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Abstract

Multiple threads running in a single, shared address
space is a simple model for writing parallel programs for
symmetric multiprocessor (SMP) machines and for overlap-
ping I/O and computation in programs run on either SMP
or single processor machines. Often a long running pro-
gram’s user would like the program to save its state peri-
odically in a checkpointfrom which it can recover in case
of a failure. Previous user-level checkpointing libraries
to checkpoint Unix processes do not support multithreaded
programs. This paper describes a user-level checkpointing
library to checkpoint multithreaded programs that use the
POSIX threads library provided by Solaris 2.

The checkpointing library increases the amount of time
required to make some thread library calls. The checkpoint-
ing library added between less than 1 % and 10 % to the
execution times of tested benchmark programs. Saving the
program’s state to a checkpoint further increased the exe-
cution time, but the percentage of total execution time taken
to save checkpoints can be adjusted by adjusting the check-
point interval.

1. Introduction

A multithreaded program’s state can be divided into pri-
vate state and shared state. A thread’sprivate state includes
its program counter, stack pointer, and registers. Itsshared
state includes everything common to all threads in the pro-
cess, such as the address space and open file state. A mul-
tithreaded checkpointing library must save and recover the
program’s shared state and each thread’s private state.

User-level thread libraries are implemented outside the
kernel using timers to preempt threads when their time slice
is over. Implementing a checkpointing library for a user-
level threads package is a straightforward extension of a�This research was supported by the National Science Foundation un-
der Grant CDA-9502645 and the Advanced Research Projects Agency un-
der Grant DAAH04-96-1-0327.

single-threaded checkpointing library because a user-level
multithreaded process is no different from a single-threaded
process from the operating system’s point of view. User-
level threads cannot take advantage of a symmetric multi-
processor (SMP), however, because the kernel is not aware
of the threads. Thus it cannot schedule them to run concur-
rently on separate processors.

With kernel-level threads, the kernel schedules threads
and keeps track of their state. Not only must the check-
pointing library save and restore the address space of the
process to recover the thread state, but it must also call the
kernel to restart threads during recovery.

Section 2 describes how programmers and users use the
checkpointing library. Section 3 presents the design and
implementation of such a library for Unix programs using
the POSIX threads interface on Solaris 2. Section 4 shows
how the checkpointing library affects the performance of
multithreaded programs. Section 5 discusses related work.

2. Usage

Adding checkpointing support to a C program is straight-
forward. A programmer must add one line to include the
checkpoint header file, for example:

#include "checkpoint.h"

and one line to call checkpoint initialization at the beginning
of the main function, for example:

checkpoint_init(&argc, argv);

Checkpoint initialization must come before any calls to
thread or file library calls because it initializes data struc-
tures that thread and library functions require.

The user can control the checkpoint period by passing
optional command line arguments to the checkpointing li-
brary. The checkpointing library reads all the arguments
after the “-- ” argument. For example,

% prog -- -t period
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runs theprog program with a checkpoint period ofperiod
seconds. A checkpoint period of 0 disables checkpointing.
Checkpoints are automatically stored inprog.chkpt. n
whereprog is the name of the program andn is the check-
point number.

To recover from a checkpoint, the user runs the program
with the recovery option and specifies a checkpoint file. For
example,

% prog -- -r prog.chkpt. n

runs theprog program, loading the state from the check-
pointing file prog.chkpt. n. This simple interface pro-
vides the capability to implement automatic fault toler-
ance [10, 8] and debugging by repeatedly restarting from
a checkpoint.

3. Implementation

Our checkpointing library is implemented at the user
level to improve its portability. The checkpointing library
has some difficulties because it is at the user level rather
than in the kernel. It must intercept some system and library
calls to record information that would be directly available
to the kernel. Even so, the checkpointing library does not
save some parts of the program’s state. In addition to limit-
ing the amount of state saved, the library uses asynchronous
signals which can cause problems that do not normally oc-
cur in multithreaded programs.

3.1. Portability

Modifying the operating system kernel to support check-
pointing would tie the checkpointing library to the operat-
ing system and would require the user to install a modified
operating system kernel. Many users are not willing or not
able to install a custom kernel, particularly if they are using
a remote machine owned by someone else. Therefore, the
library described here is implemented entirely at the user
level.

