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Abstract—In this paper, a tool named CheCUDA is de-
signed to checkpoint CUDA applications that use GPUs as
accelerators. As existing checkpoint/restart implementations
do not support checkpointing the GPU status, CheCUDA
hooks a part of basic CUDA driver API calls in order
to record the status changes on the main memory. At
checkpointing, CheCUDA stores the status changes in a file
after copying all necessary data in the video memory to
the main memory and then disabling the CUDA runtime.
At restarting, CheCUDA reads the file, re-initializes the
CUDA runtime, and recovers the resources on GPUs so as
to restart from the stored status. This paper demonstrates
that a prototype implementation of CheCUDA can correctly
checkpoint and restart a CUDA application written with
basic APIs. This also indicates that CheCUDA can migrate
a process from one PC to another even if the process uses a
GPU. Accordingly, CheCUDA is useful not only to enhance
the dependability of CUDA applications but also to enable
dynamic task scheduling of CUDA applications required
especially on heterogeneous GPU cluster systems. This paper
also shows the timing overhead for checkpointing.
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vice architecture, checkpoint/restart

I. INTRODUCTION

GPU computing, which uses graphics processing
units (GPUs) as accelerators, has become very popular
in the field of high-performance computing (HPC), be-
cause GPUs have high floating-point operation rates and
memory bandwidths. So far, many researchers have re-
ported that various scientific and engineering applications
can significantly be accelerated using GPUs[1]. However,
GPU computing has just emerged, and several functions
commonly used in HPC have not been supported yet in
GPU computing. One of such unsupported functions is
checkpoint/restart(CPR).

Lots of CPR implementations have been developed[2],
[3], [4], [5]. However, as far as we know, there is no
CPR implementation that supports checkpointing the GPU
status, even though such a CPR tool can significantly
enhance the dependability of GPU computing applications.
Dependability will be a major concern of future GPU
computing, because a GPU computing application is often
executed on a commodity PC, which is not designed for
GPU computing at all and sometimes becomes unstable
due to the insufficient cooling capability and so on.

The CPR capability for GPU computing applications is
also useful for dynamic task scheduling of heterogeneous
GPU cluster systems, in which each computing node may
have a different GPU. The CPR capability allows a GPU
computing process to migrate from one computing node
to another so as to improve the performance in terms of
the total system throughput, the turn-around time, and/or
the energy efficiency.

In this paper, we design and develop a CPR tool,
named CheCUDA, for CUDA (Compute Unified Device
Architecture) applications. CUDA is the most popular
programming environment for GPU computing. This pa-
per demonstrates that our prototype implementation of
CheCUDA can correctly achieve CPR of CUDA appli-
cations. This paper also evaluates the overhead required
for supporting CPR.

II. RELATED WORK

A. Checkpoint/Restart

Checkpointing is to write the status of a running process
to a checkpoint file, from which the process status can
be restored. Checkpointing is a classic but still impor-
tant research topic in high-performance and dependable
computing. Therefore, numerous studies on effective CPR
implementations have been reported so far [5].

Berkeley Lab Checkpoint/Restart(BLCR) package [2] is
one of actively developed CPR implementations for Linux
systems. Based on custom kernel modules, BLCR supports
checkpointing a wide range of applications including
multi-threaded and distributed applications.

As with many other implementations, BLCR supports
callback functions to provide a way to achieve CPR of a
process, which needs to use resources not being check-
pointed. Therefore, such a callback function is invoked
when the running application is almost to be checkpointed
or right after restarting. In addition, BLCR achieves task
migration between two different nodes if the same shared
libraries are available on both of them; a CUDA applica-
tion may resume based on a checkpoint file generated on
another node. Using these functions of BLCR, this paper
presents a CPR tool for CUDA applications.

Another option to keep the status of a running process
is to use virtual machines(VMs), such as Xen [6]. Shi et



CUdeviceptr ptr;

cuMemAlloc(&ptr, sizeof(float)*1024);

Figure 1. Device memory allocation.

al. have proposed vCUDA [7], which uses VM for CUDA
applications. However, CPR is a lighter weight solution
than VM. Hence, the snapshot size of a running process
generated by CPR becomes much smaller than that by
VM, resulting in a smaller overhead for dynamic task
migration.

