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Abstract

Checkpoint patterns that enforce rollback-dependency trackability (RDT) have only
on-line trackable checkpoint dependencies and allow efficient solutions to the determina-
tion of consistent global checkpoints. The design of RDT checkpointing protocols that are
efficient both in terms of the number of forced checkpoints and in terms of the data struc-
tures propagated by the processes isavery interesting research topic. Fixed-Dependency-
After-Send (FDAS) isan RDT protocol based only on vector clocks, but that takes a high
number of forced checkpoints. The protocol proposed by Baldoni, Helary, M ostefaoui and
Raynal (BHMR) takes less forced checkpoints than FDAS, but requires the propagation
of an O(n?) matrix of booleans.

In this paper, we introduce a new RDT protocol, called RDT-Partner, in which a pro-
cess can save forced checkpoints in comparison to FDAS during checkpoint intervals in
which the communication is bound to a pair of processes; a very interesting optimiza-
tion in the context of client-server applications. Although the data structures required by
the proposed protocol maintain the O(n) complexity of FDAS, theoretical and simulation
studies show that it takes virtually the same number of forced checkpoints than BHMR.
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Resumo

Padrdes de checkpoint que garantem a propriedade rollback-dependency trackability
(RDT) apresentam apenas dependéncias entre checkpoints que podem ser detectadas em
tempo de execuc@o e permitem a utilizagdo de solucdes eficientes para a determinacdo de
checkpoints globais consistentes. O desenvolvimento de protocolos para checkpointing
gue garantem RDT de maneira eficiente tanto em termos do nimero de checkpoints tira-
dos quanto em termos das estruturas de dados propagadas & um topico de pesquisa muito
interessante. Fixed-Dependency-After-Send (FDAS) € um protocolo RDT baseado apenas
em vetores de reldgios, mas que tira um nimero alto de checkpoints forcados. O proto-
colo proposto por Baldoni, Helary, Mostefaoui e Raynal (BHMR) tira menos checkpoints
forcados que o FDAS, mas requer a propagaczo de uma matriz de booleanos O (n?).

Neste artigo, nds propomos um novo protocolo RDT, chamado RDT-Partner, no qual
0s processos podem economizar checkpoints forcados em relacido ao FDAS durante in-
tervalos de checkpoint nos quais a comunicacao esta restrita a um par de processos. Esta
otimizago pode ser muito interessante no contexto de aplicactes cliente-servidor. Embo-
ra as estruturas de dados requeridas pelo protocolo proposto mantenham a complexidade
O(n) do protocolo FDAS, estudos tebricos e de ssimulagdo mostram que o RDT-Partner
tira praticamente o mesmo nimero de checkpoints forgados que o BHMR.

Palavraschave: agoritmosdistribuidos, toleranciaafahas, checkpointing, recuperagzo
por retrocesso, rollback-dependency trackability

1 Introduction

A checkpoint is a recording in stable memory of a process state. The set of all checkpoints
taken by a distributed computation and the dependencies established among these check-
points due to message exchanges form a checkpoint pattern. Checkpoint patterns that enforce
rollback-dependency trackability (RDT) present only checkpoint dependencies that can be on-
line trackable using vector clocks or dependency vectors, and allow efficient solutions to the
determination of the maximum and minimum consistent global checkpoints that include a set
of checkpoints[16]. Many applications can benefit from these algorithms: rollback recovery,
software error recovery, and distributed debugging [16].

In order to enforce the RDT property, an RDT checkpointing protocol [1, 16] allows pro-
cesses to take checkpoints asynchronously (basic checkpoints), but they may be induced by the
protocol to take additional checkpoints (forced checkpoints). Some RDT checkpointing pro-
tocols presented in the literature are based only on checkpoints, message-send, and message-
receive events. No-Receive-After-Send, Checkpoint-After-Send, Checkpoint-Before Receive,
and Checkpoint-After-Send-Before-Receive [16]. These protocols are instantiations of the
Mark-Receive-Send model [13] and are prone to induce alarge number of forced checkpoints.

