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ABSTRACT
CAPE (Checkpointing-Aided Parallel Execution) is a framework
that automatically translates and executes OpenMP on distributed-
memory architectures based on checkpoint technique. In some
experiments, this approach shows high-performance on distributed-
memory system. However, it has not been fully developed yet. This
paper presents an implementation of OpenMP data-sharing on
CAPE that improves the capability, reduces checkpoint size and
makes CAPE even more performance.
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1 INTRODUCTION
OpenMP [18] and MPI [17] are two widely-used tools that are
provided to develop parallel applications. OpenMP has been devel-
oped for shared-memory architectures, while MPI is a tool for high-
performance computing on distributed-memory environments. Com-
pared to MPI, OpenMP is easier to use. It is due to OpenMP auto-
matically executes a sequential program in parallel based on adding
the OpenMP constructs, clause, and runtime functions while MPI
request the programmer to tag the pieces of the code to execute in
parallel.

Some efforts have been made to port OpenMP on distributed-
memory architectures. However, excluding CAPE [8][10][23][25],
no solution has successfully met both requirements: 1) to be fully
compliant with the OpenMP standard and 2) high performance.
Most prominent approaches include the use of an SSI [16], SCASH [22],
the use of the RCmodel [14], performing a source-to-source transla-
tion to a tool likeMPI [2] or Global Array [12], or Cluster OpenMP [11].

In OpenMP, a relaxed-consistency (RC) shared-memory model
is implemented. All OpenMP threads can access to the same place
in the memory to store and retrieve variables, this memory is called
shared memory. Besides, each thread is allowed to have its own
memory, called local memory. The local memory provides a tem-
porary view of memory. On the one hand, it allows the threads to
cache the shareable variables and thereby to avoid going to shared
memory for every access to a variable. The updating of shareable
variables from local memory to shared memory is only mandatory
requirement at the synchronization points. On the other hand, local
memory allows the threads to store the private variables accessed
only by the owner. The shared or private properties of variables
determines the updating of shared memory. In OpenMP, it not only
has a set of rules to identify the variables property implicitly, but
also provides threadprivate construct and a set of clauses that
allow the programmers to set property for variables explicitly.

In the previous works, CAPE have implemented the RC shared-
memory model of OpenMP on distributed-memory architectures.
The shared and private variables of the program are stored in the
memory of different nodes and independently accessed by the
owner. When the program reaches the synchronization points,
these data are synchronized by using DICKPT [9]. However, this
implementation has not handled data-sharing attributes yet, all
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modification of memory including private data at each node is ex-
tracted to store into a DICKPT. These checkpoints from all slave
nodes are sent to and merged at the master node at the join phase.
Then, the merged checkpoint is distributed to all slave nodes to
update application memory. This implementation does not only
transfers unnecessary data, but also makes the program work in-
correctly.

To solve these issues, in new design and implementation of
CAPE based on Timestamp Incremental Checkpointing (TICKPT),
only the modified data of shared variables is selected to synchro-
nize. In order to do that, the variables attribute are handled follow
by OpenMP data-sharing attribute rules. In addition, checkpoints
are merged using the operations on checkpoints that significantly
reduce checkpoint sizes and execution time. This paper present
the method to handle data-sharing attribute for variables in CAPE
based on TICKPT (CAPE-TICKPT).

The paper is organized as follows: the next Section presents the
related works on CAPE and checkpoint techniques. Then Section 3
presents a reminder of OpenMP data-sharing attribute. The mecha-
nism to implement the OpenMP data-sharing for CAPE is presented
and evaluated in Section 4 and 5. Finally, Section 6 concludes the
papers.

2 RELATEDWORKS
2.1 CAPE
At this moment, two versions of CAPE have been developed. The
first one using complete checkpoints [21][15] and the second one
using incremental checkpoints [8][10]. The second one is named
CAPE-2 that demonstrated high performance and complete com-
patibility with OpenMP [10] [25].

Figure 1: Translation OpenMP programs with CAPE

Basically, in order to execute OpenMP program on distributed-
memory system, CAPE uses a set of templates to translate OpenMP
source code to CAPE source code, and then, CAPE source code will
be compiled by C/C++ compiler to execute code. This code can
be executed on distributed-memory systems under the support of
CAPE framework. The different steps of CAPE compilation pro-
cess for C/C++ OpenMP program are shown in the Figure. 1. To
explain more about CAPE principles, we will discuss the execu-
tion model that CAPE framework is given to execute CAPE source
code on distributed-memory systems, and discuss transformation
of prototypes in the next part of this section.

