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Abstract
Independent checkpointing is a simple technique

for providing fault tolerance in distributed systems.How-
ever, it can suffer from thedomino effect, which causes
the rollback of one process to potentially propagate to
others. Inthis paper we present anadaptivecheckpoint-
ing algorithm to practically eliminate rollback propaga-
tion for independent checkpointing. Our algorithm is
based on proofs of the conditions necessary and sufficient
for a checkpoint to belong to some consistent global
checkpoint, previously an open question.We characterize
these conditions with a generalization of Lamport’s hap-
pened-before relation called azigzag path. Our algorithm
tracks zigzag paths on-line and checkpoints when certain
paths are detected. Experiments on an iPSC/860 hyper-
cube show that our algorithm reduces the average rollback
required to recover from any fault to less than one check-
point interval per process, and checkpoints only 4% more
often than traditional periodic checkpointing algorithms.
We thus eliminate rollback propagation without the run-
time overhead of coordinated checkpoints or other
schemes that attempt to reduce rollback propagation.

1. Introduction

Checkpointing and rollback recovery are techniques
to provide fault-tolerance in distributed systems[1, 2, 3, 4,
5, 6, 12, 13, 14, 16].With independentcheckpointing,
each process checkpoints its state independently during
normal execution, and when a fault is detected, the execu-
tion is rolled back and resumed from earlier check-
points[1, 4, 12, 13, 16]. Because processes do not coordi-
nate checkpoints during normal execution, independent
checkpointing is simple and has low run-time overhead.
However, it can have potentially high recovery overhead
because of thedomino effect[11]. To recover from a fault,
the execution must be rolled back to a consistent state, but
rolling back one process could result in an avalanche
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rollback of other processes to find a consistent state.In
the worst case, all processes have to be restarted from the
execution’s beginning. Suchunbounded rollback can pre-
vent forward progress in the presence of faults and must
be avoided. In this paper we present anadaptivecheck-
pointing scheme that determines at run-time when each
process should checkpoint to avoid rollback propagation.
Our scheme adapts to the execution’s message-passing
patterns to checkpoint when certain causal paths between
checkpoints are detected. Experiments on an iPSC/860
hypercube show that our scheme reduces the average roll-
back required to less than one checkpoint interval per pro-
cess, and checkpoints only 4% more often than past inde-
pendent checkpointing schemes. Our adaptive check-
pointing technique virtually eliminates rollback propaga-
tion, providing a new technique to efficiently support
fault-tolerant computing.

Our main theoretical result is a proof of the neces-
sary and sufficient conditions for an arbitrary set of check-
points to belong to the same consistent global checkpoint
(a consistent checkpoint is a set of checkpoints, one per
process, where none has seen a message received that
another has not yet sent). Using these conditions we char-
acterizeexactlywhen a checkpoint is useful in the sense
that such a consistent set exists containing it. If all check-
points taken during an execution are useful, then we can
recover from any fault without rollback propagation.
Until now, the exact conditions that allow checkpoints to
belong to a consistent set have been unknown.A known
sufficient condition for precluding checkpoints from the
same consistent set is that onehappens before the other
(in the sense that a message is sent after one checkpoint
but received before the other).However, this condition is
not necessary. We prove the necessary and sufficient con-
ditions by defining the notion of azigzagpath, a general-
ization of Lamport’s happened before relation.

Our adaptive checkpointing algorithm is based on
our zigzag result.The algorithm tracks certain zigzag
paths on-line to make run-time decisions about when to
checkpoint. Eachprocess independently makes these
decisions by determining at each receive whether the
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incoming message completes a zigzag path, and if so,
takes a new checkpoint.Adapting in this way effectively
prevents zigzag paths from forming, ensuring that check-
points are useful.Our experimental results show that with
our adaptive algorithm, less thanonecheckpoint interval
per process needs to be rolled back to recover from any
fault. In addition, the run-time overhead of our algorithm
is usually within 4% of traditional independent check-
pointing algorithms (which suffer from higher rollback
propagation). Thus,we achieve the benefits of no roll-
back propagation but without the run-time overhead of
coordinated checkpoints or other schemes that attempt to
reduce rollback.

This work is part of our larger effort toward adap-
tive strategies for replaying parallel programs[7, 8, 10].