An effort to reduce the number of forced checkpoints can be done through the collaboration
of the processes to maintain and propagate control structures. The decision to take a forced
checkpoint must be based on information piggybacked on application messages; there are no
control messages and no knowledge about the future of the computation. An important goal
is to develop an efficient protocol both in terms of the number of forced checkpoints and in
terms of the complexity of the required data structures.
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Fixed-Dependency-Interval (FDI) [9, 16] and Fixed-Dependency-After-Send (FDAS) [16]
maintain and propagate vector clocks. They force the vector clock of a process to remain
unchanged during an entire checkpoint interval (FDI) or after the first message-send event of
an interval (FDAS). Trying to reduce even more the number of forced checkpoints, Baldoni,
Helary, Mostefaoui, and Raynal have explored the RDT property at the message level [1, 2,
3]. A protocol proposed by them, called BHMR, never takes more forced checkpoints than
FDAS [14]. However, the more el aborated condition used by BHMR requires the propagation
of an additional O(n?) matrix of booleans [1].

In this paper, we introduce a new RDT protocol, caled RDT-Partner, in which a process
can save forced checkpoints in comparison to FDAS during checkpoint intervalsin which the
communication is bound to a pair of processes; a very interesting optimization in the con-
text of client-server applications. This protocol is based on a recent result that characterized
the strongest condition that can be used on-line by an RDT checkpointing protocol [6]. Al-
though the data structures required by the proposed protocol maintain the O(n) complexity
of FDAS, theoretical and simulation studies show that it takes virtually the same number of
forced checkpoint than BHMR.

The paper is structured as follows. Section 2 introduces rollback-dependency trackability.
Section 3 describes the RDT-Partner protocol. Section 4 compares the proposed protocol with
FDAS and BHMR. Section 5 summarizes the paper.

2 Rollback-Dependency Trackability

The literature presents two approaches to define rollback-dependency trackability. The first
one is based on the study of on-line trackable dependencies, implemented through the use
of vector clocks or dependency vectors [16]. The other approach is based on the study of
sequence of messages|[1, 2, 3, 6].

2.1 Computational model

A distributed computation is composed of n sequential processes (p, .. ., p,) that communi-
cate only by exchanging messages. M essages cannot be corrupted, but can be delivered out of
order or lost. The activity of a process is modeled as a sequence of events that can be divided
into internal events and communication events realized through the sending and the receiving
of messages. Checkpoints are interna events; each process takes an initial checkpoint (im-
mediately after execution begins) and afinal checkpoint (immediately before execution ends).
Figure 1 illustrates a space-time diagram [10] augmented with checkpoints (black squares).

Let ¢] denote the vth checkpoint taken by p;. A non-final checkpoint ¢}, v > 1, and its
immediate successor ¢/ *' define a checkpoint interval I7. Thisinterval represents the set of
events produced by p; between ¢} and ¢}, including ¢} and excluding ¢ .

) )

2.2 Checkpoint dependencies

A consistent global checkpoint is a set of checkpoints, one per process, that could have been
seen by an idealized external observer [4]. Checkpoints that are part of the same consistent
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Figure 1. A distributed computation

globa checkpoint cannot be related by checkpoint dependencies. Netzer and Xu have de-
termined that checkpoint dependencies are created by sequences of messages called zigzag
paths[12].

Definition 2.1 Zigzag path—A sequence of messages: [m, ..., my] is a zigzag path that
connects to ¢! if (i) p, sendsm, afterc?; (i) if m;, 1 <i < k, is received by, thenm,
is sent byp,.. in the same or a later checkpoint interval; (i), is received by, beforecf.

Two types of zigzag paths can be identified: (i) causal paths and (ii) non-causal paths. A
Zigzag path is causal if the reception of each message but the last one causally precedes the
send event of the next one in the sequence. In Figure 1, [m,, m3] isacausal path from ¢} to ¢?
and [m1, m.] isanon-causal zigzag path from ¢! to c3.

A zigzag path that connects a checkpoint to itself iscalled aZ-cycle and identifies a useless
checkpoint, that is, a checkpoint that cannot be part of any consistent global checkpoint [12].
In Figure 1, [m3, my, m»] and [ms, m4] are examples of Z-cycles; 2 and ¢3 are useless check-
points.

