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ABSTRACT

It is becoming important for long-running scientific appli-
cations to tolerate hardware faults. The most commonly
used approach is checkpoint and restart (CPR) - the com-
putation’s state is saved periodically to disk. Upon failure
the computation is restarted from the last saved state. The
common CPR mechanism, called System-level Checkpoint-
ing (SLC), requires modifying the Operating System and the
communication libraries to enable them to save the state of
the entire parallel application. This approach is not portable
since a checkpointer for one system rarely works on another.
Application-level Checkpointing (ALC) is a portable alter-
native where the programmer manually modifies their pro-
gram to enable CPR, a very labor-intensive task.

We are investigating the use of compiler technology to in-
strument codes to embed the ability to tolerate faults into
applications themselves, making them self-checkpointing and
self-restarting on any platform. In [9] we described a gen-
eral approach for checkpointing shared memory APIs at the
application level. Since [9] applied to only a toy feature set
common to most shared memory APIs, this paper shows
the practicality of this approach by extending it to a spe-
cific popular shared memory API: OpenMP. We describe
the challenges involved in providing automated ALC for
OpenMP applications and experimentally validate this ap-
proach by showing detailed performance results for our im-
plementation of this technique. Our experiments with the
NAS OpenMP benchmarks [1] and the EPCC microbench-
marks [21] show generally low overhead on three different
architectures: Linux/IA64, Tru64/Alpha and Solaris/Sparc
and highlight important lessons about the performance char-
acteristics of this aproach.

Categories and Subject Descriptors

D.4.5 [Reliability]: Checkpoint/Restart
; C.1.4 [Parallel Architectures]
; D.1.3 [Concurrent Programming)

General Terms

Algorithms Reliability Performance Experimentation

Keywords

fault tolerance, checkpointing, shared memory, parallel, OpenMP

1. INTRODUCTION

The problem of making long-running computational sci-
ence programs resilient to hardware faults has become crit-
ical. This is because many computational science programs
such as protein-folding codes using ab initio methods are
now designed to run for weeks or months on even the fastest
available computers. However as machines are becoming
bigger and more complex, their mean time between failures
(MTBF) is becoming less than the running times of many
programs. Therefore, unless the programs can tolerate hard-
ware faults, they are unlikely to run to completion.

The most commonly used solution in high-performance
computing(HPC) is checkpoint and restart (CPR). During
a program’s execution its state is saved periodically to stable
storage; when a fault is detected the program is restarted
from the last checkpoint. Most existing systems for check-
pointing such as Condor [16] take System-Level Checkpoints
(SLC), which are essentially core-dump-style snapshots of
machine state. A disadvantage of SLC is that it is very
machine and OS-specific; for example, the Condor docu-
mentation states that “Linux is a difficult platform to sup-
port...The Condor team tries to provide support for vari-
ous releases of the Red Hat distribution of Linux [but] we
do not provide any guarantees about this.” [11]. Indeed, a
brief survey of the major US supercomputing centers and
government labs shows that most machines do not have au-
tomated checkpointing and even when they do, its use is
generally not recommended by the system administrators.
Furthermore, system-level checkpoints by definition cannot
be restarted on a platform different from the one on which
they were created.

In contrast to SLC, in Application-level Checkpointing
(ALC) application source code is modified to save and re-
store its own state. Because the application become self-
checkpointing and self-restarting, ALC avoids SLC’s extreme
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for protein-folding applications on IBM’s BlueGene/L, an
application-level checkpoint is a few MB’s in size while a
full system-level checkpoint is many TB’s. On most large



platforms hand-implemented ALC is the default.

This paper describes a semi-automatic ALC system for
OpenMP applications. Programmers need only add to their
program calls to function ccc_potential_checkpoint at pro-
gram locations where a checkpoint may be desirable (ex:
due to smaller live state). Our Cornell Checkpointing Com-
piler (C?) tool then automatically instruments the code so
that it can save and restore its own state using any imple-
mentation of OpenMP. The system described here builds on
our previous work on ALC for generic shared memory pro-
grams [9]. While in [9] our basic approach was shown to
work with a severely limited shared memory API, this pa-
per experimentally proves the viability of the approach by
extending the framework from [9] to support the OpenMP
2.5 specification, including support for all required OpenMP
constructs and trivial support for nested parallelism (nested
parallel regions run with only one thread). We have success-
fully tested our checkpoint/restart mechanism on multiple
OpenMP platforms including Linux/TA64 (Intel compiler),
Tru64/Alpha (Compaq/HP compiler) and Solaris/Sparc
(SunPro compiler), showing low overheads. For each plat-
form we present performance results for the NAS Paral-
lel Benchmarks [1] and a detailed feature-by-feature perfor-
mance breakdown via the EPCC microbenchmarks [21].

By combining this OpenMP checkpointer with our pre-
vious work on checkpointing MPI programs [22] [6, 7], it is
possible obtain fault tolerance for applications that use both
message-passing and shared-memory communication.

The remainder of this paper is structured as follows. In
Section 2, we briefly discuss prior work in this area. In Sec-
tion 3, we introduce our approach. We discuss the categories
of state that can be present when an OpenMP application
is checkpointed, with hidden state in Section 4 and syn-
chronization state in Section 5. In Section 6, we present
experimental results. Finally, we give our conclusions and
discuss ongoing work in Section 7.

2. PRIOR WORK

Alvisi et al. [14] is an excellent survey of of rollback-
restart techniques for message-passing applications. The
bulk of the work on CPR has focused on such applica-
tions and almost all of this work uses SLC. Blocking tech-
niques [24] bring all processes to a stop before taking a
global checkpoint. In non-blocking checkpointing, processes
may checkpoint themselves at different times but coordinate
the timing of these local checkpoints to ensure a consistent
global state. The Chandy-Lamport protocol is perhaps the
most well-known such protocol [10].

In the HPC community hand-coded application-level check-
pointing at global barriers is the norm. The Dome project
explored hand-coded ALC in an object-oriented language
for computational science applications [4]. Recently, our re-
search group has pioneered preprocessor-based approaches
for implementing ALC (semi-)automatically [22] [6, 7, 9].
In addition to showing that existing SLC protocols like the
Chandy-Lamport protocol do not work with ALC, we have
designed and implemented novel protocols that do.

Checkpointing for shared memory systems has not been
studied as extensively. Existing approaches have been re-
stricted to SLC and are bound to particular shared memory
implementations. Both hardware and software approaches
have been proposed.

SafetyNet [23] inserts buffers near processor caches and
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Figure 1: Overview of the C? System

memories to log changes in local processor memories as well
as messages between processors. ReVive [18] is another ap-
proach to hardware shared memory fault tolerance based on
a combination of message logging and checkpointing. Both
of these systems provides high efficiency, but because they
are hardware-based, they do not provide portable solutions.

