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Abstract specify an upper bound on the amount of time they can
Debugging long-running, nondeterministic message- wait for a replay to finish. Our algorithm adapts to the
passing parallel programsequires incrementalreplay, executionS message-passing patterns by tracking critical

the ability to exactly replay selected parts of an execution.paths on-line and logging only messages that would allow
To support incremental replay we must log enough mes-a replays critical path to grow beyond the given bound.
sages and checkpointqmesses often enough to allow any Experiments show that 0~ 5% of the messages are typi-
requested eplay to complete quicklyWe present an cally logged. Our scheme simultaneously lowers logging
adaptivetracing strategy to keep the message-logging overhead while guaranteeing a bound on the time required
ovethead down.We kt the user specify a bound on the to replay any part of the execution.

maximum time anyeplay request is allowed to tak@ur
algorithm tracks what each processes’ critical path will
be during a replayand logs enough messages to easur
the critical path will never exceed the bour@vethead is
kept low by not logging messages that candoemputed
during a eplay Experiments indicate that we log about
0.1-5% of the messages while stillopiding a eason-
able bound on any replay.

Our approach to supporting incremental replay is to
independently checkpoint to disk the state of each pro-
cess. W an then restart the execution of any process
from one of its checkpoints instead of from its beginning.
To satisfy message receive operations during the replay
we must also log the contents of some messages, and log-
ging is a dominant cost of this schenWe keep this cost
low by not logging messages that can be easily recom-
puted during the replay When processes checkpoint
independently of each othewe have the freedom to

Program debugging requires repeated executionrestart a process from any of its checkpoints, indepen-
where more information about a bug is gathered each iterdently of where other processes are restarted. This free-
ation. Howeverthe nondeterminacy in message-passing dom allows us to decide at run-time which messages can
parallel programs can turn bugs into moving targets: reex-be quickly recomputed (during the replay) by reexecuting
ecuting the program does not always reproduce the bugghe processes that sent them. In a previous paper we pre-
Obtaining repeatability requires tracing the execusion’ sented a heuristic to identify which messages can be
messages, using the trace to replay as needed. In addguickly recomputed during replay and need not be
tion, it is crucial to guarantee response time to replaylogged[4]. Theproblem with this technique is that it can
requests — parallel programs are so long running that itog more than necessary and cannot always keep the
takes too long to restart an execution every time from thereplay time bounded. In this paper we directly address
beginning. Processe&an be periodically checkpointed to the replay time problem and guarantee a replay bound.
allow inclrementalreplay the restarting from irﬁermediate Our main results are two adaptive algorithms that
checkpoints. @ bound the replay response time, we pre- o4 anoyugh messages to allow the replay of any interval of
sent 'anadap'tlvemessage logging strgtegy that decides alihe execution to complete within a given time bouvide
run-time which messages can be quickly recomputed dur ot the yser specify a bound on how long the critical path
ing replay and thus neewt be logged.We let the user ¢ oy replay is allowed to beA replay is a reexecution

This research was partly supported by ONR Contract of an Interval between tvvp CheCkpo.mtS In some prqcess.
N00014-91-J-4052 (ARPOrder 8225), NSF grant CCR-9309311, and OUr @lgorithms track during execution what each inter
NSF PY| award CCR-9157620 together with PYI matching funds from val's aitical path will be during replayWhen a message
Thinking Machines, Xerox, and Honeywell Corporations. is received that would require so much time to reproduce
that the critical path would exceed the specified bound,

1. Introduction




the message is logged\ logged message does not con- is to log nothing and reproduce every message needing
tribute to the critical path since it is retrieved directly during a replay The problem with this approach is that
from the trace during replay; its sending process need notong chains of messages may need to be reproduced, mak-
be reexecuted. Our first algorithm providegumrantee ing the replay too longFor example, consider replaying

on the replay time but at the expense of requiring twointerval S, 5 in the execution shown in Figure During
vectors of sizeP (whereP is the number of processes) to the replay we need to suppy 3 with messagend. If no

be piggy-backed on all messages. Our second algorithnmessages were logged during the execution this leads to a
is a simplification which piggybacks only a single integer chain of dependencies requiring us to replay all the-inter
Experiments show that in practice it performs just as wellvals (to regenerate messagé) in order to repla, s.