Let ¢ = [m4] and (' = [msy, m3] be two zigzag paths; the concatenation of ¢ and ¢’ will be
denoted by ¢ - (’, or ¢ - [ma, m3), or [mq] - (', or [mq, mgy, ms] [3].

2.3 Vector clocks

A transitive dependency tracking mechanism can be used to capture causal dependencies
among checkpoints. Each process p; maintains and propagates a size-n vector clock vc;, such
that ve;[é] isinitialized to 1 and all other entriesto 0. The entry ve;[i] represents the current
interval of p; and it isincremented immediately before a new checkpoint istaken. Every other
entry ve;[j], j # 4, represents the highest checkpoint index of p; that p; causally depends and
it is updated every time a message m with a greater value of vc,,[j] arrivesto p;.

Figure 2 depicts the vector clocks established during a distributed computation. Note that
the vector clock associated to checkpoint ¢3 is (1, 1, 2) and it correctly represents the de-
pendencies of this checkpoint. Unfortunately, not all dependencies can be tracked on-line.
For example, the vector clock associated to checkpoint 3 does not capture the existence of a
zigzag path that connects ¢? to c3.

Definition 2.2 Rollback-dependency trackability (vector clock characterization)
A checkpoint pattern enforces RDT if all checkpoint dependencies can be on-line trackable
through the use of vector clocks.
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Figure 2: A distributed computation with vector clocks

RDT is adesirable property because when all dependencies are causal dependencies, effi-
cient algorithms can be used to construct consistent global checkpoints. Also, an RDT check-
point pattern does not admit usel ess checkpoints[16].

When a communication-induced checkpointing protocol isused to enforce RDT, processes
take checkpoints asynchronously (basic checkpoints), but they may be induced by the protocol
to take additional checkpoints (forced checkpoints) [5, 11]. Forced checkpoints can be taken
upon the arrival of a message, but before this message is processed by the computation.

Inthe FDAS protocol, aforced checkpoint istaken upon the reception of amessageif (i) at
least one message has been sent during the current interval, and (ii) at least one entry of the
vector clock is about to be changed [16]. Figure 3 shows the same scenario of Figure 2 under
FDAS,; the resulted checkpoint pattern enforces RDT.

cl(100) 2 (200) ¢} (300)
P1l m u u

s (010)\(‘100) 2 (120) \200) Cy (240)
P2 m = = =

3
cé (001) \110) cg (112) \120) Gy (130) c§(123)
P3 m u u

(J: forced checkpoint

Figure 3: A distributed computation under FDAS

2.4 A message-based characterization of RDT

Trying to design more efficient protocols, Baldoni, Helary, Mostefaoui, and Raynal have ex-
plored the RDT property in the message level [1, 2, 3].

2.4.1 Causal doubling

A non-causal zigzag path is doubled by a causal one if the pair of checkpoints related by that
zigzag path is aso related by a causal dependency [3]. In Figure 4 (&) [m, ms] connects ¢
to ¢! and it is trivially doubled by the execution flow of p,. In Figure 4 (b), the non-causal
zigzag path [m,, ms] that connects ¢ to cf iscausally doubled by m. In Figure 4 (c), [m;, ms]
is causally doubled by [m;, ms).
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Figure 4. Causal doubling

Definition 2.3 Trivial doubling—A non-causal zigzag path froefi to cf is trivially doubled
ifa =banda < .

Definition 2.4 Causal doubling—A non-causal zigzag path froffi to cf is causally doubled
if it is trivially doubled or there exists a causal paghfrom ¢ to cf :

A Z-cycle cannot be causally doubled. In Figure 5, the zigzag path [m,, ms] cannot be
doubled by the process execution because a causal dependency from cf to cf cannot exist.

¢,

Do - =
e /mg \ml cott
Pa---—m -

Figure 5: Z-cycle: [my, ms] cannot be causally doubled

Definition 2.5 Rollback-Dependency Trackability (zigzag path characterization)
A checkpoint pattern enforces the RDT property if all zigzag paths are causally doubled.