Dieter et al.[12] and BLCR [13] provide software-based
checkpointing for SMP systems. The former augments the
native thread library to coordinate checkpoints across the
machine and implements a special protocol for synchroniza-
tion primitives. The latter uses dynamically loadable kernel
modules to directly control the thread scheduler and force
consistency among all threads. In contrast to our solution,
both approaches are bound to a particular thread library
and kernel version, and are non-portable. Checkpointing for
software distributed shared memory (SW-DSM) has been
explored in [17, 19]. All are implemented inside the SW-
DSM system and are bound to a particular shared memory
implementation.

While prior work has focused on modifying shared mem-
ory libraries on specific systems, it is also possible to enhance
a shared memory library that works on multiple platforms to
enable it to provide checkpointing functionality. Although
this would achieve the same goal as C®, a significant amount
of labor would be required to port the library to many dif-
ferent platforms and make it as efficient as the native im-
plementation on each platform. The goal of C? is to create
a single checkpointing solution for all implementations of
OpenMP, making porting to new platforms trivial.

3. OVERVIEW OF APPROACH
3.1 Architecture

Figure 1 describes our approach. The C® pre-compiler
reads C/OpenMP application source files and instruments
them to perform application-level saving of shared and pri-
vate state. This makes checkpointing a property of the ap-
plication rather than of the underlying system, making it
available on any platform on which the application is exe-
cuted. The only modification programmers make to source
files is to insert calls to function ccc_potential_checkpoint
at program points where checkpoints may be taken. These
points should ideally have minimal live state and need to be
executed at least as often as the desired checkpoint interval.
In practice we’ve found that placing potential checkpoint
locations at the top of the application’s main computation
loop satisfies these conditions. Note that checkpoints need
not be taken at every ccc_potential_checkpoint call; in-
stead, the choice can be based on a timer or an adaptive
mechanism such as [3]. Checkpoints taken by individual
threads are coordinated by the protocol described below.



The pre-compiler’s output is compiled with the given plat-
form’s native compiler and linked with a library that imple-
ments a coordination layer for generating consistent snap-
shots of the computation state. This layer sits between the
application and the OpenMP runtime and intercepts all calls
from the instrumented application program to OpenMP.
This design permits us to implement checkpointing without
access to the underlying OpenMP implementation.

In this paper we focus on a blocking protocol to coordinate
the state saving tasks of different threads into a consistent
global snapshot of application state. Our basic protocol is
shown below:

Global_Barrier
Save State
Global_Barrier

The two barriers ensure that the application is not run-
ning while the checkpoint is being recorded. Furthermore,
the first barrier ensures that any writes to shared data that
were initiated before the checkpoint will have completed by
the time the first barrier returns. This makes this protocol
applicable to relaxed consistency models, of which OpenMP
is an example.

3.2 State classification

To apply this basic approach to the general class of OpenMP

programs, we need to describe what is done in the Save

State step in the above protocol. We consider four cate-

gories of state that are present in a running OpenMP process,

e Application state: Includes application variables (both
global and local), heap objects and the stack activation
frames that exist at checkpoint-time.

e Hidden state: Any state inside the OpenMP runtime
system that must be recreated on restart. Includes the
locations of privatized and reduction variables, the bind-
ing between stack regions and thread numbers, and the
scheduling of worksharing constructs.

e Synchronization state: The state of any synchroniza-
tion objects that a thread held or was blocked on at
checkpoint-time. These include barriers, locks, critical
sections, and ordered regions in worksharing constructs.

3.3 The Four R’s of Checkpointing

Although the application depends on all of the above types
of state, it may not have the same type of access to all of
them. For example, the application has complete access to
its process counter. It knows its value and can manipulate it
via loops and gotos. The same is not true for heap objects or
thread IDs. While the application knows the locations of its
heap objects and the IDs of its threads, it has no power to
choose where malloc() places an object or what ID is given
to a particular thread. Finally, some types of state like the
location of reduction variables are completely hidden from
the application until the reduction is complete.

Given the different types of access the application has to
different types of state, we use four strategies for checkpoint-
ing and restarting these types of state:

e Restore: State that can be directly manipulated by the
application, can be directly saved at the checkpoint-time
and restored on restart. Example: Global and local vari-
ables.

e Replay: State that cannot be directly manipulated by
the application but can be recreated using a sequence of
deterministic operations, can on restart be regenerated

by replaying these operations. Example: OpenMP locks

since their state is inaccessible to the application but can

be recreated using lock routines.
e Reimplement: If the state cannot be recreated by re-
playing operations, then the operations need to be reim-
plemented so that it can be. Example: heap objects in
C since on restart it is not possible to force malloc() to
place these objects at their original locations. We have
developed our own self-checkpointing implementation of
the heap functions.
Restrict: If the state cannot be recreated by reimple-
menting the operations, it cannot be supported. The ap-
plication must be restricted from using this kind of state
or to only using it in a restricted manner.

Next to Restricting the application from using OpenMP,
the simplest way to checkpoint an OpenMP application is
to apply Reimplement to provide a cross-platform self-
checkpointing implementation of OpenMP. However, to
ensure maximal performance on all platforms we have
attempted to use the least invasive type of checkpointing
mechanism possible. (i.e. Replay before Reimplement, etc.)
While this has the downside of a more complex solution, our
experiments (Section 6) validate our approach.

3.4 Discussion

In previous work, we describe a sequence of program trans-
formations that add code to an application to save and re-
store the Application State. At a high-level, our system uses
Restore to recreate the value of variables and heap objects,
Replay to recreate activation frames, and we Reimplement
the heap. We discuss our approach for recreating the stack
in Section 4.1.3. More complete descriptions of these tech-
niques can be found in [6, 9]. The remaining categories of
Hidden state and Synchronization state are described in de-
tail in Sections 4 and 5, respectively.

Due to lack of space, we do not describe in any detail
how we handle the remaining constructs of OpenMP (e.g.,
master regions, atomic regions, flush directives, and the
time functions) as these details are trivial. The only com-
ment that is worth making here is that, while it is possible
for a checkpoint location to appear inside of an atomic di-
rective, OpenMP guarantees atomicity for only the update
operation of the atomic construct. Any computations on
the atomic update’s right hand side (including the poten-
tial checkpoint location) have no atomicity guarantees. As
such, we hoist the right hand sides of atomic updates out of
OpenMP atomic directives, legally ensuring that potential
checkpoint locations never occur in atomic directives.

4. HIDDEN STATE
4.1 Threads

The parallel directive creates new threads and assigns
them memory regions for their stacks. Each thread can de-
termine its own thread number and the number of threads
currently running and to changes these values. A checkpoint
must contain enough information to recreate the threads on
restart and reset the OpenMP runtime system into an equiv-
alent state from the application’s point of view.

4.1.1 Recreate threads and their IDs

On restart the application must recreate the same number
of threads that were present at checkpoint-time. In OpenMP
new threads are created when some parent thread passes
through a #pragma omp parallel directive. To recreate



the same threads on restart we have the application pass
through the parallel directives that had created the threads
it had at checkpoint-time. (omp_set_num_threads is used to
recreate the same number of threads) Thread IDs are gen-
erated deterministically.