as the first algorithm but without the overhead, usually

logging 0. 1- 5% of the messages. To balance the message logging overhead and the

_ _ ' replay response time, we require a logging mechanism
This work is part of our larger effort on developing that only logs those messages that cannot be quickly

adaptive tracing strategies for debugging[3, 4]. reproduced due to long dependence chaifize type of
o scheme we can use depends upon the checkpointing strat-
2. Motivation and related work egy we adopt.Two general choices existoordinated

Checkpointing and message logging have been use@nd independentcheckpointing. @ take a coordinated
in many applications including parallel debugging[2, 8], checkpoint, a distributed algorithm is run that coordinates
fault-tolerant computing[7], and other areas[I}heck- all processes in saving their statesl. Messages that cross
pointing supports incremental replay by saving each pro-the line formed by connecting thi® checkpoints of each
cess’ state periodically so that reexecution can start fromprocess are also detected and logged. The main disadvan-
a dheckpoint instead of the executisrieginning. How- tage of coordinated checkpointing is that it gives pro-
ever checkpointing alone is not enough. When replaying cesses no autonomforcing them all to checkpoint at
a portion of some process, we must ensure that it receivegibout the same time and such a scheme does not adapt
during replay the same messages it received during thavell to the executios’ message passing patternsor
original execution. To provide these messages we can SOme message-passing patterns, many messages can be
either log them initially (during execution) so they are logged. Inaddition, forcing all processes to write their
available during replayr we @n avoid logging by repro-  checkpoints to disk at about the same time degrades the
ducing them during replay (by reexecuting portions of the I/O-performance of the program.
processes that sent them). Théidifit aspect of support- In contrast, independent checkpointing lets each
ing incremental replay is balancing these two choices.process checkpoint on its own, thus avoiding the overhead
Below we.outhne several options for addressing this prob-of 5 coordination algorithmlt can adapt to the execu-
lem and discuss what approaches past work has taken. tjon’s message-passing patterns by selectively logging

One simple approach proposed in the past is to logonly those messages that cannot be quickly reproduced.
all the messages[2, 8However the run-time overhead Furthermore, it can also be used with other adaptive
of this approach is prohibitiveOn modern machines, schemes (likencrementalcheckpointing) since each pro-
executions of even moderate length can pass gigabytes dfess is free to checkpoint at opportune moments[5].
data in messages. Another approach at the other extreme In a previous paper we presented a method that
adaptively logs messages to cut what we dalinino
dependencegchains of messages between two check-

- 512 513 points of the same process see Figure 1 for an exam-

pl . X ple)[4]. Althoughthis strategy is effective at reducing
message logging (only-110% of messages are typically

m1 m m mé logged), its disadvantage is that it does not directly
address the trace-siaes replay-time balance. On one
P2 hand, some domino dependences are short and could be
W quickly recomputed during replay; thus logging all
=21 2 domino dependences is too conservati@n the other
Figure 1. A long dependence chain that must be hand, even if all domino dependences are eliminated (by
recreated to replayS; 3. The x's are checkpoints. logging), the remaining chains of messages could still be
long enough to cause an unacceptable delays during
replay.



To drectly address the problem, our goal in this val, or because a sequencainfoggedmessages was sent
paper is to let the user specify the amount of time they ardrom a (or a following event) td (or a preceding event).
willing to let any replay take, and exploit this given time The BB relation is defined as the irreflexive transitive
bound in two ways. First, we log enough messages toclosure of two other relations®2> = (59 g M )*,
ensure that any replay can finish within this bouSec- Theit" event in an interval in procegs(denotede,,;) al-
ond, we take advantage of the bound by loggly  \yays executes before the 15t event in the same inter
enough messages to meet the bound, letting most of thg,). epi =2 €41 Note that the last event in the interval

messages be recomputed during replay. is not ordered before the first event in the following inter
In the fault tolerance area, work has been done toval by 5% (sinceSy; can be immediately restarted from
avoid the domino ééct during the recovery from faults. C)). The Y relation shows where thenloggedmes-
However this work does not solve the incremental replay sages are delivered:-> b means thaf sent a message
problem for debuggingRecovering from faults requires  thatb received, and that the message waslogged (we
only the ability to replay from the most recent checkpoint, write a - b to denote the messagejhis definition dif-
and past work has focused on discarding old messagefers slightly from that presented in our earlier work[4].
and checkpoints[6]. In contrast to recoveries, replays aré\iessages that are logged can be retrieved from the log

requested often, and we must be able to quickly replayduring replay so they do not introduce replay depen-
any part of the execution (old messages and checkpointgences.