B. GPU Computing with CUDA

NVIDIA’s CUDA[8] is the most popular programming
framework released in 2007 that incorporates some ad-
ditional keywords into the standard C/C++ programming
language for GPU computing. As CUDA allows a pro-
grammer to access GPUs via APIs designed for GPU
computing, it can handle the GPU hardware without tricky
programming techniques, which are required at GPU
programming with graphics APIs such as OpenGL and
DirectX.

CUDA provides two kinds of APIs; CUDA Runtime
APIs and CUDA Driver APIs. The latter is a lower-
level API library than the former. To analyze the lower-
level behaviors of GPU computing applications, this paper
focuses on GPU computing applications written with
CUDA Driver APIs, even though our approach will also
be applicable to CUDA Runtime APIs.

In CUDA, a GPU is considered a compute device
and has its own memory called device memory. A CPU
is a host that controls the compute device. A typical
CUDA application running on a host firstly initializes the
compute device, allocates a device memory chunk, copies
host memory data to the allocated device memory chunk,
invokes a special function processing the device memory
data, and transfers the results from the device memory.

In CUDA Driver APIs, there are several CUDA re-
sources such as CUDA contexts, CUDA modules, and
allocated device memory chunks. Here, a CUDA context
is analogous to a CPU process, and a CUDA module is a
dynamically loadable package of GPU code and data[9].
We can get a handle, which is an identifier bound to such
a CUDA resource via API calls. For example, Figure 1
shows the API call that allocates a device memory chunk
of sizeof(float)*1024 bytes, and the handle that is
the base address of the memory chunk is passed to ptr.

One difficulty in CPR of CUDA applications is that
existing CPR systems such as BLCR can resume only
the CPU status, but not the GPU status, i.e. CUDA
resources. Although the existing CPR systems may restore
the value of a handle, the restored handle is not actually
bound to any CUDA resource, because a CUDA resource
existing at the checkpointing time no longer exists at
the restarting time. Moreover, if a CUDA context exists
at the checkpointing time, the generated checkpoint file
contains the information of the CUDA context. As a

result, restarting from the checkpoint file fails to restore
the CUDA context1. For example, BLCR fails to restart
when doing mmap() of the character device of a GPU,
e.g. /dev/nvidia0. Accordingly, no CUDA context is
supposed to exist when a process is being checkpointed.
If there is no CUDA context, the process does not have
any CUDA resources, and hence an existing CPR system
can achieve CPR of the process.

III. CHECKPOINT/RESTART OF CUDA APPLICATIONS

This section presents a CPR tool, named CheCUDA,
for CPR of CUDA applications. Generally, it needs large
amounts of manpower to maintain a whole CPR package.
Moreover, development of CPR directly supporting CUDA
will further increase the maintenance cost because CUDA
evolves so quickly. Therefore, we decided to implement
CheCUDA as an add-on package of BLCR; CheCUDA
does not need to modify the original BLCR, which is
responsible only to dump the host memory image to a
file.

As described in the previous section, no CUDA context
is supposed to exist at the checkpointing time, other-
wise BLCR fails to restart. Hence, CheCUDA employs
a workaround technique to allow BLCR to checkpoint the
GPU status. If no CUDA resource exists at the checkpoint-
ing, BLCR can successfully restart the process. Therefore,
one sure approach to allow a standard CPR implementa-
tion such as BLCR to checkpoint a CUDA application is
to delete CUDA resources before checkpointing and to
restore them right after checkpointing and restarting. In
this case, there is no CUDA resource when checkpointing,
and hence BLCR can restart the process. The procedure
performed by CheCUDA at checkpointing is summarized
as follows:

1) Copying all the user data in the device memory to
the host memory.

2) Deleting all existing CUDA resources by destroying
CUDA contexts.

3) Checkpointing, i.e. writing the current status of the
application to a checkpoint file, and also writing the
user data, which are copied onto the host memory
in Step 1, into the checkpoint file.

4) Initializing the GPU and recreating CUDA resources
that existed before Step 2.

