes checkpoint on data item xi. �

Claim.
Tv must have finished accessing every data item xj before T

C
kj
j

2 ST starts execution.

Proof of claim. The following three cases arise:

(1) Tv!þT
C

kj
j

. This means Tv has finished accessing xj before T
C

kj
j

takes checkpoint on xj.

(2) T
C

kj
j

!þTv . This case cannot arise since from Tv!þT
C

ki
i

we have T
C

kj
j

!þT
C

ki
i

, a contradiction to the assumption that there

is no path between any two checkpointing transactions in ST.
(3) Neither Tv!þT

C
kj
j

nor T
C

kj
j

!þTv . From Observation 1, Tv does not access xj. In this case we can simply treat Tv as a

transaction that has executed before T
C

kj
j

has started.

Therefore Tv has finished accessing every data item xj (that it needs to access) before T
C

kj
j

starts execution. This proves our

claim. So, each transaction in ra finishes execution before any of the checkpointing transactions in ST has started execution.

Similarly, we can prove that each transaction Tv 2 rb starts accessing any data item xj only after checkpointing transaction
T

C
kj
j

2 ST has finished execution. Let r1 ¼ ra, the set of all transactions that have finished execution before none of the

checkpointing transactions in ST has started execution. Let r2 ¼ rb, the set of all transactions that have started execution
after every checkpointing transaction in ST has finished execution. We have r1

S
r2 ¼ T and r1

T
r2 ¼ ra

T
rb. Moreover,

ðra
T

rbÞ ¼ /, because if ðra
T

rbÞ – /, let Ti 2 ðra
T

rbÞ. Then, by definition of ra and rb, there exists TCkv
v
; TCkw

w
2 ST, such

that Ti!þTCkv
v

, and TCkw
w
!þTi. Hence TCkw

w
!þTCkv

v
, a contradiction to the assumption that there is no path between any two

checkpointing transactions in ST. Therefore, we have r1STr2.
(Only-if Part) Conversely, suppose S is a tr-consistent global checkpoint, then we prove that no two elements in ST have a

path between them in the global serialization graph. Suppose there is a path from T
C

ki
i

2 ST to T
C

kj
j

2 ST. Then there exists a
transaction Tc1 2 T such that T

C
ki
i

!þTc1 ! T
C

kj
j

.

First we show that Tc1 starts execution after every checkpointing transaction in ST has finished. Because of the path
T

C
ki
i

!þTc1 , we know that Tc1 must start execution after T
C

ki
i

2 ST has executed. Since T
C

ki
i

2 ST, where ST produces a tr-
consistent global checkpoint S, by definition of tr-consistent global checkpoint, besides T

C
ki
i

; Tc1 must start execution after
every other checkpointing transaction TCkv

v
2 ST, where v – i, finishes execution. Therefore Tc1 starts execution after every

checkpointing transaction in ST has executed. On the other hand, on xj; Tc1 has started execution before T
C

kj
j

2 ST has started
due to the edge Tc1 ! T

C
kj
j

, a contradiction.
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Hence a global checkpoint S is tr-consistent with respect to a serializable schedule of a set of transactions iff there is no
path between any two checkpointing transactions in ST in the global serialization graph corresponding to the schedule. h

Theorem 1 is useful for verifying whether a given global checkpoint is tr-consistent. For instance, in Fig. 4,
S ¼ fTC0

1
; TC1

2
; TC0

3
; TC1

4
; TC0

5
g forms a tr-consistent global checkpoint because no two elements in S have a path between them.

However, this theorem does not help in constructing a tr-consistent global checkpoint incrementally. This is because if there
is no path between two checkpoints of two different data items, it does not mean that these two checkpoints together can
be part of a tr-consistent global checkpoint. For example, in Fig. 4, there is no path between TC1

5
and TC2

2
. However, check-

points C1
5 and C2

2 cannot belong to a consistent global checkpoint because data item x4 does not have a local checkpoint that
can be combined with C1

5 and C2
2 to extend it to a tr-consistent global checkpoint. For instance, C1

4 cannot be used because
there is a path from TC1

4
to TC2

2
and the remaining checkpoints of x4 cannot be used for similar reasons. Therefore, additional

restrictions need to be added in order to be able to extend a given set of checkpoints to a tr-consistent global checkpoint. As
mentioned earlier, our goal is to come up with the necessary and sufficient conditions for a set of checkpoints to be part of a
tr-consistent global checkpoint. The next theorem addresses this problem. For that we need to introduce some new
terminology.