2. Motivation and Related Work

Checkpointing and rollback recovery are techniques
for recovering from faults during execution.A drawback
is the domino effect, the unbounded restoration of states
among the processes.Previous work either makes simpli-
fying assumptions to avoid this effect, or incurs run-time
overhead by checkpointing unnecessarily often (or coordi-
nating checkpoints). Our goal is to study when
unbounded restoration occurs, and develop an efficient
checkpointing algorithm to reduce it.

Some systems assume the execution between mes-
sage receives is deterministic[4, 13]. Rolling back pro-
cessp (after a fault) then requires no other processes to be
rolled back. When p is resumed, messages recomputed
by p during recovery will be identical to those computed
originally and can be ignored.When p finally reaches the
point at which it originally failed, the entire execution can
be restarted.We can therefore start recovery from any
checkpoint and execute to a consistent state where normal
execution is resumed.

However, ensuring that the reexecution of check-
point intervals is identical to their original execution can
be costly or impossible. Interactions with the external
environment (such as querying an X server) must be
traced so they can be reproduced during recovery. Com-
plex interactions with the physical environment are some-
times impossible to reproduce.These problems can be
avoided by always rolling back to consistent checkpoints:
if when the sender of a message is rolled back, the corre-
sponding receiver is also rolled back, normal execution
can resume immediately. In general, when restarting from
a consistent checkpoint, no process will be in a state that
has recorded the receipt of a rolled back message.Our
goal is to always rollback to a consistent checkpoint.
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Figure 1. Domino effect when recovering from a fault.
The ‘‘×’’ s indicate checkpoints. To recover, all proces-
ses must be rolled back to their initial checkpoints.

Two approaches exist to achieving consistent
checkpoints:independentandcoordinatedcheckpointing.
With independent checkpointing, each process check-
points independently without coordinating with others[1,
12, 16]. The consistent checkpoint for starting a recovery
is computed after a fault.However, such a checkpoint
does not always exist, so rolling back could incur the
domino effect. Forexample, to recover from the fault in
Figure 1, all processes have to be rolled back to their start.
To roll back p2 to C2,1, we have to roll backp1 to C1,1

because of the undone messagem5. We must then roll
back p2 further toC2,0 (because of the undone message
m4) and so on.Russell calls this phenomenoncyclic
restoration, when rolling back some processp to point x
causes further restoration ofp to a point precedingx[12].

Coordinated checkpointing eliminates cyclic
restoration by guaranteeing that consistent checkpoints
always exist[2, 3, 5, 6, 14]. By coordinating processes in
setting up checkpoints, every checkpoint belongs to a
consistent checkpoint, so these systems are domino-free.
To coordinate checkpoints, some systems use explicit
control messages. Other systems piggyback checkpoint
markers on regular messages[2, 3, 5, 14].Piggybacked
markers are appended to outgoing messages after a pro-
cess decides to initiate a new checkpoint, and processes
receiving a marker take a new checkpoint (to ensure it is
consistent with the process initiating the checkpoint).
Since these systems depend on markers for coordination,
there is no guarantee on how often a process receives
markers and checkpoints. Some processes may take only
a few checkpoints, and most computation performed by
that process then has to be undone if that process faults.
In contrast, if we allow each process to decide when to
checkpoint independently, unnecessary checkpoints could
be taken.In the worst case, ifN processes each decide to
take a new checkpoint at about the same time, the system
could takeO(N2) checkpoints.

Our goal is to develop anadaptivecheckpointing
algorithm for reducing rollback propagation for
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independent checkpointing.Independence is attractive
since the complexity and overhead of coordination is not
required. Ourapproach differs from coordinated check-
pointing in that we make no guarantee thateverycheck-
point will belong to some consistent checkpoint.Instead,
we concentrate on reducing rollback propagation instead
of eliminating it (which could incur high overhead).
Although in the worst case the domino effect could still
occur, experiments with our algorithm show that this does
not happen.