4.1.2 Recreate thread to stack mapping

The application may have pointers to stack objects. Since
our system does not use a mechanism for retargetting these
pointers on restart®, they will become invalid if the objects
move. As such, it is necessary that each thread be reas-
signed the same stack region that it had in the original
execution. Although OpenMP does not provide guaran-
tees about thread stack locations nor allows applications to
choose them, in practice OpenMP implementations operate
under some reasonable assumptions.

Suppose that we assume that when a parallel construct
is re-executed on restart, the set of stacks allocated to the
threads will be the same as during the original execution,
even if the thread to stack mapping is different. (i.e. thread
0 may be assigned the stack that was originally assigned to
thread 1). By reimplementing omp_get_thread num, we can
provide a mapping of stack regions to thread IDs that is that
same as during the original execution.

Let us relax this assumption to allow the stacks on restart
to move relative to the original stacks by a small amount (a
few KB). In this case the start of each stack can be padded
with a buffer, using alloca() on restart to pad it with the
right number of bytes to make the new stack’s starting point
line up to the old stack from the application’s point of view.

If neither assumption holds, we can reimplement the thread
to stack assignment mechanism. In many versions of UNIX
and Linux, this can be done using the mmap and setcontext
system calls. Windows has equivalent system calls.

To summarize, depending upon the assumptions that can
be made about how a particular implementation assigns
stacks to threads, it is possible to use varying degrees of
Replay and Reimplementation to ensure that threads are
assigned the same stacks on restart. The most general and
portable approach requires a complete reimplementation of
this feature.

4.1.3 Recreate the stack contents

Once we recreate the threads and re-associate each thread
with its correct stack and thread ID, the contents of each
stack must be recreated. This consists of

e Recreating the activation frames that were present on the
stack when the checkpoint was taken,

e Ensuring that stack allocated variables are placed at the
same locations, and

e Restoring the values of stack allocated variables.

Recreating the activation framesSince the developer
may place checkpoint locations at arbitrary points in the
source code, checkpoints can occur within nested function
calls, including regions encapsulated by OpenMP directives
(e.g. within parallel regions). While the application can
restore the stack regions that it created, it cannot restore
the stack regions created by entering OpenMP regions since
their size and contents are determined by the OpenMP im-
plementation and their presence may correspond to addi-
tional state inside of OpenMP. As such, we recreate the stack

IFor portable checkpointing, we do use such a mechanism.
See [15] for details.

via Replay by calling the function calls and reentering the
OpenMP directives that were on the stack at checkpoint-
time. This is done by adding statement labels to function
calls and OpenMP directive that can reach a checkpoint lo-
cation and using these labels on restart to invoke the same
functions whose frames were present when the checkpoint
was taken, as described in [7, 6].

Ensuring the location of stack allocated variables.
preserve the validity of application pointers, on restart all
stack allocated variables must be assigned to the same ad-
dresses. In Section 4.1.2 we discuss how threads are assigned
their original stack regions. Thus, all that remains is to en-
sure that all the function activation frames and OpenMP di-
rectives are placed at the addresses they held at checkpoint-
time. This is trivial for function calls but more complex for
OpenMP directives since there is no guarantee that when a
given OpenMP directive is reentered on restart it will take
up the same amount of stack space as during the original
execution. The solution is to use alloca to pad the stack
during the original execution, using the mechanism above to
align restart stack starting addresses to their original values.

Restoring stack allocated variable®nce the stack allo-
cated application variables have been placed at their original
memory locations, then it is possible for the application to
directly restore their values from the checkpoint.

4.2 Data

In OpenMP there exist variables whose locations cannot
be deterministically assigned. These are the explicitly pri-
vatized variables and the reduction variables. The reason
for this is that the specification does not explicitly say how
these variables are allocated and assigned addresses. Be-
cause of this, Replay is not an option and our system relies
on Reimplementation, which is performed by the precom-
piler. The details of the transformation can be found in [§]
but the net effect is that the every program variable is as-
signed a location in the globals, stack or heap to which it
can be deterministically reassigned on restart.

4.3 Worksharing constructs

The final category of OpenMP constructs whose state is
hidden to the application are the worksharing constructs,
which include single, sections, and for constructs. These
constructs assign work units to threads using various schedul-
ing choices. The hidden state is this assignment and the
completion status of each work unit.

In the most general sense, these constructs cannot be han-
dled using a Replay mechanism because assignment of work
units to threads is non-deterministic. Consider the single
directive. Although all threads must reach the same single
directive, only one of them may execute its code. Suppose
during the application’s original run this work unit is as-
signed to thread 3, which took a checkpoint inside of it. On
restart, there is no way to re-execute the single construct
and ensure that it would again be assigned to thread 3.

Because Replay is not possible, one possibility would be
to Reimplement the worksharing constructs. In this case,
checkpointing the reimplemented worksharing constructs
would become simple: our implementation would directly
save and restore the scheduling data structures.

However, rather than fully Reimplement worksharing con-
structs (which may result in reduced performance), it is pos-
sible to deal with them via a mixture of Replay and Reim-



plement. Consider the example shown in Figure 2. Suppose
that every thread takes its checkpoint within this construct.
On restart, we must 1. ensure that each thread will re-
sume executing the same work unit within which it took the
checkpoint and 2. make sure that the remaining unexecuted
work units will be scheduled to run on some threads. The
restart code is shown in Figure 3. To deal with the first issue
our compiler extracts the loop’s body and directly jumps to
the location inside where the checkpoint was taken (Reim-
plement). Once these work units have been completed, the
native OpenMP for construct is used to schedule unexe-
cuted work units (Replay). Since OpenMP requires that
the loop inside a for construct have a very simple form, the
remaining sparse iteration space is mapped into a dense form
(into array remaining iters[]). Note that since this solu-
tion does not depend on which work units were executed,
in-progress or remaining, it works with all loop scheduling
policies.

#pragma omp for
for(i=0; i<1000; i++)
{ ... loop body ... }

Figure 2: For Construct Example

i = iter_at_checkpoint(thread_id);

{ ... loop body ... }

// wait for the other threads to finish.

ccc_global_barrier();

remaining_iters[*] =
condense_remaining_iters();

#pragma omp for

for (1i=0; ii<num_remaining_iters; ii++) {
i = remaining_iters[ii];
{ ... loop body ... }

}

Figure 3: Restarting a simple for construct

The above mechanism works for worksharing constructs
without a nowait clause (i.e. terminated by an implicit
barrier). However, in situations where the nowait clause
is present it is possible for different threads to checkpoint
inside of different worksharing constructs. Since OpenMP
requires each thread to execute the same sequence of work-
sharing constructs, on restart we will not be able to use na-
tive OpenMP for loops (as we did in Figure 3) to schedule
the unexecuted iterations of application worksharing con-
structs that were already passed by some threads at the time
of the checkpoint. As such, in this situation we use the fol-
lowing scheme. Let W be the latest worksharing construct
that any thread took a checkpoint inside of. For all work-
sharing constructs that precede W we schedule their unex-
ecuted work units using our own implementation (Reimple-
ment). W’s unexecuted work units are schedule by using
the mechanism in Figure 3 (Replay).