2.1.1 Execution model. The ideal of the CAPE execution model
is used for checkpoints to implement the OpenMP fork-join model.
This mechanism is shown in Fig. 2.

In order to execute a CAPE code on distributed-memory archi-
tectures, the program first run on set of nodes on the system, each

Figure 2: CAPE execution model

node works as a process. Whenever the program meets a parallel
section, the master distributes jobs to the slaves process by using
Discontinuous Incremental Checkpoints (DICKPT) [8][9]. By this
approach, the master node generates DICKPTs and sends them
to slave nodes, each slave node will receive a checkpoint. After
sending checkpoints, the master will wait for the returned results
from slaves. The next step of master is that they receive and merge
the result of the checkpoints before injecting this into its memory.
For slave nodes, they receive different checkpoints, and then, they
inject this checkpoint into their memory to do the divided job. The
result will be sent back to master by using DICKPTs. The end of
the parallel region, the master sends the result of the checkpoint to
every slaves to synchronize the memory space of the program.

2.1.2 Transformations from OpenMP to CAPE source code. In
CAPE framework, we defined and implemented a set of functions
that perform tasks such as generate, distribute, receive, and inject
DICKPTs into memory of program, etc.. Besides, in CAPE compiler,
we define a set of prototypes to translate OpenMP program into
the form of CAPE programs that can be executed into CAPE frame-
work. At version 2, CAPE does not support nested and shared-data
variables constructs. Therefore, CAPE just works for the OpenMP
programs that match the Bernstein’s conditions.

Using the prototypes in CAPE compiler, the OpenMP source code
will be translated into CAPE form that does not contain OpenMP
directives and structures any more. For more explanation about
this mechanism, we will present a prototype for the parallel for
construct, one of the most complex work-sharing constructs of
OpenMP [5]. This will be shown in the Fig. 3.
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# pragma omp parallel for
for ( A ; B ; C )

D ;

↓ automatically translated into ↓

1 if ( master ( ) )
2 start ( )
3 for ( A ; B ; C )
4 create ( before )
5 send ( before, slavex )
6 create ( final )
7 stop ( )
8 wait for ( after )
9 inject ( after )
10 if ( ! last parallel ( ) )
11 merge ( final, after )
12 broadcast ( final )
13 else
14 receive ( before )
15 inject ( before )
16 start ( )
17 D
18 create ( afteri )
19 stop ( )
20 send ( afteri, master )
21 if ( ! last parallel ( ) )
22 receive ( final )
23 inject ( final )
24 else
25 exit

Figure 3: Template for the parallel for with incremental
checkpoints.

2.2 Checkpointing
Checkpointing is the technique that tries to save image of the
state of processes at a point during its lifetime, and then, it can
be resumed at the saving’s time if necessary [19][4]. Processes
can resume execution from a checkpoint state when a failure oc-
curs, therefore, no need takes time to initialize and execute it from
the beginning. These techniques have been introduced since two
decades ago. Nowadays, they are researched and used widely on on
fault-tolerance, applications of trace/debugging, roll-back/animated
playback, and process migration.

In order to optimize the size of checkpoint, to reduce the time and
overhead of checkpointing, there are many techniques which have
been introduced. In those, incremental checkpoint [19][20][13][7][1]
is the best technique. The main idea of incremental checkpoint is
just saving the change of the state of program compared with the
previous checkpoint.

For incremental checkpointing, detecting modified memory can
be based on page-fault or hash-table mechanism. The granular-
ity can be a page or a word. Besides, the researches applied some
another techniques to reduce checkpoint size such as Memory
exclusion [19], Checkpoint compression [19][20], User-directed

checkpointing [19], combination of page protection and hash ta-
ble [1], etc..

3 OPENMP DATA-SHARING ATTRIBUTE
RULES

To synchronize the shared data from local memory to shared mem-
ory, OpenMP program has to determine data-sharing attribute for
variables. The data-sharing attribute is identified when entering
and exiting a parallel region and may be re-identified by enter-
ing and exiting location of other constructs that are placed inside
the parallel. The identification rules are set either implicitly or
explicitly.