Next, we introduce some terminology for developing the necessary and sufficient conditions for a set of checkpoints to be
part of a tr-consistent global checkpoint. Netzer and Xu [21] introduced the concept of zigzag paths between checkpoints of a
distributed computation and used it to establish the necessary and sufficient conditions for a set of checkpoints of a distrib-
uted computation to be part of a consistent global checkpoint. We generalize their definition of zigzag paths to checkpoints
in distributed database systems and use it for establishing a necessary and sufficient condition for a set of checkpoints of a
set of data items of a distributed database system to be part of a tr-consistent global checkpoint.

Definition 2. Let T be a set of transactions executing on a database. Let Cki
i be a checkpoint taken by the checkpointing

transaction T
C

ki
i

, and let Ckj

j be another checkpoint taken by checkpointing transaction T
C

kj
j

. We say a zigzag path with respect

to T exists from T
C

ki
i

to T
C

kj
j

if there exists a set of transactions T0 ¼ fTi1 ; Ti2 ; . . . ; Tiv g# T such that

(a) Ti1 2 T0 is a transaction such that T
C

ki
i

! Ti1 in the global serialization graph;
(b) for any Tik 2 T0ð1 6 k < vÞ; Tikþ1

2 T0ð1 < ðkþ 1Þ 6 vÞ is a transaction such that
1: Tik  Tikþ1

(we call such an edge as reverse edge);

or
2: Tik ! Tikþ1
or (Tik ! TCkw

w
and TCkw

w
!þTikþ1

for some w);
(c) Tiv 2 T 0 is a transaction such that Tiv ! T
C

kj
j

;

For example, in the global serialization graph shown in Fig. 4,

1: A zigzag path exists from TC1
5

to TC2
4
, the path being TC1

5
! T1 ! T4 ! TC2

4
.

2: A zigzag path exists from TC1
5

to TC2
2
, the path being TC1

5
! T1 ! T4  T3 ! TC2

2
.

3: No zigzag path exists between TC1
2

and TC1
4

or between TC2
4

and TC2
2
.

Note that a path in the global serialization graph is also a zigzag path but not conversely.
A checkpoint Cki

i (or, the corresponding checkpointing transaction T
C

ki
i

) is involved in a zigzag cycle (z-cycle for short) iff
there is a zigzag path from T

C
ki
i

to itself. Example checkpoints that are involved in z-cycle in Fig. 4, include checkpoints TC1
5
,

the z-cycle being TC1
5
! T1 ! T4  T3  T9 ! TC1

5
; and TC1

1
, the z-cycle being TC1

1
! T4  T3 ! TC1

1
. TC2

4
is also on a z-cycle.

Next, we establish the necessary and sufficient condition formally.

Theorem 2. A set S0 of checkpoints, each checkpoint of which is from a different data item, can belong to the same tr-consistent
global checkpoint with respect to a serializable schedule of a set of transactions iff no checkpoint in S0 has a zigzag path to any
checkpoint (including itself) in S0 in the global serialization graph corresponding to that schedule.

Proof. (If-Part:) Suppose no checkpoint in S0 has a zigzag path to any checkpoint (including itself) in S0. We construct a tr-
consistent global checkpoint S that contains the checkpoints in S0 and one checkpoint for each data item not represented in S0

as follows:

� For each data item that has no checkpoint in S0 and that has a checkpoint with a zigzag path to a member of S0, we include
in S its first checkpoint that has no zigzag path to any checkpoint in S0. Such a checkpoint is guaranteed to exist because
the virtual checkpoint of a data item, representing the state of the data item after all the transactions in T have terminated,
does not have an outgoing zigzag path.

� For each data item that has no checkpoint in S0 and that has no checkpoint with zigzag path to a member of S0, we include
its initial checkpoint (it is also the first checkpoint that has no zigzag path to any member of S0 and there cannot be a zig-
zag path from any checkpoint in S0 to this initial checkpoint).
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We claim that S is a tr-consistent global checkpoint. From Theorem 1, it is sufficient to prove that there is no
path between any two checkpoints of S in the global serialization graph. Suppose there is a path from a checkpoint A 2 S
to a checkpoint B 2 S. Assume that the checkpoint A was taken on data item xi and checkpoint B was taken on data item
on xj.

Case 1: A;B 2 S0. This condition implies that a zigzag path exists from A to B (note that a path in the graph is a zigzag path
but not conversely), contradicting the assumption that no zigzag path exists between any two checkpoints in S0.