5. SYNCHRONIZATION STATE

5.1 Synchronization and the Protocol

While it is easy to see how the basic protocol can suc-
cessfully save application state, the fact that it is blocking
presents difficulties if the application contains synchroniza-
tion constructs. The problem arises when one thread tries
to checkpoint while holding a resource that another thread
is waiting to acquire. This can result in deadlock, as shown
in Figure 4 where thread 0 will block at the first global

Global Global
Barrier Save State Barrier |

Thread 0 t } !
lock(x) / unlock(x)
Thread 1 ¢ — = o
lock(x) unlock(x)

Figure 4: Deadlock example

barrier within the checkpoint protocol while thread 1 will
block at the lock acquire. A similar situation happens with
applications that use critical sections.

OpenMP has two fundamental types of synchronization
constructs. The first type involve the request and release of
a resource. Locks, critical sections and ordered sections fall
into this category. The second type involves the collective
synchronization of threads. Barriers fall into this category.

5.2 Refining the Basic Protocol

One solution would be to wake up all blocked threads so
that they could participate in taking the checkpoint. Unfor-
tunately, OpenMP does not provide applications with such
functionality and the only way to unblock a blocked thread
is to give it the resource on which it is blocked.

Thus, our approach is: 1. at checkpoint-time ensure that
all threads are awake by releasing all resources and 2. be-
fore the checkpoint is complete, put all the threads that
were forcefully awoken back into a blocked state. For locks
this means that the thread holding the lock must release
it. For barriers it means that all threads that are not wait-
ing at a barrier must execute a barrier in order to release
the threads blocked at a barrier. At the end of checkpoint,
threads must reacquire the resources they held at the check-
point’s start and must re-execute any operation that they
might have been blocked on when the protocol began. Fig-
ure 5 shows the complete protocol framework?. Function
time_to_checkpoint() decides whether it is time to take
a checkpoint by using a timer, user guidance, an adaptive
mechanism [3] or some other technique.

/* shared */ int checkpoint_initiated = FALSE;
void ccc_potential_checkpoint() {
if (time_to_checkpoint())
ccc_perform_checkpoint (FALSE) ;
}
void ccc_perform_checkpoint(bool at_barrier) {
checkpoint_initiated = TRUE;
foreach r (resources_held_by_current_thread())
release_xxx(r);
if (lat_barrier) release_barrier();

ccc_global_barrier();

save_application_state();
save_hidden_state();

checkpoint_initiated = FALSE;
foreach r (resources_held_by_current_thread())
reacquire_xxx(r) ;

ccc_global_barrier();

}

void ccc_global_barrier() {
/* Any barrier implementation that */
/* doesn’t use OpenMP’s barrier. */

}
Figure 5: Checkpointing Protocol Framework

When performing a checkpoint, a thread first releases

2For clarity, the code executed on restart is not shown.



all the resources it holds, which may include locks, criti-
cal regions and ordered regions. Then releases any threads
blocked at a barrier. After performing the first checkpoint
barrier, all the threads save the application and hidden state.
Before performing the second checkpoint barrier, each thread
reacquires all of the resources it held before the checkpoint
was initiated. The shared variable checkpoint_initiated is
used to inform awoken threads that the checkpoint protocol
has been initiated. The parameter at_barrier is set to true
when a checkpoint is being taken at an OpenMP barrier,
and false otherwise. Its use will be described below.

Our protocol and its implementation do not use the na-
tive OpenMP barrier directive. This is because the OpenMP
specification precludes the use of the barrier directive in cer-
tain constructs (e.g., work-sharing, critical, ordered or mas-
ter). Since developers may place checkpoints within these
constructs, we have reimplemented barriers in the routine
ccc_global_barrier to avoid such violations.

The following sections expand this high level idea into a
complete protocol for OpenMP, describing how locks, criti-
cal regions and ordered regions are released and reacquired
and how barriers are released.

5.3 Incorporating Locks

The C? precompiler replaces all calls to OpenMP locking
routines (e.g., omp_set_lock, omp_unset_lock) with calls to
routines in our runtime library (e.g., ccc_set_lock,
ccc_unset_lock). The pseudocode for our locking routines
and the release and reacquire routines required by the frame-
work are shown in Figure 6.

release_lock(omp_lock_t *1) {
omp_unset_lock(1l);
¥
reacquire_lock(omp_lock_t *1) {
omp_set_lock(1l);
}
void ccc_set_lock(omp_lock *1) {
omp_set_lock(*1);
while (checkpoint_initiated) {
omp_unset_lock(*1);
ccc_perform_checkpoint (FALSE) ;
omp_set_lock(*1);
}
record_resource_held(1l);
}
void ccc_unset_lock(omp_lock_t *1) {
remove_resource_held(1l);
omp_unset_lock(1);

Figure 6: Checkpointing locks

The routines for releasing and reacquiring locks during
checkpointing are trivial; they simply call the corresponding
OpenMP routines.

Similarly, the routine ccc_set_lock calls omp_set_lock in
order to acquire the lock. Once the lock has been acquired,
the thread checks to see if the checkpointing protocol has
been initiated. If so, it is assumed that the thread has been
awoken so that it can take a checkpoint. In this case, it re-
leases the lock that it was given in order to wake it up, per-
forms a checkpoint and again attempts to acquire the lock.
If the thread acquires the lock without the checkpointing
protocol being initiated, then the checkpoint_initiated
flag is read as false and and the lock acquisition is com-
plete. To release a lock we record the fact that the thread

no longer owns the lock and call omp_unset_lock to release
the OpenMP lock itself.

while(1) {
ccc_set_lock(&l);
ccc_potential_checkpoint();
ccc_unset_lock(&l);

Figure 7: Locks example

For a more intuitive understanding of the protocol as it
applies to locks, consider the code in Figure 7 being exe-
cuted by two threads. Suppose that at some point in time
Thread 0 acquires lock | and decides to take a checkpoint
(i.e. calls ccc_perform_checkpoint (FALSE) ) while still hold-
ing the lock. Meanwhile, thread 1 calls ccc_set_lock and
blocks on lock I. In order to wake tread 1 up, thread 0
sets checkpoint_initiated to true and releases the lock.
This causes thread 1 to acquire I, wake up and check the
checkpoint_initiated flag. Since the flag is equal to true,
thread 1 knows that it was woken up in order to be check-
pointed. As such, it lets go of lock I and takes a check-
point. Meanwhile, thread 0 finishes its checkpoint, making
sure to reacquire lock | before the second checkpoint bar-
rier, and resumes its execution. After thread 1 has finished
its checkpoint (and passed the second checkpoint barrier),
it attempts to acquire the lock again.