3.1 Implicit rules
The implicit rules to determine the data-sharing attribute of vari-
ables are described in two groups: 1) variables referenced inside
parallel region but outside any construct; 2) variables referenced
in parallel region and in another construct. In this Section we only
describe the rules applied in C/C++.

3.1.1 Data-sharing attribute rules for variables referenced inside
parallel region but outside any construct. The OpenMP data-sharing
attributes of variables that are referenced in parallel region, but
not in a construct, are determined as follows:

• Variables declared outside parallel region are shared.
• Variables with static storage duration declared in the region
are shared.

• Variables with const-qualified type having no mutable mem-
ber are shared.

• Objects with dynamic storage duration are shared.
• Static data members are shared if they are not appeared in a
threadprivate directive.

• Formal arguments of called routines in the region passed by
reference inherit the data-sharing attributes of the associated
actual argument.

• Other variables declared in the region are private.

3.1.2 Data-sharing attribute rules for variables referenced in par-
allel region and in another construct. In the another construct located
inside parallel, the OpenMP data-sharing attribute of variables
are inherited from the parallel region that belong to. In addition,
it is re-determined implicitly by the rules as follows:

• Variables appearing in the threadprivate directive are pri-
vate.

• The loop iteration variables in the for or parallel for are
private.

• Object with dynamic storage duration is shared.
• Static data members are shared.
• Variables with static storage duration that are declared in a
scope inside the construct are shared.

3.2 Explicit rules
In the OpenMP program, the data-sharing attribute of variables can
be explicitly determined. To do that, it provides a threadprivate
directive and a set of clauses associated with its constructs.
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According to [18], threadprivate is a declarative directive. It
specifies those variables replicated, in which each thread having its
own copy. The syntax of the threadprivate directive is as follows:

#pragma omp threadprivate(list)

where list is a comma-separated list of file-scope, namespace-
score, or static block-score variables that do not have incomplete
types.

The syntax of OpenMP clauses is presented in Figure 4. They
have to follow a construct that is able to accept theses clauses.
Table 1 summaries what OpenMP data-sharing clauses are accepted
by which OpenMP constructs.

#pragma omp directive-name [clause[ [,] clause]...]
code-block

Figure 4: OpenMP directives syntax in C/C++.

par- for sec- sin- parallel parallel
allel tions gle for sections

private ✓ ✓ ✓ ✓ ✓ ✓
firstprivate ✓ ✓ ✓ ✓ ✓ ✓
lastprivate ✓ ✓ ✓ ✓
shared ✓ ✓ ✓
default ✓ ✓ ✓
copyin ✓ ✓ ✓
copyprivate ✓
reduction ✓ ✓ ✓ ✓ ✓

Table 1: The summary of which OpenMP data-sharing
clauses are accepted by which OpenMP constructs.

4 DATA-SHARING ON CAPE
Basing on distributed-memory mechanism, the memory is totally
distributed on different nodes. Thanks this, CAPE can design and
implement RC memory model as similar as OpenMP does. Here,
all variables of program included shared and private variables are
stored in the same behavior at all nodes executed the program.
When reaching synchronization points, only the modified data
of shared variables are extracted into TICKPT and synchronized
between all nodes as illustration in Figure 5. In order to select
and extract only modified data of shared variables, CAPE-TICKPT
is designed within a set of rules and translated prototypes that
implement implicit and explicit attribute rules for variables.

4.1 Implementing implicit rules
For detecting property of variables by default, CAPE is designed fol-
low by the OpenMP rules with a small change. It is also added some
functions to recognize the variables. There are the rules for adding
functions and for determining the variables attributes implicitly:

(1) CAPE functions are added whenever the program meets the
declarations of a variable. These functions save the address
and attribute of the declared variables.

Figure 5: Updating of the shared variables between nodes.

(2) For dynamic variables, the allocation and destroyingmemory
are handled by added CAPE functions. They add or remove
these allocated addresses from variable list.

(3) The variables declared outside parallel region are shared,
unless it is indicated in threadprivate directive.