Case 2: A 2 S� S0 and B 2 S0. This contradicts the way S� S0 is constructed (checkpoints in S� S0 are chosen in such a way
that no zigzag path exists to any member of S0 from those checkpoints).

Case 3: A 2 S0 and B 2 S� S0. B cannot be an initial checkpoint, since no checkpoint can have a path to an initial checkpoint.
Then by the choice of B;B must be the first checkpoint on xj that has no zigzag path to any member of S0. The check-
point preceding B on xj, say D, must have a zigzag path to some member of S0, say E. Since D precedes B on xj, we
have, in the local serialization graph of xj;D!þB, which also exists in the global serialization graph.Let Tu be the
transaction (that accessed xj and created the edge Tu ! B) that lies on the zigzag path from A to B. Note that such
transaction exists because B and D are checkpoints of data item xj and we assume that a checkpoint is taken only
after the state of the data item has been changed by one or more transactions. h

Claim.
There exists a zigzag path from A to E in the global serialization graph.

Proof of claim. Since D!þB; Tu ! B, and B is created by a checkpointing transaction that is also a transaction, we get D!þTu

in the local serialization graph of xj from Observation 3. Any path in the local serialization graph is also a path in the global
serialization graph. Therefore the path D!þTu can be found in the global serialization graph. Then in the global serialization
graph, the zigzag path from A to Tu, the reverse path D þTu, and the zigzag path from D to E constitutes a zigzag path from A
to E, which is a contradiction to the assumption that no zigzag path exists between any two checkpoints in S0.

Case 4: A 2 S� S0 and B 2 S� S0. As in case 3, B must be the first checkpoint of xj that has no zigzag path to any member of
S0 and A must be the first checkpoint of xi that has no zigzag path to any member of S0. Then the checkpoint that
precedes B on data item xj, say D, must have a zigzag path to some member of S0, say E. Then, as in case 3, there
exists a zigzag path from A to E. This contradicts the choice of A where A is the first checkpoint on data item xi with
no zigzag path to any member of S0.

Therefore S, containing S0, is a tr-consistent global checkpoint.
(Only-if Part:) Conversely, suppose there exists a zigzag path between two checkpoints in S0 (including zigzag cycle), then

we show that they cannot belong to the same tr-consistent global checkpoint. Assume that a zigzag path exists from A to B (A
could be B) and along such a path, the length of consecutive reverse edges is at most w. We use induction on w to show that A
and B cannot belong to the same consistent global checkpoint.

Base case (w ¼ 0): If the length of consecutive reverse edges is at most zero, the zigzag path from A to B is in fact a path
from A to B. Then, from Theorem 1, A and B cannot belong to the same consistent global checkpoint.

Base case (w ¼ 1): Suppose the length of consecutive reverse edges along the zigzag path from A to B is at most one. Let
the consecutive reverse edges with length equal to one from A to B be T1;1  T2;1; . . . ; T1;u  T2;u, as shown in Fig. 5a. Suppose
those reverse edges are components of local serialization graph corresponding to data items x1;1; . . . ; x1;u respectively. h

Claim.
x1;1; . . . ; x1;u cannot all be equal to xi, where A takes place.

Proof of claim. Suppose x1;1; . . . ; x1;u are all equal to xi. Then A; T1;1; T2;1; . . . ; T1;u; T2;u are transactions accessing xi (note that
we use A for the checkpointing transaction that takes the checkpoint A as well as the checkpoint itself). From Observation 1,
the following two cases arise:

(1) A!þT2;u. If this is the case, a path A!þB via T2;u exists and hence A and B cannot be part of a tr-consistent global check-
point, by Theorem 1.

(2) T2;u!þA. Since T2;u ! T1;u, we must have T1;u!þA from Observation 3. If this is the case, when we consider the reverse
edge T1;u�1  T2;u�1, the following two sub-cases arise:

(2.1) A!þT2;u�1. In this case, a cycle T1;u!þA!þT2;u�1!þT1;u from T1;u to itself exists. However, a cycle cannot exist if

the schedule of T [ TC 2 CSR.
(2.2) T2;u�1!þA. Since T2;u�1 ! T1;u�1, we must have T1;u�1!þA from Observation 3. If this is the case, we need to con-

sider the previous reverse edge T1;u�2  T2;u�2 in the zigzag path and make a similar argument with that edge.
Proceeding like this, we will end up with a path T1;1!þA; since A!þT1;1, we have A!þA, i.e., A is on a cycle
which is a contradiction to the assumption that the schedule of T [ TC 2 CSR is serializable.
So, our assumption that x1;1; . . . ; x1;u are all equal to xi is wrong and hence the proof of the claim. This situation is illustrated in
Fig. 5b. In this figure, dotted lines indicate the possible paths and the dotted lines with X mark indicate the impossible paths.
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Using arguments similar to the one above, we can show that x1;1; � � � ; x1;u cannot all be xj. Fig. 5c illustrates how we can get
contradiction by showing the existence of a cycle. So far, we have proved that there must exist a data item associated with a
reverse edge that is different from both xi and xj. Let us assume such a data item is x1;p with associated reverse edge as
Fig. 5. Dependency of transactions I.
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T1;p  T2;p. Next we prove our claim that A and B cannot belong to a tr-consistent global checkpoint. Fig. 5d illustrates the
basic idea behind the proof.

On data item x1;1 that both T1;1 and T2;1 have accessed, no checkpoint taken after T1;1, say D1, (refer to Fig. 5d) can be
combined with A to form a consistent global checkpoint due to the path A!þD1 (from Theorem 1). Therefore, on x1;1 we can
only use some checkpoint C1 taken before T2;1 accessed x1;1 to construct a tr-consistent global checkpoint containing A. Using
a similar argument, on x1;2, which both T1;2 and T2;2 have accessed, any checkpoint taken after T1;2 accessed, say D2, cannot
be combined with C1 to form a consistent global checkpoint due to the path from C1!þD2 (refer to Fig. 5d). So we have to use
some checkpoint C2 on x1;2, which was taken before T2;2 accessed x1;2. Similarly, on x1;p, which both T1;p and T2;p have
accessed, we have to use some checkpoint Cp, which was taken before T2;p to construct a tr-consistent global checkpoint
containing A.

On the other hand, on data item x1;u that both T1;u and T2;u have accessed, no checkpoint taken before T2;u, say Cu, can be
combined with B to construct a tr-consistent global checkpoint due to the path Cu!þB. Therefore, on x1;u, we can only use
some checkpoint Du taken after T1;u accessed x1;u to construct a tr-consistent global checkpoint containing B. Similarly, on
x1;u�1, which both T1;u�1 and T2;u�1 have accessed, any checkpoint taken before T2;u�1, say Cu�1 cannot be combined with Du to
construct a tr-consistent global checkpoint containing due to the path Cu�1!þDu. So we have to use some checkpoint Du�1 on
x1;u�1 that was taken after T1;u�1 accessed x1;u�1. Proceeding like this, on x1;p, which both T1;p and T2;p have accessed, we have
to use some checkpoint Dp, which is taken after T1;p accessed x1;p, to construct a tr-consistent global checkpoint containing B.

Thus, there exists a data item x1;p which is neither xi nor xj. On such a data item, we can only use a checkpoint taken
before T1;p and T2;p have accessed x1;p to construct a tr-consistent global checkpoint containing A; on the other hand, we can
only use a checkpoint taken after T1;p and T2;p have accessed to construct a tr-consistent global checkpoint containing B. So,
for data item x1;p, there is no checkpoint that can be combined with both A and B to construct a tr-consistent global
checkpoint. This proves the Theorem in the base case with w ¼ 1.

Next, assume that if there is a zigzag path from A to B which contains consecutive reverse edges with length at most k,
then A and B together cannot belong to a tr-consistent global checkpoint. We prove that if there exists a zigzag path from A to
B which contains consecutive reverse edges of length kþ 1, then A and B cannot belong to the same tr-consistent global
checkpoint.

Suppose the sequence of consecutive reverse edges along the zigzag path from A to B are T1;1  � � �  Tu1 ;1 (u1 6 kþ 2),
T1;2  � � �  Tu2 ;2 (u2 6 kþ 2), � � �, and T1;v  � � �  Tuv ;v (uv 6 kþ 2). Thus, on the zigzag path from A to B that we consider,
we have consecutive reverse edges of lengths u1 � 1; . . . ;uv � 1, (ui 6 kþ 28i). Each of these reverse edges should come from
the local serialization graph of a data item. Suppose the reverse edges are edges of local serialization graphs of data items
x1;1; . . . ; xu1�1;1; . . . ; . . ., x1;v ; . . . ; xuv�1;v respectively. Fig. 6a shows the zigzag path along with the data items from which each
of the reverse edges along the path comes. First, we show that at least one of the data items x1;1; � � � ; xu1�1;1 . . . ; . . .

x1;v ; � � � ; xuv�1;v is not equal to xi (recall that A is a checkpoint of the data item xi).
Suppose x1;1; . . . ; xu1�1;1 . . . ; . . ., x1;v ; � � �, xuv�1;v are all the same as xi. Then A; T1;1; . . . ; Tu1 ;1 . . . ; . . . T1;v ; � � � ; Tuv ;v are

transactions accessing xi. Based on Observation 1, two cases arise:

(1) A!þTuv ;v . If this is the case, a path A! B via Tuv ;v exists, and hence A and B together cannot be part of a tr-consistent
global checkpoint by Theorem 1.