Since thread 1 may not acquire lock [ again before thread
0 decides to take another checkpoint, it may need to loop
inside of ccc_set_lock multiple times before it can actually
acquire the lock without being forced to checkpoint. Note
that although thread 0 released lock [ in the middle of the
lock-protected region of code, application semantics were
not violated because the protocol guarantees that by the
end of each checkpoint resources are always restored to their
pre-checkpoint owners. (i.e. since thread 0 held | when it
called ccc_perform_checkpoint, it will hold | when
ccc_perform_checkpoint returns)

5.4 Incorporating Barriers

The C? precompiler replaces OpenMP barrier directives
with calls to the ccc_barrier routines in our runtime library.
The pseudocode for the our barrier routine and the release
routine required by the framework are shown in Figure 8.

/*shared*/ int threads_awoken[2]
= { FALSE, FALSE };
/*private*/ int barrier_id = 0;
void release_barrier() {
threads_awoken[barrier_id] = TRUE;
ccc_global_barrier();
barrier_id = !barrier_id;
}
void ccc_barrier() {
threads_awoken[!barrier_id] = FALSE;
ccc_global_barrier();
while (threads_awoken[barrier_id]) {
barrier_id = !barrier_id;
ccc_perform_checkpoint (TRUE) ;
threads_awoken[!barrier_id] = FALSE;
ccc_global_barrier();
}

barrier_id = !barrier_id;

Figure 8: Checkpointing barriers

The flag threads_awoken is used to determine whether
a barrier completed because all threads arrived at the bar-



rier (=FALSE) or because a thread called release_barrier to
awaken any thread that was blocked at the barrier (=TRUE).
The purpose of the at_barrier parameter to
ccc_perform_checkpoint can now be explained. When a
thread is released from a barrier to take a checkpoint, it does
not need to call release_barrier since the fact that is was
released in this way implies that it and all the other threads
that were blocked on this global barrier have been awoken.
Thus, all threads previously blocked on barrier calls are now
awake and ready to take a checkpoint. As such, in the call to
ccc_perform_checkpoint, release_barrier is skipped since
at_barrier is true.

5.5 Incorporating Critical and Ordered

Since critical and ordered sections are conceptually simi-
lar to locks, they are incorporated into the framework in a
similar fashion (Figure 6). There are several key differences.

First, OpenMP has no routines for explicitly acquiring
or releasing critical or ordered sections. Instead, they are
blocks of code tagged by a #pragma that identifies them as
critical or ordered. As such, entering and exiting a critical
or ordered section is done implicitly by entering and exit-
ing the corresponding block of code. This means that in
order to release and reacquire these resources the routines
release criticial/release_ordered and
reacquire_criticial/ reacquire_ordered must execute
code to exit and enter these code blocks.

For example, in the program in Figure 9 suppose a check-
point was taken inside the critical section in function bar()
after bar() was called from foo(). Since the the checkpoint-
ing thread will be holding both critical sections A and B, it
will need to first release them and later on reacquire them.
This is done by first jumping from the checkpoint location to
the end of critical section B, exiting B, jumping to the end
of critical section A, exiting A and finally taking a check-
point. In reacquiring the critical sections the same things
are done in reverse: the thread reenters critical section A,
jumps to the start of critical section B, reenters B, jumps to
the original checkpoint location and finishes the checkpoint.

bar() {
#pragma omp critical(Name_B)
ccc_potential_checkpoint();

}
foo() {
#pragma omp critical(Name_A)
bar () ;
}

Figure 9: Critical example

This can be done by using a set of control flags and in-
troducing additional return and goto instructions into the
application source code. setjmp and longjmp may be used
as well. For lack of space, we have omitted the details from
this paper, but they can be found in [8].

The second key difference is that when a critical or ordered
section is reexecuted, either during restore or replay, it must
be ensured that the local variables in the enclosed scope are
given the same addresses that they had during the original
execution. The OpenMP specification does not guarantee
this, but it can be handled using alloca in a manner simi-
lar to the approach in Section 4.1.3 for ensuring that stack
regions are correctly reassigned on restart.

The case of ordered sections is complicated by their special
semantics: if an ordered section appears inside a parallel for,
its code must be executed in iteration order (i.e. if ¢ < j then

the ordered section in iteration 7 must be executed before
the ordered section in iteration j). Suppose that thread t;
has decided to take a checkpoint inside an ordered section in
iteration ¢ while another thread ¢, is blocked on entry into
an ordered section in a later iteration j. In order to wake
up t2 and force it to take a checkpoint, 1. t; must exit its
ordered section and 2. we must make sure that all iterations
upto j are passed so that t2 can wake up, enter its ordered
section and realize that a checkpoint has begun. After the
checkpoint has completed, the skipped iterations must be
reallocated to some threads in a manner similar to how we
restart parallel for loops and executed normally.

5.6 Implicit Synchronization

It is possible for an application to implement its own form
of synchronization. (e.g. use the atomic directive together
with a polling loop to implement barriers) Our checkpoint-
ing framework may deadlock on applications such such im-
plicit synchronization. The reason is fundamental - our pro-
tocol assumes that there is a mechanism for releasing re-
sources and barriers. There is no way for our system to re-
lease threads that are blocked at application-implemented
synchronization. Indeed, software-implemented protocols
would have significant difficulty efficiently detecting such
synchronization as this would require monitoring individ-
ual reads and writes to shared variables. Therefore, we use
the Restrict methodology and prohibit the application from
using its own form of synchronization.

6. EXPERIMENTAL EVALUATION

In this section we report on our implementation of the
mechanisms described above. The C® implementation cur-
rently supports most of the OpenMP specification. The only
important feature that has not yet been implemented are or-
dered sections. C® provides trivial support for nested par-
allelism in that only a single thread may be created inside a
nested parallel region.

Application-level checkpointing increases applications run-
ning times in two different ways. Even if no checkpoints
are taken, the instrumented code executes more instruc-
tions than the original application to perform book-keeping
operations that keep track of local variables and OpenMP-
specific state. Furthermore, if checkpoints are taken, writing
the checkpoints to disk adds to the execution time of the
program. Because different fault/migration environments
will require different checkpointing frequencies, we measure
these two overheads separately.

To measure the overheads introduced by C? to a real ap-
plication, we evaluate it using the OpenMP versions [1] of
the NAS Parallel Benchmarks [2]. While NAS benchmarks
give us general information, they provide little insight about
how C®’s transformations affect the overhead of OpenMP
constructs. The EPCC microbenchmark suite [21] was used
for this purpose.

To demonstrate the portability of our approach we ran
experiments on three different platforms:

e 4-way 1.5Ghz Itanium with 2GB RAM and RedHat En-
terprise Linux 4.0 with a version 2.6.9 kernel. Intel C++
Compiler V8.1 using the -03 optimization level.

e 4-way Compaq Alphaserver ES45 (1Ghz EV68 processors,
4GB RAM) running Tru64 V5.1A. Compaq C Compiler
V6.5, with -03 -fast optimization. (Lemieux cluster at
the Pittsburgh Supercomputing Center).
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Figure 10: NAS Linux/IA64 No-Checkpoint Overheads
(40 runs each)

e 4-way Sun 420R (v9 SPARCII processors, 4GB RAM)
running Solaris 9. SunPro 9 Compiler with -fast opti-
mization level.