While complete portability is the goal, parts of the
checkpointing library must be different on different plat-
forms. We isolate and minimize the operating system de-
pendent parts of the library. For example, the checkpointing
library uses the /proc filesystem to find information about
how a process’s memory segments are mapped into its ad-
dress space. Different operating systems provide different
interfaces to access similar information through the /proc
filesystem. The code that reads memory mappings from
/proc is called by an operating system independent inter-
face so it can be ported to another operating system without
affecting the rest of the checkpointing library.

During recovery the main thread uses theread system
call to read memory mapping information from the check-
point file and themmapsystem call to remap the process’s
address space from the checkpoint file. Solaris uses wrap-
per functions in a shared library around all its system calls.
The jump table for functions in shared libraries is in the data
segment, but the code is in the code segment for the library.
The pointer in the jump table may change when the main
thread remaps the data segment from the checkpoint during
recovery, but the corresponding code formmapandread
may not be mapped yet if themmapandread system calls
are in a dynamically linked library.

The main thread must use a statically linked version of
read and mmapto remap the process’s segments. Dur-
ing recovery, the system calls are made using an assembly
language routine to bypass the shared library. Using the
assembly language routine may also bypass some synchro-
nization that makes themmapandread system calls thread
safe. Thread safety is not a problem, however, because only
the main thread uses the assembly language versions, and it
only uses them when it is remapping memory from a check-
point. The main thread is guaranteed to be the only thread
running when it is remapping segments.

3.2. Limitations

Our checkpointing library supports programs that access
regular files sequentially or use signal handlers for signals.
However at least one signal must be available for the check-
pointing library (SIGUSR1 by default). The library does
not support programs that randomly access files or commu-
nicate with other processes, but the programmer can add
recovery code to the such programs to recover the file or
communication state. Eventually we plan to use the check-
pointing library to provide checkpointing to the Unify dis-
tributed shared memory system which is implemented as a
multithreaded library [5].

POSIX threads do not provide a way to create a thread
with a particular thread identifier. The checkpointing library
assumes that the thread library always assigns thread iden-
tifiers in the same order. As long as the thread library al-
locates thread identifiers in the same order when recover-
ing from a checkpoint as it did when the program created
the threads before the checkpoint each thread will have the
same thread identifier. If a thread exits before the end of the
program, the checkpointing library must create a dummy
thread to compensate for the thread that exited during re-
covery. Currently the thread library does not create dummy
threads to compensate for threads that have exited, but such
support could added.

During recovery, described in detail later, the check-
pointing library restarts all the threads and restores the en-
tire process address space from the checkpoint, including
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the thread library data segment. The checkpointing library
assumes that the thread library will function correctly with
the newly created threads and the thread data structures
from before the checkpoint. This assumption could cause
problems if the thread library stores information that is not
restored, such as the process id.

To make this assumption true for Solaris, all threads must
be created with a system wide contention scope. POSIX
threads can be created with eithersystem wide contention
scope, meaning that they compete with every process in
the system to be scheduled by the kernel, or withprocess
wide contention scope, meaning that they compete within
the process to be scheduled. Under the Solaris thread model
each thread with system wide contention scope is assigned
to a lightweight process when it is created. Threads with
process contention scope are scheduled within a lightweight
process by default, but the thread library can create ad-
ditional lightweight processes in which to schedule the
threads.

The checkpointing library has no way through the
POSIX interface of telling when the thread library cre-
ates extra lightweight processes. Thus it cannot repro-
duce them when recovering from a checkpoint. The
checkpointing library forces all threads to be created with
a system wide contention scope by intercepting calls to
pthread create and forcing the contention scopy at-
tribute to bePTHREADSCOPESYSTEM. Some programs
may run more slowly with a system wide contention scope
than with a process contention scope because switching be-
tween threads in different lightweight processes requires
more work than switching between threads in the same
lightweight process.