Since it appears to be very hard to track non-causally doubled zigzag paths, Baldoni,
Helary and Raynal have suggested an approach that tries to minimize the number of non-
causal zigzag paths that must be causally doubled to enforce RDT [3].

24.2 PCM-paths

A non-causal zigzag path can be seen as a concatenation of causal paths pi;.u5. - - - .. The
number of causal paths in a non-causal zigzag path is the order of this path. A non-causal
zigzag path of order 2 (CC-path) is composed of exactly two causal paths ., and po (Fig-
ure 6 (a)). A CM-path isanon-causal zigzag path of order 2 composed of a causal path ;. and
asingle message m (Figure 6 (b)).

In order to further reduce the set of zigzag paths that must be doubled, let us consider an
additional constraint on the causal path ;. of a CM-path pi.[m]. Let 1 be a prime path from ¢
to ¢, that is, the first path that brings to p. the knowledge about c. In Figure 7 (@), 1 is not
prime due to existence of ;//; in Figure 7 (b), 1 is aprime path.
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Figure 6: Non-causal zigzag paths of order 2

Definition 2.6 Prime path—A causal path: from ¢ to ¢} is prime if the last message pfis
the first message that brings o the knowledge abouf'.

Definition 2.7 PCM-path—A PCM-path is a non-causal zigzag path composed wirae
causal pathi, and a singlemessagen.

Definition 2.8 Rollback-Dependency Trackability (PCM-path characterization)
A checkpoint pattern enforces the RDT property if all PCM-paths are causally doubled.

This characterization leads to the development of a simple RDT protocol that breaks all
PCM-paths, that is, induces a process to take a forced checkpoint upon the establishment of a
PCM-path. This behavior isillustrated in Figure 7 and can be seen as areinterpretation of the

FDAS protocal [2, 3].

¢, ¢,

P - P n
¢yt /m cl ! /m !
Pe---—m - Pe---—m S—
Ca /:’ %: Ca %
Pa---—m Pa - —m

(& p.[m] isnot a PCM-path (b) p. must break ji.[m]

Figure 7. FDAS can be seen as a protocol that breaks PCM-paths

2.4.3 Visibly doubling

A PCM-path need not to be broken by a process p. if, upon the establishment of this path, p.
isableto detect that it isalready causally doubled [1, 2, 3]. Figure 8 showsaPCM-path . - [m]
that is causally doubled by a causal path v; process p.. is able to detect this doubling due to the
causal path +'. In thiscase, p - [m] isvisibly doubledoy v.

Definition 2.9 Visibly Doubled PCM-path—A PCM-pathy - [m] is visibly doubled if (i) is
causally doubled by a causal pathand (ii) the reception of the last messagevofausally
precedes the sending of the last message of
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Figure 8: A visibly doubled PCM-path

Definition 2.10 Rollback-Dependency Trackability (Visibly doubled characterization)
A checkpoint pattern enforces the RDT property if all PCM-paths are visibly doubled.

BHMR is a protocol that breaks all non-visibly doubled PCM-paths. Unfortunately, this
more efficient strategy in terms of forced checkpoints is less efficient in terms of data struc-
tures [2]. Each process must maintain and propagate information regarding other processes
knowledge about causal relantionships, requiring an O(n?) data structure. Indeed, in the im-
plementation of BHMR [1] each process maintains and propagates an O(n) vector clock, an
O(n) vector of booleans, and an O(n?) matrix of booleans.

2.5 Theminimal characterization of RDT

Recently, we have determined the minimal (strongest) condition that can be used to enforce
RDT [6]. A PMM-path is a non-causal zigzag path composed of two single messages m; and
meo, such that m, isprime (Figure 9). We have proved that a protocol that breaksall non-visibly
doubled PMM-paths must enforce RDT [6]. In the next Section, we are going to explore this
characterization to propose a protocol that is efficient both in terms of forced checkpoints and
in terms of data structures.

¢,

Db

/m2
De -

Figure 9: A PMM-path

Definition 2.11 PM M -path—A PMM-path is a non-causal zigzag-path composedpimae
singlemessagen; and a singlemessagen..