Wang and Fuchs have developed a transparent mes-
sage scheduling technique for reducing rollback propaga-
tion for independent checkpointing[15]. They observe
that the order of processing received messages can be
manipulated to reduce rollback propagation. By delaying
the processing of a received message until the sender
passes its next checkpoint, rollback propagation can be
reduced. Althoughthis strategy is effective, message
scheduling cannot always be manipulated.Instead, our
approach observes that by minimizing the number of
checkpoints that cannot belong to any consistent check-
point, we can reduce rollback propagation.

3. Model

We model the execution of a message-passing pro-
gram with aprogram execution, P = 〈E, iiiiiHB 〉, whereE is
a finite set ofeventsandiiiiiHB is thehappened-beforerela-
tion defined overE. An event represents the execution
instance of a send, receive, or checkpoint operation.We
assume a fixed number of processes exist during execu-
tion, and that each process periodically checkpoints its
state. We denote thei th checkpoint in processp as Cp,i ,
and assume each processp takes an initial checkpoint
Cp,0 immediately after execution begins.Also, thecheck-
point intervalSp,i is all the computation in processp be-
tweenCp,i andCp,i+1 (and includesCp,i but notCp,i+1).

The happened-before relation,iiiiiHB , shows how
events potentially affect one another, and is defined as the
irreflexive transitive closure of the union of two other re-
lations: iiiiiHB = ( iiiiiXO ∪ iiiiiM )+. The iiiiiXO relation shows
the order events in the same process execute.The i th

event in any processp (denotedep,i ) always executes be-
fore the i + 1st event: ep,i iiiiiXO ep,i+1. The iiiiiM relation
shows the message deliveries:a iiiiiM b means thata sent a
messageb received. Aneventa is said to happen before
b iff a could affect b because they belong to the same pro-
cess or a sequence of messages was sent froma (or a fol-
lowing event) tob (or a preceding event).

A global checkpointis a set of local checkpoints,
one per process.A consistent global checkpointis a glob-
al checkpoint in which no message is recorded received

but not yet sent (no two checkpoints in such a checkpoint
happen before one another). In a consistent global check-
point C, we say that messages recorded sent but not re-
ceived arelost relative to C. If we always log during exe-
cution the contents of lost messages, they can be retrieved
during recovery from the log, so they do not preclude re-
covery. Since message logging is necessary for compen-
sating for lost messages, we assume that it is always used.
In addition, we do not assume the execution between mes-
sage receives is deterministic (e.g., because of interactions
with the external environment, such as querying the real-
time clock). Thus, as illustrated in Section 2, we always
have to restart from a consistent checkpoint to recover
from a fault.

4. Zigzag Paths and Useful Checkpoints

We now present our results onzigzag paths. We
first introduce zigzag paths as a generalization of Lam-
port’s happened-before relation, and then use them to
characterize exactly when an arbitrary set of checkpoints
can all belong to the same consistent global checkpoint.
We also use the zigzag condition to characterize exactly
when an arbitrary checkpoint is useful in the sense that it
can belong to some consistent checkpoint. In Section 5
we use these results to develop an adaptive checkpointing
algorithm for reducing rollback propagation.

4.1. Zigzag Paths

A global checkpoint is consistent iff none of its
component checkpoints happen before one another (i.e.,
they are all mutuallyunordered). However, having one
checkpointCp,i happen before anotherCq, j is not neces-
sary for precluding them from the same consistent global
checkpoint. Theymay never be able to belong together in
a consistent way even if they are unordered; they can be
precluded indirectly via their relationships to other pro-
cesses’ checkpoints. For example, in Figure 1, no check-
point of p2 can be combined with bothC1,0 and C3,1 to
form a consistent checkpoint, even thoughC1,0 and C3,1

are unordered.We define the notion of azigzag pathto
capture this situation.A zigzag path can be thought of as
a generalization of Lamport’s happened-before relation,
which defines causal paths between checkpoints.

Definition 1
A zigzag pathexists fromCp,i to Cq, j if f there are
messagesm1, m2, . . ., mn (n ≥ 1) such that

(1) m1 is sent by processp afterCp,i ,
(2) if mk (1 ≤ k < n) is received by processr ,
thenmk+1 is sent byr in the same or a later check-
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point interval (althoughmk+1 may be sent before
or aftermk is received), and
(3) mn is received by processq beforeCq, j .

Checkpoint C is involved in azigzag cycleiff
there is a zigzag path fromC to itself.