(4) The loop iteration variables in the for or parallel for are
changed from private on OpenMP to shared on CAPE in
order to save the lastest iteration of this loop.

(5) All variables that are declared inside parallel construct
and are not static or dynamic variables are private.

(6) Data-sharing attribute of variables of the constructs placed
inside parallel construct are inherited from parallel.

4.2 Implementing explicit rules
For explicit rules of data-sharing attribute for variables, the OpenMP
directive and clauses are translated into the relevant CAPE run-
time functions in order to handle attributes. Figure 6 and Figure 7
present the forms that transform OpenMP threadprivate direc-
tive and clauses to CAPE code respectively. Here, the OpenMP
threadprivate directive is translated to cape_set_threadprivate()
function, and the OpenMP clauses are translated into relevant CAPE
clause functions. The cape_set_threadprivate() function sets
private attribute to the variable indicated by its address. The CAPE
clause functions are implemented with the behaviors as well as the
OpenMP clauses. They are responsible for changing of the variable
attributes before taking checkpoints. The CAPE runtime functions
associated with OpenMP clauses are presented and described in
Table 2.
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# pragma omp threadprivate(var1, var2, ...);

↓ is translated to ↓

cape_set_threadprivate(&var1);
cape_set_threadprivate(&var2);
...

Figure 6: Form to transform pragma omp threadprivate to
CAPE function.

# pragma omp directive clause-1(var1)
clause-2(var2) ...

D ;

↓ is translated to ↓

begin-directive
cape-clause-function-1(&var1, ...);
cape-clause-function-2(&var2, ...);
...
ckpt_start();

D;
end-directive

Figure 7: Form to transform OpenMP constructs within
data-sharing attribute clauses.

4.3 Generating and merging checkpoints
CAPE-TICKPT performs a series of operations to generate check-
point that contains modified data of shared variables after executing
a region of program. Two important steps of these operations are
coping data at the beginning and finding different data at the end
of region that marks checkpointing. Here, ckpt_start() function
performs the first step. When called, it copies all data of variables
that have shared, lastprivate, copyin, or copyprivate property
(DATA-0). The second step is called at the synchronization point.

To find the different data, the CAPE monitor compares DATA-
0 with current data (data that is read from memory at the time
reaching synchronization point). The modified data is stored into
checkpoint file. In addition, if reduction property is set to variables,
the data of them is also saved into the checkpoint file regardless
its changes. It is initial values and it is necessary to perform the
indicated operator in reduction clause.

After generating checkpoints, they are sent it to partner nodes,
these checkpoints are merged together using mering checkpoints
operator as definitions and denotations bellows:

Definition 4.1. Checkpoint
A Checkpoint is both the registers values and the set of triples

address , value and timestamp that represent the state of a running
program at a time. It can be represented as follows:

C = (Rt , {(a,v)t })

where:
– t is a timestamp, t ∈ {0, 1, 2, 3...N }.

OpenMP clause CAPE runtime function Description

default(none) cape_set_default_none() ;
Sets property
of all variables
are private.

shared(a1,
a2,...)

cape_set_shared(&a1);
cape_set_shared(&a1); ...

Sets property
of a1, a2,...
variables are
shared.

private(a1, a2,
...)

cape_set_private(&a1);
cape_set_private(&a2); ...

Sets property
of a1, a2,...
variables are
private.

firstprivate(a1,
a2,...)

cape_set_firstprivate(&a1);
cape_set_firstprivate(&a2);
...

Sets property
of a1, a2,...
variables are
firstprivate.

lastprivate(a1,
a2,...)

cape_set_lastprivate(&a1);
cape_set_lastprivate(&a2);
...

Sets property
of a1, a2,...
variables are
lastprivate.

copyin(a1, a2,
...)

cape_set_copyin(&a1);
cape_set_copyin(&a2); ...

Sets property
of a1, a2,...
variables are
copyin.

copyprivate(a1,
a2, ...)

cape_set_copyprivate(&a1);
cape_set_copyprivate(&a2);
...

Sets property
of a1, a2,...
variables are
copyprivate.

reduction (Op:
a1, a2, ...)

cape_reduction(&a1, OP);
cape_reduction(&a2, OP);
...

Sets property
of a1, a2,...
variables are
reduction
with relevant
operator.

Table 2: CAPE runtime functions associate with OpenMP
clauses.