cannot be discarded). Figure 2 shows an exampRDG. Intra-process

3. Model edges represent the computation in between events (these
edges are directed left to right but we omit the arrow-
First we outline a notation for representing program heads), and their weights denote the cpu time requied.
executions. Acheckpointed program executiema pair path exists frona to b in the graph ffa =2 b. We draw
P = [E, %% [JwhereE is a finite set otventsand-22> is logged messages as dashed lines to indicate that they in-
the replay dependenceelation defined overE. The  troduce no replay dependencésote that no edges enter

graphical representation & is called thereplay depen-  any of the checkpoints, as checkpoints are not replay de-
dence grapi{RDG); its nodes correspond to the events in pendent on any event.

E, and its edges represent &2 relation.

An event represents the execution instance of a4. Problem formulation

send, receive, or CheCprint OperatioTheintervaI SJ,i We rmow formulate the prob]ems of |ogg|ng mes-
represents all events and computation performed in prosages to guarantee bounded-time replay and replaying
cess p between thei™ and i +1%' checkpoints. Intra-  from the log. Our goal is to log few messages while still
process edges in thBRDG represent computation per allowing any intervalS; to be quickly replayed. As dis-
formed between the connected ever@sme edges are la- cussed in Section 2 we should only log messages that cre-
beled with non-negative weights to represent the totalate long replay dependence chains and reproduce (during
time taken by the action represented by the edgaghts the replay) the ones that do not, achieving a balance be-
on computation edges indicate their cpu time; weights ontween low logging and fast replay.

messages indicate the delivery time (although for simplic-
ity we implicitly assume 0 weight for messages in our ex-
amples). W& wse the weights to track critical paths; the
weight of any path is the cpu + message-delivery time re-
quired to perform the computation on the paille dso
assume an upper-bound of time in between any two
checkpoints in the same proce&ince the user is speci-
fying the maximum allowable time for a replatis rea-
sonable to know this maximum inteheckpoint time (it P2
must be less than the allowable replay time).

The replay dependence relatioR2> , shows how Figure 2. A replay dependence graph. Dotted lines are

pl

events depend on one anotkering a eplay An event logged messages; weights @omputation time.
b is said to beeplay dependentn an evena (i.e.,a 2 The critical path for replaying S, zis in bold.

b) iff a must be reproduced during reexecution before
can be reexecuted, becaasgrecede®d in the same inter



To guarantee a bound on the replay time we must One way to bound the replay time more tightly is to
make several assumptions about how quickly events willlog enough messages so that the number of intervals per
execute during replayWe assume that when a computa- process that need be reexecuted is limited. If we log
tion is reexecuted it will require the same cpu time as dur enough so that at mo#f intervals in any process ever
ing the original executionWe dso assume that a mes- have a path t&;;, then the following theorem states that
sage will require the same amount of time to be deliveredthe replay time is bounded M. We all M theinter-

The weights on théRDG thus show the expectadplay val multiplicity of S;.
time. Theseassumptions are not crucial to the correctness
of the algorithm; if there is reason to expect different re- Theorem 1 (Bounded-Time Replay)

play or message delivery times, the weights could be ad- Ifin a RDGan intervalS,; has
justed. (1) acritical path of size at mos (the longest
. ) path toS,,; has weight at most), and
4.1. Loggingto meet bounded-time replay (2) aninterval multiplicity of M (at mostM inter-
To se which messages must be logged, consider vals in the same process with path$§jg), then

how long it takes to replay an inteng};, given that cer
tain messages were logged during executionaddition
to reexecutingS,,; itself, we must reexecute other inter To echieve this replay bound we allow the replay of
vals to reproduce the messadgg needs that were not a process’ intervals to be interleaved. When one interval
logged. Thesare exactly the intervals that are connected blocks to receive a message, we are free to run another in-
by a directed path t8,; in the replay dependence graph. terval in the same process (if one exists that must also be
Sp; depends on each of these intervals (directly or reexecuted). Thimterleaving .makes efficient use of pro-
through other intervals) for a messager example, Fig-  €€ssors and allows us to achieve a quick replay bolmd.