It is important to note the difference between a
zigzag path and acausal path. In the above definition, we
require either thatmk+1 is sent aftermk is received, or that
mk+1 is sent beforemk is received but in the same check-
point interval. Thus, ifCp,i happens beforeCq, j (Cp,i

iiiiiHB Cq, j ) then a causal path exists fromCp,i to Cq, j , and
by Definition 1 a zigzag path also exists.However, be-
cause we allow messagemk+1 to be sent in a zigzag path
beforemessagemk is received (condition (2) in Definition
1), the zigzag path may not be a causal path (and thus
may not cause one checkpoint to happen before the other).
Figure 1 shows a zigzag path fromC1,0 to C3,1 (formed by
messagesm1 and m2, the receive ofm1 happening after
the send ofm2) which is not a causal path.

Another difference between zigzag paths and causal
paths is that zigzag paths do not always represent causali-
ty, so it is possible for a zigzag path to exist from a check-
point back to itself (called a zigzag cycle). In contrast,
causal paths can never form cycles.A zigzag cycle can
exist because in a zigzag path we allow a message to be
sent before the previous message in the path is received
(as long as the send and receive are in the same check-
point interval). Figure 1 also illustrates two zigzag cycles
involving C2,1 and C3,1, respectively. The one involving
C2,1 is formed by messagesm5 and m4; the one involving
C3,1 is formed by messagesm3, m1 and m2.

Zigzag paths exactly capture both the necessary and
sufficient conditions for an arbitrary setS of checkpoints
to belong to the same consistent global checkpoint, as de-
scribed in the follow theorem (proofs appear elsewhere[9]
due to limited space).

Theorem 1 (Consistency Theorem)
A set of checkpoints,S, from different processes
can belong to the same consistent global check-
point iff no checkpoint inS has a zigzag path to
any other checkpoint (including itself) inS.

Intuitively, if a zigzag path exists between a pair of
checkpoints, and that zigzag path is also a causal path,
then the checkpoints are ordered.Because consistency re-
quires checkpoints to be unordered, they cannot be con-
sistent. However, even if the zigzag path is not a causal
path, no consistent checkpoint can be formed that con-
tains both checkpoints.The zigzag nature of the path
causes any global checkpoint that includes the two check-

points to be inconsistent. More specifically, there is at
least one message in the zigzag path that crosses the glob-
al checkpoint, causing one component checkpoint to hap-
pen before another.

Conversely, if no zigzag path exists between any
pair of checkpoints inS (including a zigzag path from a
checkpoint to itself), then it isalways possible to con-
struct a consistent checkpoint containing all checkpoints
in S. By including the first checkpoint in each process
that has no zigzag path to any checkpoint inS, a consis-
tent checkpoint is formed.The checkpoint is guaranteed
to be consistent since none of its component checkpoints
can happen before one another (otherwise, at least one of
its component checkpoints has a zigzag path to one of the
checkpoints inS).

4.2. Useful Checkpoints

If a checkpointCp,i cannot belong to any consistent
global checkpoint, then if a fault occurs during its interval
(i.e., intervalSp,i ), we cannot recover by simply rolling
back processp to Cp,i . Instead, a cyclic restoration is re-
quired, since we must roll backp to find an earlier check-
point that can belong to a consistent global set of check-
points[12]. If we could ensure thatall checkpoints are
useful in the sense that they belong to such a consistent
set, then we can always roll back a faulty process to its
most recent checkpoint, avoiding cyclic restoration (and
guaranteeing faster recovery). Thus, checkpoints that
cannot belonging to consistent checkpoints are the direct
cause of cyclic restoration.

The following corollary states that a checkpoint is
useful iff it is not involved in any zigzag cycle. Our adap-
tive checkpointing algorithm presented in the next section
is based on this corollary — we reduce rollback propoga-
tion by minimizing the number of checkpoints that cannot
belong to any consistent set.

Definition 2
A checkpoint isusefulif f it belongs to some con-
sistent global checkpoint.

Corollary 1
CheckpointCp,i is useful iff it is involved in no
zigzag cycle (i.e., there is no zigzag path fromCp,i

to itself).