Definition 2.12 Rollback-Dependency Trackability (minimal characterization)
A checkpoint pattern enforces the RDT property if all PMM-paths are visibly doubled.
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3 RDT-Partner protocol

The implementation of a protocol that keeps track of all visibly-doubled paths seemsto require
O(n?) information [2]. In this Section, we introduce an O(n) protocol, called RDT-Partner,
that keeps track of only trivially-doubled PMM-paths.

3.1 PMM-cycles

A PMM-path [m;, m,] that starts and finishes in the same process is a PMM-cycle. Some
PMM-cyclesare trivialy doubled by the process execution; others cannot be causally doubled
because they form Z-cycles. Figure 10 illustrates the possibilities of PMM-cycles from the
perspective of a process p;. In Figure 10 (a) and (b), [m;, m,] istrivially doubled due to the
p,’s execution flow from c} to c}“. In Figure 10 (c), [m4, ms] is a Z-cycle and cannot be
causally doubled (a causal dependency from ¢; to ¢ cannot exist).

CZ- 6]7+1
Dj...—m -

mgy my

Pi---—m

() When m; issent, process p; has no knowledge about c;
([m1, my] istrivially doubled)

v+1
C; C;

Dj..-—m =
Cé %LQ \ml
pi-..—m
(b) When m, is sent, process p, has knowledge about c;
([m1, my] istrivialy doubled)

c!
pj--- .
Cé /I’lg \ml
pi-..-—m
(c) When m; issent, process p; has knowledge about c;
([m1, ms] cannot be causally doubled)

Figure 10: PMM-cycles

Let us assume that a process p; maintains and propagates a vector clock vc; and let us
analyze the complexity required to distinguish trivially doubled PMM-cycles from Z-cycles.
First, let us consider the scenario depicted in Figure 10 (a), in which upon the sending of m,
p; has no knowledge about c;. Process p; can deduce, upon the reception of m, that m, will
be received during I;.Y or alater checkpoint interval and that [, m,] will be trivially doubled
by the p;’s execution flow. To identify this scenario, p; must evaluate the following condition:

Ve, 1] < veg[i].
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Let us consider the other scenarios, in which upon the sending of m,, p; has knowledge
about ¢;. In both cases, upon the reception of m;, p; would detect that vc,,, [i] = wve;[d].
Thus, p; needs additional information to distinguish the scenario depicted in Figure 10 (b)
from the scenario depicted in Figure 10 (c). Message m, can carry a boolean value to indicate
whether p; has taken aforced checkpoint after the last timeit received knowledge about anew
checkpoint index in p;.

3.2 Partner relationships

In the previous section, we have shown that a process can efficiently detect trivially doubled
PMM-cycles. The detection of visibly doubled PMM-pathsissimilar to the detection of visibly
doubled PCM-paths and seems to require O(n?) information [2]. This means that a process
p; can efficiently save aforced checkpoint only in a constrained situation, in which p; sends a
message to p,; and receives another message from p;.

Definition 3.1 Partner—Procesg; is a partner of procesp; if p; has sent a message jto
during the current interval.

Let us consider that p; has just one partner, say p;, in the current interval. If p; receives a
message m' from p; (Figure 11 (&)) it can save a forced checkpoint if a Z-cycle is not estab-
lished, as described in Section 3.1. If p; receives a message m' from another process, say py
(Figure 11 (b)), that formsa PMM-path, it must take aforced checkpoint before processing m'.
Process p; will take thisforced checkpoint even if this PMM-path is visibly doubled, because
it will not be able to efficiently detect this doubling.

pj.-..—m
pj...—m /n
/n\m' pi - —m H
Di---—m /n/
Pk ---—m

(8 sender(m’) = partner (b) sender(m') # p artner

Pk ---—m
- n/
m/ pj---—.
pj"'—I / /n2
/n2 \7‘1 Di---—m —

Pi-- - —m /n/
pr---—m
(c) sender(m’) (d) sender(m')
isone of the partners is not one of the partners

Figure 11: The behavior of the RDT-Partner protocol
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L et us consider that p; has more than one partner, say p, and p;, and it receives a message
m' from p; (Figure 11 (c)). Process p; can efficiently detect that [m’, m,] is not aZ-cycle, but
it cannot efficiently detect whether the PMM-path [m’, m,] is visibly doubled. Thus, process
p; must take a forced checkpoint before processing m’. A similar situation occurs when p;
receives a message from another process, say p, (Figure 11 (d)). In this case, two PMM-paths
[m/, mq] and [m’, ms] are formed, and p; must take a forced checkpoint before processing m'.