The checkpointing library does not explicitly han-
dle the POSIX threads functions that handle thread spe-
cific data (such as, pthreadkey create, pthreadsetspecific,
pthreadgetspecific, pthreadkey delete). The thread spe-
cific data fuctions will work if they only manipulate data
in the process’s address space, but not if any information
is stored in the kernel. They could be supported by inter-
cepting the calls and storing the thread specific data in the
process’s address space so it can be restored during recov-
ery. Support may be added in the future if there is demand.

Our checkpointing library supports thread synchroniza-
tion with mutexes and condition variables, but it does
not currently support POSIX semaphores (unless they
are implemented using mutexes and condition variables).
Semaphore support may be added later if there is demand.

Thread cancellation functions and functions that set
thread scheduling priorities are not supported. Support may
be added in the future if there is demand.

3.3. Handling Asynchronous Signals

Asynchronously interrupting threads with signals usu-
ally leads to problems. An interrupted thread may have
locked a mutex. If the thread tries to lock that mutex in
the signal handler then it will deadlock. The checkpointing
library does not have to worry about this because it never
locks a mutex that an application thread may have locked
when it was interrupted (without first unlocking it).

How threads handle signals in different thread packages
is not well defined. In Solaris 2, when a thread receives
a signal while it is blocked in apthread mutex lock
call it handles the signal then returns and blocks wait-
ing to lock the mutex. In some thread packages a
pthread mutex lock call might not be interrupted by
a signal, or in others the thread may return from the
pthread mutex lock call without locking the mutex.
In either case our checkpointing library will work because
the checkpointing library prevents the checkpointing thread
from sending a signal to a thread while it is blocked waiting
to lock a mutex. The checkpointing library must prevent a
checkpointing signal during a lock anyway because it must
do some bookkeeping and lock the mutex atomically.

Condition variables also present a problem. In Solaris 2
a thread will not unblock frompthread cond wait if
another thread has locked the mutex that the first thread re-
leased when it blocked on the condition variable. For exam-
ple, consider the following case:

1. Thread 1 locks mutex M

2. Thread 1 blocks on a condition, unlocking mutex M

3. Thread 2 locks mutex M

4. Both threads receive the checkpointing signal

5. Thread 2 runs the signal handler and waits for thread 1

When a thread unblocks from a condition variable it locks
the mutex it unlocked when it blocked. Thread 1 cannot un-
block from the condition variable to run the signal handler
because to unblock it must relock mutex M, which thread
2 has locked. If thread 2 unlocks mutex M when it enters
the signal handler, thread 1 can run the signal handler when
it receives the signal. However, thread 1 must not access
the data protected by mutex M, and thread 2 must relock
mutex M before any thread tries to access data protected by
mutex M.

The checkpointing library handles this situation by track-
ing thread calls while the program runs so it can unlock
and relock mutexes during a checkpoint to preserve the pro-
gram’s correctness. The checkpointing library intercepts
thread library calls to track how many threads exist, their
identifiers, which threads are blocked on condition vari-
ables, and which mutexes they have locked in thethread

3



table. The checkpointing library also intercepts file open
and close calls to track the file name associated with each
file descriptor. So the open file state can be restored from a
checkpoint.

3.4. Normal Operation

To save a checkpoint, the checkpointing library needs
to know how many threads exist, what their thread iden-
tifiers are, and which mutexes they have locked. None of
this information is directly available from the thread library.
Therefore, the checkpointing library must intercept thread
library calls to track this information. It tracks calls by re-
placing thread library functions with the same name, and
calling the real thread library after doing bookkeeping.

The checkpointing library stores its bookkeeping infor-
mation in the thread table. The thread table contains an en-
try with the thread identifier, thread attributes, thread sta-
tus, a place to store thread private state, and a linked list of
mutex information structures for each thread. The table is
designed so that a thread can access its own entry quickly
without having to lock a mutex. A thread can retrieve its ta-
ble entry in the time it takes to do a modulus operation and
an array access. The thread corresponding to a table entry
is the only thread that accesses most of the entry’s fields, so
it does not need mutual exclusion to access them.

The mutex information structure has a pointer to the mu-
tex, a set of mutex status flags, and a pointer to the next mu-
tex information structure. When a thread locks a mutex, it
looks up its entry in the table and adds a mutex information
structure to the head of the locked mutex list. A thread un-
locking a mutex searches its locked mutex list for the mutex
and removes it.