5. Adaptive Checkpointing Algorithm

Corollary 1 shows that if we could eliminate all
zigzag cycles, all checkpoints would be useful.We could
then always roll back a faulty process to its most recent
checkpoint, avoiding cyclic restoration.Our approach for

4



reducing rollback propagation is to attempt to minimize
the number of checkpoints that are not useful. In this sec-
tion, we describe an on-line approximation for detecting
zigzag cycles, and use this approximation in an adaptive
checkpointing algorithm. Our adaptive algorithm directs
a process to checkpoint whenever it receives a message
that is about to complete a zigzag cycle. In Section 6, we
present experimental results showing that our adaptive
checkpointing algorithm effectively reduces rollback dis-
tance to less than one checkpoint interval per process.

5.1. Detecting Zigzag Cycles

First we discuss how to dynamically detect zigzag
cycles. Ideally, we wish to perform a check at each re-
ceive operation to determine whether the incoming mes-
sage completes a zigzag cycle.However, exact zigzag
path detection may require knowledge of future as well as
past execution.Figure 2 shows an example zigzag path
from C1,0 to C1,1 that cannot be detected within bounded
time; the path is finally formed only when messagem3 is
received, which can be arbitrarily far ahead of the path’s
endpoints. Ourstrategy is to instead detectcausalpaths,
which can be easily tracked on-line (discussed later).

To detect zigzag cycles using causal tracking, we
check each received message to determine if its sender is
involved in a zigzag cycle. If processp receives a mes-
sage during checkpoint intervalSp,i , and we find there is a
causal path fromCp,i to a checkpointprecedingthe send,
then that message completes a zigzag cycle involving the
sender ’s checkpoint. Forexample, in Figure 3a there is a
zigzag path fromC2,1 to itself (formed by messagesm2
and m1). We can determine at the receive ofm2 that a
causal path exists fromC1,1 to C2,1, so the zigzag cycle
(completed whenm2 is received) involvingC2,1 can be
detected at this receive.Although this approximation
does not detect all zigzag cycles (e.g., the zigzag cycle in-
volving C3,1 in Figure 1 is undetectable by our approxi-
mation), it is effective because most zigzag paths are also
causal paths. The results in Section 6 imply that zigzag
paths that are not causal paths (because they contain mes-
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Figure 2. Zigzag path from C1,0 to C1,1 is not formed
until m3 is received, arbitrarily far in the future.
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Figure 3. (a) zigzag cycle (involving C2,1) is detected at
receipt of m2, (b) an adaptive checkpoint is taken to
prevent the cycle from forming, so the sender ’s check-
point (C2,1) is useful.

sages that are received after the next in the path is sent)
are rare.

5.2. Algorithm

We now present our adaptive checkpointing algo-
rithm (shown in Figure 4).This algorithm employs the
approximation described above to determine (at each re-
ceive operation) whether an incoming message is about to
complete a zigzag cycle that involves the sender process.
Upon detecting such a cycle.our algorithm directs the re-
ceiver process to take a new checkpointbeforeit process-
es the message, preventing the zigzag cycle from forming
(thus ensuring the sender’s checkpoint is useful).

To implement the approximation, we track causal
dependences among checkpoints by having each process
maintain adependency vector(DV). Eachprocess keeps
count of its current checkpoint interval, and itsDV is a
vector of checkpoint numbers, one per process. In the
currentDV for processp, the i th entry is the index of the
latest checkpoint of processi that has a causal path to the
current point ofp. Processp’s DV entry for p itself al-
ways contains its current checkpoint number. To maintain
these vectors, each process appends itsDV to every out-
going message, and upon receiving a message, updates its
DV by a component-wise maximum with the vector ap-
pended to the incoming message.To allow detection of
zigzag cycles, each process also copies itsDV to another
vector ZV whenever it takes a new checkpoint.Then,
when processp sends a message to a processq, it also ap-
pends theqth entry of itsZV (called theZid) to the mes-
sage. Thisindex shows the latest checkpoint inq (the
destination of the message about to be sent) that has a
causal path top′s (the sending process) current check-
point. TheDV is similar to avector timestamp, a com-
mon technique for tracking causality in distributed sys-
tems; theDV differs from vector timestamps in that it
contains checkpoint numbers instead of event numbers.
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1: Zid = the index piggybacked onMsg;
2: if (Zid = current checkpoint number ofp) then
3: /* Msgcompletes a zigzag cycle */
4: take a new checkpoint;
5: update this process’DV from theDV piggybacked
6: on Msg (by taking a component-wise maximum);

Figure 4. Adaptive checkpointing algorithm, invoked
just before processing Msg in process p. Msghas ap-
pended to it the sender’s DV and the index of p’s last
checkpoint (Zid) with a causal path to the sender.