For all platforms, the experiments were run using 2 or 4
processors on the nodes. In this paper we only report the
results of the 4-way experiments due to space constraints.
Each experiment is the average of multiple runs with the
upper and lower 10*" percentiles discarded. The number
of runs in each experiment is listed with its table. To mini-
mize error from accessing a networked disk, checkpoints were
recorded to the local disk of each node. (efficient and reli-
able checkpoint storage is an orthogonal research topic of
that is not addressed in this paper)

6.1 Application Overheads

We used the NAS benchmarks to evaluate C*’s effect on
the performance of realistic OpenMP applications.

6.1.1 Checkpoint-free Overheads

Our first experiment measures the overhead of C*’s instru-
mentation of the application code. This requires the mea-
surement of the running times of (i) the original codes, and
(ii) the instrumented codes without checkpointing. Running
times were taken from the output of each benchmark as this
gives us the running time of the section of code performing
the computational behavior represented by that benchmark.
Results for the Linux/IA64, Tru64/Alpha and Solaris/Sparc
runs are shown in Figures 10, 11 and 12, respectively. We
show results for all benchmark/problem size combinations
that we could run on each platform and for each combination
show the % overhead from transforming the application to
make it self-checkpointing, without taking any checkpoints.
Results for MG on Alpha/Tru64 are missing because this
code fails to run on this platform.

The tables show that for most codes, the overhead intro-
duced by C® was generally small. There are a few important
things that become apparent.

e In general, larger input sizes lead to smaller overheads.
This happens because C®’s transformations and book-
keeping may make OpenMP constructs more expensive.
When running on larger inputs applications typically spend
less time on OpenMP constructs and more time doing
useful work, reducing C®’s overhead. We believe this to
be the typical real world behavior since HPC applica-
tions typically feature large inputs. Except for MG on
Linux/IA64, the overhead for the largest input sizes is
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Figure 12: NAS Solaris/Sparc No-Checkpoint Over-
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< 4% for all benchmarks on all platforms and < 1% in
almost every case.

e In some cases overheads are negative. In almost every
case they are tiny relative to the running time of the ap-
plication and can be regarded as an expected variance due
to modifications to the program’s source code, which can
be either positive or negative. The only exception is IS on
Linux/TIA64 with problem size B, where the no-checkpoint
overhead is -25%. This happens because our transforma-
tions may take addresses of stack variables. In particular,
by taking the address of array prv_buff1 in function rank
we cause the Intel compiler to perform some more aggres-
sive optimizations that are otherwise not performed.

e MG on Linux/TA64 is the only case where the 0-checkpoint
overhead is greater than a few % on all problem sizes.
This is because C* creates aliases by taking addresses of
variables that it wishes to checkpoint. While this can be
avoided for most variables, it is not always possible and in
MG on Linux/IA64 it resulted in high overheads. In order
to avoid this overhead in the near future C® will transi-
tion to a different stack-saving mechanism that uses the
ucontext family of functions to record and restore por-
tions of the stack without taking the addresses of stack
variables or using gotos.

6.1.2 Cost of Checkpointing

To evaluate the cost of taking checkpoints, Tables 1, and
2 show the amount of time it takes to record a single check-
point on Linux/TA64 and Tru64/Alpha, respectively. (So-
laris/Sparc omitted due to space constraints) For each appli-
cation/platform we show for the largest problem size that
we could run, the absolute time to take a checkpoint (in
seconds), the relative time as a percentage of the origi-
nal application’s running time and the size of the check-
point. The checkpoint time was computed using the for-
mula: ChkptCost = 1ChkptTime — 0ChkptTime, where
1ChkptTime = running time of the transformed applica-



tion where it takes a single checkpoint and 0ChkptTime =
running time of the same transformed application without
taking any checkpoints. For all the applications it does not
matter when during the application’s execution the check-
point is taken.

The cost of checkpointing is generally low, on the order of
a few seconds, rising beyond a few seconds only for check-
points larger than 1GB. In cases where the original appli-
cation runs for a very short time relative to the amount of
state it uses, even these few seconds are large relative to
the total program runtime. This emphasizes the need for
compiler analyses to reduce checkpoint sizes.

In some cases the time to record a checkpoint is negative.
This is generally a small fraction of the running time of
the application itself and is an expected runtime variance
due the non-trivial perturbation of the system caused by a
checkpoint.

6.1.3 Cost of Restarting

Computing the cost of restarting uses the formula:
RestartCost = (BefChkpt+AftRestarting)—0ChkptTime.
BefChkpt = time from the start of the application’s main
computation region (the region of code timed by the bench-
mark itself) until it began to take a checkpoint.
AftRestarting = time from the beginning of the restart ex-
ecution until the end of the application’s main computation
region.
0ChkptTime = time to execute the transformed applica-
tion without taking any checkpoints. Tables 1 and 2 show
the cost of restarting on Linux/IA64 and Tru64/Alpha, re-
spectively. (Solaris/Sparc omitted due to space constraints)
In each case we show the absolute restart cost in seconds
and the relative restart time as a percentage of the original
application’s running time.

For Tru64/Alpha, Linux/IA64 and Solaris/SPARC the
restart overheads are consistently low. The only anomaly is
the very negative restart times for CG and LU Tru64/Alpha,
apparently caused by the restart process touching key arrays
and causing the cache hit rates to improve. This appears to
be a common effect on this platform, affecting both check-
point and restart results of different NAS applications as the
system underwent updates during the course of our experi-
ments.

Bench | Input | 1-Chkpt 1-Chkpt 1-Restart 1-Restart Chkpt
Size Time Relative % Time Relative % Size
BT B 17s 2.02% 7.3s 0.87% 1.2GB
CG B 1.6s 2.07% 0.45s 0.59% 428MB
EP C -0.003s 0.00% 1.2s 0.50% 4.3MB
FT A 1.1s 18.87% 0.68s 11.30% 419MB
IS B 1.3s 14.02% 0.72s 7.83% 384MB
LU B -1.3s -0.51% -11s -4.56% 174MB
MG B 2s 12.66% 0.046s 0.28% 438MB
SP B 1.1s 0.21% 0.15s 0.03% 317MB

Table 1: NAS Linux/IA64 1-Checkpoint and Restart
Times in Seconds and % of Runtime(35 runs each)

6.2 Detailed Examination of Overheads

In this section we use the EPCC microbenchmarks (di-
vided into Synchronization, Scheduling and Array) to ex-
amine in detail the overheads of C*’s transformations on in-
dividual OpenMP constructs. We report the times recorded
for three configurations:

e Original: the original microbenchmarks.