Searching the mutex information list should be quick be-
cause threads typically lock a small number of mutexes at
a time. Moreover, threads typically unlock mutexes in the
opposite order they were locked so the mutex to unlock will
usually be at the head of the mutex information list.

When a thread blocks on a condition variable, it searches
the locked mutex list for the mutex associated with the con-
dition variable. It then sets a flag in the mutex information
structure to indicate the thread is blocked on a condition
wait associated with that mutex.

The checkpointing library also intercepts file open and
close calls to keep track of the file name associated with
each file descriptor. The checkpointing library keeps an ar-
ray the same size as the file descriptor table. Whenever the
program callsopen , the checkpointing library stores the ar-
guments passed toopen in its table. File table entries are
removed when the program callsclose . The checkpoint-
ing library uses the file table to reopen every file with its
original arguments upon recovery.

3.5. Saving a Checkpoint

The call tocheckpoint init initializes checkpoint-
ing variables and starts thecheckpoint thread, the thread
that initiates checkpointing. The checkpoint thread blocks
during normal operation. It unblocks periodically to start a
checkpoint. The checkpoint proceeds as follows:

1. Set theprevent locks flag. The checkpoint thread
first sets theprevent locks flag to prevent any
thread from locking a mutex. Without the flag, a thread
that receives theSIGUSR1 later than other threads
may lock a mutex that a thread in the checkpointing
signal handler has unlocked. Allowing the locking
thread inside the critical region violates the synchro-
nization of the program. When all threads have fin-
ished unlocking their mutexes, they must all be run-
ning in the signal handler, so there is no danger of a
thread locking a mutex it should not lock.

2. SendSIGUSR1 to all threads. The checkpointing
thread then sends aSIGUSR1signal to every thread,
including itself. When a thread receives aSIGUSR1,
it runs theSIGUSR1 handler unless it is blocked on
a condition variable and another thread has locked the
mutex associated with the condition variable (see sec-
tion 3.3).

3. Unlock mutexes. Each thread unlocks every mu-
tex it has locked and sets a flag indicating the mu-
tex has been unlocked. Unlocking mutexes allows
threads that blocked because a mutex was locked to
enter the signal handler. Some threads may continue
executing while others enter the checkpoint signal han-
dler because Unix does not guarantee when signals
will be delivered. Threads that have not received a
SIGUSR1 are prevented from locking a mutex un-
locked by a process in the signal handler because of
theprevent locks flag. The checkpointing thread
uses thread synchronization to guarantee every thread
will see theprevent locks flag set before locking
the mutex in the intercepted mutex lock call.

4. Wait for the child threads. The main thread waits for
all the child threads to signal they are ready.

5. Save the private thread state. Each child thread
writes its private state to its entry in the thread table
usingsigsetjmp .

6. Signal the main thread. Each child thread indicates
that it has saved its private state.

7. Wait for the main thread. The child threads block
until the main thread signals them.
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8. Save file stateThe main thread records the current off-
set of the file pointer in each open file.

9. Clear the prevent locks flag. The main thread
clears theprevent locks flag.

10. Save the process state.The main thread saves the
thread table, the process’s memory mappings, and the
process’s address space to a checkpoint file.

11. Signal child threads. The main thread wakes up the
child threads.

12. Relock mutexes.Each thread relocks the mutexes it
unlocked in step 3 in two phases as follows:

(a) Lock held mutexes (locking phase 1). Each
thread locks all the mutexes it had locked when
the checkpoint started. Each thread waits until
every thread has finished phase 1 before continu-
ing with phase 2.
No two threads will try to lock the same mu-
tex because only one thread could have held
each mutex when the checkpoint thread sent
SIGUSR1 signals to every thread. Once the
thread unlocks its mutexes in step 3 above no
other thread can lock them before entering the
signal handler because the checkpoint thread sets
theprevent locks flag before signalling any
thread.