To locate messages that complete zigzag cycles, the
algorithm is invoked at each receive operation. After pro-
cessp has received a message, but before the message is
processed, the algorithm checks whether there is a causal
path from its current checkpoint to a checkpoint preceding
the message send. As discussed earlier, such a causal path
implies that a zigzag cycle exists involving the sender’s
checkpoint. Thischeck is performed by comparing the
Zid to the receiver’s current checkpoint number (line 2 in
Figure 4). If they are equal, then a causal path exists from
the receiver’s most recent checkpoint to a checkpoint that
precedes the send (such as messagem2 in Figure 3a). In
this case, our algorithm directs the receiving process to
take a new checkpoint (line 4) before it processes the in-
coming message. Otherwise, the message can be pro-
cessed without first taking a checkpoint.

For example, in Figure 3b a checkpoint is taken in
p1 after m2 is received but before it is allowed to be pro-
cessed. Thisadaptively taken checkpoint prevents the
zigzag cycle involvingC2,1 from forming, ensuring that it
is useful. Note that taking a checkpoint inp1 ensures that
the checkpoint already taken inp2 remains useful.

Our adaptive checkpointing can be integrated with
other independent checkpointing algorithms. For exam-
ple, we can combine it with the traditionalperiodic check-
pointingalgorithm. Inthe traditional algorithm, each pro-
cess periodically takes a checkpoint everyT seconds,
whereT is appropriately chosen to balance checkpointing
overhead and rollback time (e.g., smallT’s incur high
overhead but keep checkpoint intervals short).When we
combine our algorithm with the traditional one, we obtain
an adaptive periodic checkpointingalgorithm, where a
checkpoint is taken everyT secondsor when a zigzag cy-
cle is detected (whichever comes first).Such a combined
algorithm keeps the time required to rollback a checkpoint
interval to the desired level (sinceT becomes an upper
bound on the time between checkpoints), and checkpoints
at moments that attempt to keep them useful (avoiding
cyclic restoration).In Section 6 we present experimental
results showing that this simple algorithm virtually elimi-

nates rollback propagation.

Another possible modification to the algorithm is to
also impose alower bound on the checkpoint period (e.g.,
to prevent from checkpointing more often than everyL
seconds, for a givenL). However, the experimental re-
sults in Section 6 show that even if we do not impose such
a lower bound, our algorithm checkpoints only 4% more
frequently than the traditional algorithm.Thus, although
in the worst case our algorithm could checkpoint fre-
quently, this worst case does not occur in practice.This
behavior is in contrast to some domino-free systems [2,
14] that take (potentially) many checkpoints to guarantee
domino-free recovery. We virtually avoid the domino ef-
fect with little increase in checkpoint overhead.

6. Experimental Results

To measure the effectiveness of our adaptive check-
pointing algorithm at reducing rollback propagation, we
analyzed executions of six message-passing programs.
First, we measured the average rollback required to recov-
er from a fault.We compared the average rollback when
using checkpoints taken by our adaptive algorithm to
those taken by the traditional periodic checkpointing algo-
rithm. Thiscomparison shows how effectively our adap-
tive algorithm reduces rollback propagation. Second, we
measured the increase in the number of checkpoints taken
by our adaptive algorithm (over the traditional algorithm).
This increase indicates the run-time overhead of our algo-
rithm. We found that our adaptive algorithm reduces roll-
back distance to less than one checkpoint interval per pro-
cess and it requires only 4% more checkpoints than the
traditional algorithm.These results suggest that our adap-
tive checkpointing technique virtually eliminates rollback
propagation, providing a new technique to support fault-
tolerant computing.