ure 2 shows an execution where messageis logged ~ 9et the rep'lay bound of Theprem 1. processors cycle
(and thus introduces no replay dependenge)replay in-  through their intervals executing one time unit of each

terval S, 5, messagesn3 and m4 must be recomputed. (whenever possible). In such a replay scenario it can be
' shown that afteM time units the critical path remaining

Replaying the intervals on whic,; depends can- s ot jeast one unit smaller than before. Therefore after
not take less time than the weight, of the longest di- ¢ time units all the intervals have been replayed (we
rected path t&,; (which we callS,;’s critical path dur- omit the proof details for lack of spacéjve muld relax

ing replay). C gives us the cpu time required to perform thjs assumption but at the cost of slower replay.
all the computation on the critical path; it is a lower

: : ) C and M must be specified by the user to reflect the
bound on the replay time (since no two events on this pathmaximum time thev are willing to wait for anv replav to
can be executed concurrentlyh Figure 2,S, 5's critical y 9 y repiay

path is 7 (shown in bold); it takes 7 time units to replay complete. Howeverour experimental results (discussed
: ) ' . in Section 6) show that in practice the replay bound is vir
the portions of intervals on whic§, ; depends. Iimes-

. tually independent oM, and settingM to be infinity re-
sagem2 had not beenllolggedslvz WC.)UId have a critical sults in a maximum replay time of at mo&.2In practice
path of length 8 consisting of portions &f ;, S, 4, and

? the user need only specif;
S, » along with messagesl and m2.

Spi can be replayed in time at mas.

) . Our goal therefore is to log the minimum number of
To establish the upper bound on the replay time, yessages required to ensure that every interval has a criti-
consider the total amount of computation required for . path at mos€, and to determine dynamically which
Spi's replay: the sum of weights all edges with a path  essages to logHowever by performing a reduction
to Sy (not just those on the critical path). If we Wtde-  from the vertex-cover problem we can show that finding
note the total execution time of all such intervals, and wethe minimum set of messages to log is NP-complete and
could evenly divide this work among tHe processors,  therefore intractable. In the next section we present ap-

the total replay time would b#/P. However dividing proximation algorithms that perform well in practice.
the work evenly is not always possiblgVe nay have

many intervals in one process that need to be replayed buf 2. Replayingfrom the log
few in other processes. In the worst case the replay takes
W time. Theactual replay time is always betweéh
(Sp,i’s critical path) andw.

Once the execution is over and the message logs
created, we replay any interv@}; as follows. Replay of
multiple intervals can be handled in a similar fashion.



To replay S,; we first scan the log to locate the set numerical comparisons, requiring only a single integer to
of intervals necessary fd,;'s replay (those with a di- be piggybacked onto each message.

rected path td5,; in the RDG). Foreach such interval In each procesp we dynamically maintain two

S, we also determine its last event (called tbguisite  quantities,cp and remaining about the currently execut-

evenj on which S,; depends. Theequisite event is the ing interval §,;). The variablecp is the cost ofS;;'s

last event that has a path$g;. For example, to replay current critical path and is the weight of the longest path

S, 3 in Figure 2 we only need to reexecuig, until it to Sy in the RDG so far (due to past logging decisions).

sends messaga3 and S, , until it sends message4. The variableremainingis an estimate of the maximum
After identifying the intervals that must be re- amount of time left inS,; (it must be estimated since it

played, we reexecute each interval on the same processdf@ contribute to the critical path). It is computed by
on which it originally executed. Each procesgarycles subtracting f_romT the t_|me spent in th_e mterva! so far
through intervals assigned to MWhen an interval blocks ~ (récall thatT is the maximum time any interval will take;
on a receiveq switches over to a different intervaln see Section 3).These variables are updated at each
addition, each interval is reexecuted only up to its requi-CNeCkpoint or synchronization eventsy;.