– Rt is the set of register values at time t and is called the regis-
termember ofC . DenoteRt = {(ri )t },∀ri ∈ reдister_values .

– {(a,v)t } is the set of memory members of C , it saves value
v at address a at time t , the memory member is saved word
by word.
Denote St = {(a,v)t } = {(a1,v1)t1 , (a2,v2)t2 , ..., (an ,vn )tn }.

Definition 4.2. A replacement operation on checkpoints mem-
ory elements.

Let (a,vi )ti and (a,vj )tj be memory elements from different
checkpoints having the same address. The replacement operation,
denoted by ⊙, is defined as follows:

(a,vi )ti ⊙ (a,vj )tj = (a,vi ⊙ vj )max(ti ,tj ) (1)

where, ⊙ can be any commutative and associative mathemat-
ical operations such as the OpenMP reduction operations if it is
provided by program, otherwise, it is calculated by:
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vi ⊙ vj =

{
vi if ti > tj
vj if ti < tj

(2)

Definition 4.3. Merging of Checkpoints memory members
The result of Merging two Checkpoint memory members

S1 = {(a1,v1)t1 , (a2,v2)t2 , . . . , (ai ,vi )ti } and
S2 = {(a1,v1)t1 , (a2,v2)t2 , . . . , (aj ,vj )tj } is a Checkpoint memory
members, denoted S1 ⊕ S2 that can be defined as follows:

S1 ⊕ S2 = {(ai ,vi )ti ∈ S1/�(ai ,vj )tj ∈ S2}

∪ {(aj ,vj )tj ∈ S2/�(aj ,vi )ti ∈ S1}

∪ {(ai ,vi )ti ⊙ (aj ,vj )tj /∀(ai ,vi )ti ∈ S1,

∀(aj ,vj )tj ∈ S2 and ai = aj }

(3)

Definition 4.4. Merging of Checkpoints The result of Merging
two checkpoints C1 = (Rt1 , S1) and C2 = (Rt2 , S2), denoted by
C = C1 ⊕ C2, is a checkpoint that can be represented as follows:

C = C1 ⊕ C2 = (Rmax(t1,t2), S1 ⊕ S2) (4)

The result of merging checkpoints after joining phase is injected
into application’s memory to update shared data.

5 ANALYSIS AND EVALUATION
To evaluate the new implementation, the matrix-matrix multipli-
cation (MAMULT) and the program presented in Figure 8 (VEC-
TOR) are conducted. It is designed basing on a Microbenchmark
for OpenMP 2.0 [3][6].

int vector2(int A[], int B[], int Y[], int Z[], int n,
int m)

{
int i,j;
#pragma omp parallel private(A,Z) shared(B, Y)
{

#pragma omp for nowait
for (i=1; i<n; i++){

for(j=0; j<n ; j+=20)
A[j] = A[j] + 10.25

B[i] = (A[i] + A[i-1]) / 2;
}
#pragma omp for nowait
for (i=0; i<m; i++){

for(j=0; j<m ; j+=20)
Z[j] = Z[j] * 0.025 ;

Y[i] = Z[i] * i;
}

}
return 0;

}

Figure 8: The OpenMP function calculates on vectors using
for construct.

The experiments are performed on a 16-node cluster with dif-
ferent computer’s configurations. There are 2 computers with In-
tel(R) Pentium(R) Dual CPU E2160 @1.80GHz, 2GB of RAM, 5GB

of free HDD; 7 computers with Intel(R) Core(TM)2 Duo CPU E7300
@2.66GHz, 3G of RAM, 6GB of free HDD; 5 computers with Intel(R)
Core(TM) i3-2120 CPU @3.30GHz, 8GB of RAM, 6GB of free HDD;
and 2 computers AMD Phenom(TM) II X4 925 Processor @2.80GHz,
2GB of RAM, 6GB of free HDD. All of these machines are oper-
ated the Ubuntu 14.03 LTS operation system, OpenSSH-Server and
MPICH-2. They are joined into a LAN network with the capability
100Mbps of bandwidth.