Our six test programs (provided by colleagues) are
developed on a 128-node Intel iPSC/860 hypercube.
Each program was run once on a 16-node subcube with an
instrumented message-passing library to provide traces
for simulation. These programs ran between 72 and 1,135
seconds and passed between 13,560 and 370,000 mes-
sages. Sincethe checkpoint frequency has an impact on
the performance of checkpointing algorithms, we varied
the inter-checkpoint period from 10% of the total execu-
tion time to 30% (other checkpoint periods are less inter-
esting since they represent the cases where there are either
too few or too many checkpoints in a process).Varying
the period allows us to fully understand the behavior of
our algorithms. For example, when only a few check-
points are taken in each process, many messages are sent
in each checkpoint interval, increasing the number of
zigzag paths we can detect.
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6.1. Effectiveness of Reducing Rollback Propagation

Our first experiment measured the effectiveness of
our checkpointing algorithm at reducing rollback propa-
gation. We measured the average rollback (per process)
required to recover from a fault when using the check-
points our algorithm takes.We compared this average
(shown in Figure 6) to the rollback incurred by the tradi-
tional periodic checkpointing algorithm (shown in Figure
5). Theaverage rollback distance is the total number of
rolled-back checkpoint intervals required to recover from
a fault, averaged over all possible fault points in the exe-
cution. Thisdistance shows how far back we must go to
find a consistent checkpoint to recover from a fault.The
distance also indicates how many checkpoint intervals
need to be reexecuted during recovery and is directly pro-
portional to the recovery time.
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Figure 5. Average number of intervals (per process)
that must be rolled back to recover from a fault when
using the traditional periodic checkpointing algorithm.
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Figure 6. Average number of intervals (per process)
that must be rolled back to recover from a fault when
using our adaptive checkpointing algorithm.

Figure 5 shows that with traditional periodic check-
pointing, the domino effect occurs; the average rollback
was typically around 2.5 checkpoint intervals per process.
In our implementation of the traditional algorithm, each
process checkpointed at about the same time (because
each process checkpoints everyT seconds), but even
these nearly synchronized checkpoints did not eliminate
domino effects. Thiseffect became more severe when the
checkpoint period was small, since the execution was then
divided into many checkpoint intervals (increasing the op-
portunity for zigzag cycles). In contrast, with our adap-
tive period checkpointing algorithm, the domino effect
virtually disappears. Not only is the average rollback (per
process) greatly reduced, but it is reduced to the point
where less than one checkpoint interval (per process)
needs to be rolled back.This performance is comparable
to coordinated checkpointing (where rollback is never
greater than one) but is achieved without the run-time
overhead of coordinating interacting processes.

6.2. Run-Time Overhead of Adaptive Checkpointing

Our second experiment examined our algorithm’s
run-time overhead.There are two sources of overhead.
First, each process maintains a dependence vector, and
checks at each receive for zigzag cycles. Second, over-
head is incurred by checkpointing. Since there is evi-
dence that maintaining vector timestamps and performing
simple checks introduce low overhead[7], we concentrate
on the checkpointing overhead.We measured the per-
centage increase in the number of checkpoints taken by
our adaptive algorithm over the traditional periodic
checkpointing algorithm (for the same checkpoint period).
For a checkpoint period ofT, the traditional algorithm
checkpoints each process everyT seconds, and our algo-
rithm checkpoints at least everyT seconds. Thepercent-
age increase shows the additional run-time overhead we
incur. Figure 7 shows that except for thetesterprogram,
our adaptive algorithm checkpoints less than 4% more of-
ten than the traditional periodic checkpointing algorithm.
Since in practice the checkpoint periods are usually large,
we consider this overhead acceptable.

7. Conclusions

In this paper we presented an adaptive checkpoint-
ing algorithm that practically eliminates rollback propaga-
tion for independent checkpointing schemes.We based
our algorithm on proofs of the conditions necessary and
sufficient for showing that a checkpoint can belong to a
consistent global checkpoint, previously an open question.
Our algorithm checkpoints a process whenever a zigzag
cycle is about to be formed, preventing it from forming.
Experiments show that our adaptive checkpointing elimi-
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taken by our adaptive checkpointing algorithm over
the traditional periodic checkpointing algorithm.

nates rollback propagation at only a small increase in
checkpoint frequency.
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