site event.The advantage of this aggressive replay is that When p checkpoints and begins a new inteng,
processors can avoid wasting time blocked on receivesis initialized to 0 since the new interval can be replayed
Interleaving makes efficient use of processors during re-starting from the checkpoint just taken.

play and allows us to achieve a quick replay bouhido,

by replaying intervals only up to the requisite event, pro-
cessors do not spend time replaying portions of the-inter
val unnecessary for the replajggressive replay could
be implemented by setting up the replay of each interval
as a separate process.

When p issues a send operation, the current critical
path sizecp is piggy-backed onto the outgoing message.
This value tells the receiving process how long it will take
(during replay) to reproduce the message if it is not
logged. Beforesending the message, the cpu time spent
since the last checkpoint or synchronization event is
5. Adaptivelogging algorithms addeq to the current_valuecqrﬁto reflect amount of com-

' putation done so far i8,;.

In this section we present two adaptive logging al-
gorithms that allow any interval to be replayed within a o )
specified time.Both algorithms track the critical path of L' If (€iS a checkpoint event) {

each interval on-the-fly and log any message that would?: cp=0;
cause the critical path to exceed the user-specified bound: } )
C. The first algorithm simply tracks the critical path and 4 if (éis @ send event) { _
does not bound the interval multiplicity of each interval. " Cp= cp+ time since previous event;
Although this algorithm does ndteoreticallyprovide the & remaining=T - time spent in this interval;
replay time guarantee given in Theorem 1, our experi- /- piggy-backcp onto the message to be sent;
ments indicate that in practice it performs wéNe then 8 1 _
show how the algorithm can be extended (at additional®: If (€is areceive event) {
run-time cost) to bound the interval multiplicity and thus 19- Cp=Cp + time since previous event;
guarantee the worst-case bound. In Section 6 we present: remaining= T - time spent in this interval;
experimental results indicating that the overall perfor 120 CPn = critical path on incoming message;
mance of the simpler algorithm is best. 13: if (cpm + remaining > C)

14: log the message;
5.1. Adaptivelogging by tracking the critical path 15: else

16: cp=max (Cp, CPm);

Our first algorithm tracks in each process the criti- 13
cal path of the current interval as the execution progress-
es. Afterreceiving a message, it determines whetiar
logging the message would increase the critical path be-
yond C (the allowable bound)The algorithm (shown in
Figure 3) is run after either a checkpoint or synchroniza-
tion event. Every intervals’ critical path will stay below
the desired amount. The advantage of this approach is its
low run-time overhead; the critical path checks are quick

Figure 3. Qitical-path based message logging, run
after each synchronization or checkpoint evene.

T is the maximum time ever between checkpoints.
C is the user-specified bound on the critical path.




After p receives a message, it uses its current criti-and the piggy-backe®DS contains more tha inter-
cal path sizecp and the information piggy-backed on the vals from any one process. If the message is not logged,
message to decide whether to log the messhgecp, p's RDSis unioned with the piggy-backe®DSto indi-
be the critical path size piggy-backed onto the messagecate the total set of intervals on whi; now depends.
Ccpm Was the critical path of the seneinterval just be-

L The disadvantage is the run-time overhead associat-
fore the message was sent (and indicates at least how Iongd with piggy-backing and unioning the replay depen-

I .WOUld take tq reproduce .th.e message). The MESSa%Fence sets. One optimization to reduce this overhead is to
W'”. pe I_ogged if cpr, + remaining> C. Rec‘."‘” thatre- approximate thdrDSof processp. Instead of exactly re-
Maining|s an upper bound_on how much time is left be- membering every interval on which depends, we can
for_e |n.terval Spi finishes (i.e., before the next check- store only the earliest and latest intervals in each process
point); it needs only to be an upper bound and need not b, \yhich p depends (and assume that every interval in
completely accurate (although more messages than necefunveen also belongs to tHRDS. This approximation

sary will be logged if itis too Ige). Inthe worst case the )| guarantees a replay bound, and experiments show this
entire remainder of the interval will be spent performing ;i has no impact on the number of messages loggais
usefu_l compu_tation (an_d not blocked on a receive), so thistechnique involves piggy-backing two vectors of size
remainder might contribute to the critical path. Thus, if he earliest and latest intervals in each process) on each