Bench | Input | 1-Chkpt 1-Chkpt 1-Restart 1-Restart Chkpt
Size Time Relative % Time Relative % Size
BT B 0.77s 0.8% -23s -2.4% 1.2GB
CG C -18.5s -2.0% -191s -21% 1.1GB
EP C 0.2s 0.06% -0.3s -0.1% 4.3MB
FT B 10.3s 10.8% 7.3s 7.6% 1.7GB
IS C 9.7s 13.9% 8.6s 12.33% 1.5GB
LU C 1.3s 0.08% -184s -10.81% 678MB
SP C 11.4s 0.5% -14.9s -0.6% 1.3GB

Table 2: NAS Tru64/Alpha 1-Checkpoint and Restart
Times in Seconds and % of Runtime(40 runs each)

e C3NoPChkpt: the microbenchmarks after transforma-
tion by C® but with no potential checkpoint locations
inside the code. In realistic applications most OpenMP
directives will not contain a potential checkpoint location.

e C3PChkpt: the microbenchmarks that have been modi-
fied to contain a potential checkpoint location inside each
OpenMP construct being tested.

All times are in microseconds.

6.2.1 Synchronization

The results of the Synchronization benchmarks for
Linux/TIA64, Tru64/Alpha and Solaris/Sparc are shown in
Tables 3, 4 and 5, respectively. Below are the description
of each microbenchmark and the lessons learned from it:

e Parallel: the cost of entering and exiting a parallel re-
gion. Since C® does not transform parallel regions with
no potential checkpoint locations, they have the same cost
under Original and C®NoPChkpt. A parallel region that
contains a potential checkpoint is significantly more ex-
pensive than one that does not because C* uses a number
of global threadprivate variables with copyin to main-
tain accounting state (the overhead comes primarily from
the copyin). While parallel regions are much more expen-
sive under C3PChkpt, they still only take up tens to a
few hundred microseconds. Since most applications open
few parallel regions, this overhead is unlikely to have any
effect on realistic applications.

e For: the cost of a parallel for loop with a single itera-
tion per thread. Because the for loop in this benchmark
was followed by an implicit barrier, in C® NoPChkpt and
C3PChkpt the implicit barrier is removed and it is fol-
lowed by an explicit call to ccc_barrier. Since on all plat-
forms Original and C®NoPChkpt have almost identical
cost, it appears that this barrier transformation has little
effect. Under C3PChkpt the cost of for is significantly
larger because in addition to the barrier transformation
1. it has to record that a given for loop iteration has been
allocated to a given thread and 2. as part of our Reim-
plementation of private variables, C® extracts the bodies
of parallel for loops and turns them into functions. Any
local variables used inside the body of the for are passed
into the function as arguments.

e Parallel For: the cost of a parallel for directive, which
is a parallel directive that contains a single parallel for
loop with a single iteration per thread. C® breaks up
parallel for directives into a parallel directive that
contains a for directive. On Linux/IA64 the C* NoPChkpt
version’s parallel for costs twice as much as the native
version, while on Solaris/Sparc it is 32% more and 0% on
Tru64/Alpha. The cost for C® PChkpt is approximately
the sum of the cost of parallel and for directives.

e Barrier: the cost of a single barrier. Original uses the
native compiler’s implementation of barrier while



C3NoPChkpt and C®PChkpt use the C* implementa-
tion. The cost of both implementations is similar on
all platforms, with a maximum overhead of 37% on So-
laris/Sparc. This is a minor overhead since the primary
cost of a barrier is the time lost to threads waiting for
each other to reach the barrier rather than the cost of the
barrier itself. If this proves to be an important overhead
for some applications, it would be trivial to create multi-
ple implementations of barrier and use the fastest one for
each given platform.

Single: the cost of a single directive, which allocates
a piece of code for execution by some thread, followed
by an implicit barrier. This directive has the same cost
in Original and C®*NoPChkpt (despite the same barrier
transformation as with for) but is higher in C®PChkpt
(by 3 ps - 14 ps) because of the additional accounting
and privatization code inserted by C*® in this version.
Critical: the cost of a critical section. Again, Original
and C® NoPChkpt have critical sections of the same cost.
On Linux/x86 and Tru64/Alpha critical sections are more
expensive in C® PChkpt because of the additional account-
ing code required to deal with potential checkpoint loca-
tions inside them. However, on Solaris the cost of a crit-
ical section under C®PChkpt is strongly negative. The
reason is the use of setjmp to exit critical sections at
checkpoint-time. On this platform a call to setjmp in
a critical section speeds up the execution of the delay
loop the EPCC microbenchmarks put inside OpenMP
constructs. Since setjmp is such a low-level function it
is difficult to determine the source of this effect.
Lock/Unlock: the cost of acquiring and releasing a lock.
It is higher in C®*NoPChkpt and C®*PChkpt than in
Original because of the additional testing performed by
C? lock functions to determine whether a checkpoint has
begun.

Atomic: the cost of atomic directives. It is the same in all
configurations because C® pulls the right hand side of the
atomic update expression outside the atomic directive, as
discussed in Section 3.4.

e Reduction: The additional cost of a parallel region with
a reduction variable over that of a regular parallel region.
The cost of reduction is very similar for Original and
C3®NoPChkpt. For C® PChkpt we Reimplement OpenMP’s
reduction functionality, resulting in a few pus overhead on
Tru64/Alpha and Solaris/Sparc and a few ps reduction
in cost on Linux/IA64.

C3®NoPChkpt on Linux/TA64 and Tru64/ Alpha and a
noticeable but small (in absolute terms) difference on So-
laris/Sparc.

C3PChkpt has a larger cost because C® performs addi-
tional accounting work to record the which iterations have
been allocated to which threads. The current implemen-
tation is based on a generic linked list library and appears
to have overheads that vary with the the number of it-
erations allocated in a contiguous block to each thread.
While this has little effect on the NAS benchmarks, ap-
plications with many small loops may be affected by this
overhead. It can be significantly reduced via simple com-
piler and runtime optimizations.

e Dynamic: same as static except that the thread to itera-
tion mapping is done dynamically. The performance char-
acteristics are the same as for Static.

e Guided: the first half of the iterations are allocated evenly
among threads and subsequent allocations shrink expo-
nentially in size until a minimum cksz is reached. The
overheads for Original and C3*NoPChkpt are very simi-
lar. The overhead for C® PChkpt is higher but stable for
all chunk sizes.