Finally, Figure 12 illustrates that forced checkpoints can be saved in a nested sequence of
partner interactions.

pL--.
pa...
p3 ...
Py

[\
[\
/ \

Figure 12: A nested sequence of partner interactions

TREE.

3.3 RDT-Partner implementation

Animplementation of RDT-Partner isdescribedinclassPar t ner (Class3.1), using Javal [7].
Every process, say p;, maintains and propagates a vector clock vc; in order to characterize
casual precedence among checkpoints. When p; sends a message, vc; is piggybacked onto it.
Before consuming a message m, process p; takes a component-wise maximum of ve; and vc,,.
When p, takes a checkpoint, it increments vc;[i].

Process p; dso maintains a variable p artnerpid that keeps track of partner relationships
during checkpoint intervals:

e partnerpid = NO_PARTNER indicates that p; has not sent any message;
e partnerpid = j indicatesthat p; has sent message(s) only to p;;

e partnerpid = MORE_-THAN.ONE_PARTNER indicates that p; has sent messages for
more than one process.

In order to distinguish trivially doubled PMM-cycles from Z-cycles, each process p; main-
tains a vector of booleans simple, such that simple[j], j # i, indicates that a checkpoint has
not been taken after p; has received knowledge about ¢, Ul When p; sends a message to pj it
piggybacks simple[j] onto the message. When process p; takes a checkpoint it sets all entries
in simple to false, except itsith entry.

A checkpoint is induced by p; before delivering a message m if a PMM-path is detected
and one of the following condition holds: (i) it is not a PMM-cycle or (ii) it isa PMM-cycle,

but formsa Z-cycle.

We have chosen Java because it is easy to read and has a precise description. Javais a trademark of Sun
Microsystems, Inc.
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Class 3.1 RDT_Partner.java

public class RDT _Partner {
public static final int N = 100; // Number of processes in the computation
publicint pid; // A process unique identifier in the range 0..N-1
protected int [ ] ve = new int [N]; // Vector clock, automatically initialized to (0 ... 0)
protected boolean [ ] ssimple = new boolean [N]; // Keeps track of simple PMM-cycles

protected int partner_pid,;
public static final int NO_PARTNER = - 1,
public static final int MORE_.THAN_ONE_PARTNER =N + 1,

public class Message {
public int sender, receiver;
publicint [] vc;
public boolean smple;
/I Message body

}

public void takeCheckpoint() {
vc[pid]++; // Increment checkpoint index immediately before the checkpoint
/I Save state to stable memory
partner_pid = NO_PARTNER;
for (inti=0;i < N;i++) simplefi] =i == pid;
}

public RDT _Partner(int pid) { this.pid = pid; } // Constructor
public void run() { takeCheckpoint(); } // Initiate execution

public void finalize() { takeCheckpoint(); } // Finish execution

public void sendMessage(Message m) {
m.vc = (int [ ]) vc.clone(); // Piggyback vc onto the message

m.simple = simple[m.receiver];

if (partner_pid == NO_PARTNER) partner_pid = m.receiver;

eseif (partner_pid # m.receiver) partner_pid = MORE_THAN_ONE_PARTNER;
/I Send message

}

public void receiveM essage(Message m) {
if (m.ve[m.sender] > vc[m.sender] && partner_pid # NO_PARTNER) { // PMM-path
if (partner_pid # m.sender || // Not a PMM-cycle
(partner_pid == m.sender & & m.vc[pid] == v¢[pid] && !m.simple))) // Z-cycle
takeCheckpoint(); // Forced checkpoint
simplelm.sender] = true;
}
for (inti=0;i < N;i++) // Update the vector clock
if (m.vc[i] > vc[i]) vc[i] = m.vc[i];
/Il Message is processed by the application
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4 A comparison with FDASand BHMR