(b) Lock condition wait mutexes (locking phase
2). Each thread attempts to lock the any mutexes
it was blocked waiting to lock when the check-
point started along with mutexes it released be-
fore the checkpoint to wait on a condition vari-
able. In phase 2, a thread may try to lock a mutex
that another thread has already locked. In that
case it blocks while locking the mutex in the sig-
nal handler, but this is the desired result because
it was blocked on a condition variable or trying to
lock a mutex when the thread got the signal. At
this point the program continues as if the check-
point had not happened.

Thread synchronization functions are not guaranteed to
be safe to call in a signal handler [1, section 6.6]. However,
threads must synchronize during a checkpoint and must un-
lock mutexes to allow all threads to run. We assume locking
a mutex in a signal handler is safe as long the mutex has not
already been locked by the same thread, and unlocking a
mutex in a signal handler is safe as long at it was locked by
the same thread.

The functions that intercept the mutex lock and mutex
unlock thread library calls use thread synchronization prim-
itives to prevent the checkpointing thread from starting a

checkpoint. Preventing a checkpoint allows threads to do
bookkeeping before and after the thread library call without
being interrupted by aSIGUSR1. It also prevents the thread
library locking functions from being called re-entrantly.

Unfortunately, calling thread synchronization functions
in the signal handler is unavoidable. The threads must
synchronize during a checkpoint, which includes unlocking
mutexes held by some threads. The program could imple-
ment some of the synchronization using busy waiting, but
busy waiting is inefficient and my interact with the memory
system in unexpected ways. Moreover, the program must
still unlock and lock mutexes to allow all threads to run the
signal handler.

Figure 1 shows an example of a multithreaded process
saving its state in a checkpoint. The program takes the fol-
lowing steps in the figure.

1. The checkpoint thread sets the preventlocks flag to
prevent the application from locking mutexes.

2. The checkpoint thread sends a Unix signal to every
thread.

3. Each thread enters the signal handler and unlocks the
mutexes it was using. Some thread may have been
blocked on a condition variable while another thread
had the associated mutex locked. The blocked thread
does not handle the signal until the mutex associated
with the condition variable on which it was blocked is
unlocked.

4. Each thread saves its local state (PC, stack frame, reg-
isters, etc.).

5. The main thread waits until all threads have finished
step 4.

6. All child threads wait until the main thread finishes
step 8.

7. The main thread clears the preventlocks flag.

8. The main thread saves the process’s global state.

9. Each thread relocks the mutexes it held when it re-
ceived the Unix signal from the checkpoint thread.
None of the threads will block because only one thread
locked each mutex before the checkpoint.

10. All threads wait at a barrier until step 9 is finished.

11. Each thread tries to lock mutexes it was attempting to
lock and mutexes associated with a condition variable
on which it was waiting when it received the Unix sig-
nal. Some threads may block, but will eventually run.

12. Each thread returns from the signal handler when it has
completed step 11.
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Figure 1. An example of a program sav-
ing its state. Each vertical line repre-
sents the progress of a thread. Arrows be-
tween threads show dependencies between
threads.

3.6. Restoring From a Saved Checkpoint

When a program recovers from a checkpoint it starts
out as a single threaded program. During initialization, the
checkpoint library restores the program’s state using the fol-
lowing steps.

1. Restart threads. The main thread opens the check-
point file, reads the saved thread table, and restarts a
new thread for each thread in the original program.
Each new thread’s stack starts at the same address as
the stack of the corresponding thread in the original
program.

2. Restore thread stacks.The main thread waits while
the child threads restore their stack pointers. Each
thread restores its stack by callingsiglongjmp to
restore its private state. Callingsiglongjmp causes
the thread to return from thesigsetjmp call it made
when it saved its state in the checkpoint. The threads
move their stack pointers before the main thread loads
the address space because the act of moving them
needs to use local variables, which would corrupt the
stacks if they were loaded first.

3. Wait for the main thread. The child threads wait for
the main thread to finish restoring the program’s state.

4. Restore main thread stack. Once all of the child
threads have blocked, the main thread restores its own
stack pointer. The main thread stack is not neces-
sarily as large as it was when the the program saved
the checkpoint. Therefore the main thread recursively
calls a function until the main thread’s stack is as large
as it was when it saved the checkpoint. The main
thread can tell when its stack is large enough by com-
paring the address of a local variable to the address of a
local variable when it saved its state. The child threads
do not have this problem because their stack sizes are
fixed when they are allocated (in Solaris 2).