5) Sending the user data back to the device memory.
At restarting, CheCUDA reads the checkpoint file, and

then performs the above procedure from Step 4. To recover
all the CUDA resources in Step 4, CheCUDA has to know
how to recreate the resources. For example, the size of a
device memory chunk is required to restore the chunk with
cuMemAlloc (see Figure 1). In CheCUDA, when calling
cuMemAlloc, a different function with the same name,
i.e. a wrapper function, is first invoked to implicitly record

1CUDA contexts can be created separately and attached independently
to different CPU threads. See a sample code in CUDA SDK named
threadMigration for more details. Although cuCtxPopCurrent allows
a CUDA context to be “floating” and not attached to any CPU thread,
even such a CUDA context cannot exist at the checkpointing time.



such information. In the wrapper function, the original
cuMemAlloc is invoked to actually allocate a device
memory chunk, and then the base address and the size of
the chunk are kept in a list, called a resource management
list. CheCUDA manages the list to record all the allocated
device memory chunks. The entry of an allocated device
memory chunk is registered to the resource management
list when calling cuMemAlloc, and removed from the
list when calling cuMemFree. Based on the resource
management list, CheCUDA can know the size of every
device memory chunk allocated at checkpointing, and
recreate it when restarting a CUDA process. In a similar
way, most CUDA resources can be restored at restarting
by recording how the resources are created.

In CheCUDA, a CUdeviceptr-type variable to hold
a device memory address is also replaced with a wrapper
class object. Every wrapper class object is registered to a
list, referred to as an object management list. The entry of
a wrapper class object is implicitly registered to the list by
the constructor of the class, and removed by the destructor.
If the base address of a device memory chunk reallocated
at restarting has been changed from the previous one, the
object management list is used to update the old base
address stored in wrapper class objects.

Furthermore, CheCUDA has to restore the user data of
every device memory chunk. Hence, in Step 1, CheCUDA
duplicates all the user data into the host memory so
as to write them to the checkpoint file in Step 3. In
Steps 1 and 5, the resource management list is used to
duplicate the user data of each device memory chunk.
CheCUDA provides wrapper functions and classes for
resource allocation API calls and handles to implicitly
maintain the resource management lists and the object
management lists of CUDA resources.

One remaining topic is when the checkpointing is
carried out. This is important for CheCUDA due to three
reasons. One is that CheCUDA’s checkpointing according
to the above procedure is time-consuming compared to
the conventional ones, which do not consider the GPU
status. Another is that a sequence of API calls might
have to be atomic; checkpointing during the sequence
might lead to a restart failure. The other reason is that
CPU and GPU must be synchronized before checkpointing
and the synchronization induces a certain performance
overhead. Since GPU and CPU are always synchronized
when cuCtxSynchronize() and some data transfer
functions are invoked, CheCUDA performs checkpointing
at such a synchronization point to avoid causing an extra
synchronization overhead. If a CUDA program linked
with CheCUDA has received SIGUSR1 that is one of
signals available on a Linux system, checkpointing is
performed at the first synchronization since then. Upon
arrival of SIGUSR2, CheCUDA immediately performs
synchronization and checkpointing despite the overhead
and the restart failure risk. In addition, CheCUDA provides
user-defined non-preemptive checkpointing at a specific
point in the source code, where a checkpointing function,
ckptSelf(), is inserted.

#include "CheCUDA.h"

int main(int argc, char** argv)
{
CUdevice hDev;
CUcontext hCtx;

// CUDA intialization
cuInit(0);
cuDeviceGet(&hDev, 0);
cuCtxCreate(&hCtx, 0, hDev);

... CUDA code ...

// CheCUDA’s checkpointing
ckptSelf();

... CUDA code ...

cuCtxDetach(hCtx);
return 0;

}

Figure 2. A simple CUDA code with CheCUDA.

Figure 2 shows a sample CUDA code with
ckptSelf(). Basically, CheCUDA can achieve
CPR of a CUDA program without modification of the
original CUDA code, because wrapper functions and
wrapper classes implicitly work. CheCUDA performs
checkpointing in response to a signal, SIGUSR1 or
SIGUSR2. Only if a programmer needs to specify when
to do checkpointing, chkptSelf() is inserted into the
CUDA code.