To evaluate the performance of CAPE based on the new im-
plementation, the execution time is measured and compare with
CAPE previous version (CAPE-DICKPT) and MPI. Each experiment
has been performed at least 10 times. The execution time is the
mean of the items that match with 95% of confidence interval. Note
that, CAPE-DICKPT has not supported multiple OpenMP directives,
OpenMP clauses, and OpenMP programs that do not match with
Bernstein’s conditions yet. Therefore, only MAMULT program is
used in this case.

Figure 9 and Figure 10 present the execution time in milliseconds
of MAMULT program for various size of matrix and different sizes
of cluster respectively. Note that, there are many kind of processors
in different nodes, some of them are many cores, but a single core
at each node was used during the experiments. Three are three
measures that are presented at each time: the left one (yellow) is
associated with CAPE-DICKPT (previous version), the middle one
(blue) is associated with CAPE-TICKPT (current version), and the
right one (red) is associated with MPI.

Figure 9: The execution time (in milliseconds) of MAMULT
with different size of matrix on 16-node cluster.

Figure 9 presents the execution time for various of matrix sizes on
16-node cluster. The size is increased from 800x800 to 6400x6400.
The figure shows that the execution times of all methods are pro-
portional to the matrix size. It also shows that the execution time
of CAPE-DICKPT is much higher than that of CAPE-TICKPT and
MPI (around 35%) while the execution time of CAPE-TICKPT and
MPI are roughly equal.

Figure 10 presents the execution time for matrix size 6400x6400
on different size of the cluster. Number of nodes in turn is 4, 8, and
16. The result presented in this figure also shows the similar trend
with the result on different matrix size. The execution time of MPI
and CAPE-TICKPT is much lower than that of CAPE-DICKPTwhile
the CAPE-TICKPT and MPI are nearly equal when the experiments
are performed on 4-node, 8-node, and 16-node cluster. However,
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Figure 10: The execution time (inmilliseconds) ofMAMULT
on different size of the cluster.

this figure also shows that the smaller the number of nodes is, the
higher the difference in time taken when compared CAPE-DICKPT
and CAPE-TICKPT or MPI is. It is easy to understand this because
the number of nodes taking a part of jobs in CAPE-DICKPT is
always less than 1 node compared with CAPE-TICKPT [23][24]
and MPI. That means, on 4-node cluster, it is only 75% of the nodes
involved in the computation phase in CAPE-DICKPT, while that
in others are 100%. Therefore, in combination with the factors
analyzed above, the execution time of CAPE-DICKPT on 4-node
cluster is much higher than that of two other solutions. Although
the difference in execution time decreases at the number of nodes
that increases, CAPE-TICKPT always has a higher performance
than CAPE-DICKPT.

The experiments above have demonstrated the performance of
CAPE-TICKPT is higher than the previous version. Unfortunately,
the previous version of CAPE has not supported to execute multiple
OpenMP directives as well as OpenMP clauses in a program, so
VECTOR program can not conducted to compare performance as
well as checkpoint size of two versions. However, the reduction of
checkpoint size can be demonstrated by implementation of DICKPT
on the new execution model to compare checkpoint size of two
methods.

Figure 11: Checkpoint size (in bytes) after merging at the
master node of two techniques.

Figure 11 shows the comparison of checkpoint size of two meth-
ods when executing VECTOR on 16-node cluster with various size
of N andM . Here, we assigned N = M and increased it from 2000 to
14000. According to the figure, the checkpoint size of CAPE-TICKPT
is always smaller than that of CAPE-DICKPT in all measures. It is
due to CAPE-TICKPT only extracts modified data of shared vari-
ables. That means, the modified data of variables i , vector A, and
vector Z of VECTOR program are not saved into checkpoint file.
Unlike CAPE-TICKPT, the previous method saves all modified data,
that include variables i , j, A, B, Y , and Z .

6 CONCLUSION AND FUTUREWORKS
This paper presented implementation of OpenMP data-sharing
attribute for variables on CAPE. It does not only provide a new ca-
pability of CAPE, but also contributes to reduce checkpoint size and
improves the performance. The experiment shows that newmethod
makes CAPE reduce the checkpoint size significantly. Moreover, we
also found that the programmer can use CAPE efficiently if they use
efficiently OpenMP clauses to manage data-sharing attribute for
variables. We suggest using default(none) clause to set private
to all variables, then using share() clause to set sharable property
for variables that we want to share among processes.
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