5. Remap the process’s address spaceThe main thread
then maps each segment in the program’s address
space except the main thread stack from the check-
point file using themmapsystem call similar to the
method Condor uses [8]. The checkpointing library
usesmmapto remap segments becausemmapdoes not
cause the data to be loaded immediately. The operat-
ing system demand loads the contents of the segments
when the program accesses them. The checkpointing
library usesread to reload the main thread’s stack be-
cause mapping the main thread stack from a file causes
problems in Solaris 21.

1Normally the kernel dynamically increases the size of the stack by
faulting in new pages when a program exceeds the current stack size. How-
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6. Restore main thread stack pointerThe main thread
calls siglongjmp to return continue execution
where the program was when it saved the checkpoint.

7. Restore file stateThe main thread opens all the files
that were open during the checkpoint and moves the
file pointer to its position at the time of the checkpoint.

From this point on the threads follow the same steps
they follow after the checkpoint file has been written
to a file during checkpointing.

8. Signal child threads. The main thread wakes up the
child threads.

9. Relock mutexes.Each thread relocks the mutexes it
unlocked in step 3 in two phases as follows:

(a) Lock held mutexes (locking phase 1). Each
thread locks all the mutexes it had locked when
the checkpoint started. Each thread waits until
every thread has finished phase 1 before continu-
ing with phase 2.
No two threads will try to lock the same mu-
tex because only one thread could have held
each mutex when the checkpoint thread sent
SIGUSR1 signals to every thread. Once the
thread unlocks its mutexes in step 3 above no
other thread can lock them before entering the
signal handler because the checkpoint thread sets
theprevent locks flag before signalling any
thread.

(b) Lock condition wait mutexes (locking phase
2). Each thread attempts to lock the any mutexes
it was blocked waiting to lock when the check-
point started along with mutexes it released be-
fore the checkpoint to wait on a condition vari-
able. In phase 2, a thread may try to lock a mutex
that another thread has already locked. In that
case it blocks while locking the mutex in the sig-
nal handler, but this is the desired result because
it was blocked on a condition variable or trying to
lock a mutex when the thread got the signal. At
this point the program continues as if the check-
point had not happened.

4. Performance Results

The two main sources of checkpointing overhead are
saving the checkpoint to disk and the intercepting thread.
We ran several multithreaded programs with and without
the checkpointing library to measure checkpointing over-
head. We ran the tests on a single processor, 125 MHz

ever, the kernel does not dynamically increase the main stack size after a
program has usedmmapto map over the stack segment.
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Figure 2. Average time to lock and unlock a
mutex with and without checkpointing.

Sparc-20 with 64 MB of RAM running Solaris 2.6. Check-
points were saved to an NFS mounted disk exported from
an identical Sparc-20 over 100 Mbit/s Ethernet.

Two microbenchmarks show that most of the overhead
comes from tracking mutex lock and mutex unlock thread
library calls. In the first, calledilock , each thread locks
and unlocks a different mutex one million times. Figure 2
shows the average amount of time to lock and unlock a mu-
tex, calculated by dividing the total time by one million.
Although the lock/unlock pair takes about 20 times longer
with checkpointing, the ratio of the time with checkpointing
to the time without checkpointing remains constant. Real
application programs will do more work between mutex
lock and unlock calls reducing the percentage of time spent
locking and unlocking mutexes.

The second microbenchmark,ring , is a simple test pro-
gram designed to measure the overhead of intercepting con-
dition wait calls. In the benchmark threads take turns in-
crementing a shared counter variable. Each thread locks a
mutex at the start of the program, then releases it by wait-
ing on a condition variable. After a thread increments the
counter, it signals the condition variable to wake up all the
other threads. Each thread wakes up and checks the counter
to see if it is its turn to increment the counter.