IV. EVALUATION AND DISCUSSIONS

This section evaluates a prototype implementation of
CheCUDA presented in Section 3. Our current CheCUDA
implementation provides necessary wrapper classes and
functions for hooking a part of basic CUDA Driver APIs
to show the feasibility of CPR for CUDA applications.
In this paper, BLCR version 0.81 is used for obtaining
a snapshot of the host memory. The following evaluation
results are obtained using the PCs listed in Table I. In the
table, HDD Perf. means the average bandwidth of writing
a 8GB file measured with a benchmark program named
Bonnie++ [10]. PCIe Perf.(HtoD) and PCIe Perf.(DtoH)
are the average bandwidths for sending 64MB data from
the host memory to the device memory, and from the
device memory to the host memory, respectively.

A. Runtime Overhead for Resource Management

We first evaluate the runtime overhead induced by use
of wrapper classes and functions in CheCUDA to maintain
the necessary information for recreating CUDA resources.
Figure 3 shows a part of a simple code used in the runtime
overhead evaluation that just iterates allocation and deallo-
cation of device memory chunks. Two executable files are
generated by compiling and linking the simple code with
the original CUDA library and CheCUDA, respectively.
That is, the difference in execution time between the two
executables indicates the runtime overhead of CheCUDA.

In the cases where many CUDA resources and their
handles are used in a code, the runtime overhead of
CheCUDA increases because CheCUDA implicitly keeps
the information about them. Figure 4 shows the evaluation
results obtained changing nHandles in Figure 3. The



Table I
SYSTEM SPECIFICATIONS

Desktop1 Desktop2 Laptop
CPU Intel Core 2 Quad Q6600 AMD Phenom II X4 940 Intel Core 2 Duo T7250
GPU NVIDIA GeForce GTX280 NVIDIA GeForce 8800 GTX NVIDIA GeForce 8600M GT

Main Memory 4GB 2GB 2GB
Video Memory 1GB 768MB 256MB

HDD Perf. 49 MB/sec 46 MB/sec 33 MB/sec
PCIe Perf.(HtoD) 2.42 GB/sec 2.60 GB/sec 2.39 GB/sec
PCIe Perf.(DtoH) 1.52 GB/sec 2.36 GB/sec 0.45 GB/sec

OS CentOS 5.3 (x86 64), kernel 2.6.18-128.1.14.el5
CUDA CUDA 2.2, driver 185.18

CUdeviceptr d_A[nHandles];
unsigned int size_A = 256 * sizeof(float);

for(unsigned int h=0;h<nHandles;h++){
// allocate device memory
cuMemAlloc( &d_A[h], size_A );

}
for(unsigned int h=0;h<nHandles;h++){
// deallocate device memory
cuMemFree(d_A[h]);

}

Figure 3. The code used for runtime overhead evaluation.

results demonstrate that use of wrapper functions increases
the execution time of each API call by at most several
microseconds. The overhead becomes smaller when the
CPU performance is higher, because the wrapper class
management is done by CPU. Allocation of each CUDA
resource is usually performed only once and does not
become a dominant factor in the total execution time.
Accordingly, the runtime overhead of CheCUDA has only
a small impact on performance in practical uses.

B. Timing Overheads for Postprocessing, Checkpointing,
and Postprocessing

Two sample codes in NVIDIA CUDA SDK version 2.2,
called matrixMulDrv and simpleTextureDrv, are
used for the checkpointing overhead evaluation. Similarly
to the code in Figure 2, ckptSelf are inserted in
the original code of matrixMulDrv; ckptSelf is
called after cuLaunchGrid, which calculates multipli-
cation of two matrices. As ckptSelf internally calls
cuCtxSynchronize, CPU and GPU are synchronized
at the function call, and a checkpoint file is created
immediately after the matrix multiplication on GPU is
completed. We also modify the matrixMulDrv code so
as to adjust the matrix size to measure the timing over-
heads of preprocessing, checkpointing, and postprocessing
of the CheCUDA’s checkpointing procedure. The prepro-
cessing includes copying user data to the host memory and
deleting CUDA resources. In the checkpointing, BLCR
writes a snapshot of the running process to a file. The
postprocessing indicates recovering CUDA resources and
copying back the user data to the device memory. Also,
simpleTextureDrv that rotates an image loaded from
a file is used as another sample application that uses vari-
ous CUDA resources, such as textures and CUDA arrays.
Using these sample applications, the timing overheads for
CPR are evaluated.