(2) Tuv ;v!þA. Because of the sequence of reverse edges T1;v  � � �  Tuv ;v on xi, from Observation 3, we have T1;v!þA.
Then, when we consider the sequence of reverse edges T1;v�1  � � �  Tuv�1 ;v�1, the following two sub-cases arise:

(2.1) A!þTuv�1 ;v�1. In this case, a cycle (namely, T1;v!þA!þTuv�1 ;v�1!þT1;v ) from T1;v to itself exists, which is a con-

tradiction to the fact that the schedule of T [ TC 2 CSR.
(2.2) Tuv�1 ;v�1!þA. Because of the sequence of reverse edges T1;v�1  � � �  Tuv�1 ;v�1 on xi, based on Observation 3, we

have T1;v�1!þA. In this case, we need to consider the previous sequence of reverse edges T1;v�2  � � �  Tuv�2 ;v�2

and repeat the analysis similar to case (2.1) and (2.2).
Continuing this process, we will end up with a cycle in the serialization graph which is a contradiction to the fact that
T [ TC 2 CSR. This means that our assumption that x1;1; . . . ; xu1�1;1 . . . ; . . . x1;v , . . . ; xuv�1;v are all xi is wrong. In Fig. 6b, dotted
lines without an X mark show the possible paths and the dotted lines with an X mark show the impossible paths.

Using similar arguments, we can show that not all the data items x1;1; . . . ; xu1�1;1 . . . ; . . . x1;v ; . . ., xuv�1;v can be equal to xj.
Fig. 6c illustrates this. Suppose x1;1; . . . ; xu1�1;1 . . . ; . . . x1;v ; . . . ; xuv�1;v are all xj.

So far we have proved that there must exist a data item associated with at least one reverse edge in the zigzag path from A
to B that is different from both xi and xj. Suppose such a data item is xg;p and is associated with the reverse edge Tg;p  Tgþ1;p

which is one of the reverse edges in the sequence of reverse edges T1;p  � � � Tup ;p. Next, we prove that A and B cannot be part
of a tr-consistent global checkpoint. Fig. 6d can help in understanding the proof.

On data item x1;1 that both T1;1 and T2;1 have accessed, no checkpoint D1, taken after T1;1 has accessed x1;1, can be
combined with A to construct a consistent global checkpoint because there is a path from A to D1. Therefore we can only use
some checkpoint C1, taken before T2;1 on x1;1 to construct a consistent global checkpoint containing A. On x1;2, which both
T1;2 and T2;2 have accessed, no checkpoint taken after T1;2, say D2, can be combined with C1 to form a consistent global
checkpoint because there is a zigzag path from C1 to D2 with consecutive reverse edges of length at most k (by induction
hypothesis). So we have to use some checkpoint C2 on x1;2, which was taken before T2;2 accessed x1;2.
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Proceeding like this, on data item xg;p, which was accessed by the transactions Tg;p and Tgþ1;p, no checkpoint Dp taken after
both Tg;p and Tgþ1;p have accessed can be combined with Cp�1, to construct a consistent global checkpoint by induction
hypothesis ( due to the existence of the zigzag path containing consecutive reverse edges of length at most k). So we have to
use some checkpoint Cp which was taken before Tgþ1;p have accessed xg;p.
Fig. 6. Dependency of transactions II.
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On the other hand, on x1;v , which both T1;v and T2;v have accessed, no checkpoint Cv that was taken before T2;v accessed
x1;v can be combined with B to construct a tr-consistent global checkpoint because Cv has a zigzag path to B with consecutive
reverse edges of length at most k. Therefore, on x1;v , we have to use some checkpoint Dv , that was taken after T1;v accessed
x1;v . On x1;v�1, which both T1;v�1 and T2;v�1 have accessed, we cannot use any checkpoint Cv�1 that was taken before T2;v�1 to
construct a consistent global checkpoint containing Dv due to the existence of a zigzag path with consecutive reverse edges
of length at most k. So we have to use some checkpoint Dv�1 on x1;v�1 that was taken after T1;v�1 accessed. Proceeding like
this, on xg;p, we have to use some checkpoint Dp that was taken after Tg;p has accessed to construct a tr-consistent global
checkpoint containing Dpþ1.