Each thread waits on the condition variable once per
cycle. We ranring with and without checkpointing for
65,536 condition wait calls. Thering program keeps
the number of condition wait calls constant as the num-
ber of threads increases. Figure 3 shows the execution
time of ring both with and without the checkpointing li-
brary linked. The program does not save any checkpoints
in this test. ring and the lock test represents the worst
case, in which a program only does synchronization and no
work. Any real program would not have as much overhead.
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Figure 3. Execution time of the ring program
as the number of threads increases. The ex-
ecution time does not increase much without
checkpointing until 16 threads. With check-
pointing the execution time increases linearly
with the number of threads.

Without checkpointing, execution time stays constant as the
number of threads increases. With checkpointing linked,
ring ’s execution time is very close to that without check-
pointing linked.

Figure 4 shows the performance of the checkpointing li-
brary with four application programs, Barnes, FMM, Ra-
diosity, and Water-Spatial, from the SPLASH-2 benchmark
suite [15]. Barnes simulates a group of particles interact-
ing in three dimensions. FMM also simulates a group of
particles, but in two dimensions. It also uses a different al-
gorithm than Barnes. Radiosity renders a three dimensional
scene. Water-Spatial simulates the potentials and forces be-
tween water particles. The “Checkpointing Disabled” curve
shows the application’s execution time without any check-
pointing overhead. As the number of threads increases, ex-
ecution time of the program increases gradually because of
thread synchronization. The “Checkpointing Enabled, No
Checkpoints” curve shows the application’s execution time
with the checkpointing library enabled, but without saving
any checkpoints. The “Checkpointing Enabled, One Check-
point” curve shows the program’s execution time when the
checkpointing library saves one checkpoint during the pro-
gram’s execution. This time includes the time to save the
checkpoint to disk.

FMM and Water-Spatial took less than 1% longer on av-
erage with checkpointing enabled. Barnes with checkpoint-
ing enabled took 3% longer on average than with check-
pointing disabled even though no checkpoints are saved. On
average checkpointing added 10% to the execution time of
Radiosity in the same case. The extra overhead with Ra-
diosity is expected because it makes the most of the bench-

marks lock calls [15].
Figure 5 and Figure 6 show execution time and the

speedup of the checkpointing library with the SPLASH-2
programs on a 50 MHz SMP Sparc-20 with 4 processors.
As in the single processor case checkpointing adds little
overhead to each program. Speedup of each benchmark
is calculated relative to the benchmark run with one thread
without checkpointing. The speedup curves have a simi-
lar shape to those without checkpointing. Radiosity has the
most overhead of the benchmarks as in the single process
case.

5. Related Work

Libckpt, Condor, and libckp are checkpointing libraries
developed to run on several versions of Unix. Libckpt’s
features include incremental checkpointing, asynchronous
checkpointing (saving a checkpoint while the program con-
tinues to run), user directed checkpointing (allowing the
user to request a checkpoint), and user directed memory ex-
clusion and inclusion [10]. Libckpt does not handle multi-
threaded programs or programs with multiple code and data
segments. (Programs linked with shared libraries have a
code and data segment for each shared library in Solaris 2.)

Condor was developed at the University of Wisconsin to
provide process migration [12]. Condor migrates a process
by forcing the process to save a checkpoint on one machine,
then recover from the checkpoint on another machine. Con-
dor runs on a number of operating systems including So-
laris 2 and Linux. It does not support multithreaded pro-
grams or have freely available source.

Libckp was developed at AT&T Bell Laboratories to
checkpoint Unix processes [14]. Libckp saves files along
with the checkpoint to guarantee they will be the same when
the program recovers. It does not support multithreaded
programs.

Plank and Li describe several algorithms for reducing
latency when saving checkpoints [11]. Their algorithms
assume the operating system provides a convenient way
to stop threads and save and restore the private state of a
thread. Their optimizations could be applied to our algo-
rithm, but there would be several complications. Their al-
gorithms assume that the threads can be stopped and their
state saved from a separate process. With POSIX threads a
forked child will only have one thread. Thus the state of the
thread library in the new process will be different from that
in the original process. The recovery would have to account
for the difference.