(a) Desktop1

(b) Desktop2

(c) Laptop

Figure 4. Runtime overhead for CUDA resource management.

Figures 5 and 6 show the evaluation results. Here,
the execution times for matrix multiplication and texture
image rotation are included in others of those figures,
respectively. In Figure 5, the execution times for prepro-
cessing and postprocessing are longer than the time for
multiplying two matrices when the matrix size is small.



In Figure 6, the execution times for preprocessing and
postprocessing are always longer than the time for rotating
a texture image, because the execution time for texture
image rotation is very short and negligible (usually less
than 1 millisecond). Deletion and recreation of CUDA
resources consume a considerable part of those additional
overheads introduced by CheCUDA. In addition, those
additional overheads of CheCUDA slightly increase with
the total size of user data, i.e. matrices and texture images,
because it is necessary to transfer the data in device
memory to host memory before checkpointing, and to send
them back to device memory after checkpointing. How-
ever, the overhead for checkpointing by BLCR is much
larger than the additional overheads for the preprocessing
and postprocessing by CheCUDA. This is mainly because
writing data to a file on a hard disk is much more time-
consuming than sending data between the host memory
and the device memory, as shown in Table I. As a result,
even in the case of low PCIe performance such as Laptop
PC, the BLCR checkpoint consumes a much longer time
than the preprocessing and postprocessing by CheCUDA.
Accordingly, in practical uses, the additional overheads
of CheCUDA for preprocessing and postprocessing are
negligible compared to the checkpointing overhead by
BLCR.

C. Task Migration

We also migrate a running process of CUDA applica-
tions from one PC to another. Basically, BLCR supports
task migration. Hence, in this paper, we examine that a
checkpoint file generated by CheCUDA does not contain
any host-dependent information, resulting in successful
restart of the checkpointed process on another PC. In our
evaluation, CheCUDA can achieve task migration among
all the PCs listed in Table I. Therefore, it is clearly
demonstrated that CheCUDA can enable task migration
of CUDA applications. However, CheCUDA may fail in
task migration in some situations not evaluated in this
paper. For example, task migration fails if a checkpoint
file is generated on a 32-bit Linux PC and then used to
restart on a 64-bit Linux PC. BLCR terminates with an
error message to notify that the checkpoint file does not
match the kernel architecture. Since CheCUDA is an add-
on package for BLCR, it always fails in task migration
if BLCR cannot restart the task. Although this paper uses
only three PCs to test the task migration capability, we will
further investigate the requirements for successful CPR
of CUDA applications, using various hardware configura-
tions, operating systems, shared libraries, and applications.

V. CONCLUSIONS

This paper has presented a CPR tool for CUDA ap-
plications, named CheCUDA, to checkpoint the GPU
status. CheCUDA is designed as an add-on package for
BLCR, which is one of the most popular CPR tools
actively developed for checkpointing only the CPU sta-
tus. As a result, CheCUDA can be developed separately
from BLCR. Since CPR fails if a running process to be

(a) Desktop1

(b) Desktop2

(c) Laptop

Figure 5. Timing Overheads for matrixMulDrv.

checkpointed uses CUDA resources, CheCUDA employs
a workaround technique that once deletes all CUDA
resources and recovers them after checkpointing. Thus,
CheCUDA enables CPR of CUDA applications. Although
the CheCUDA’s approach obviously increases the time
required for checkpointing, our evaluation results indicate
that the additional overheads introduced by CheCUDA
are negligible. Therefore, in practical uses, CheCUDA
will become a powerful tool to enhance the dependability
of CUDA applications with BLCR’s checkpointing and
small additional overheads. Moreover, it is also available
to migrate a CUDA process running on one PC to another,
resulting in the performance improvement in terms of the



(a) Desktop1

(b) Desktop2

(c) Laptop

Figure 6. Timing Overheads for simpleTextureDrv.

total system throughput, the energy efficiency, and so on.
Since the current implementation of CheCUDA supports

only a part of basic CUDA Driver APIs, we are now de-
veloping it to fully support all the CUDA Driver APIs. We
will also test CheCUDA under various environments, and
unveil the requirements for CheCUDA’s CPR. Supporting

CUDA Runtime APIs in addition to Driver APIs will also
be one important future work.
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