Thus, for the data item xg;p, which is different from both xi and xj, no checkpoint that was taken before Tg;p accessed xg;p

can be used to construct a tr-consistent global checkpoint containing A and no checkpoint taken after Tgþ1;p accessed xg;p can
be used to construct a tr-consistent global checkpoint containing B. Since no checkpoints exists between Tg;p and Tgþ1;p on
xg;p, it does not have any checkpoint that can be combined with both A and B to construct a tr-consistent global checkpoint.

Therefore, A and B cannot belong to a consistent global checkpoint. This proves the theorem. h

Corollary 1. A checkpoint of a data item in a distributed database can be part of a tr-consistent global checkpoint of the database
iff it does not lie on a zigzag cycle.

Proof. Follows from the Theorem 2 by taking S0 as the singleton set containing the checkpoint. h
4.1. Applications

Corollary 1 and Theorem 2 are useful for constructing a tr-consistent global checkpoints incrementally. We can start with
any checkpoint of any data item that is not on a z-cycle, and keep adding checkpoints from other data items without vio-
lating Theorem 2 until we have finished constructing a tr-consistent global checkpoint of the entire database. This would
help in failure recovery, because when a failure occurs the database needs to be restored to a tr-consistent global checkpoint.
When data items are checkpointed independently, some of the checkpoints of some of the data items may be useless because
they cannot be part of any tr-consistent global checkpoint, as illustrated in Corollary 1. So, Theorem 2 can throw light on
designing non-intrusive checkpointing algorithms that allow each of the data items to be checkpointed independently while
at the same time making all checkpoints useful.

A federated database system (FDBS) is a collection of cooperating database systems [26,1,31,32,11]. Kleewein [12] dis-
cusses practical issues with commercial implementation of federated databases. The individual database systems in a FDBS
could be heterogeneous and distributed across several geographically separated sites. In such a system, the individual dat-
abases are somewhat autonomous and hence almost all transactions updating a database will be local transactions. Thus,
the individual databases can be checkpointed independently in a non-intrusive manner. However, when a failure occurs, all
the component databases should be restored to a transaction-consistent global checkpoint. So, constructing a tr-consistent
global checkpoint would be useful in such systems. Federated database systems are likely to play an important role in the
future, especially in integrating medical databases. Eventhough the concept of federated databases have been proposed in
the early 90’s, it has not been widely implemented. FDBSs are suitable for integrating complex data. For example, as Muilu
et al. [20] point out, large-scale biobank-based post-genome era research projects like GenomEUtwin (an international col-
laboration between eight Twin Registries) require extensive amounts of genotype and phenotype data combined from dif-
ferent data sources located in different countries. Building a solid infrastructure for accessing such data requires using the
model of federated databases. Muilu et al. [20] also describe how they constructed a federated database infrastructure for
genotype and phenotype information collected in seven European countries and Australia and connected this database set-
ting via a network called TwinNET.

5. Conclusion

Checkpointing has been traditionally used for handling failures in distributed database systems. An efficient checkpoint-
ing algorithm should be non-intrusive in the sense that it should not block the normal transactions while checkpoints are
taken. A simple approach would be to run a read only transaction which would read the entire database and store it in stable
storage. The underlying concurrency control algorithm would ensure that the saved state is tr-consistent. This approach
would be very inefficient, especially in the presence of long-living transactions. If each data item is independently check-
pointed, not all the checkpoints taken may not be useful for constructing a tr-consistent global checkpoint of the entire data-
base. We have presented the necessary and sufficient condition for a set of checkpoints of a set of data items in the database
to be part of a tr-consistent global checkpoint of the distributed database. This theory helps in determining which check-
points are useful for constructing tr-consistent global checkpoints and which are not. It also helps in constructing tr-consis-
tent global checkpoints of the database incrementally starting from an useful checkpoint of a data item. Moreover, the
necessary and sufficient conditions established can throw light on designing non-intrusive checkpointing methods which
allow data items to be checkpointed independently while at the same time ensure each checkpoint taken is (useful) part
of a tr-consistent global checkpoint.
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