Many researchers have worked on checkpointing for dis-
tributed systems [2, 3, 4, 6, 7, 9, 13]. Distributed check-
pointing algorithms are primarily concerned with forming
consistent global checkpoints state either by coordinating
all of the processors or by building a consistent checkpoint
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Figure 4. These graphs show how the execution time of four SPL ASH-2 benchmark programs are
affected by increasing the number of threads. The execution time does not decrease with more
threads because the program was run on a single processor mac hine.

9



0

20

40

60

80

100

120

140

1 2 3 4

E
xe

cu
tio

n 
T

im
e 

(S
ec

on
ds

)

Number of Threads

Checkpointing Not Linked

0

20

40

60

80

100

120

140

1 2 3 4

E
xe

cu
tio

n 
T

im
e 

(S
ec

on
ds

)

Number of Threads

Checkpointing Not Linked
Checkpointing Linked, No Checkpoints

0

20

40

60

80

100

120

140

1 2 3 4

E
xe

cu
tio

n 
T

im
e 

(S
ec

on
ds

)

Number of Threads

Checkpointing Not Linked
Checkpointing Linked, No Checkpoints
Checkpointing Linked, One Checkpoint

(a) Barnes

0

100

200

300

400

500

600

1 2 3 4

E
xe

cu
tio

n 
T

im
e 

(S
ec

on
ds

)

Number of Threads

Checkpointing Not Linked

0

100

200

300

400

500

600

1 2 3 4

E
xe

cu
tio

n 
T

im
e 

(S
ec

on
ds

)

Number of Threads

Checkpointing Not Linked
Checkpointing Linked, No Checkpoints

0

100

200

300

400

500

600

1 2 3 4

E
xe

cu
tio

n 
T

im
e 

(S
ec

on
ds

)

Number of Threads

Checkpointing Not Linked
Checkpointing Linked, No Checkpoints
Checkpointing Linked, One Checkpoint

(b) FMM

0

100

200

300

400

500

600

1 2 3 4

E
xe

cu
tio

n 
T

im
e 

(s
ec

on
ds

)

Number of Threads

Checkpointing Disabled
Checkpointing Linked, No Checkpoints
Checkpointing Linked, One Checkpoint

(c) Radiosity

0

50

100

150

200

250

300

350

400

450

1 2 3 4

E
xe

cu
tio

n 
T

im
e 

(S
ec

on
ds

)

Number of Threads

Checkpointing Not Linked

0

50

100

150

200

250

300

350

400

450

1 2 3 4

E
xe

cu
tio

n 
T

im
e 

(S
ec

on
ds

)

Number of Threads

Checkpointing Not Linked
Checkpointing Linked, No Checkpoints

0

50

100

150

200

250

300

350

400

450

1 2 3 4

E
xe

cu
tio

n 
T

im
e 

(S
ec

on
ds

)

Number of Threads

Checkpointing Not Linked
Checkpointing Linked, No Checkpoints
Checkpointing Linked, One Checkpoint

(d) Water-Spatial

Figure 5. These graphs show how the execution time of four SPL ASH-2 benchmark programs are
affected by increasing the number of threads on a 4 processor Sparc-20.
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Figure 6. These graphs show the speedup of four SPLASH-2 benc hmark programs relative to the
program run with one thread without checkpointing enabled.
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from independent checkpoints. Our checkpointing library
uses the thread library’s memory consistency guarantees en-
sure checkpoints are consistent.

6. Conclusion

Our user-level checkpointing library can checkpoint
multithreaded programs that use kernel-level threads. It
added about 5�s to a mutex lock and unlock pair. For
four programs from the SPLASH-2 benchmark suite check-
pointing added less than 1% to 10% to execution time. Pro-
grams with similar synchronization patterns will incur sim-
ilar overhead. Saving process state to disk incurs a substan-
tial amount of overhead, and we are considering optimiza-
tions to reduce the overhead of writing a checkpoint to disk.

Currently we are working on reducing the overhead of
intercepting thread library calls, integrating the checkpoint-
ing library into the Unify distributed shared memory li-
brary [5], porting the checkpointing library to other operat-
ing systems, and adding features found in other checkpoint-
ing libraries. Source for the checkpointing library is avail-
able hadhttp://www.dcs.uky.edu/˜chkpt/ .
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