CPm + rema_ining> C, thenr)c.)tlogging the message could message. loontrast, our first algorithm only piggy-backs
potentially increase the critical path size bey@ndif the a sngle integer (the current critical path).

message is not logged we update the valumpathe cur ] ) )
rent interval$ aitical path is now the maximum @p (the We conducted extensive experiments to determine
time required to replay the interval up to the receive) andWhether the extra overhead of the second algorithm was
cp,, (the time required to reproduce the message just reworthwhile. Sectioré shows thqt in practice it is unnec-
ceived). Figure? gives an example of the way our algo- ©SSary to use the second algorithm and bound the interval
rithm would work. Here C was set to be equal to 7 ahd multiplicity. We mnclude that in practice the first algo-
was equal to 4Messagem?2 was logged because other rithm is preferable; limitingM is not necessary to achieve
wise we would have had a critical path of size 8 or more. & desired bound on the replay time.

5.2. Tracking interval multiplicities 6. Experimentalresults

The above algorithm does not limit the interval To evaluate our ideas, we analyzed executions of
multiplicity, M; it allows S,; to be replay dependent on S€Veral message-passing progranWe measured the
any number of intervals from any one processrtunate- number of messages logged and the time required to re-

ly, Section 6 shows that algorithm performs very well: in prllay any mFe_rvT\I fr%m the Iogsl. Ol:: exlpenmer:ts show
practice the amount of logging and the replay time are in-that our critical-pat based algorithm logs only about

dependent ofM. However for completeness we show 0_‘ 1-5% of the messages an(_j that these_logs afe suf
how to extend our first algorithm to limil. Our second cient to meet almost any desired replay timte dso

algorithm achieves the guaranteed replay tim€mf in found that in most cases checkpoint placement has little

the worst case (given by Theorem 1), but incurs more run__effect on performanceThese results suggest that our crit-

time overhead. This algorithm might be used in practice'cal'path based technique bounded replay time with low

when the replay bound must be guaranteed in even pathd“_nessage Ioggmg_overheaﬁecause it does not depend_
logical cases and its additional overhead is acceptable. on yvhen (_:heckpomts are taken_ (for reasonabl_e checkpoint
i ) . . periods), it can be integrated with other adaptive schemes,
We extend our first algorithm by tracking the inter  gy,ch as incremental checkpointing[5] to further reduce the
val multiplicity, M, of the current interval%;;) as vell as  ota] overhead of supporting incremental replay.
its critical path. To track M, processp maintains a set of
intervals we call theeplay dependence séRDS. The
RDSis the set of all intervals that must be replayed for
Spi to run to completion.When p sends a message, it

piggy-backs its currerRDSonto the message (as well as the programs are nondeterministi€)ue to space limita-

the valye of the vanablep, as iown in Flggre 3).Whep tions we only present the data for our critical-path based
p receives a message, it checks to see if not logging the

: ) i . algorithm. Oursecond algorithm, wher# is explicitly
message would violate either the critical path or the-inter bounded, typically logs less than 2% more messages
val multiplicity constraints.The multiplicity constraint is ' '

checked by determining if the union pfs current RDS

We smulated our algorithm from a message trace
of a single execution of each program. Simulation al-
lowed us to vary parameters and still analyze the same ex-
ecution (different runs produce different executions since