4.1 Simulation results

Our experimental data was obtained using the simulation toolkit for quasi-synchronous algo-
rithms Metapromela [15]. Thistoolkit was built atop Spin [8], atool to simulate and perform
consistency analysis of distributed protocols and algorithms. In Metapromela, the processes
are asynchronous and the simulated execution of each processis a succession of atomic events
of three types: internal, message-send and message-receive. The only type of interna event
that is relevant for checkpointing is the occurrence of a basic checkpoint. The environment is
controlled by adjusting the distribution of these events and the communication network.

The experiment was performed considering acomplete network, i.e., each pair of processes
is connected by a bidirectional communication channel. The channels do not lose, corrupt or
change the order of messages. For each experimenta point it was considered the average
of 10 measurements. Each measurement was taken by the execution of each of the studied
protocols under the same pattern of messages and basic checkpoints, that is, under exactly the
same history of events. We counted the ratio of forced checkpoints per basic checkpoint over
a period of 300 basic checkpoints for each process. Figure 13 shows the results obtained for
2 < n < 20, wheren isthe number of processes in the computation.
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2 8 14 20
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Figure 13: Simulation results

FDA Stakes consistently more checkpointsthan BHMR and RDT-Partner. For small values
of n, say 2 or 3, thedifferenceislarge, but the difference becomes less significant as the values
of n grow. BHMR and RDT-Partner take almost the same number of forced checkpointswith a
very small differencefor 3 < n < 5. Inthefollowing section, we give atheoretical explanation
for this behavior.
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4.2 Theoretical argumentation

The theoretical analysis performed in [14] proved that any protocol that uses a stronger con-
dition than FDAS to take forced checkpoints will outperform FDAS. Thus, FDAS cannot take
less checkpoints than BHMR and RDT-Partner, since both protocols break doubled PMM-
cycles, and FDAS is not able to track such dependencies. Figure 14 shows two-message sce-
nariosin which BHMR and RDT-Partner can save a checkpoint in comparison to FDAS. Since
in our simulation the communication is uniform, the probability of these scenarios is higher
for small values of n, explaining the behavior of the curves.

(@) FDAS (b) BHMR and RDT-partner
Figure 14: BHMR and RDT-Partner can save forced checkpointsin comparisonto FDAS

In comparison to RDT-Partner, BHMR can also detect visibly doubled PCM-paths, po-
tentially saving more forced checkpoints. However, the minimum scenario in which BHMR
can save a checkpoint in comparison to RDT-Partner requires five messages (Figure 15) and
is likely to occur less frequently during a distributed computation. In a system composed of
three processes, this situation could be more likely, explaining the dlightly difference in the
curves around this point (n = 3).

VAN A
Do —m / S Do —m / \

(d) RDT-partner (b) BHMR

Figure 15: BHMR can save aforced checkpoint in comparison to RDT-Partner

Although this situation cannot occur with FDAS, it is possible for a protocol based on a
weaker condition to outperform a protocol based on a stronger condition [14]. BHMR uses a
condition stronger than RDT-Partner and Figure 16 illustrates a scenario in which RDT-Partner
can save aforced checkpoint in comparison to BHMR. This scenario involves five processes
and ten messages. We can consider such scenarios less probable in distributed computations.
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(8) BHMR (b) RDT-Partner

Figure 16: RDT-Partner can save aforced checkpoint in comparison to BHMR

5 Conclusion

Checkpoint patterns that enforce the rollback-dependency trackability (RDT) property allow
efficient solutionsto the determination of consistent global checkpoints[16]. In this paper, we
have introduced anew RDT protocol, called RDT-Partner, that is efficient both in terms of the
number of forced checkpoints and in terms of the complexity of the required data structures.

We have presented theoretical and simulation studies to show that RDT-Partner presents a
very good compromise between the stronger condition of BHMR [1] and the smaller control
structure of FDAS [16]. In conclusion, RDT-Partner is so far the best protocol to adopt in
practical implementations.
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