6.2.3 Array

The Array benchmarks measure the cost of privatizing
otherwise shared variables upon entry into a parallel region
(i.e. creating a copy of the variable for each thread). The
results of the Array benchmarks for Tru64/Alpha are shown
in Table 7. (Linux/IA64 and Solaris/Sparc omitted due
to space constraints) Table columns correspond to differ-
ent sizes of the variable being privatized, growing in powers
of 3. We report the difference in the cost of a parallel re-
gion with privatization and a regular parallel region with no
privatization.

e Private: measures the cost using the private clause,
which privatizes shared local variables. Original and
C3NoPChkpt have essentially the same cost, since C°
does not transform parallel regions without checkpoints.
C3*PChkpt, shows significantly larger costs because of
C3’s reimplementation of private variables (as discussed
in Section 4.2), which appears to be less efficient than
the native implementation. C® converts the body of a
parallel region into a function and passes the privatized
variables by value into it, thus creating a private copy of
the variable on each thread’s stack. Optimizing this is a
useful direction in which to focus our future efforts. On

6.2.2 Scheduling Tru64/Alpha it appears that private has a negative cost
under Original and C®NoPChkpt but this is very close
to 0 us and is almost certainly due to noise.

e FirstPrivate: like Private, but the firstprivate clause
initializes each privatized copy of a variable with its pre-
parallel region value. Again, Original and C®* NoPChkpt
have the same cost. C®PChkpt’s cost is higher but as
the same as for the Private benchmark since the above
implementation ensures firstprivate semantics. Note
that the cost of firstprivate is constant for small vari-
able sizes and increases linearly for large sizes. This is the
cost of variable initialization copies.

e Copyin: much like firstprivate, but applies to global
variables (marked threadprivate). C* Reimplements

The Scheduling benchmarks measure the cost of using dif-
ferent parallel for iteration scheduling policies (i.e. which
thread will get which loop iteration). The benchmark runs
128 iterations of the for loop on each thread and we report
the cost on a per-iteration basis (i.e. total cost / 128). Since
this benchmark’s for loops are followed by an implicit bar-
rier, C® performs the barrier transform described above.

The results for the Scheduling benchmarks for Tru64/Alpha
are shown in Table 6, respectively. (Linux/IA64 and So-
laris/Sparc omitted due to space constraints) Table columns
correspond to different chunk sizes. For static scheduling it
is possible to not specify a chunk size.

e Static: for a given chunk size cksz, iterations are allo- threadprivate variables by malloc-ing a copy for each
cated in deterministic round-robin order in units of cksz thread and Reimplements copyin via memcpy. This apears
iterations. C®’s barrier transformation causes little dif- to be slower than using the call stack or whatever the

ference in the per-iteration cost under Original and native OpenMP implementations are doing.



Type Parallel | For | Parallel For | Barrier | Single | Critical | Lock/Unlock | Atomic | Reduction
Original 3.32 1.9 3.4 1.88 2.08 0.47 0.47 2.47 2.57
C*NoPChkpt 3.36 2.1 6.1 1.97 1.9 0.47 0.69 241 2.87
C*PChkpt 33 28 65 1.98 5.4 0.99 0.69 2.33 1.44

Table 3: Linux/IA64 Synchronization Microbenchmarks (times in psec) (60 runs each)

Type Parallel | For | Parallel For | Barrier | Single | Critical | Lock/Unlock | Atomic | Reduction
Original 45 1.69 6.46 1.72 1.2 0.98 2.95 0.17 1.47
C3NoPChkpt 4.53 2.28 6.33 2.05 3.13 0.99 3.91 0.17 1.45
C3PChkpt 150 111 211 2.06 6.39 4.2 3.87 0.17 3.82

Table 4: Tru64/Alpha Synchronization Microbenchmarks (times in psec) (90 runs each)

7. SUMMARY

In this paper we have described a protocol for checkpoint-
ing OpenMP applications at the application level. This ap-
proach makes checkpointing a property of the application
rather than of any given system, allowing the application to
checkpoint on any system, running with any implementation
of OpenMP.

For this work we have extended the basic approach in [9]
to support the full OpenMP specification. While [9] only
deals with barriers and locks, this work addresses the issues
that arise when trying to checkpoint all OpenMP constructs
at the application-level. These include critical sections, pri-
vatization of variables, worksharing constructs (for, sections
and single) and ordered sections, among others.

We have described the implementation of our protocol
and have evaluated it’s performance using both full bench-
marks and detailed microbenchmarks. We have shown that
code inserted by our system has a minimal impact on perfor-
mance, and that checkpoint and restart costs are reasonable.

Finally, by showing experimental results from three differ-
ent platforms, with different Operating Systems, Instruction
Sets and OpenMP implementations, we have shown that
ALC in general and the C® approach in particular is inher-
ently portable. Indeed, in our experience it takes no more
than a few days to port C® to a few platform. In practice,
the variations in the dialects of C we need to parse are more
difficult to deal with than any system issues. If C® were to
move to an industrial strength compiler such as ROSE[20]
even these difficulties would go away.

7.1 Checkpointing Framework

In addition to presenting concrete techniques for check-
pointing OpenMP applications, we present a general frame-
work for describing and developing Application-level Check-
pointing algorithms. This framework for State Recreation
consists of the 4 R’s: Restore, Replay, Reimplement, and
Restrict.

When trying to recreate a given piece of state a check-
pointer must go through a series of questions. If it has di-
rect access to read and modify this state, then it can simply
Restore it. If it does not have direct access but the state
can be recreated via a sequence of deterministic operations,
then we can use the Replay option by issuing those deter-
ministic operations. If the piece of state was created using
non-deterministic operations then Replay cannot be used
and it is necessary to Reimplement this piece of state and
checkpoint this implementation directly. Finally, if Reim-
plementation proves too difficult or not possible then we
can Restrict the set of applications to only those that either
do not use the given piece of state or use it in a restricted
fashion.

We believe that the 4R framework has wider applicability.
Consider the job of a checkpointing algorithm inside the Op-
erating System (a classic System-level checkpointer). It has
direct read-write access to the application’s memory, mean-
ing that it can use Restore to reconstruct its state. However,
an OS-level checkpointer has very limited access to the hard-
ware and must use Replay, Reimplement or Restrict to deal
with the various complexities of its state. In particular, the
Chandy-Lamport distributed snapshot protocol [10] is a way
for system-level checkpointers to use Replay to checkpoint
the state of the network. Finally, this framework extends
even to hardware-level checkpointers that have direct access
to software state but only limited access to the state of net-
work wires or other system devices outside the given piece
of hardware.

7.2 Future Work

With the rise of grid computing, checkpointing in a het-
erogeneous computing environment (e.g., checkpoint on IA-
32/Windows, restart on Alpha/Tru64) is growing in impor-
tance. In [15] we present a system that uses compile-time
type analysis to determine a unique type for each piece of ap-
plication state, which is used to translate between different
machine representations on restart. In [15] this analysis is
combined with our work on checkpointing MPI applications.
We plan to investigate an extension of this to OpenMP.

The checkpointing protocol presented in this paper is a
blocking protocol: all threads synchronize at a barrier be-
fore taking a checkpoint. This limits the types of applica-
tions it can deal with (no applications that synchronize using
variables), limits scalability of our solution and adds compli-
cations to the problem of checkpointing OpenMP constructs.
We are working on non-blocking protocols for OpenMP check-
pointing that would allow threads to checkpoint indepen-
dently at different times and tie those individual snapshots
together into a single recoverable checkpoint.
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