We analyzed six programs developed by colleagues at leastT time just to replay any interval, so it is likely
on an Intel iPSC/860. Each program was run once withthat many messages will cause paths of size greater than
an instrumented message-passing library to collect trace3. This result suggests that we should avoid choosing a
for simulation. detcomputes the determinant of a matrix, value ofC that is close td'.
and was run on a randomly generated 600x600 matrix.
meshcomputes finite dférences over a grid to solve a 6.2. Replayresponse time

differential equation, and was run on a 900x900 gfftl. Our goal is to not only log few messages but also

performs an FFT on randomly generated data pointSy,,ng the replay timeOur second experiment studied
testerderives a set of input patterns that distinguish the how long replay requests would take given the message
fault-free circuit from a faulty onecell is a VLSI cell logs. e computed the time required to replay each inter
placement program which optimally layouts circuit cells |5 “ang averaged this time over all intervalis aver

to minimize total wire length.router is a\/LSI chqnnel age indicates how long a typical replay request will take,
router program, and was run on a data file cpntalmng 131319 shows how &fctive our logging strategy keeps this
nets. Alltraces (except forouter) were obtained on @  ime nounded.This experiment is important because the
16-node subcubeduter was run on an 8-node subcube). citical-path based algorithm is not guaranteed in the
The programs ran between 48 and 1358 seconds angyrstcase to provide theM replay time bound given by
passed a total of 7245 megabytes of message data. Theorem 1, but the results show that in practice a bound

, of less tharC is obtained.
6.1. Performanceof algorithm

i . ) ) Figure 5 shows the average replay timée repre-
Our first experiment investigated what percentage ot the replay time in multiples &f to show how near

of messages are typically logged when processes takg,q critical path an average replay takes. The average re-
checkpoints not skewed in time with respect to each othermay time isalways below 08C. This time is smaller

(we later discuss the fett of varying the checkpoint y,anc phecause after all the messages that violate the criti-
placement). W had each process independently take a .4 hath constraint are logged, no paths of length greater
checkpoint everyl seconds by using a local real-time han ¢ are left, allowing most intervals be replayed in

clock (and did not synchronize the local clocksfe  {ine |ess tharC. We dso found that thenaximumtime
measured how many messages were logged as we varigdy ireq to replay any interval was always less th@n 2
C (the critical path) and (the checkpoint period)Since

no two programs had the same execution time, for unifor The results of these experiments show that critical-

mity we expresd as a percentage of the total execution Path based logging fettively keeps the replay time
time andC as a multiple off. bounded, even though the algorithm does not bound the

interval multiplicity. In practice the user need specify on-

Figure 4 shows the percentage of messages 10ggeq|, yhe critical pathC and use the critical-path based log-
for four different checkpointing periods: 5%, 10%, 15% ging algorithm (Figure 3), since even the maximum re-

and 20% (checkpointing every 20% gives five check- 5.y time is no more than® Several factors explain this

points per process). For each valueTofthe amount of  oq 1t Boundinghe critical path seems to automatically

logging decreases as the critical p&@hincreases. The o ng the multiplicity of the intervalsOur experiments
performance gain is small & increases beyondT2(or  ghqyeq that the interval multiplicity is always less than

3T for the tester program). In most cases less than 5% szc_ However if M were T, Theorem 1 states that the

the messages are logged. When the curves stabilize, we . : 2
" Tworst- replay tim Id still . A closer look
log less than 2% of the messaged-or router, the orst-case replay time could still %C*). A closer loo

. at the proof of Theorem 1 shows that to obtain the worst-
longest running program, less than 0.1% of messages are

logged. Ouralgorithms performance improves as the caseC* M bound requires all intervals assigned to any
checkp'oint period increases: withdar checkpoint peri- processoq to remain unfinished until the very end of the

: > ) replay Th t an int in the replaywould have t
ods we automatically allow Iger critical paths (sinc€ epiay Thus at any po e replaywould have o
. . . cycle through allM intervals to perform one unit of work
is expressed in multiples o).

on each of themHowever our experiments showed that
ChoosingC to be about Z works well. With this  many intervals do not persist until the end of the replay

choice less than 5% (and in most cases less than 2%) ofs the replay progresses, more intervals finisky bas to

the messages are logged. Our algorithm logs aboutycle through fewer intervals; thus the replay time be-

15-35% of the messages whe&w T (not shown in the  comes a geometric progression and the total replay time is

figures), much more than whéhis even slightly lager proportional toC instead ofC2.

thanT. When the checkpoint period equdlsve require
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Figure 4. Rercentage of messages logged for different checkpoint periods, T=5,10,15,20%
(T is expressed as a percentage of total execution time).

6.3. Sensitivityto checkpoint placement Figure 6 shows the percentage of messages logged

In the above experiments each process checkpointfOr the tester program and tireaximunreplay time a<C
ed everyT seconds. Sincene of our goals is an algo- and Svary (hereT is 10% of the execution time)lhese

rithm that can be integrated with other adaptive strategie<UTVes are typical of what we saw in the other programs

(such as adaptive checkpointing), our last experiment ex2"d for other values of not more than 10%. Figure 6a

amined the effect of varying the checkpoint placement. shows that as the checkpoints become more s_kewed, more
This experiment allows us to predict the effect ofediint ~ messages are logged, but the trend is only slight. In gen-

checkpointing schemedo vary the relative placement of ©ral, with skewed checkpoints more messages can pass
checkpoints in different processes, we skewed the timethrough several intervals, adding up the time for regener

each process checkpoints relative to the othive. d- ating them and forcing the algorithm to log motgow-

lowed the first checkpoint in each process to be taken ran€Vet the effect of skew on logging is marginal and for
domly at a time between 0 afqcalled theskew parame- most cases the increase in logging is less than 5%, indi-

ter). Subsequentheckpoints were taken periodically at cating our algorithm is not very sensitive to checkpoint
intervals of T. Due to the random choice of the first Placement fofl less than 10%. In addition, the skew has

checkpoint, the™ checkpoint of any two processes expe- little affect on the replay time. Figure 6b shows that the

rience a random relative time difference between 0%nd ma_X|mumt|me required tq satisfy any_replay request. IS
typically less than @. This result again shows that in
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Figure 5. Average replay time (in units ofC) for different checkpoint periods (T=5, 10, 15, 20%).

practice the critical path is the dominant factor in deter probably incur replay delays too great to be accepted by
mining the replay time. users. W there expect the above results Tonot greater

For T larger than 15 20% the effect of skew was than 10% to be typical.
more apparent. For example, when the skew was maxi- . .
mum G=T), 10% more messages were logged for 8-4- Discussion
T =15%, and 15% more far = 20%. Buteven for these To summarize, we discuss how to choose the check-
larger values ofT, the increase in logging was below 5% point period T) and the critical path@) to meet a user
when Swas below about 45% df. For larger values of  specified response time requiremesit (Theuser should
skew the logging could be reduced by letting the critical choosed to balance checkpointing overhead with the
path size increase (toT3 as he skew increasesThese maximum tolerable response tim8mall & provides fast
results indicate that our algorithm can tolerate a reason+eplay but incurs high overhead since the checkpoint peri-
able amount of skew without much deterioration in-per od must then be no more than For example, setting
formance. at less than ten seconds is probably impractical on modern
Since incremental replay is required only for long- machines even When there is a dedicated co-processor for
running programs (e.g., hours or days of execution time),S¢@nning and outputting memory pages.
we do not expect skew to have any effect in practica. The experimental results indicate that giviernwe
such programs, checkpoint periods above 10% wouldshould chosd and C as follows. According to Section
6.2, the average response time for replaying an interval is
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Figure 6. The effect of checkpoint placement: (a) Percentage of messages logged.
(b) Maximumreplay time required to satisfy any replay request.

less than BC, so we should chooseC to be 1255. Ac-
cording to Section 6.1, the number of messages logged
stabilizes whenC = 2T, so we &ould chooseT to be  [3]
0.5C, or 0.6255. With this setting, we can expect to log
less than 5% of the messages while still satisfying most
replay requests within tim&.

7. Conclusions (4]

We have presented adaptive logging schemes to
provide bounded-time incremental repla@ur critical-
path based logging algorithm, when used with indepen-
dent checkpointing, logs 0.~ 5% of the messages while
providing almost any replay bound specified by the.user [5)
In this paperwe have reported the first results on how to
provide bounded replay with low message logging for in-
dependent checkpointing.We alvocate independent
checkpointing since other adaptive schemes can then be
used to curb the total overhead. Future work involves in-
tegrating our algorithm with adaptive checkpointing to [6]
help keep the total tracing overhead low (of both mes-
sages and checkpoints).
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